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Part I

Introduction

"MU-RE-IN!"

- A German Professor
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1 Ultrastructure of the cell envelope of Gram-negative bacteria

The envelope of Gram-negative bacteria comprises a complex cell wall located at the surface

of the inner membrane. The cell wall includes two main structures, the outer membrane and

the peptidoglycan layer (Fig. 1a). The space between the inner and outer membrane, which

contains the peptidoglycan layer, is referred to as the periplasm. Due to its structure, the cell

wall constitutes a remarkable barrier against physicochemical variations in the external medium,

provides the cell with mechanical stability, and enables it to tightly regulate interaction with

the environment [Zerbib, 2017].

(a) IM - inner membrane, Peri - periplasm, PG - peptido-

glycan, OM - outer membrane, LPS - lipopolysaccaride,

modified from [Dufresne and Paradis-Bleau, 2015]

(b) Structure of LPS,

from [Maeshima and Fer-

nandez, 2013]

Figure 1: The bacterial cell envelope

1.1 The outer membrane

Lipids. The outer membrane is a distinctive feature of Gram-negative bacteria. It is asym-

metric with respect to the lipid composition of its two leaflets. While the inner leaflet contains

phospholipids, the outer leaflet is composed of lipopolysaccharide (LPS). This glycolipid is the

main determinant of the permeation barrier properties of the cell envelope. Additionally, it is

implicated in the host-pathogen interaction as it represents a virulence factor and is detected

by the innate immune system [Dufresne and Paradis-Bleau, 2015].

The structure of LPS comprises three domains (Fig. 1b): Lipid A, the oligosaccharide core

and the O-antigen. The Lipid A moiety consists of a phosphorylated N -acetyl-glucosamine dis-

accharide acylated by up to seven saturated fatty acids at the remaining hydroxyl and amine

groups. The aliphatic side-chains, which constitute the outer leaflet of the OM, create a strongly
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lipophilic environment exhibiting very low fluidity. This leads to high free energy barriers for pen-

etration of hydrophilic molecules into the OM and to the accumulation of hydrophobic molecules

in the outer leaflet [Carpenter et al., 2016].

Lipid A is covalently attached to the oligosaccharide core of LPS. The inner core often con-

tains heptose and deoxy-octose residues and shows high inter-strain and inter-species variability

compared to Lipid A. This is even more the case for the outer core (see [Holst, 2007] for review).

The distal O-antigen is composed of repeating subunits comprising one to six carbohydrate

residues. It represents the most variable part of LPS. Its role seems to be mainly protective,

assisting the bacterial cell to evade recognition and attack by the host immune system [Raetz

and Whitfield, 2002].

Proteins. The majority of proteins associated with the outer membrane are either lipoproteins

or integral β-barrel transmembrane proteins [Silhavy et al., 2010]. Lipoproteins are inserted into

the inner leaflet of the outer membrane by lipid chains, which are attached via a modification

of a conserved cysteine residue [Konovalova and Silhavy, 2015]. The most abundant lipoprotein

in E. coli is Braun’s Lipoprotein (∼106 copies per cell), Lpp, of which approximately one-third

is covalently linked to the peptidoglycan (PG) layer in the periplasm [Braun and Hantke, 2019].

Besides confering structural stabilitiy to the cell envelope, it is implicated in size control of the

periplasm [Asmar et al., 2017].

Outer membrane proteins (OMPs) adopt conformations in which β-sheets are arranged into

a cylinder that spans the OM. The most abundant OMPs, OmpF and OmpC, form trimeric

porins that allow non-specific passive diffusion of small molecules of upto 700 Da, e.g. mono- and

disaccharides and amino acids into the periplasm. Uptake of larger nutrients such as iron-chelates

and vitamins is assured by larger, less abundant porins [Nikaido, 2003]. The predominant

paradigm that lipoproteins of the OM exclusively face the periplasm, has been challenged by

recent identification of surface exposed lipoproteins, homomeric complexes of lipoproteins and

heteromeric complexes between lipoproteins and other outer membrane proteins [Konovalova

and Silhavy, 2015].

1.2 The inner membrane

Metabolic functions are located at the inner membrane, similar to organelle membranes of eu-

karyotic cells. These comprise catabolic and metabolic processes such as protein synthesis and

folding, lipid biosynthesis as well as carbohydrate metabolism [Silhavy et al., 2010].
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Lipids. In contrary to the outer membrane, the inner membrane is a phospholipid bilayer

which contains 75% of phosphatidylethanolamine and 20% of phosphatidylglycerol [Dufresne and

Paradis-Bleau, 2015]. Recent results indicate an asymmetric phospholipid distribution between

the inner and the outer leaflet in E. coli [Bogdanov et al., 2020]. Minor amounts of isoprenoid

phosphate carriers found in the IM are implicated in the translocation of hydrophilic metabolites

important for envelope biogenesis, e.g. peptidoglycan precursors ([Silhavy et al., 2010], see also

Section 2.2).

Proteins. Integral membrane proteins are anchored in the IM by their hydrophobic α-helical

transmembrane domains (Fig. 1a). Translation is initiated in the cytoplasm. Upon recognition

of the highly hydrophobic N-terminus by the signal recognition particle (SRP), the ternary

complex of ribosome, oligopeptide chain and SRP binds to FtsY at the inner leaflet of the IM.

With the help of the Sec-translocase complex, the nascent peptide chain is inserted into the IM.

For a review of the wide variety of functions exerted by inner membrane proteins see [Weiner

et al., 2001].

1.3 The periplasm

The periplasm is the space enclosed by the inner and outer membrane (Fig. 1). It is a gel-

like matrix due to the high concentration of solutes. A variety of functions are located in

the periplasmic space [Miller and Salama, 2018]. Proteins present in the periplasm can be

assigned to three functional classes: (i) enzymes implicated in catabolism and detoxification

(RNAse, alkaline phosphatase, β-lactamases and others [Silhavy et al., 2010]), (ii) chaperones

and (iii) high affinity binding proteins facilitating the transport of nutrients to and across the

cytoplasmic membrane [Seltmann and Holst, 2002, Zerbib, 2017]. The periplasm is a transit

space for lipoproteins and OMPs that are assembled at the cytoplasmic membrane and then

translocated to the outer membrane with the help of their chaperones for further processing and

membrane insertion [Dalbey and Kuhn, 2012]. Early studies suggested that the outer and inner

membranes are connected in defined zones during exponential growth [Bayer, 1968] and recent

results imply that sensing of outer membrane damages is mediated by proteins spanning the

entire periplasm [Cohen et al., 2017]. The peptidoglycan layer, which is located in the periplasm

will be extensively described in chapter 2.
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2 Peptidoglycan of Escherichia coli

2.1 Structure and function

The peptidoglycan is located between the inner and the outer membrane of diderm bacteria and

completely surrounds the bacterial cell. Its width is in the low nanometer range (10 nm or less)

[Matias et al., 2003] and by counteracting the enormous internal turgor pressure of the cytoplasm

(approximately 3 atm [Cayley et al., 2000]), peptidoglycan ensures the structural integrity and

shape of the bacterial cell. Damage to the PG layer, e.g. by lysozyme can therefore severely

impair growth and survival of cells [Delhaye et al., 2019]. This makes PG an attractive and

validated target for antibiotics. Indeed, the β-lactam antibiotics interfer with PG biosynthesis

[KONG et al., 2010].

Figure 2: A - Structure of GlcNAc-MurNAc-pentapeptide B - Schematic representations of

muropeptides commonly found after muramidase treatment of sacculi, (i) Tri, (ii) Tetra, (iii)

Tri(3→3)Tri, (iv) Tri(3→3)Tetra, (v) Tetra(4→3)Tri, (vi) Tetra(4→3)Tetra C - Cytoplasmic

steps of PG precursor synthesis, details see text, adapted from [Dufresne and Paradis-Bleau,

2015] D - Schematic representation of the PG layer

Chemical structure. Peptidoglycan contains glycan chains crosslinked by short peptide stems

(Fig. 2D). The glycan chains are composed of alternating of N -acetylglucosamine (GlcNAc) and

N -acetylmuramic acid (MurNAc). All glycosidic bonds are β-(1→4). The lengths of glycan

chains have a broad distribution, from a few disaccharide subunits (3 to 4) up to a hundred

[Vollmer and Bertsche, 2008]. The disaccharide units of adjacent glycan strands are cross-linked

via peptide stems which are attached to the lactoyl moiety of MurNAc via their N-terminus.
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The pentapeptide stem in Gram-negative bacteria typically consists of l-alanine-γ-d-glutamic

acid-2,6-diaminopimelic acid (A2pm)-d-alanine-d-alanine (Fig. 2A).

Number of layers. Several studies using different biophysical approaches determined the

width of peptidoglycan to be between 6 and 7 nm [Vollmer and Seligman, 2010]. However,

there is no conclusive evidence as to whether PG is a strictly single-layered or a partially

multi-layered structure in E. coli : Results from neutron small-angle scattering using purified

sacculi are compatible with 20% of PG being triple-layered and the remaining parts monolay-

ered. [Labischinski et al., 1991]. However, another group found no evidence of multi-layered PG

from cryo-transmission electron microscopy of frozen-hydrated sections of bacterial cells [Matias

et al., 2003].

Glycan strand orientation Another point that has been widely disputed is the orientation

of glycan chains with respect to the long axis of the cell and the inner membrane. Elasticity of

purified sacculi has been mainly attributed to the peptide stems and was shown to be anisotropic,

with facilitated deformability found in the long direction of the cell. Based on these findings,

the "layered model of peptidoglycan architecture" suggests that glycan chains are oriented per-

pendicular to the long cell axis and parallel to the inner membrane. In contrary, the "scaffold

model of peptidoglycan architecture" suggests an orientation of glycan chains perpendicular to

the inner membrane [Dmitriev et al., 1999]. However, the width of the periplasm was deemed

too narrow to accommodate PG chains in a vertical orientation [Vollmer and Bertsche, 2008].

Torsion angle and periodicity of peptide side chains. The conformation of the β-(1→4)-

glycosidic bonds between GlcNAc and MurNAc induces a shifted orientation of peptide-stems

with respect to main axis of the glycan strand [Vollmer et al., 2008]. The orientation of the

stem is crucial for PG synthesis and architecture. Generally, a periodicity of 90° is assumed,

which would lead to every fourth peptide-stem pointing in the same direction [Vollmer et al.,

2008], which has been supported by results from molecular modeling [Gumbart et al., 2014].

However, studies based on NMR measurements of a PG fragment comprising two disaccharide-

pentapeptide subunits, found a torsion angle of 120° between peptide-stems [Meroueh et al.,

2006].

Major muropeptides and cross-link types In general, the muropeptide composition of

PG is characterized after digestion of extracted sacculi by muramidases (e.g. lysozyme or mu-

tanolysin) and subsequent separation by HPLC [Glauner, 1988]. The obtained muropeptides
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Table 1: Sequences of major muropeptides found in E. coli, numbering as in Fig. 2D
Sequence Abbreviation

(i) GlcNAc-MurNAc-l-Ala-d-Glu-A2pm Tri
(ii) GlcNAc-MurNAc-l-Ala-d-Glu-A2pm-d-Ala Tetra

(iii) GlcNAc-MurNAc-l-Ala-d-Glu-A2pm(3→3)A2pm-d-Glu-l-Ala-MurNAc-GlcNAc Tri-Tri
(iv) GlcNAc-MurNAc-l-Ala-d-Glu-A2pm(3→3)A2pm(-d-Ala)-d-Glu-l-Ala-MurNAc-GlcNAc Tri-Tetra
(v) GlcNAc-MurNAc-l-Ala-d-Glu-A2pm-d-Ala(4→3)A2pm-d-Glu-l-Ala-MurNAc-GlcNAc Tetra-Tri
(vi) GlcNAc-MurNAc-l-Ala-d-Glu-A2pm-d-Ala(4→3)A2pm(-d-Ala)-d-Glu-l-Ala-MurNAc-GlcNAc Tetra-Tetra

can be distinguished into two groups: uncross-linked disaccharide peptide units (i.e. monomers,

Fig. 2D (i) and (ii)) and cross-linked (i.e. dimers, Fig. 2D (iii)-(vi), and less abundant, higher

order multimers). Muropeptide dimers are cross-linked via the C-terminal amino acid of a donor

stem (d-Ala or A2pm) and A2pm of the acceptor stem. Cross-links are referred to as (4→3) in

case of d-Ala → A2pm and (3→3) in case of A2pm → A2pm. Major muropeptides are listed in

Table 1.

The predominant muropeptides found in PG extracted from E. coli are the Tetra monomer

(more than 30%) and the Tetra(4→3)Tetra dimer (20%) [Glauner, 1988]. Accordingly, the

majority of crosslinks is of the 4→3-type. Relative abundances of muropeptides and relative

contributions of crosslink types vary with growth conditions and the metabolic state of the

culture (e.g. stationary culture or biofilms) with a notable switch towards 3→3-crosslinks (from

about 5% to 40%, [unpublished data from the host laboratory]). Of note, a high amount of

3→3-crosslinks is implicated in antibiotic resistance [Hugonnet et al., 2016].

2.2 Biosynthesis

2.2.1 Precursor biosynthesis

PG biosynthesis is a multistep, compartmentalized process. Biosynthesis of the precursor

uridine-diphosphate-N -acetyl muramic acid (UDP-MurNAc) pentapeptide is located in the cy-

toplasm (Fig. 2B). Its starting point is the conversion of fructose-6-phosphate into uridine-

diphosphate-N -acetylglucosamine (UDP-GlcNAc) by the successive actions of the GlmS, GlmM,

and GlmU enzymes. Subsequently, MurA catalyzes the addition of enolpyruvate to the 3-hydroxy

group of UDP-GlcNAc. This side chain is then reduced by MurB, yielding UDP-MurNAc.

De novo synthesis of the peptide stem involves the addition of l-Ala, d-Glu, A2pm, and the

d-Ala-d-Ala dipeptide to the d-lactoyl moiety of UDP-MurNAc. These sequential reactions are

ATP-dependent and are catalyzed by four distinct enzymes: MurC, MurD, MurE and MurF.

l-Ala and l-Glu are racemized by Alr or DadX and MurI, respectively. The dipeptide substrate

for MurF is provided by two d-Ala:d-Ala ligases DdlA and DdlB (Fig. 2B). Alternatively, the
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l-Ala-d-Glu-A2pm tripeptide issued from exisiting peptidoglycan can be directly transferred to

UDP-MurNAc by Mpl ([Herve et al., 2007], see also section 2.4).

The membrane steps of peptidoglycan synthesis are initiated by the transfer of the phospho-

MurNAc-pentapeptide moiety of UDP-MurNAc-pentapeptide to membrane-bound lipid carrier

undecaprenylphosphate by MraY affording undecaprenyl-pyrophospho-MurNAc-pentapeptide

(Lipid I). In the following, MurG transfers GlcNAc from UDP-GlcNAc to Lipid I resulting

in undecaprenyl-pyrophosphate-MurNAc(GlcNAc)-pentapeptide, commonly referred to as Lipid

II.

Given the hydrophilic nature of GlcNAc-MurNAc-pentapeptide, translocation over the IM

into the periplasm necessitates an auxillary mechanism. In fact attachment to the lipid carrier is

a prerequiste for flipping the PG precuror across the inner membrane. Two proteins have been

suggested to have the required flippase activity, FtsW and MurJ. Evidence concerning these two

proteins has been controversial: MurJ was suggested as Lipid II flippase in 2008 based on genetic

analysis [Ruiz, 2008]. In contrast, results from in vitro experiments using fluorescently labeled

Lipid II inserted into liposomes argued in favor of FtsW [Mohammadi et al., 2011]. Using a

different in vivo approach, which involved the in situ cleavage of freshly flipped Lipid II in the

periplasm by the colicin M phosphatase, led to the conclusion that only MurJ was essential

[Sham et al., 2014].

2.3 PG polymerisation

2.3.1 Periplasmic reactions of PG assembly

Following flipping the Lipid II precursor to periplasm, the disaccharide subunit is assembled into

peptidoglycan. The periplasmic steps of PG synthesis rely on two major enzymatic processes:

(i) transglycosylation for glycan strand elongation and (ii) transpeptidation for cross-linking

glycan strand via their peptide stems. While transpeptidation occurs only simultaneously with

transglycolysation, the latter can proceed independently. These functions are exerted by inter-

acting monofunctional enzymes and/or bi-functional enyzmes. Moreover, a variety of enzymatic

activties needs to be coordinated with PG synthesis in order to ensure structural integrity of

the cell during expansion of the PG layer upon growth. These comprise endopeptidases, lytic

transglycosylases and amidases.

Transglycosylation. Glycosyltransferases (GT) transfer the growing side-chain linked to the

lipid carrier by a diphospho bond at its reducing end to a newly translocated Lipid II precursor

[Perlstein et al., 2007, Heijenoort, 2001]. This reaction leads to the release of the di-phospho-
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Figure 3: Peptidoglycan polymerization. (A) Glycan chains are polymerized by glycosyltrans-

ferases (TG) and cross-linked by transpeptidases of the d,d-, and l,d-specificities that form 4→3

and 3→3 cross-links. (B) Hydrolases involved in peptidoglycan polymerization and maturation.

undecaprenyl lipid carrier and to the addition of one subunit to the growing glycan chain.

The reaction proceeds for several rounds yielding a glycan polymer. The polymerization of

glycan chains is terminated by lytic glycosyltransferases that release glycan chains by forming

an anhydro-MurNAc residue at their reducing end and released of undecaprenyl-pyrophosphate.

The released undecaprenyl-pyrophosphate molecules are flipped back into the cytoplasm, dephos-

phorylated, and the resulting undecaprenyl-phosphate molecules are then available for charging

new disaccharide-peptide units by MraY.

GT activity is found in monofunctional glycosyltransferases (MtgA), the SEDS proteins

(RodA and FtsW), and the N-terminal domain of bi-functional class A Penicillin Binding Pro-

teins (aPBPs) [Egan et al., 2020]. The catalytic domains of these proteins belong to two families

of unrelated enzymes, the Glycosyltransferase 51 (GT51) family and the Shape-E longation-

D ivision-Sporulation (SEDS ) family.

Glycosyltransferase family 51 (GT51) enzymes. In E. coli there are four members

of the GT51 family, which contain either a GT51 domain only (MtgA) or a GT51 domain in

combination with a penicillin-binding transpeptidase module (PBP1A, PBP1B, PBP1C) (Gly-

cosylTransferase Family 51, n.d.; Lombard et al., 2014). Enzymes capable of polymerizing PG

lipid intermediates without simultaneous transpeptidation were reported as early as 1984 [Hara

and Suzuki, 1984]. In E. coli, the product of the mtg locus, MtgA, was identified as a monofunc-

tional glycosyltransferase. It shares high sequence similarity with the transglycosylase domain

of the class A PBPs (aPBPs) PBP1a, PBP1b, and PBP1c). Class A PBPs are bi-functional

enzymes, which contain an additional penicillin-binding transpeptidase module. In contrast to

MtgA, the TG activity of aPBPs is sensitive to inhibition by the phosphoglycolipid-antibiotic

moenomycin [Di Berardino et al., 1996]. The low conservation of the sequence of monofunctional
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transglycosylases in various species and the absence of phenotypes associated with the deletion

of the corresponding genes led to consider that aPBPs are the main transglycosylases. However,

the construction of mutants of Bacillus subtilis, Enterococcus faecium, and Enterococcus faecalis

that grow in spite of the deletion of all genes encoding GT51-family members [McPherson and

Popham, 2003] led to reconsider this conclusion. Experiments performed in E. coli [Cho et al.,

2016], Bacillus subtilis [Meeske et al., 2016], and P. aeruginosa [Taguchi et al., 2019] recently led

to the proposal that transglycosylation could not only be performed by GT51-family members

but also by SEDS proteins.

SEDS proteins RodA, the first member of the SEDS protein family to be identified, had

already been identified as an important partner in PG synthesis 35 years ago [Ishino et al., 1986].

Overproduction of bPBP2 and RodA was sufficient to sustain PG synthetic activity in membrane

fractions of E. coli with other PBPs inhibited by antibiotics. However, the glycosyltransferase

activity was attributed to bPBP2 in light of what was known about PBPs at that time. Both

RodA and FtsW, another member of the SEDS family, have recently been extensively purified

and shown to display glycosyltransferase activity [Taguchi et al., 2019, Cho et al., 2016, Meeske

et al., 2016]. Together with their respective cognate transpeptidase partner (PBP2 for RodA and

PBP3 for FtsW), they provide the core synthetic activity in multi-enzyme complexes responsible

for PG synthesis during cell elongation (RodA/PBP2) and division (FtsW/PBP3). Deletion

of either gene is associated with phenotypes that resemble depletion of the respective bPBP

partner: round cells upon depletion of RodA or PBP2, [Matsuzawa et al., 1973, Spratt, 1975]

and filamentous growth upon depletion of FtsW or PBP3 [Boyle et al., 1997, Spratt, 1975].

Enzymatic activity of RodA and FtsW ressembles that of GT51-domain containing enzymes,

i.e. they elongate nascent glycan strands at the reducing end [Welsh et al., 2019]. As for MtgA,

the GTase activity of RodA and FtsW is not sensitive to inhibition by moenomycin [Taguchi

et al., 2019, Meeske et al., 2016]. SEDS proteins are more conserved than aPBPs over a variety

of species [Meeske et al., 2016]. GTase activity of RodA and FtsW is the dependent on the

presence of their cognate bPBP partner [Taguchi et al., 2019, Sjodt et al., 2020].

The structure of RodA has recently been elucidated, both alone [Sjodt et al., 2018] and

in complex with PBP2 (Fig. 4A), [Sjodt et al., 2020]. Both studies were performed using

proteins from Thermus thermophilus. RodA is embedded in the inner membrane via its α-

helical transmembrane domains. Interaction with PBP2 is mediated via transmembrane (TM)

domains 8 and 9 of RodA and TM domain of PBP2 (Fig. 4B Interface I), as well as the

extracellular loop 4 (ECL4) of RodA and the pedestal domain of PBP2 (Fig. 4B Interface II).

Upon complex formation, structural shifts in RodA lead to opening of a cavity that is sufficiently
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Figure 4: Structure of RodA in complex with PBP2. (A) Structure of the RodA–PBP2 complex

viewed parallel to the membrane plane. The active site residue (Ser308) in the transpeptidase

domain of PBP2 and Asp255 in RodA are shown as red and orange spheres, respectively. (B)

Surface view showing two distinct interfaces. Interface I (orange) is within the membrane plane,

while interface II (pink) lies above the membrane (C) Comparison of the structure of RodA in

isolation (PDB code: 6BAR; grey) and RodA in complex with PBP2 (green); adapted from

[Sjodt et al., 2020]

large to accommodate a Lipid II molecule (Fig. 4C).

Transpeptidation. The majority of peptide cross-links is formed by d,d-transpeptidases,

resulting in cross-links of the 4→3-type (Fig. 5A). The only accepted donor substrate in this

reaction is a pentapeptide, as the energy released during cleavage of the terminal d-Ala4-d-Ala5

bond drives the formation of the crosslink. Requirements for the acceptor substrate are less strict,

as tri-, tetra-, and pentapeptide stems can be utilized. The first step in the transpeptidation

reaction is a nucleophilic attack of the active site serine on the carbonyl carbon of d-Ala4, leading

to formation of an acylenzyme intermediate and the release of d-Ala5. The reaction proceeds via

nucleophilic attack on the ester bond of the acyl enzyme by the free amino group of A2pm in the

acceptor peptide stem. This leads to the release of the cross-linked dimer and the free-enzyme.

d,d-transpeptidases are the targets of the β-lactam antibiotics and thus refered to as penicillin

binding protein or PBPs.

Formation of 3→3-cross-links is catalyzed by a structurally unrelated group of enzymes, the

l,d-transpeptidases (Fig. 5B). This family of enzymes has been characterized in the early 2000s,

providing the rationale for 3→3-cross-links, that had already been detected in small amounts by

chemical analyses [Glauner, 1988]. l,d-transpeptidases are dependent on available tetrapeptide

stems as donor substrate and exert their catalytic function via a cysteine residue.
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Figure 5: Transpeptidation reaction catalyzed by PBPs (A) and l,d-transpeptidases (B).

2.3.2 PG crosslinking enzymes

PBPs. E. coli contains a total of 13 PBPs grouped into class A, class B, and class C [Sauvage

et al., 2008, Dik et al., 2018]. Class A and class B comprise peptidoglycan synthetases, while

the class C PBPs are implicated in PG remodeling and recycling (see section 2.3.3 ).

Class A PBPs, also referred to as aPBPs. The three class A PBPs of E. coli are bi-

functional enzymes, exerting both glycsoyltransferase and transpeptidase activity. aPBPs are

peripheral membrane proteins anchored to the inner membrane by an N-terminal transmem-

brane helix (Fig. 6). The N-terminal GT51-domain is located in proximity to the membrane

anchor and is connected to the C-terminal TP-domain via a linker region. Additionally, small

non-catalytic domains (ODD in PBP1a, UB2H in PBP1b), located between the GT and TP

domain, bind to the cognate lipoprotein regulators LpoA and LpoB, respectively.

LpoA stimulates the transpeptidase activity of PBP1a. However, structural insights into the

interaction of the two proteins as well as mechanistic understanding is lacking as of today. The

picture is different for PBP1b and LpoB. LpoB is a lipoprotein, that protrudes from the inner

leaflet of the outer membrane into the periplasm. Interaction occurs via the globular C-terminal

domain of LpoB and the UB2H domain of PBP1b. This induces conformational changes in the

regulatory domain that transduce to both the GT and TP domains of PBP1b, thereby enhancing

both enzymatic activitie s. CpoB is a modulator of PBP1b regulation by LpoB [Gray et al., 2015],
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Figure 6: Structure of PBP1b of E. coli. The structure of PBP1B is shown in surface repre-

sentation. The transmembrane (TM) helix, the glycosyltransferase (GTase) domain, the linker,

the UB2H domain, and the transpeptidase (TPase) domain are colored cyan, beige, blue, pink,

and green, respectively. Moenomycin and ampicillin are shown as yellow sticks in the GTase

and TPase domains, respectively. From [King et al., 2017b]
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by selectively abolishing LpoB mediated enhancement of the TP activity of PBP1b. Amongst

others, CpoB mediates coordination of PBP1b activity with the outer-membrane constriction

machinery during cell division [Egan et al., 2020]. Further protein-protein-interactions of PBP1b

with other PG synthases and regulatory proteins, especially during cell division will be discussed

in section 2.3.4.

The cellular role of the third class A PBP, PBP1c, remains elusive [Schiffer and Höltje,

1999], PBP1a and PBP1b are responsible for a substantial part of PG synthesis. Either PBP1a

or PBP1b is necessary for cell viability, while PBP1c is dispensable for normal growth [Schiffer

and Höltje, 1999]. PBP1a and PBP1b are able to subsitute for each other [Yousif et al., 1985,

Derouaux et al., 2008], with certain growth conditions requiring expression of specific class A

PBP, e.g. PBP1a in alkaline pH and PBP1b in acidic pH [Delhaye et al., 2019].

Class B PBPs, also referred to as bPBPs. Class B PBPs are monofunctional enzymes

containing a C-terminal transpeptidase domain [Sauvage et al., 2008]. No enzymatic activity

has been described for the N-terminal domain of class B PBPs so far. This domain has been

proposed to be important for protein-protein-interactions [Höltje, 1998], an idea corroborated

by the most recent elucidation of the structure of the PBP2/RodA complex [Sjodt et al., 2020].

The N-terminal transmembrane helix serves as membrane anchor and the adjacent pedestal

domain mediates interaction with its glycosyltransferase partner RodA. E. coli expresses two

class B PBPs: PBP2 and PBP3, which are the main transpeptidases during lateral growth and

cell division, respectively [Zhao et al., 2017]. Accordingly, inhibition or depletion of PBP2 and

PBP3 is associated with distinct phenotypes: insufficient PBP2 activity causes cells to grow

spherically while PBP3 inhibition or depletion leads to filamentation due to the inability of cells

to divide [Spratt, 1975].

LDTs. Historically, l,d-transpeptidases (LDTs) were first identified in an ampicillin-resistant

strain of Enterococcus faecium whose peptidoglycan was shown to exclusively contain 3→3-

cross-links [Mainardi et al., 2005]. This strain relied solely on its l,d-transpeptidase for PG

cross-linking, accounting for ampicillin resistance since the enzyme is not inhibited by the drug.

LDTs are structurally unrelated to PBPs and are insensitive to inhibition by all classes of β-

lactams except the carbapenems.

The genome of E.coli contains genes encoding six LDT paralogues: ErfK (LdtA), YbiS

(LdtB), YcfS (LdtC), YcbB (LdtD), YnhG (LdtE), and YafK (LdtF). ErfK, YcfS and YbiS

attach the Braun lipoprotein (Lpp) to peptidoglycan. Attachment occurs via linking A2pm of

a donor peptide to the ǫ-amino group of Lys58 of Lpp [Magnet et al., 2007]. The activity of
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these three proteins is redundant and simultaneous deletion of all three genes causes phenotypes

resembling deletion of lpp, with an impaired barrier function of the outer membrane [Sanders

and Pavelka, 2013].

YcbB and YnhG catalyze formation of 3→3 cross-links [Magnet et al., 2008]. The increase

in the proportion of 3→3-cross-links upon change from the exponential to the stationary phase

of growth implies a role of the two proteins mainly in the stationary phase. Both proteins are

non-essential and deletions are not associated with any particular phenotype during growth in

laboratory conditions [Sanders and Pavelka, 2013]. Recently it has been shown that YcbB (but

not YnhG) is able to confer resistance to β-lactams upon overproduction of the enzyme and

the (p)pGpp alarmone. In the presence of otherwise lethal doses of ampicillin YcbB completely

bypasses PBPs for peptidoglycan cross-linking [Hugonnet et al., 2016]. This particular phenotype

requires constitutive synthesis of the (p)pGpp, the alarmone inducing the stringent response.

The phenotype also depends on the transpeptidase activity of YcbB, the glycosyltransferase

activity of PBP1b, and d,d-carboxypeptiase activity of PBP5. PBP5 is essential as it catalyzes

the formation of tetrapeptide stems required by YcbB for l,d-transpeptidation. Furthermore,

the Cpx-mediated cell envelope stress response involves upregulation of the ldtD gene (coding

for YcbB) [Morè et al., 2019]. The entry into the stationary phase is accompanied by expression

of the ldtE and ldtF genes. When outer membrane assembly is impaired, ldtD, ldtE, and ldtF

become essential [Morè et al., 2019].

2.3.3 Peptidoglycan hydrolases

PG synthesis is carried out in tight coordination with altering the structure of the already ex-

isting peptidoglycan. This ensures orderly insertion of new material into the sacculus. These

alterations are catalyzed by a variety of enzymes, which are also involved in autolysis, matura-

tion, and turnover, and recycling of PG. PG hydrolases are grouped according to the bond they

cleave into N -acetylmuramoyl-l-alanine amidases, carboxypeptidases, endopeptidases, and lytic

transglycosylases (Fig. 3).

Amidases. Amidases catalyze the cleavage of the amide bond connecting the d-Lac moiety of

MurNAc and l-Ala1, thereby removing the peptide stems from the glycan strands. E. coli con-

tains five amidases: AmiA, AmiB, AmiC, AmpD, and AmiD. The first three enzymes selectively

cleave peptide stems off MurNAc substrates while AmpD and AmiD also process 1,6-anhydro-

MurNAc-containing substrates (issued from the activity of lytic transglycosylases, see below)

[Vollmer and Bertsche, 2008]. The released tri-, tetra-, or pentapeptide stems are either released

to the culture medium or reimported into the cytoplasm via the Mpp/Opp system (see also
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2.4). AmiA, AmiB, and AmiC are periplasmic enzymes, AmiD is a lipoprotein anchored into

the inner leaflet of the outer membrane, and AmpD is located in the cytoplasm. During cell

division, AmiA and AmiB are recruited to the division site, while AmiC stays dispersed over

the entire periplasm. However, construction of all combinations of double deletions in the genes

encoding AmiA, AmiB, and AmiC showed that each of these three enzymes can can compensate

for the absence of the other two. The triple mutant ∆amiABC grows as chains of bacteria,

highlighting the role of the three amidases in daughter cell separation after the completion of

septum synthesis [Heidrich et al., 2001]. Periplasmic amidases are regulated by the outer mem-

brane lipoproteins EnvC (AmiA and AmiB) [Uehara et al., 2010] and NlpD (AmiC) [Uehara

et al., 2010].

AmpD is a cytoplasmic amidase that selectively cleaves peptide stems off 1,6-anhydro-

MurNAc containing muropeptides (mono- and disaccharide peptide units) after their reimport

into the cytoplasm. Accordingly, inactivation of ampD results in the accumulation of recycled

muropeptides [Uehara and Park, 2008]. The products of the reaction catalyzed by AmpD, free

peptide stems and amino-mono- and disaccharides, are further metabolized and can re-enter the

synthesis of PG precursors (see also 2.4).

AmiD is a homologue of AmpD acting on peptidoglycan and muropeptides in the periplasm.

This enzyme acts on muropeptides with and without 1,6-anhydro-MurNAc residues as well as

intact peptidoglycan. The amidase activity of AmiD is not required for cell division [Park and

Uehara, 2008].

Lytic transglycosylases. Lytic transglycosylases (LTs) are N -acetylmuramidases that cat-

alyze the cleavage of the β-1,4-glycosidic bond between MurNAc and GlcNAc units. During the

reaction, LTs perform an intramolecular glycosyl transfer linking C1 and C6 of MurNAc, which

yields 1,6-anhydro-MurNAc at the reducing end of glycan chains [van Heijenoort, 2011] (Fig 7).

Figure 7: LTs catalyze the cleavage of the β-1,4-glycosidic bonds between MurNAc and GlcNAc

residues in PG, with the concomitant formation of a 1,6-anhydro-MurNAc residue, from [Madoori

and Thunnissen, 2010]
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Hydrolysis can take place either at the end of glycan strands (exolytic activity) or within the

polymer (endolytic activty). E. coli contains a total of eight lytic transglycosylases (MltA-MltG

and SltY). SltY is a soluble enzyme located in the periplasm (hence the name Soluble Lytic

Transglycosolase). The remaining LTs are either lipoproteins anchored to the outer membrane

(MltA-F) or α-helical proteins bound to the outer leaflet of the inner membrane (MltG) [Alcorlo

et al., 2017, Yunck et al., 2016]. LTs exert redundant activities, a mutant deficient in six of the

eight enzymes is viable but grows in chains of unseparated cells, indicating impaired daughter cell

separation [Heidrich et al., 2002]. In vitro characterization using digestion of purified sacculi by

LTs revealed exolytic activity for all LTs and additional endolytic activity for MltE and MltG [Lee

et al., 2013, Yunck et al., 2016]. SltY is a target of the antibiotic bulgecin [Templin et al., 1992].

In cells challenged with mecillinam, a β-lactam specifically active on PBP2, SltY is responsible

for hydrolyzing uncrosslinked glycan strands resulting from a futile cycle of PG synthesis [Cho

et al., 2014]. Inactivation of SltY induces hypersensitivity to mecillinam [Templin et al., 1992].

In affinity chromatography experiments using immobilized SltY, PG synthases PBP1b, PBP1c,

PBP2, and PBP3, as well as the endopeptidase PBP7 were identified as binding partners of SltY

[von Rechenberg et al., 1996].

Endopeptidases. Endopeptidases cleave peptide cross-links in the peptidoglycan layer (Fig.

3). PBP4, PBP7, and AmpH are penicillin-binding proteins that specifically cleave 4→3 crosslinks.

MepA, MepH, MepK, MepM, and MepS are penicillin-insensitive enzymes that cleave both 4→3

and 3→3-crosslinks. Single mutants of these proteins are not associated with any particular

phenotype. PBP4, PBP7, AmpH, and MepA are soluble periplasmic proteins. Except PBP7,

which does not hydrolyze soluble muropetides, these four proteins act on both intact sacculi

and purified muropeptides. In addition to d,d-endopeptidase activity, PBP4 and AmpH display

d,d-carboxypeptidase activity.

Simultaneous deletion of MepA, PBP4, and PBP7 aggravates the filamentous phenotype

associated with triple amidase deletion [Heidrich et al., 2002]. MepS, MepM, and MepH are re-

dundantly essential meaning that deletion of all three genes causes cells to lyse [Singh et al., 2012].

Several endopeptidases have been described to interact with the outer-membrane-anchored pro-

tein NlpI [Banzhaf et al., 2020]. NlpI delivers MepS to the periplasmic protease Prc for degra-

dation, while interaction with PBP4, PBP7 and MepM does not alter abundance of these en-

dopeptidases. NlpI has been suggested to serve as an adaptor protein promoting the localization

of endopeptidases to the cell elongation machinery [Egan et al., 2020]. Recently, MepK has been

identfied as a new l,d-endopeptidase in E. coli which is essential for cell viability when the

l,d-transpeptidase YcbB is overproduced [Chodisetti and Reddy, 2019].
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Carboxypeptidases. Carboxypeptidases cleave the C-terminal amino acid off free peptide

stems (Fig. 3). The substrates are pentapeptides for d,d-carboxypeptidases and tetrapep-

tides for l,d-carboxypeptidases. Both groups of enzymes release d-Ala. In E. coli, six d,d-

carboxypeptidases have been described so far - PBP4, PBP4b, PBP5, PBP6, PBP6b and

AmpH, some of which also show d,d-endopeptidase activity (PBP4 and AmpH). The main

d,d-carboxypeptidase of E. coli is the class C PBP5. PBP5 is anchored to the outer leaflet of

the cytoplasmic membrane via its C-terminal helix. Albeit PBP5 not being essential, inactiva-

tion leads to aberrant cell morphology and to an accumulation of pentapeptide subunits in the

PG. This indicates a role of PBP5 in regulating the amount of available pentapeptide stems for

d,d-transpeptidation by PBPs. Overproduction of PBP5 is lethal and associated with round cell

shape before lysis. When the PBP pathway for PG crosslinking is bypassed by overproduction

of YcbB in the presence of ampicillin, PBP5 becomes essential for providing tetrapeptide stems

for l,d-transpeptidation [Hugonnet et al., 2016]. PBP5 is found in sites of ongoing PG syn-

thesis, during both cell elongation and division. This localization depends on the amphiphatic

C-terminal helix of the protein [Potluri et al., 2010].

l,d-carboxypeptidase activity has been described for two proteins, YcbB [Hugonnet et al.,

2016] and LdcA [Templin et al., 1999]. LdcA is a cytoplasmic enzyme, which is involved in

processing recycled muropeptides (see section 2.4). The cellular role of the l,d-carboxypeptidase

activity of YcbB is not known.

2.3.4 Spatio-temporal organization of PG synthesis

The cell cycle of E. coli proceeds via two main phases, cell elongation and cell division. For both

phases it has been suggested, that the necessary synthetic and hydrolytic enzymatic activities

for PG synthesis are provided by multi-protein complexes [Höltje, 1998]: the elongasome for

elongation and the divisome for division. According to recent results from studies using single-

molecule-tracking of putative components of the suggested complexes, these complexes have to

be more thought of as groups of proteins that are functionally dependent, rather than complexes.

Direct interactions do occur but may be transient.

The elongasome and the divisome are constituted by proteins with largely equivalent func-

tions (see Table 2). Both contain a cytoskeletal protein, PBPs with transpeptidase and/or

glycosyltransferase activity and the cognate SEDS partners of the respective bPBPS with gly-

cosyltransferase activity. Besides these core functions, regulatory and adaptor proteins control

and direct the synthetic activities from the cytooplasm, the periplasm, and the outer membrane

(for example LpoA and LpoB which control the activities of PBP1a and PBP1b).
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Table 2: Protein composition of the elongasome and the divisom

Role Elongasome Divisome

Cytoskeletal protein MreB FtsZ
Transpeptidase PBP2, PBP1a(TPase) PBP3, PBP1b(TPase)
Glycosyltransferase RodA, PBP1a(GTase) FtsW, PBP1b(GTase)
Class A PBP regulator LpoA LpoB

Elongasome. The cytoskeletal protein associated with insertion of new PG subunits into the

lateral wall of rod shaped bacteria during elongation is the actin-homologue MreB [Egan et al.,

2020]. MreB polymerization depends on ATP and yields double antiparallel filaments [van den

Ent et al., 2014]. Polymerization takes place at the inner leaflet of the cytoplasmic membrane and

localization was described to depend on membrane curvature [Garner et al., 2011], a view that

was questioned by a recent study [Ozbaykal et al., 2020], that attributed correlations between

MreB localization and curvature to persistent motion of MreB. Membrane interaction of MreB is

mediated by its N-terminal amphiphatic helix [Salje et al., 2011]. Monomers of MreB are found

throughout the cytoplasm, but the lipid composition of cell poles (enriched in cardiolipin and

phosphatidylglycerol) prevents polymerization, which is thus restricted to the cylindrical part

of the cell wall [Kawazura et al., 2017]. MreB polymerization can be inhibited by A22 which

competes for the ATP binding pocket. Inhibition results in homogenous distribution of MreB

in the cytoplasm and eventually in a spherical cell phenotype, similar to mreB deletion [Kruse

et al., 2005]. Early localization studies found MreB in static helical structures spanning the whole

cylindrical part of the cell [Shih et al., 2003]. However, techniques enabling higher resolution

imaging revealed that MreB filaments were not continuous over the entire circumference of the

cell. The MreB filaments moved circumferentially around the cylindrical part of the cell in arc-

like patches [van Teeffelen et al., 2011]. This motion depended on the transpeptidase activity

of PBP2 but was independent of the enzymatic activity of class A PBPs [Cho et al., 2016].

MreB interacts with the membrane associated proteins MreC and MreD. MreC interacts with

PBP2 and induces conformational changes which putatively regulate the transpeptidase activity

of PBP2 [Rohs et al., 2018]. MreD also interacts with PBP2, but its role in cell elongation

is unknown [Egan et al., 2020]. Another binding partner of MreB is RodZ, a transmembrane

protein mediating interactions of MreB with RodA, PBP2, PBP1a, and PBP1b [Egan et al.,

2020]. RodZ exhibits motion similar to MreB and is essential for proper cell shape in E. coli.

The absence of RodZ diminishes MreB circumferential motion and results in spherical cells

[Morgenstein et al., 2015]. Deletions of mreCD or rodZ can be compensated for by mutations in

PBP2, RodA, or MreB [Shiomi et al., 2013]. Together with sustained elongation in the absence

of a class A PBP (albeit at approx. 20% activity) [Cho et al., 2016], these findings emphasize
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the core roles of RodA, PBP2, MreB in the elongasome.

A generally accepted model for elongation suggested that MreB is the pedestal protein for

the remaining proteins of the elongasome thereby determining the localization of the enzymatic

activities of aPBPs and bPBPs [Zhao et al., 2017]. As mentioned above, this view has been

questioned by numerous studies, which investigated the motions of putative members of the

elongasome by single-molecule imaging of fluorescent fusion constructs. Class A PBPs show a

bimodal motion pattern in B. subitilis, with one subpopulation engaged in free two-dimensional

diffusion in the membrane and another subpopulation engaged in directed motion at a speed

an order of magnitude lower [Cho et al., 2016]. The motion of aPBPs was reported not to

overlap with those of MreB or RodA/PBP2, indicating that class A PBPs activities are spatially

independent of the core proteins of the elongasome. However, another study identified a MreB

subpopulation showing diffusive motion similar to that of class A PBPs [Billaudeau et al., 2017],

raising to possibility of direct association of MreB and class A PBPs. Of note, there has been

evidence of such an association using bacterial two-hybrid and protein pull-down assays [Kawai

et al., 2009]. Seemingly contradictory results have been obtained concerning the trajectories

of MreB and RodA/PBP2: Cho et al. found similiar trajectories for the three proteins [Cho

et al., 2016], while a previous study revealed differences in the velocities of MreB and PBP2

[Lee et al., 2014]. In line with the findings from [Lee et al., 2014], a subpopulation of PBP2

showed immobile behaviour [Ozbaykal et al., 2020]. The authors concluded that the latter

PBP2 subpopulation was bound to PG either directly or through an unknown binding partner.

Binding occured independently from MreB. Immobile PBP2 molecules transitioned to a state

of persistent motion whose trajectories overlapped with those of MreB. Based on these results,

the authors suggested that the first step in initiation of PG synthesis is binding of PBP2 to a

target site of unknown nature, which is followed by association with MreB and subsequent PG

synthesis [Ozbaykal et al., 2020].

Divisome. Formation of the septum involves at least 30 proteins of which 12 are essential

or conditionally essential: FtsZ, FtsA, ZipA, FtsE,FtsX, FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI

(PBP3) and FtsN [Du and Lutkenhaus, 2017]. FtsZ is a tubulin homologue which relies on GTP

hydrolysis for polymerization. FtsZ filaments adopt curved conformations and are attached

to the inner leaflet of the cytoplasmic membrane by the proteins FtsA and ZipA [Pazos and

Peters, 2019]. Similar to MreB, results from early studies using immunostaining techniques led

to the conclusion that FtsZ forms a continuous ring-like structure located at future division

sites. Higher resolution imaging revealed that FtsZ assembles into short filaments, which use

treadmilling for circumferential inward motion. The motion of FtsZ is independent of PG
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Figure 8: Model for initiation of PG synthesis by PBP2 binding, from [Ozbaykal et al., 2020]

synthesis [Yang et al., 2017]. However, FtsZ motion alone is not sufficient to initiate membrane

constriction in the absence of cell wall synthesis [Daley et al., 2016].

Divisome assembly in E. coli proceeds in two phases. Proteins that are recruited to midcell

early during division include FtsZ, FtsA, ZipA, ZapA-D, and FtsEX. Localization of these pro-

teins occurs before any constriction is visible and coincides with so-called preseptal PG synthesis

[Egan and Vollmer, 2013]. Preseptal PG synthesis was first detected in synchronized cells with

inactivated PBP3 (hence the synonym PBP3-Independent-Peptidoglycan-Synthesis or PIPS for

short) [Wientjes and Nanninga, 1989]. While the cells where not able to complete septation

and thus grew as filaments, constriction was clearly visible. Autoradiography revealed a high

level of incorporation of [3H]DAP into PG at the constriction sites. These results were markedly

different from studies using cells which were conditionally deficient in cell division due to ex-

pression of a temperature sensitive FtsZ mutant [WOLDRINGH et al., 1987]. Cells labeled

after culture at the restrictive temperature, showed a diffuse pattern of [3H]DAP incorporation.

Other imaging based on the exchange of d-Ala by d-Cys, subsequent biotinylation of the Cys

residues and subsequent immunolabeling showed that synthesis of preseptal PG depends upon

FtsZ but not upon PBP3 [de Pedro et al., 1997, Varma et al., 2007], in agreement with the early

studies mentioned above [Wientjes and Nanninga, 1989]. Besides FtsZ, only the enzymatic ac-

tivities of a class A PBP and and the presence of ZipA are essential for PIPS [Potluri et al.,

2012]. ZipA is a transmembrane protein spanning the cytoplasmic membrane and mediating

interactions of the FtsZ ring with periplasmic components of the divisome, e.g. PBP1b. Matu-

ration of the divisome is marked by arrival of another set of proteins: FtsK, FtsQ, FtsL, FtsB,

FtsW, PBP3 (FtsI), PBP1b, and FtsN (for an extensive review of protein-protein interactions

between divisome components see [Egan and Vollmer, 2013]). The trimeric complex FtsQLB
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exerts inhibitory effects on the glycsoyltransferase activity of PBP1b and the transpeptidase

activity of PBP3. Eventually, the late arrival of FtsN overrides inhibition of PBPs by FtsQLB

and triggers septation [Egan et al., 2020]. FtsZ filaments disassemble before septum completion

[Söderström et al., 2014], while FtsN and PBP3 do not leave the division site until completion of

septum synthesis [Söderström et al., 2016]. The activity of PBP3 is necessary for septum closure

[Coltharp et al., 2016]. Of the three amidases of E. coli only AmiB and AmiC are implicated

directly in cell division. The two amidases and their respective regulator proteins (EnvC for

AmiB, NlpD for AmiC) are recruited independently to the division site. Arrival of AmiB and

NlpD depends on FtsN [Peters et al., 2011]. Localisation of EnvC is coordinated by FtsE and

FtsX [Yang et al., 2011].

2.4 Recycling and turnover

Peptidoglycan turnover is defined as loss of peptide stems into the culture medium and recycling

refers to a process during which muropeptides are reimported into the cytoplasm where they

reenter into biosynthesis of the cytoplasmic peptidoglycan precursors (Fig. 9). Lytic transglyco-

sylases hydrolyse glycan strands from their reducing end yielding mainly disaccharide tripeptide

units containing a 1,6-anhydro-MurNAc residue. The main permease implicated in PG recycling

is AmpG. In the cytoplasm, the anhydro muropeptides are processed by the glucosaminidase

NagZ and the amidase AmpD resulting in free tripeptide stems and aminosugars. The tripeptide

stem is used in PG precursor synthesis without further processing. The anhydro-MurNAc units

undergo several metabolic reactions before they reenter PG precursor synthesis [Johnson et al.,

2013].

2.5 Diversity of peptidoglycan structure in Gram-positive bacteria

The peptidoglycan of Gram-positive bacteria shows marked differences compared to that of

Gram-negative bacteria. In contrary to Gram-negative bacteria, there is a large variability in

the amino acid composition of the stem peptides [Quintela et al., 1995] (Fig. 10). Amidation of

carboxyl groups is a common chemical modification, as found for example for DAP residues in

B. subtilis and d-iGlu residues in S. aureus [Pazos and Peters, 2019].

The peptide stems of Gram-positive bacteria generally contain a lysine residue at position

3 of the peptide stems, which often bears an additional side-chain linked to its ǫ-amino group.

The N-terminus of this side-chain acts as an acyl-acceptor in the cross-linking reaction. The

peptidoglycan of S. aureus contains penta-glycine interpeptide bridges, which are added to

intracellular PG precursors by the successive actions of the transferases FmhB, FemA, and
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Figure 9: Recycling and turnover of 1,6-anhydro-tripeptide. LTs - Lytic transglycosy-

lases, OMP - Outer membrene porin, GTs - Glycosyltransferases, TPs - Transpeptidases
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Figure 10: Examples of peptides and cross-link types in the peptidoglycan PG of different

species. Amidation of residues is depicted in orange. Interpeptide bridges are framed with a

square; from [Pazos and Peters, 2019]

FemB [Rietmeyer et al., 2021]. O-acetylation, N -deacetylation and N -glycolation have been

described as secondary modifications of the glycan building blocks. These modifications are

often associated with increased resistance to PG hydrolyzing enzymes [Vollmer, 2008]. The PG

of Gram-positive bacteria can be up to 100 nm thick [Rohde, 2019], due to a higher number of

layers in comparison to diderm bacteria (ca. 10 vs. 1).
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3 β-lactam antibiotics

Bacterial cell wall synthesis is the target of several groups of antibiotics.

However, the most widely used group of antibiotics targeting synthesis of peptidoglycan are

the β-lactam antibiotics which inhibit the transpeptidation reaction catalyzed by PBPs [Bush

and Bradford, 2016]. These compounds are named after their common structural core, the

four-membered β-lactam ring (Fig. 11).

Figure 11: Structure of Penicillin G, β-lactam core highlighted in red

3.1 Targets, molecular mode of action and molecular determinants

The molecular targets of β-lactam antibiotics comprise the transpeptidase domains of aPBPs,

bPBPs and peptidoglycan hydrolases. Proteins which are inhibited by β-lactam antibiotics are

grouped together as Penicillin-Binding-Proteins (PBPs) as some of them have historically been

characterized due to inhibition by the first identified β-lactam antibiotics, the penicillins. In E.

coli, targets of β-lactam antibiotics include the aPBPs PBP1a and PBP1b, the bPBPs PBP2 and

PBP3, and the PG hydrolases PBP4, PBP4b, PBP5, PBP5, PBP6, PBP6b, PBP8 and AmpH

[Bhattacharjee, 2016, Pazos and Peters, 2019]. β-lactams show various selectivity profiles for

PBPs which can be used to study the roles of specific PBPs [Kocaoglu and Carlson, 2015].

The transpeptidation reaction catalyzed by class A and class B PBPs proceeds via nucle-

ophilic attack of the catalytic serine on the C-terminal peptide bond of the donor pentapeptide

stem leading to the formation of a tetrahedral intermediate (Fig. 12A(i)). Release of d-Ala

yields the acylenzyme complex between the PBP and a tetrapeptide stem (Fig. 12A(ii)). The

ester bond is attacked by the ǫ-amino group of the DAP residue in the acceptor peptide (Fig.

12A(iii)), which leads to the formation of a second tetrahedral intermediate. In the last step,

free enzyme and crosslinked peptide stems are released (Fig. 12A(iv)).

Inhibiton of PBPs by β-lactams relies on acylation of the catalytic serine residue in the

active site of PBPs. The mechanism of inhbition shows strong similarities to the first steps

of the physiological transpeptidation reaction catalyzed by PBPs. The reaction is initiated by

nucleophilic attack of the hydroxyl group of the catalytic serine on the carbonyl carbon of the
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β-lactam ring, yielding a tetrahedral intermediate similiar to the one formed in the physiological

reaction (Fig. 12B(i)). In a second step, the β-lactam ring is opened, resulting in the acylenzyme

complex (Fig. 12B(ii)). Nucleophilic attack by either a peptide stem or a water molecule on

the acylenzyme is prevented by steric hindrance which results from bulky residues bound to the

β-lactam ring, e.g. a second ring structure found in most classes of β-lactam antibiotics.

Figure 12: Reactions of PBPs with substrate and β-lactam antibiotics (A) Mechanism of

transpeptidation reaction catalyzed by PBPs (B) Suicide inhibition of PBPs by β-lactam an-

tibiotics, adapted from [Hubschwerlen, 2007]

The inhibition of PBPs by β-lactam antibiotics is attributed to similiarity of the compounds

to the C-terminal d-Ala-d-Ala dipeptide of disaccharide pentapeptide stems, the natural sub-

strate of PBPs [Tipper and Strominger, 1965, Boyd, 1979].

The carbonyl group of the β-lactam ring is susceptible to nucleophilic attack, an unusual

finding for tertiary amides. In tertiary amides, inductive effects enhance the delocalization of

the free pair of electrons of the amide nitrogen. This reduces the electrophilic character of the

amide carbon, which leads to a reduced activity towards nucleophiles. Reactivity of β-lactam

antibiotics relies on the electrophilic character of the carbonyl carbon and is ensured by two

effects occuring alone or in combination [Hubschwerlen, 2007]:

(1) A second ring fused to the β-lactam ring. Presence of a fused ring system adjacent

to the azetidinone ring blocks delocalization of the free pair of electrons of the lactam

nitrogen. Upon delocalization in unconstrained tertiary amides, the sp2-hybridization of

the nitrogen results in bond angles of 120°. However, the constrained bicyclic structure

of β-lactams, would impose a bond angle of 90° which would result in extreme ring strain

(Fig. 13).
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(2) Electron-withdrawing groups bound to the β-lactam nitrogen. Groups directly

bound to the β-lactam nitrogen exerting either a negative inductive or a negative me-

someric effect or both, decrease electron density at the lactam nitrogen and accordingly

enhance the electrophilic character of the carbonyl carbon.

Figure 13: Comparison of tertiary amide and β-lactam carbonyl groups; from [Patrick, 2013]

3.2 Structural classes of β-lactam antibiotics

Table 3 gives the core structures and a representative of the various classes of β-lactam antibiotics

which will be discussed in the following sections.

Penams. The first identified β-lactam antibiotics belonged to the penam group. As they

were found in species of the Penicillium mould, they are also referred to as penicillins. Pe-

nams contain a thiazolidine ring fused to the β-lactam core. Early X-ray crystallography studies

revealed the strained structure of benzylpenicillin, a major determinant of its reactivity as dis-

cussed above [Crowfoot et al., 1949]. Penams are often obtained by semi-synthesis starting

from 6-Aminopenicillianic acid (6-APA, R= −NH2 for the penam core structure shown in Table

3) [Nayler, 1991]. After the introduction of naturally occuring penams into clinical use, these

semi-synthetic molecules were further improved with respect to oral availability, extension of an-

timicrobial spectrum to gram-negative species and β-lactamase stability [Page, 2012]. β-lactams

are prone to ring opening under acidic conditions, which limits oral bioavailability. Electron-

withdrawing groups within residues attached to the 6’ position have been shown to be beneficial

for acid stability [Page, 2012]. Amino groups in the α-position of a 6’-acylamino-sidechain, as
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Table 3: Structures of classes of β-lactam antibiotics and representatives of each class.

β-lactam class (fused ring) Core structure Representative

Penam (thiazolidine)

Cephem (1,3-dihydrothiazine)

Carbapenem (2-pyrroline)

Penem (thiazoline)

Monobactam (N.A.)

N.A. not applicable
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found for example in amoxicillin and ampicillin, simultaneously extend the antibacterial spec-

trum to gram-negative species and enhance acid stability [Hubschwerlen, 2007]. Bulky lipophilic

substituents at the 6’ position confer stability against staphylococcal penicillinases, β-lactam hy-

drolyzing enzymes, which emerged in the 1950s due the clinical use of penicillins. In today’s

clinical practice, β-lactam antibiotics are often co-administered with a β-lactamase inhibitor due

to the wide spread of strains producing β-lactamases (see chapters 4 and 5).

Cephems. Cephems, also called cephalosporins, were first identified when Cephalosporin C

was isolated from the eponymous Cephalosporium acremonium in 1948 [Turck, 1982]. Cephems

contain a 1,3-dihydrothiazine ring fused to the azetidinone ring. The distinctive feature of

cephems compared to penams is, besides the six-membered ring, the 2,3-double bond which is

required for antibacterial activity [Holden, 1984]. The double bond is in resonance with the nitro-

gen lone pair which reduces electron density at the lactam nitrogen and enhances the electrophilic

character of the carbonyl carbon. The importance of combining an electron withdrawing group

and a strained bicyclic ring system is highlighted by the finding that isomerization of the double

bond to the 3,4-position leads to loss of activity. This indicates that the strain induced by fusing

a six-membered ring is not enough to maintain a sufficiently reactive β-lactam molecule [Indel-

icato et al., 1974]. Modifications of the cephem scaffold are introduced mainly at the 3’ and

7’ positions. Substituents at 7’ influence antibacterial activity while substituents at 3’ mainly

alter pharmacokinetic properties. Cephalosporins with a methoxy group at the 7α position

are called cephamycins [Hubschwerlen, 2007]. The majority of Cephalosporins are obtained via

semi-synthesis starting from 7-aminocephalosporinic acid (7-ACA). 7-ACA is obtained by chem-

ical modification of Cephalosporin C produced by fermentation of Cephalosporium acremonium

[Holden, 1984]. When cephems were first introduced into the clinic in the 1960s, they were more

stable towards acid hydrolysis and the at that time predominant staphylococcal β-lactamase.

Continuous development since then led to discovery of five generations of cephalosporins. Main

focus of these campaigns were the improvement of coverage of Gram-negative bacteria and an

increased stability towards hydrolysis by an ever increasing number of β-lactamases which are es-

pecially problematic in these bacteria. Of all β-lactams in clinical use today, the cephalosporins

are the most precribed ones [Bush and Bradford, 2016, Hubschwerlen, 2007].

Carbapenems. Carbepenems contain a 2-pyrroline ring, which combines the high strain of

five-membered rings with the effect of the electron withdrawing double bond in the 2,3-position

[Hubschwerlen, 2007]. In all clinically used carbapenems, the substituent at position 6 is a hy-

droxyethyl side-chain, in contrast to the aminoacyl substituents found in cephems and penams.
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The hydroxyethyl side-chain was suggested to be important for β-lactamase resistance. Sub-

stituents in positions 5 and 6 are in trans-configuration. Position 3 is substituted with varying

thioether sidechains. Carbapenems have a very broad spectrum covering both Gram-positive

and Gram-negative bacteria with minor differences between the substances [Bradley et al., 1999]

and they show a high level of stability towards β-lactamases with the exception of the emerging

carbapenemases [Bush and Bradford, 2016] (see alse chapter 4). Thienamycin, produced by the

bacterium Streptomyces cattleya, was the first carbapenem to be identified in the 1970s. How-

ever, it was chemically unstable and was therefore not suitable for clinical use [Kahan et al.,

1979]. Minor modifications of the 3’ side-chain of thienamycin yielded imipenem. Imipenem

is susceptible to hydrolysis by the renal enzyme dehydropeptidase-I (DHP-I) and is therefore

administered in combination with the DHP-I inhibitor cilastatin [Kahan et al., 1983]. Discovery

programs since the introduction of imipenem focused on improved stability against DHP-I, im-

proved chemical stability, and on enhanced antibacterial activity against increasingly resistant

strain of P. aeruginosa and S. aureus. Introduction of a 4β-methyl substituent confers stability

to hydrolysis by DHP-1, as realized in all clinically used carbapenems developed after imipenem

(meropenem, biapenem, doripenem, ertapenem) [Bush and Bradford, 2016]. Due to their broad

antibacterial spectrum and high potency, carbapenems are last resort antibiotics for treating

infections caused by otherwise resistant bacteria.

Penems. The penem core contains a thiazolidine ring instead of the 2-pyrroline of carbapen-

ems. Penems are synthetic compounds, which were first designed bearing the aminoacyl sidechains

as found penams and cephems [Woodward, 1980]. However, prototypes with this type of

sidechain were chemically unstable. The hydroxylethyl sidechain of carbapenems provided stable

molecules. The antibacterial spectrum of penems is comparable to that of carbapenems with

the exception of P. aeruginosa [Hubschwerlen, 2007]. Faropenem is the only compound with

market authorization as of today, with several others in clinical development [Hamilton-Miller,

2003, ARCAMONE et al., 2000].

Monobactams. Monobactam antibiotics contain only the monocyclic β-lactam ring. Nucle-

ophilic reactivity is therefore assured by derivatising the lactam nitrogen with highly electron

withdrawing substituents, e.g. sulfonic acid groups as found in aztreonam. Aztreonam is the

only monobactam in clinical use. Monobactams lack antibacterial activity against Gram-positive

bacteria [Hubschwerlen, 2007]. Their therapeutic use has been compromised by the emergence

of β-lactamases. Of note, monobactams are only weakly hydrolysed by metallo-β-lactamases for

which currently no inhibitor is available for clinical use [Bush and Bradford, 2016] (see also chap-

30



ters 4 and 5). Current research in the monobactam field includes exploration of siderophores,

iron-chelating moieties, which allow the antibiotic to hijack iron-transporters to enter the bacte-

rial cell. Of note, a siderophore bearing monobactam has shown antibacterial activity superior

to that of carbapenems [Page et al., 2010].

3.3 Resistance to β-lactam antibiotics

Bacterial defense against β-lactam antibiotics was described even before the first penicillins en-

tered clinical use. Indeed, Abraham and Chain (1940) provided the first account of penicillinase

activity in crude cell preparations of E. coli [Abraham and Chain, 1940]. This early report un-

derlines that already at the beginning of the antibiotic era, the development of new antibacterial

drugs was a question of keeping up with the pace of new mechanisms of antibiotic resistance.

The selective pressure exerted by the abundant use of antibiotics in medicine and agriculture

over the last decades favored the emergence of multidrug-resistance bacterial strains encountered

in the clinic, which are extremely difficult and sometimes impossible to treat. It remains not a

single β-lactam antibiotic for which no resistance has been described. Resistance to β-lactams

can be attributed to three groups of mechanisms, which are generally found in combination in

resistant bacterial strains: (i) Altered structure and expression of PBPs, (ii) modification of

β-lactam transport, and (iii) enzymatic degradation of β-lactams [King et al., 2017a].

Alteration of target structure and expression. A first hallmark of antibiotic resistance

was the identification of methicillin resistant S. aureus (MRSA) in the 1960s [Chambers and

DeLeo, 2009]. Methicillin had previously been developed to combat resistance in S. aureus

due to the production of a penicillinase. The resistance of MRSA against methicillin and all

other β-lactams available at that time was attributed to the production of a low-affinity PBP,

PBP2a. This PBP2 is the product of the mec locus, which codes for a class B PBP, which shows

tremendously decreased reactivity towards β-lactams [King et al., 2017a]. The active site of the

apo form of PBP2a adopts a closed conformation compared to other PBPs. While the initial

non-covalent binding of β-lactams to PBP2a is only weakly affected in comparison to other

PBPs, the rate constant of the chemical step of the reaction, acylation of the catalytic serine,

is three orders of magnitude lower [Lambert, 2005]. This finding was rationalized by structural

studies which showed that the active site of PBP2a has to undergo substantial and energetically

costly rearrangements for acylation [Lim and Strynadka, 2002]. Co-incubation of PBP2a with

nitrocefin (a chromogenic β-lactam) and peptidoglycan fragments revealed allosteric regulation

of the active site leading to enhanced acylation of PBP2a by β-lactams upon binding of PG

fragments [Fuda et al., 2005]. The fifth-generation cephalosporin ceftaroline binds to the al-
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losteric site, thereby inducing the necessary active site rearrangement for effective acylation a

second ceftaroline molecule [Otero et al., 2013]. Expression of the mecA locus is regulated by the

MecI/MecR system. MecR1 is a transmembrane sensor/transducer protein located in the cyto-

plasmic membrane. It comprises an extracellular β-lactam sensor domain and a Zn2+-dependent

metalloprotease domain. Acylation of the sensor domain by β-lactams triggers cleavage of MecI,

the repressor of the mecA locus leading to derepression and expression of mecA [Marrero et al.,

2006]. The presence of β-lactams does not alter the expression level of the remaining four native

PBPs of S. aureus. Under these conditions, PBP2a adopts the role of the main transpeptidase,

which however depends on the glycosyltransferase activity of the class A PBP2 and on the

presence of the class B PBP1 [Zapun et al., 2008].

The intrinsic moderate resistance of enterococci to β-lactams has been attributed to low-

affinity PBPs, PBP5 in E. faecium, and PBP4 in E. faecalis. PBP5E. faecium and PBP2a of S.

aureus are found in the same subgroup of class B PBPs [El Kharroubi et al., 1991]. As for

PBP2a, acylation of PBP5E. faecium is lowered by two to three orders of magnitude compared

to high-affinity PBPs [Zapun et al., 2008]. Recently, the crystal structure of the apo forms of

PBP4E. faecalis and PBP5E. faecium were solved [Moon et al., 2018]. Comparison of the apo en-

zymes with the β-lactam complexes revealed rearrangements in the active site of PBP5E. faecium

and PBP4E. faecalis , similar to those described for PBP2a. Overproduction of low-affinity PBPs

in enterococci is not sufficient for high-level β-lactam resistance, which necessitates additional

amino acid substitutions [Rybkine et al., 1998, Rice et al., 2018]. This combination is commonly

found in clinical isolates [Klare et al., 1992].

Besides acquisition of additional genes, low-affinity PBPs can arise from intra- or interspecies

recombination events of different alleles resulting in so-called mosaic genes [King et al., 2017a].

Genetic analyses of Streptococcus pneumoniae revealed a high degree of polymorphism in the

transpeptidase domain in four of six PBPs in resistant strains compared to susceptible strains

[Hakenbeck et al., 1991, Zapun et al., 2008].

Modification of β-lactam transport. Especially Gram-negative bacteria have shown adapt-

ability of their outer membrane physiology in response to β-lactam exposure. General porins in

the outer membrane provide the main entry route for many antibiotics as they cannot passively

diffuse through the outer membrane due to their hydrophilicity [King et al., 2017a]. Porin me-

diated resistance to antibiotics is normally associated with mutations in the porin genes or in

genes coding for porin regulatory elements. In E. coli, β-lactam resistance can be linked to com-

plete loss of OmpF or amino acid subsitution in the constriction zone of OmpC [Harder et al.,

1981, Lou et al., 2011]. Multidrug resistance caused by antibiotic efflux is largely conferred
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by proteins of the resistance-nodulation-cell division (RND) superfamily [King et al., 2017a].

Ternary complexes, which span the entire periplasm, are composed of a pump protein in the

cytoplasmic membrane, an adapter unit, and an outer membrane channel. These complexes can

export compounds from the periplasm, including β-lactams, to the external medium [Nikaido

and Takatsuka, 2009]. Such export systems have been described in wide variety of clinically

relevant bacterial species, such as P. aeruginosa, A. baumanni, and K. pneumoniae [King et al.,

2017a]. Inhibitors of antibiotic efflux pumps have been developed, but success in restoring

the therapeutic activity of β-lactams has not been achieved, mainly due to the presence of a

combination of resistance mechanisms in clinical strains [Kourtesi et al., 2013].

Enzymatic degradation of β-lactams The most prevalent mechanism of resistance against

β-lactams is the expression of hydrolytic enzymes, the β-lactamases. These enzymes render

β-lactams ineffective by opening of the β-lactam ring before the drugs can reach their targets.

Virtually since the first use of β-lactam antibiotics to treat patients, these enzymes have been

a threat to therapeutic effectiveness and indeed, emergence of new types of β-lactamases has

repeatedly triggered drug design efforts over the last decades. Their structure and function will

be discussed in the next chapter.
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4 β-lactamases

Production of antibiotics by microorganisms (e.g. β-lactam production in fungal and bacterial

species) confers advantages to producers over non-producers occupying the same ecological niche.

A particularly rich source of antibiotics are soil actinomycetes [Peterson and Kaur, 2018]. Pro-

ducers of antibiotics need to be adapted to the exposure to their own metabolites, a characteristic

called self-resistance. This could be the absence of targets as for β-lactam-producing fungi or

production of β-lactamases, enzymes capable of hydrolyzing the four-membered β-lactam ring,

in the case of β-lactam producing bacteria [Ogawara, 2016]. How exactly the production of

a degrading enzyme is compatible with β-lactam prodution, is not fully understood [Peterson

and Kaur, 2018]. Forty years ago, emergence of β-lactamases was attributed to selective pres-

sure exerted by the ubiquitous use of antibiotics and their appearance was thought to have

coincided with introduction of β-lactams into the clinic [Hamilton-Miller, 1979]. While there is

no doubt that therapeutic (over)use of β-lactam antibiotics accelerated the dissemination of β-

lactamase-mediated antibiotic resistance [Bush, 2018], phylogenetic analyses estimate the age of

β-lactamases to be about 2 billion years and the transfer of their genes to plasmids to have hap-

pened approximately 400 million years ago [Hall and Barlow, 2004]. Additionally, β-lactamase

activity has repeatedly been detected in bacterial samples from environmental niches, that had

been isolated from human presence from several thousands up to millions of years [Sari et al.,

2011, Segawa et al., 2013, Jae et al., 2005]. Transfer of self-resistance genes to clinical pathogens

can occur directly, however it is deemed more likely that resistance genes are transferred from

producers to clinical strains via increasingly distant non-producing strains [Peterson and Kaur,

2018]. Mechanisms for gene transfer include conjugation of mobile genetic elements or trans-

formation. Production of plasmid-encoded β-lactamses constitute today’s single most prevalent

mechanism of resistance to β-lactam antibiotics [King et al., 2017a].

The majority of known β-lactamases contains a catalytic serine residue and are structurally

related to PBPs both in terms of fold and conservation of amino acid motifs comprising catalytic

residues. It has been suggested that β-lactamases evolved from PBPs [Bush, 2018]. In the time

course of this evolution, structural alterations in the active site of β-lactamses abolished binding

and recognition of peptidoglycan donor and acceptor stems, while retaining binding of β-lactams

and developing effective hydrolysis of the resulting acylenzymes [Meroueh et al., 2003].

The general mechanism for the reaction of β-lactams with PBPs and β-lactamases shows

striking similarities (Fig. 14). The reaction is initiated by formation of a non-covalent complex

(E•S) followed by acylation of the active site serine. The main difference between β-lactamases

and PBPs lies in the deacylation step, characterized by the kinetic constant k3 which generally is
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very low for PBPs implying that half-lives of the acylenzyme complexes exceed several generation

times for PBPs versus less than one second for β-lactamases [Zapun et al., 2008]. Interestingly,

site-directed mutagenesis of S. pneumoniae PBP2x showed that the P450D substituion led to a

100-fold increase in k3 [Chesnel et al., 2002]. The authors suggested that the negatively charged

Asp residue could activate a deacylating water molecule, an event frequently described for β-

lactamases. Although this substitution was not detected in clinical isolates, certain PBPs from

S. pneumoniae display increased values for k3 (70 to 80 fold) in comparison to PBP2x from

susceptible isolates [Lu et al., 2001]. These finding indicate a subtle structural delineation of

PBPs and β-lactamases.

Figure 14: General reaction mechanism for binding of a β-lactam substrate (S) to a PBP (E)

or a serine β-lactamase (E). Reversible formation of a Michaelis complex (E · S) which proceeds

to a stable acyl enzyme (E—S) caused by reaction with the active-site serine. Hydrolysis occurs

to form the microbiologically inactive ring-opened β-lactam (P) and either enzymatically active

PBP (slow hydrolysis of acylenzyme) or β-lactamase (Bla, high hydrolysis rate), from [Bush,

2018]

4.1 Classification

An ever growing number of β-lactamases is being identified. The β-lactamase database [Naas

et al., 2017] (www.bldb.eu) lists over 7000 enzymes as of the time of writing and this number is

growing exponentially [Bush, 2018]. Since the discovery of β-lactamases, efforts were undertaken

to classify β-lactamases into meaningful groups. Classification was based on substrate profile,

sequence and structure similarity, characteristic sequence motifs, and inhibition profile. Classi-

fication of β-lactamases today relies on a combination of two classification schemes: the Ambler

system, based on sequence information [Ambler, 1980] and the functional classification by Bush,

Jacoby and Medeiros [Bush et al., 1995]. The Ambler classification captures the major mecha-

nistic differences between β-lactamases, which contain an active site serine (Ambler classes A,

C, and D) and enyzmes containing metal ions in their active site (Ambler class B) (Fig. 15). At

time of their proposal, the Ambler classes of serine β-lactamases roughly correlated with their

substrate spectrum. This was captured by a first attempt of functional classification [Bush,

1989], which was based on substrate and inhibition profiling. With the continuous emergence

of new enyzmes, sequence based classification was not sufficient anymore to provide a clinically
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Figure 15: Molecular and functional relationships among β-lactamases. AV, avibactam; CA,

clavulanic acid; Cb, carbapenem; Cp, cephalosporin; E, expanded-spectrum cephalosporin; M,

monobactam; P, penicillin,; ESBL, extended-spectrum β-lactamase; redrawn from [Bush, 2018]

useful grouping exemplified by the heterogeneity of Ambler class A enzymes comprising "simple"

penicillinases (functional groups 2a and 2c, Fig. 15) and enzymes capable of hydrolyzing the

majority of clinically used β-lactams (KPC family of enzymes, functional subgroup 2f). There-

fore the original functional classification is continuously updated in order to provide support for

therapeutic decisions [Bush et al., 1995, Bush and Jacoby, 2010].

Another sometimes confusing aspect of β-lactamase classification is the high number of

seemingly redundant allele designations. "Seemingly redundant", because new alleles sometimes

only differ in a single amino acid. Suggestions have been made to only assign new gene names if

there is at least at 2% divergence in nucleotide sequence [Hall and Schwarz, 2016]. However, this

proposal was rejected by clinicians. Indeed, changes seeming too subtle to justify assignment of

a new gene name can result in a change in substrate and inhibitor profile of clinical importance,

as for example is the case for acquisition of a broader substrate spectrum in the TEM enzymes,

which necessitates a different therapeutic approach [Bush, 2018].

4.2 Serine β-lactamases

Enzymes with a catalytic serine residue constitute the largest group among β-lactamases and

are also the most heterogenous in terms of substrate spectrum [Bush, 2018] (Fig. 15). Structure
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and function of these enzymes will be discussed in the following sections.

4.2.1 Characteristic motifs

Serine β-lactamases are grouped into the molecular classes A, C, and D. Conserved characteristic

sequence motifs are given in Table 4. The active site serine is found in the SXXK motif, also

present in PBPs [Massova and Mobashery, 1998]. The SXN triad in class A β-lactamases, the

YXN triad in class C and the SXV triad in class D β-lactamases are important for protonation of

the β-lactam nitrogen during hydrolysis [King et al., 2016b]. The residues in the K-T/S-G motif

form a positively charged subcavity in the active site responsible for binding the carboxylate

group of β-lactams [Strynadka et al., 1992]. Class A β-lactamases harbor a glutamine residue

in position 166, which was shown to activate a water molecule during both acylation and dea-

cylation [Escobar et al., 1991, Tooke et al., 2019]. Structures of representatives of each class of

serine β-lactamase are shown in Fig. 16.

Figure 16: Overall structure of representative β-lactamases from each Ambler class. Catalytic

important residues of serine-β-lactamases (serine 64/70 and lysine 67/73, labeled) are colored

orange, and the metallo-β-lactamase zinc ions are shown as gray spheres. (a) Class A KPC-2

(PDB 5ul8). (b) Class B NDM-1 (PDB 5zgy). (c) Class C AmpC (PDB 1ke4). (d) Class D

OXA-48 (PDB 3hbr), from [Tooke et al., 2019]
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Table 4: Distinguishing characteristics of the three major molecular classes of serine β-lactamases;
The most common motifs are shown in bold; alternative sequences are shown in parentheses, with X
representing sequences that can accommodate multiple substitutions; S in SXXK is the catalytic serine
residue; modified from [Bush, 2013]

Molecular Class Characteristic amino acid motifs

A S70TSK S130DN - E166XXLN K234TG
(SXXK) (SXN)

C S64TSK Y150AN - - K315pTG
(SXXK) (YXN) (KSG)

D S70TSK S118XV Y144GN - K216TG
(FGN) (KSG)

4.2.2 Molecular catalytic mechanism

General mechanism. Despite minor sequence similarities, the general catalytic mechanism

is very similar among serine β-lactamases of classes A, C, and D [Tooke et al., 2019] (Fig. 17).

After formation of a non-covalent complex, the β-lactam carbon undergoes nucleophilic attack by

the hydroxyl group of the catalytic serine, which is activated by a general base B1. The reaction

proceeds via a tetrahedral oxyanion transition state and yields the acylenzyme intermediate.

Nucleophilic attack of a water molecule activated by general base B2 yields a second tetrahedral

intermediate, from which free enzyme and the hydrolyzed β-lactam are released.

Class A β-lactamases. While the mechanism as described above is generally accepted, there

is ongoing research to elucidate which residues exert the function of the general base during

acylation and deacylation. For class A β-lactamases, it is widely accepted that Glu166 acts

as general base during deacylation [Tooke et al., 2019]. For the acylation step, two alternative

mechanisms have been put forward, in which either Glu166 or Lys73 (part of SXXK motif) acts

as proton acceptor (Fig. 18). Studies addressing the acylation pathway are normally employing

one of the three following methods: (i) site-directed mutagenesis of residues in question, (ii) high

level molecular simulations (Quantum Mechanics/Molecular Mechanics), and (iii) high resolution

structure determination allowing to determine protonation states of residues of interest.

Results from high resolution X-ray and neutron diffraction studies of apo structures of class

A β-lactamases revealed a hydrogen bonding network in their active site indicating Glu166 is

deprotonated and is suitably positioned to activate the catalytic serine via a water molecule.

Lys73 was found to be present in the protonated form, which is incompatible with a role as gen-

eral base [Chen et al., 2007, Tomanicek et al., 2011] (Intermediate (b) in Fig. 18). These findings

were corroborated by molecular modeling studies, which found that the Glu166-mediated acyla-
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Figure 17: General mechanism of β-lactam hydrolysis by serine β-lactamases. (a) General

base B1 activates Ser for nucleophilic attack on the amide carbonyl carbon (C7) generating

covalent acylenzyme (c) via tetrahedral oxyanionic acylation transition state (b). General base

B2 activates incoming deacylating water molecule for nucleophilic attack on the acylenzyme

carbonyl liberating penicilloate product (e) via tetrahedral deacylation transition state (d). For

clarity, details of proton transfers to N1 and Ser are omitted. Note that the identities of bases

B1 and B2 vary between β-lactamase classes; redrawn from [Tooke et al., 2019]
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tion mechanism is energetically favored [Hermann et al., 2003, Hermann et al., 2005, Hermann

et al., 2009]. Alternatively, Lys73 was proposed to mediate activation of the catalytic serine

since Lys73 mutants provided a means to trap the initial non-covalent complex of the reaction

[Tremblay et al., 2010] (Intermediate (c) in 18). This is also supported by the retained acyla-

tion of Glu166-mutants by β-lactams [Chen and Herzberg, 2001]. Combined results from X-ray,

neutron diffraction studies and QM/MM simulations indicate that substrate binding alters the

pKa values of active site residues [Meroueh et al., 2005, Langan et al., 2018, Pemberton et al.,

2020]. This allowed to reconcile models based on the structure of the apo form of the enzymes

and on the characterization of Glu166 and Lys73 mutants. Accordingly, Meroueh et al. (2005)

suggested that Glu66 and Lys73 mediated acylation are both energetically favourable and could

occur competitively to each other. Another mechanistic proposal involves proton transfer from

Lys73 to Glu166 via the catalytic serine upon substrate binding [Langan et al., 2018, Pemberton

et al., 2020]. The deprotonated Lys73 can then act as general base in the acylation reaction.

Class C β-lactamases. The catalytic mechanism of class C β-lactamases is less well char-

acterized [Tooke et al., 2019]. Lys67 and Tyr150 are candidate residues for being the general

base in acylation. Molecular modeling, based on the first solved crystal structure of a class C

β-lactamase, proposed that Tyr150 in its tyrosinate form acts as a general base during acyla-

tion [Oefner et al., 1990]. In contrast, NMR titration experiments found no indication of the

existence of the Tyr150 tyrosinate in an apo class C β-lactamase over a wide range of pH values

[KATO-TOMA et al., 2003]. Additionally, further computational studies designated Lys67 as

the general base for the acylation step, with an impact of substrate binding on pKa values of

Lys67 and Tyr150 [Díaz et al., 2006, Tripathi and Nair, 2013]. Two mechanistic proposals for

deacylation in class C β-lactamases have been put forward (Fig. 19): (i) the "conjugate base"

mechanism and (ii) the "substrate assissted" mechanism. The former is based on QM/MM simu-

lations [Gherman et al., 2004] and site-directed mutagenesis of Lys67 [Chen et al., 2009]. In this

mechanism Lys64 needs to be deprotonated in order to abstract a proton from Tyr150, which

in turn activates the deacylating water molecule for nucleophilic attack on the acylenzyme ester

bond (Fig. 19(a)). In the substrate-assisted mechanism, the nitrogen of the former β-lactam

ring deprotonates the deacylating water molecule, which is additionally activated by Tyr450

(Fig. 19(b)). This mechanism is supported by structural data [Patera et al., 2000, Chen et al.,

2006] and by the observation that structural analogs of β-lactams lacking the ring nitrogen act

as irreversible inhibitors [Bulychev et al., 1997].
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Figure 18: (a) Apoprotein active site shows Lys73 protonated and Glu166 deprotonated. (b)

Ser70 may be activated for nucleophilic attack upon the β-lactam carbonyl by Glu166 via a

water molecule. (c) Alternatively, substrate binding reorganizes protonation in the active site

such that neutral Lys73 activates Ser70. The transition state (d) resolves to the acylenzyme

intermediate (e) by protonation of the amide nitrogen from Ser130; from [Tooke et al., 2019]
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Figure 19: Proposed deacylation mechanisms in class C β-lactamases depicted with a generic

cephalosporin substrate. (a) Conjugate base mechanism. Sequential proton abstraction of Lys67

and Tyr150 leads to the activation of the deacylation water molecule. (b) Substrate assisted

mechanism. Tyr150 activates the deacylating water molecule for proton abstraction by a sub-

strate nitrogen atom.

Class D β-lactamases. The active site of class D β-lactamases has a more hydrophobic

character than those of classes A and C due to a high number of conserved hydrophobic residues

[Leonard et al., 2013]. This is further emphasized by replacement of the Asn to Val or Ile in

the SXN motif [Poirel et al., 2010]. The hydrophobic active site environment was proposed to

sufficiently lower the pKa of Lys73 resulting in the formation of a carbamate functional group

by carboxylation of the primary amine [Sun, 2003]. Structural superposition of class A and class

D enzymes aligns the carboxylated lysine residue with Glu166, suggesting that the carboxylate

acts as the general base during both acylation and deacylation [Maveyraud et al., 2002] (Fig.

20). Stabilization by hydrogen bonds and salt bridges prevents spontaneous decomposition of

the carbamate into carbon dioxide and free amine [Golemi et al., 2001].

4.3 Metallo β-lactamases

The Ambler class B β-lactamases comprises enzymes that rely on two Zn2+ ions in their activate

site for β-lactam hydrolysis with the exception of the class B2 enzymes (metallo-carbapenemases)

[Bush, 2013]. Class B β-lactamases are not related to PBPs, but belong to a superfamily also

comprising thioesterases, phosphodiesterases, and oxydoreductases [Bebrone, 2007]. Conserved

residues and motifs such as the characteristic HXHXAH are mostly implicated in metal coordi-

nation [Bebrone, 2007, Palzkill, 2013].

Molecular catalytic mechanism. As for serine β-lactamases, major questions for mecha-

nistic understanding of the catalytic mechanism of metallo-β-lactamases are the identity of the
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Figure 20: Proposed mechanism for class D β-lactamases. The initial acylation step is aided

by carboxy-lysine-mediated deprotonation of S67. The carbamate also activates the deacylating

water in the second step, modified from [Leonard et al., 2013]

nucleophile for attack on the carbonyl carbon of the β-lactam ring and the origin of the proton

found on the product after ring opening. The mechanism of penam hydrolysis depicted in Fig.

21 has been proposed based on studies using enzymes in which Zn2+ has been replaced by Co2+.

This replacement enabled the characterization of the ligands of the active site metal ions using

UV-Vis-spectrophotometry [Llarrull et al., 2008]. In the apo state, the active site zinc ions

bind a bridging hydroxyl anion (W1) and a water molecule (W2). Substrate binding induces a

shift of W2 to the bridging position and W1 positions for nucleophilic attack on the β-lactam

carbonyl carbon. The β-lactam carboxyl group interacts with a lysine residue via electrostatic

interactions. Hydrogen bonding of Asp120 with W2 in the bridging position decreases the pKa

of W2 and enables protonation of the β-lactam nitrogen upon ring opening. Intermediate ES1

can convert into the non-productive intermediate ES2 in which the β-lactam carboxyl group dis-

plays bidentate coordination to one of the zinc atoms. Catalytic mechanisms for the hydrolysis

of cephalosporins and carbapenems are reviewed in [Meini et al., 2015].

4.4 Regulation of chromosomal β-lactamases in Gram-negative bacteria

It has been discovered in the 1980s that the genomes of enterobacteria and P. aeruginosa encode

for a class C β-lactamase [Fisher and Mobashery, 2014]. While expression in E. coli is low
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Figure 21: Catalytic mechanism of penam hydrolysis by metallo-β-lactamases, from [Meini

et al., 2015].

and constitutive, expression in other Gram-negative enterobacterial species (e.g. Citrobacter

freundii) was shown to increase when cells are challenged with β-lactam antibiotics [Lindberg

et al., 1985].

In the aftermath of these results, induction of chromosomally encoded β-lactamses has been

linked to peptidoglycan metabolism via the ampR gene [Fisher and Mobashery, 2014]. AmpR

is a transcription regulator of the ampC β-lactamase gene. During growth in the absence of

antibiotics, AmpR is in complex with major cytosolic peptidoglycan precursor, UDP-MurNAc-

pentapeptide. This interaction negatively regulates AmpR [Jacobs et al., 1997] leading to a very

low basal level of β-lactamase production [Honoré et al., 1986].

Under such conditions, peptidoglycan monomers containing a 1,6-anhydro-MurNAc unit are

produced in the periplasm by the activity of PG lytic transglycosylases (Fig. 22A). The periplas-

mic anhydro muropeptides reach the cytoplasm via the AmpG permease, where they are further

metabolized by the AmpD amidase and re-enter PG precursor synthesis [Johnson et al., 2013].

Upon β-lactam-mediated inhibition of PBPs, the equilibrium between PG synthesis and

hydrolysis is tilted towards hydrolysis [Cho et al., 2014], leading to an accumulation of anhydro-

turnover products in the cytoplasm due to substrate saturation of AmpD (Fig. 22B) [Jacobs

et al., 1994]. Simultaneously, the pool of the UDP-MurNAc-pentapeptide is depleted under

β-lactam treatment [Lara et al., 2005]. Under these conditions, anhydro-muropeptides displace
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Figure 22: A simplified illustration of AmpC β-lactamase expression. (A) Basal AmpC

β-lactamase production. (B) Increased transcription of ampC in the presence of an induc-

ing β-lactam antibiotic that increases cell-wall degradation production to levels beyond the

capacity of AmpD cleavage. Cell-wall degradation products accumulate and compete with

UDP-N-acetylmuramic acid peptides for binding to AmpR. With decreased binding of UDP-N-

acetylamuramic acid to AmpR, AmpR undergoes conformational changes resulting in increased

AmpC production. (C) An AmpD mutation resulting in inactivation and subsequent stable dere-

pression of AmpC. Abbreviations: PBP, penicillin binding protein; UDP, uridine diphosphate;

from [Tamma et al., 2019]
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UDP-MurNAc-pentapeptide in the AmpR binding site, which induces conformational changes

activating AmpR and leads to enhanced transcription of the ampC gene [Jacobs et al., 1997].

Transition from inducible to constitutive expression of AmpC is often caused by mutations

of genes implicated in sensing peptidoglycan turnover products (Fig. 22C). Clinical isolates of

ceftazidime resistant Enterobacter cloacae with high β-lactamase activity harboured mutations

in either ampD or ampR [Kaneko et al., 2005]. AmpG is essential for AmpD-mediated β-lactam

resistance as in there is no accumulation peptidoglycan turnover products in its absence [Zhang

et al., 2010]. It therefore represents a putative target in antibacterial therapy as inhibition could

abolish β-lactamase overexpression and thereby restore activity of β-lactam antibiotcs [Collia

et al., 2018]. .
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5 β-lactamase inhibitors

The emergence of β-lactamases was initially met with the development of β-lactamase-stable

β-lactams [Bush and Bradford, 2019]. In the 1980s, the additional concept of administering

β-lactams in combination with compounds restoring their activity in presence of β-lactamases

led to the introduction of the first β-lactamase inhibitor (BLI), clavulanic acid, into the clinic

[Reading and Cole, 1977]. In recent years, the field of β-lactamase inhibitors has seen major

discovery efforts due to the dissemination of broad-spectrum inhibitor-resistant β-lactamases.

New chemotypes have been granted market authorizaiton or are in clinical trials [Wang et al.,

2016, Bush and Bradford, 2019].

5.1 Serine β-lactamase inhibitors

The structures of representatives of different structural classes of serine β-lactamase inhibitors

are shown in Fig. 23 (A)-(C).

5.1.1 β-lactam based β-lactamase inhibitors

The first β-lactamase inhibitors were developed to encounter the increasing spread of β-lactamases,

especially plasmid encoded TEM-1 [Bush and Bradford, 2019]. Natural product screening led

to the discovery of clavulanic acid (CA) in Streptomyces clavuligerus (Fig. 23(A)) [Reading and

Cole, 1977]. CA displays only limited intrinsic antibacterial activity [Finlay, 2003] and shows

structural similarity to the classical β-lactamase substrates. Based on mechanisitic insights

from CA-mediated β-lactamse inhibtion, the penam sulfones sulbactam (SUL) and tazobactam

(TZB) (Fig. 23(A)) were developed. While tazobactam has no antibacterial activity, sulbactam

is sufficiently active to warrant its clinical development in combination with a second generation

β-lactamase inhibitor against multidrug-resistant trains of Acinetobacter spp. [Barnes et al.,

2019].

The binding modes of first generation β-lactamase inhibitors are reminiscent of those ob-

served in the formation of β-lactam-β-lactamase complexes. In particular, the carboxyl moiety

of the inhibitors is positioned in the electropositive cavity and is stabilized by hydrogen bonds.

The β-lactam carbonyl group of the inhibitors occupies the oxyanion hole [van den Akker and

Bonomo, 2018] (Fig. 24). Inhibition of β-lactamases by CA, SUL and TZB relies on acylation of

the active site serine (Fig. 25) [Marchand-Brynaert and Brulé, 2008]. Secondary rearrangement

leads to opening of the thiazolidine ring and formation of the iminium species E-I’ which can

undergo an additional covalent reaction with Ser130 (with the loss of a portion of the molecule)

leading to irreversible inhibition. E-I’ can also tautomerize to its cis-enamine form which itself
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Figure 23: Structures of β-lactamase inhibitors. (A) First generation β-lactam based β-

lactamase inhibitors (B) Second generation β-lactamase inhibitors with diazabicyclo[3.2.1]octan

(DBO) scaffold (C) Second generation β-lactamase inhibitors serine β-lactamase inhibitors de-

rived from boronic acid (D) Lead compound for recently discovered thiazole-4-carboxylic acid-

based metallo-β-lactamase inhibitors
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undergoes isomerization to the trans form. The vinylogous amide is deemed responsible for

the stability of the enamine adduct as the electron density at the carbonyl carbon is increased

due to conjugation. The increased electron density hinders nucleophilic attack of a deacylating

water molecule. The trans-enamine adduct is very slowly hydrolyzed and its stabilization has

been exploited to rescue inhibitory activity of penam sulfones against β-lactamases bearing a

S130G mutation [Ke et al., 2012]. Hydrolysis and rearrangements leading to stable adducts occur

concomitantly. In the case of TEM-1, 115 molecules of CA are hydrolyzed for one irreversibly

inactivated molecule of TEM-1 [Bush and Bradford, 2019].

Figure 24: Binding mode of first generation β-lactamase inhibitors. Binding poses of cefaman-

dole (blue sticks) and sulbactam (beige sticks) extracted from superposed K73A BlaC (class A

β-lactamase of M. tuberculosis, PDB code 3NY4) and S70C SHV-1 (PDB code 4FH2), respec-

tively. Figure created with PyMOL.

First generation BLIs inhibit Ambler class A β-lactamases of the functional groups 2a, 2b,

and 2be, including Extended-Spectrum-Beta-Lactamases (ESBLs). ESBLs hydrolyze third gen-

eration extended spectrum cephalosporins, such as ceftriaxone, ceftazidime, and cefotaxime

[Bush and Bradford, 2019]. CA, SUL and TZB show no or only minor activity against class A

and class D carbapenemases [Leonard et al., 2013] and no activity against class C cephalospri-

nases [Jacoby, 2009]. Ongoing preclinical and clinical research addresses inhibition of serine

carbapenemases by penam sulfones [Vázquez-Ucha et al., 2020].

5.1.2 Diazabicyclooctanes

In light of the limited inhibition spectrum of β-lactam based BLIs and the continuing spread

of class A and D carbapenemases as well as strains harbouring multiple β-lactamases, a dire
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Figure 25: Formation of various covalent species after β-lactamase acylation by penam sulfones,

from [Marchand-Brynaert and Brulé, 2008]

need for new inhibitors has arisen [Drawz and Bonomo, 2010]. Avibactam, a non-β-lactam BLI,

was the first representative of BLIs based on a diazabicyclo[3.2.1]octane (DBO) scaffold that

was granted market access in combination with the 3rd-generation cephalosporin ceftazidime

[Bonnefoy, 2004, Bush and Bradford, 2019] (Fig 23(B)). Since then, several pharmaceutical

companies have launched development programs of β-lactam/DBO combinations [Yahav et al.,

2020].

Avibactam is a slow-binding reversible β-lactamase inhibitor [Ehmann et al., 2012]. For-

mation of a non-covalent complex is followed by nucleophilic attack of the active site serine on

the carbonyl carbon of the cyclic urea group. The sulfate group occupies the carboxyl binding

region and the carbonyl group is positioned in the oxyanion hole. Avibactam adopts a sim-

ilar conformation in acylenzyme-complexes with β-lactamases of classes A, C and D [Lahiri

et al., 2013, Lahiri et al., 2015]. The molecular reaction mechanism for acylation of class A

β-lactamases is similar to that of classical β-lactamase substrates (Fig. 26). Based on QM/MM

simulations, Glu166 abstracts the proton via a water molecule and a tetrahedral intermediate

is formed after nucleophilic attack of the Ser70 sidechain on the carbonyl carbon of the cyclic

urea group. Ring opening occurs upon protonation of the urea nitrogen by Ser130 yielding the

acylenzyme complex [Sgrignani et al., 2014].

A distinctive feature of DBO BLIs is the reversibility of the acylation reaction, which has

first been established for Avibactam using mass spectrometry [Ehmann et al., 2012]. Avibactam

was incubated with TEM-1, the acylenzymes was purified and incubated with apo-CTX-M-15.

Detection of the CTX-M-15-avibactam acylenzyme by mass spectrometry implied recyclisation
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Figure 26: Molecular mechanism for acylation of TEM-1 β-lactamses by avibactam, modified

from [Sgrignani et al., 2014]

of avibactam in the active site of TEM-1 followed by release of an intact avibactam molecule.

The ability of avibactam to reversibly acylate β-lactamases is generally attributed to reduced

strain in the five-membered ring of avibactam compared to the four-membered ring of β-lactams

which is thought ot lower the energy barrier for recyclisation [Drawz et al., 2014]. Additionally, in

the acylenzymes complexes the formerly connected carbon and nitrogen atoms remain positioned

in close proxmitiy [Choi et al., 2016]. Hydrolysis of the acylenzyme complex is disfavored since

the deacylating water molecule is not appropriately positioned for nucleophilic attack on the

carbamoyl group. In addition, the carbonyl of the carbamate is less electrophilic compared to

an ester group due to resonance with the lone pair of the carbamate nitrogen [Lahiri et al.,

2013]. However, desulfation of avibactam in the KPC-2-avibactam acylenzyme was reported

to be followed by hydrolysis of the carbamoyl bond and release of the active carbapenemase

[Ehmann et al., 2013].

Inhibition profile. Avibactam restores the activity of its β-lactam partner ceftazidime against

strains harbouring one or several clinically relevant class A and C β-lactamases. Avibactam is

also active against certain D β-lactamases but lacks activity against class B metallo-enzymes

[Ehmann et al., 2013, Livermore et al., 2018]. The ceftazidime/avibactam combination (Avycaz)

is approved for the treatment of complicated urinary tract and intra-abdominal infections as well

as nosocomial infections. The combination is currently evaluated for respiratory tract infections

caused by P. aeruginosa in patients with cystic fibrosis [Vázquez-Ucha et al., 2020]. Avycaz is

of limited use against infections caused by Acinetobacter spp. since these bacteria often produce

chromosomally encoded class D OXA variants, which are poorly inhibited by avibactam.

Avibactam is currently evaluated in a phase III clinical trial in combination with the monobac-

tam aztreonam, which is a poor substrate for metallo-β-lactamases. The combination should

provide a treatment option for Gram-negative bacteria producing multiple β-lactamases includ-

ing metallo-enzymes [Marshall et al., 2017].

Relebactam is the second DBO, which entered the market. It is formulated in combination

with imipenem/cilastatin. It is used to treat infections caused by carbapenem-resistant Enter-
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obacteriaceae (CRE) and P. aeruginosa, including strains producing ESBLs, carbapenemases,

and class C cephalosporinsases [Bush and Bradford, 2019]. Relebactam’s ability to restore the

activity of imipenem in strains of K. pneumoniae and Enterobacter spp. is not affected by

the loss of porins as an additional mechanism of resistance [Lapuebla et al., 2015]. Relebactam

evades efflux from resistant strains of P. aeruginosa [Young et al., 2019], a characteristic that has

been attributed to the positively charged secondary amino group in the 2’-sidechain (Fig. 23B)

[Blizzard et al., 2014]. Interestingly, the presence of sterically unhindered amines has been more

generally linked to enhanced penetration of small molecules into cells of Gram-negative bacteria

[Richter et al., 2017]. Relebactam does not inhibit class D OXA enzymes [Tsivkovski et al.,

2020]. Thus, the combination relebactam/imipenem is not a therapeutic option for OXA-48

producing enterobacteria and Acinetobacter spp. infections [Lapuebla et al., 2015].

Durlobactam (formerly ETX2514, Fig. 23B) has been specifically developed for the inhi-

bition of class D β-lactamases since avibactam was only active on a few enzymes of this class

including OXA-48. Optimization included evaluation of new compounds in biochemical assays

against representative serine β-lactamases of classes A, C, and D. Simultaneously, determination

of Minimal inhibitory concentrations (MICs) of piperacillin in presence of the new compounds

against isogenic strains of P. aeruginosa producing the same β-lactamases was carried out,

accompanied by estimation of chemical reactivity of the cyclic urea warhead. It was shown

that small hydrophobic substituents in the 3’-position are favorable for inhibition of class D

β-lactamases. Durlobactam restores the activity of meropenem and piperacillin against clini-

cal isolates of P. aeruginosa and A. baumannii. [Durand-Réville et al., 2017]. Durlobactam

is currently evaluated in combination with sulbactam as a narrow-spectrum treatment option

for infections due to resistant strains A. baumannii, which are often producing OXA-type car-

bapenemases [Barnes et al., 2019]. In this combination, durlobactam protects sulbactam from

hydrolysis by β-lactamses and thereby enables it to inhibit PBP1a and PBP3 of A. baumanni.

Additionally, durlobactam complements the activity of sulbactam by inhibiting PBP2 of A.

baumannii [Penwell et al., 2015, Barnes et al., 2019].

Additional targets of DBOs The main incentive in the development of DBO based inhbitors

was the inhibition of β-lactamases. However, avibactam was shown to bind, albeit weakly, to

PBPs of Gram-positive and Gram-negative bacteria [Asli et al., 2016]. Rational design efforts led

to the discovery of CPD4 (Fig. 27), with improved in vitro activity against PBP2 of E. coli and

enhanced intrinsic antibacterial activity. β-lactamase inhibition was reduced for CPD4 [Levy

et al., 2019]. Zidebactam and Nacubactam display intrinsic antibacterial activity while retaining

clinically useful β-lactamase inhibitory activity and are therefore called β-lactam enhancers
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[Morinaka et al., 2015, Moya et al., 2017].

Figure 27: Structure of CPD4. The oxazole moiety in combination with the double bond en-

ables formation of new hydrophobic and pi-pi-stacking interactions, the aminomethyl substituent

at position 2’ enhances antibacterial activity, from [Levy et al., 2019]

Avibactam and triazole-based DBOs were shown to inhibit l,d-transpeptidases from en-

terobacteria and Mycobacterium tuberculosis and to reduce the MIC of amoxicillin against M.

tuberculosis [Edoo et al., 2018, Munnik et al., 2020]. M. tuberculosis relies mainly on l-d-

transpeptidases for peptidoglycan crosslinking [Lavollay et al., 2008] and expresses a class A

β-lactamase. As the class A β-lactamase of M. tuberculosis is only weakly inhibited by DBOs

[Soroka et al., 2016], these findings indicate inhibition of additional targets by DBOs in M.

tuberculosis.

5.1.3 Boronic-acid derivatives

Boronic acids are alkylated or arylated boric acid derivatives. Boronic acids act as strong Lewis

acids and electrophiles due to their open p shell. They have been first recognized as inhibitors

of serine proteases [Smoum et al., 2012]. These findings triggered the rational design of the first

boronic acid-based inhibitor of TEM-1 [Martin and Jones, 1995]. Boronic acid-β-lactamase in-

hibitors reversibly form covalent adducts with the catalytic serine residue. X-ray crystallographic

studies revealed that these adducts mimick the deacylation transition state [Strynadka et al.,

1996]. Vaborbactam (Fig. 23C) has recently been approved in combination with meropenem for

treatment of urinary tract infections [Bush and Bradford, 2019]. Vaborbactam inhibits class A

carbapenemases and class C cephalosporinases but shows no activity against class B and class D

enzymes [González-Bello et al., 2020]. Efforts to extend the inhibition spectrum of vaborbactam

led to discovery of taniborbactam (Fig. 23C) which additionally inhibits some class D enzymes

and a panel of clinically relevant metallo-β-lactamases and is currently in clinical development

in combination with cefepime [Krajnc et al., 2019]. QPX7728 is a novel boronic acid based

β-lactamase inhibitor with a remarkble coverage of all classes of β-lactamases including class

B metallo-β-lactamases [Tsivkovski et al., 2020]. QPX7728 is also effective as a β-lactamase
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inhibitor against ESBL producing enterobacteria, carbapenem resistant enterobacteria and A.

baumannii, as well as against a large collection of P. aeruginosa clinical isolates. The compound

is not affected by porin modifications nor drug efflux [Hecker et al., 2020].

5.2 Inhibitors of class B β-lactamases

Metallo-β-lactamases (MBLs) represent an unmet medical need as they hydrolyze all clinically

used β-lactams with the exception of the monobactam aztreonam. MBLs are insensitive to

inhibition by DBO-based BLIs.

As mentioned in the previous section, boronic acid derivatives provide a promising phar-

macophore for pan-β-lactamase inhibition [González-Bello et al., 2020]. Inhibition of Zn2+-

containing metallo-β-lactamases relies on coordinative covalent bonds formed between the boron

atom and the catalytic water molecule as well as between oxygen atoms in the boronic acid and

carboxylate groups and the active site zinc ions (Fig. 28).

Figure 28: Crystal structure of NDM-1 in complex with a boronic acid inhibitor, relevant side

chain residues are shown and labeled. Zn2+ ions are shown as spheres, boron atoms are colored

in pink, from [González-Bello et al., 2020]

Other classes of metallo-β-lactamases inhibitors also exploit chelation of the active site zinc

ions. Dipicolinic acid derivatives have been identified as inhibitors of MBLs [Chen et al., 2017].

While the lead compound from this study was not further developed due to non-selectivity and

safety concerns [González-Bello et al., 2020], the thiazole-4-carboxylic acid inhibitor ANT431

(Fig. 23D) was based on these prior findings [Leiris et al., 2019]. Bioisosteric replacement of the

picolinic acid moiety by a thiazole-4-carboxylic acid in combination with an aryl-sulfonamide

substituent was found to improve in vitro inhibition of metallo-β-lactamases. Although, ANT431

was able to potentiate the activity of meropenem in a mouse thigh infection model, coverage

of MBL producing strains, as determined against a wide panel of clinical isolates, was deemed

insufficient for further clinical development [Everett et al., 2018]. ANT431 served as a template in
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a recent medicinal chemistry campaign, which resulted in the discovery of a thiazole-4-carboxylic

acid-inhibitor with suitable antibacterial, physicochemical, and pharmacokinetic properties to

warrant clinical development in combination with meropenem [Davies et al., 2020a].

55



Part II

Optimization of β-lactamase inhibitors

belonging to the diazabicyclo-octane family

"Soyons rationnels.

N’exagérons pas les choses."

- Mick Boyle, Youth
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6 Introduction

In 2017, the WHO prioritized bacteria according to the need for new antibiotics for treatment

of infections caused by multi-drug resistant strains. Critical priority pathogens comprise Acine-

tobacter baumannii, Pseudomonas aeruginosa and Enterobacteriaceae, all of which have been

classified as such due to their resistance to β-lactam antibiotics, especially to carbapenems [Tac-

conelli et al., 2017]. This report came during a period of decreasing market entries of new antibi-

otics, as many major pharmaceutical companies closed their antibiotic development programs

in the last decades [Plackett, 2020]. Of the ten antibacterial drugs approved by the FDA in the

years 2015 to 2019, four were either β-lactams (Cefiderocol) or β-lactam/β-lactamase inhibitor

combinations (ceftazidime/avibactam, meropenem/vaborbactam, imipenem/relebactam) [An-

drei et al., 2018, Andrei et al., 2019]. Resistance to the ceftazidime/avibactam combination

(Avycaz) has already been described in patients under treatment with this combination [Shields

et al., 2016]. The resistant strain had acquired mutations in genes coding for KPC β-lactamases

[Shields et al., 2017]. Resistance was mainly due to poor inhibition of the enzymes by avibactam

(as opposed to improved hydrolysis of ceftazidime) [Compain and Arthur, 2017]. These find-

ings emphasize the ongoing need for new β-lactamase inhibitors with the potential to overcome

acquired resistance in β-lactamases.

In this context, our objective was to obtain additional DBOs with improved characteristics

in the framework of a collaboration with the team of Mélanie Ethève-Quelquejeu for chemical

synthesis of new compounds. I performed the evaluation of their activity both with respect to

inhibition of purified β-lactamases and antibacterial activity of β-lactam/inhibitor combinations.

In the first publication we characterized a series of new DBO-based β-lactamase inhibitors.

Our collaborators, namely Flavie Bouchet and Lauro Iannazzo from the team of Mélanie Ethève-

Quelquejeu, have developed an optimized synthetic route giving access to an azido-DBO inter-

mediate which can easily be functionalized using click-chemistry [Edoo et al., 2018]. A series of

15 compounds, substituted with diverse functional groups was synthesized and tested against

a panel of five clinically relevant β-lactamases, including the emerging carbapenemases KPC-

2 (class A) and OXA-48 (class D), CTX-M-15 a representative of class A extended spectrum

β-lactamases, and AmpC from Enterobacter cloacae (AmpCclo), a representative of class C β-

lactamases form aerobic Gram-negative bacteria. This enzyme panel covers all molecular classes

of serine β-lactamases and major functional groups. Spectrophotometric assays were used to

obtain the kinetic constants of inhibition for all compounds against all enzymes. Five isogenic

strains of E. coli harboring one of the β-lactamases on a plasmid under control of an inducible

promoter were constructed and the ability of the compounds to restore activity of β-lactams
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was evaluated. For each β-lactamase, we choose a β-lactam, which is effectively hydrolyzed to

monitor various extents of inhibition by the β-lactamases by the compounds.We show that the

triazole substituent is compatible with a DBO scaffold and β-lactamase inhibition. However, in

this first series, none of compounds proved superior to the reference DBO inhibitors avibactam

and relebactam. Modeling performed with class A β-lactamases suggested that introduction of

the triazole ring prevented formation of a crucial hydrogen bond involving asparagine at position

132 (Ambler numbering). The large set of data collected with five β-lactamases and 17 inhibitors

enabled me to explore the correlation between in vitro inhibition of the purified β-lactamases

and the antibacterial activity of β-lactam/inhibitor combinations in the cellular assay. The two

indicators of efficacy were generally correlated, indicating that imparied penetration was not

the major determinant of the lessened activity of our compounds. A more detailed analysis of

the data revealed that certain functional groups are associated with better (primary amines) or

worse (bulky sidechain substituents) translation of in vitro activity into activity in the cellular

assay.

In the second publication we explored the potential benefit of combining relebactam with

either imipenem or amoxicillin on the in vitro and intracellular efficacy against Mycobacterium

abscessus and compared the results to those obtained with Avibactam. I contributed to this

study by characterizing the in vitro inhibition by relebactam of BlaMab, the class A β-lactamase

intrinsically found in all M. abscessus isolates. M. abscessus is an opportunistic pathogen com-

monly found in patients suffering from pulmonary diseases such as cystic fibrosis and chronic

obstructive pulmonary disease (COPD) [Park and Olivier, 2015]. Imipenem is recommended

for the treatment of infections due to M. abscessus in patients suffering from cystic fibrosis in

spite of hydrolysis of this drug by BlaMab with a moderate but significant activity [Soroka et al.,

2014, Floto et al., 2016]. We evaluated the impact the of the inhibiton of BlaMab by relebactam

on the activity of imipenem by means of MIC determination, time-kill curves and intracellular

proliferation in a macrophage model of infection. While the inhibition of BlaMab by relebactam

was less potent compared to avibactam, results from cellular assays were equivalent. Based on

these data and the fact, that avibactam is exclusively available in combination with ceftazidime,

which is inactive against M. abscessus, we propose that the imipenem/relebactam combination

should be considered for treatment of infections due to M. abscessus.

I also participated in a study aimed at characterizing the basis for the variations in fluores-

cence intensity associated with acylation of β-lactamases and transpeptidases by β-lactams and

DBOs. Since this study corresponds to a side project with a minor contribution I have included

the publication in the annexes.
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9 Discussion

Medicinal chemistry challenges of DBO-based β-lactamase inhibitors. The abun-

dance of characterized β-lactam derivatives allowed to derive comprehensive structure-activity-

relationships for their primary targets, the PBPs, and also for β-lactamases [Hubschwerlen,

2007]. While structural data for approved DBO-based β-lactamase inhibitors useful to rational-

ize changes in inhibitory activity upon altered inhibitor structure is available, actually very few

complete structure-activity-relationship (SAR) series have been published in the peer-reviewed

literature. The small pharmaceutical company Antabio (Toulouse) published a series of DBO

compounds obtained during the rational optimization of inhibition of class D β-lactamases,

starting from avibactam. The authors anticipated a positive impact of lipophilic substituents at

the 2’-position of the DBO scaffold, based on analysis of the the OXA-48/avibactam structure.

They found that a fluorine substituent retained activity against known β-lactamase targets of

avibactam and extended the inhibition spectrum to new class D carbapenemases. Accordingly,

the new compound (ANT3310) was able to potentiate the activity of meropenem against A.

baumanni clinical isolates producing class D enzymes [Davies et al., 2020b]. Another series ex-

plored the impact of substituting the 2’-carboxamide of avibactam with sulfur containing groups,

such as sulfoxides and sulfones in order to increase the electron-withdrawing character of the

2’ substituent. In addition, the impact of substitutions in position 6’ were investigated in the

background of a methyl-sulfone in position 2’. Results indicated that a suitable combination of

substituents with respect to electron-withdrawing properties in positions 2’ and 6’ is necessary

for activity [Fujiu et al., 2020].

Comparison of our study with Davies et. al (2020) and Fujiu et. al (2020) highlights some of

the medicinal chemistry challenges in the design of β-lactamase inhibitors with covalent mecha-

nisms of inhibition. DBOs have been shown to act as reversible two-step slow-binding inhibitors

of β-lactamases [Ehmann et al., 2012]. As the name implies, the formation of the equilibrium

between inhibitor and the enzyme occurs slowly compared to reaction of the enzyme with the

substrate. Thus, inhibition is time-dependent with consequences on classical determination of

IC50s [Copeland, 2005]. Indeed, measuring the IC50 for this type of inhibitors is ambiguous as

results depend on the duration of preincubation of the enzyme with the inhibitor prior to the

addition of the substrate (10 min vs. 0 min in [Davies et al., 2020b] and [Fujiu et al., 2020],

respectively) and on readout time after addition of substrate (10 min vs. 20 min). While still

useful to compare activities within a series of inhibitors, these differences in assay conditions

prohibit direct comparison of the datasets presented in the two references cited in the previous

sentence. In contrast, full kinetic charaterization does allow for such comparisons. In addition,
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such data enable the conversion into IC50s if needed for comparison with inhibitors exhibiting

a different mode of action [Lebeaux et al., 2019]. Apart from the fact that determination of

drug binding kinetics does not fit well with screening efforts due to the need for comprehensive

mechanistic data analysis, it has been advocated based on theoretical considerations that kinetic

characterization is beneficial even in the early drug discovery process [Keighley, 2011]. In the

case of slow-binding inhibitors it is evident that affinity based screening is prone to overlook-

ing potent inhibitors. The kinetics of drug binding is also important to assess in vivo target

selectivity. Indeed, a drug may be selective for one target, even among a group of targets for

which it displays similar affinities, as measured by the equilibrium inhibition constant Ki. This

is the case when selectivity is governed by the on- and off-rate constants for the different targets

rather than by the Ki [Tonge, 2018]. Thus, off-target effects may be more accurately identified

by kinetic rather than by thermodynamic selectivity determination.

Correlation of kinetic parameters and the post-antibiotic effect (PAE) have been investi-

gated for a series of slow-binding inhibitors [Walkup et al., 2015]. The authors found that the

residence time (the inverse of the overall off-rate) correlated best with PAE values. The au-

thors also proposed a new pharmacodynamics (PD) model explicitly incorporating slow-binding

kinetics, which showed superior predictive performance of drug effects compared to standard

PD models exclusively based on equilibrium affinity. Interestingly, using the new model for

dose finding would result in significant lower doses, which clearly emphasizes the importance of

kinetic charaterization early during the drug discovery process [Tonge, 2018].

Pros and cons of developing a standalone β-lactamase inhibitor. Pharmaceutical com-

panies prioritize the development a pan-β-lactamase inhibitor (in the best of all cases) in combi-

nation with a β-lactam partner, which is active against the majority of critical priority pathogens.

This strategy is justified from a regulatory perspective. Independent development of a BLI has

no precedent and thus no model for regulatory approval exists [Yahav et al., 2020]. Additionally,

proof had to established that the BLI is able to restore the activity of a variety of β-lactams. This

would include an inhibition spectrum covering relevant β-lactamses, which are able to hydrolyse

the β-lactam partner and most importantly from a clinical perspective, compatible pharmacoki-

netic properties. It has however been argued from a clinical perspective that access to standalone

BLI would be beneficial [Abodakpi et al., 2019], a view supported by our study since avibactam

is effective in inhibiting the M. abscessus β-lactamase although the partner drug (ceftazidime)

has no antibacterial activity against this mycobacterium (Publication 2). Use of stand-alone

BLIs would require that the dosing of the BLI and the combined β-lactam is coordinated by the

clinical infectious disease specialist according to the pharmacokinetic characteristics of the two
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drugs. One can easily imagine a situation where a strain expresses a β-lactamase resistant to

avibactam but susceptible to relebactam and which hydrolyzes ceftazidime (the β-lactam pat-

ner of avibactam). These resistance determinants could be identified by diagnostic tools such as

antibiograms of β-lactams in the presence of several BLIs or whole genome sequencing. In order

to limit the use of carbapenems (relebactam is available only in combination with imipenem), a

suitable option would be the combination of ceftazidime and relebactam. However, due to the

current approval situation, the clinician has to resort to imipenem/relebactam. In at least one

case (MK-6183) the pharmaceutical industry has considered development of an inhibitor without

a fixed β-lactam partner. This inhibitor developed by Merck showed promising results in a one-

compartment in vitro infection model for combination with several β-lactams [Ambrose et al.,

2017]. The compound restored activity of four β-lactam partners in varying dosing regimen and

intervals against a panel of Enterobacteriaceae producing eight serine-carbapenemases, alone or

in combination . The authors concluded that MK-6183 is a suitable candidate for development

as standalone BLI. However, the current state of development is unknown and the compound is

not listed in the current Merck pipeline [Papp-Wallace, 2019].

Critical role of hydrogen bonding to Asn132 for effective inhibition of class A β-

lactamases by DBOs. The asparagine at position 132 (Ambler numbering) is part of the

canonical SDN motif commonly found in class A β-lactamases [Bush, 2013]. Crystal structures

of acylenzymes revealed hydrogen bonding of the side-chain of Asn132 with the carbonyl oxygen

of the 6β-side-chain of β-lactams [Strynadka et al., 1992] and of the 2’-amide of DBOs [Lahiri

et al., 2013]. The catalytic role of Asn132 in β-lactam hydrolysis is not well understood. Jacobs

et al. (1990) studied the impact of the N132S and N132A substitutions on protein stability

and catalytic activity [Jacob et al., 1990]. While the authors found only a minor impact on

protein melting temperatures, the catalytic efficiency for hydrolysis of penams (k cat/Km) was

severely impaired for N132A (residual catalytic efficiency less than 1% compared to the wild-type

enzyme) and partially retained for the N132S mutant (>15%). Since the decrease in the catalytic

efficiency observed for N132A was mainly due to a decrease in the rate constant for the catalytic

step (k cat) the authors concluded that Asn132 stabilizes the transition state rather than the

non-covalent complex.

This hypothesis is corroborated by structural studies employing TEM-1 and an acylation

transition state analogue (TSA) inhibitor, which revealed interaction of the 6β-sidechain equiv-

alent of the TSA inhibitor with Asn132 [Maveyraud et al., 1998]. Asn132 is a highly conserved

residue in class A β-lactamases (>99.9% conservation in 661 analyzed seequences of class A

β-lactamases) [Lahiri et al., 2016]. The broad-spectrum class A β-lactamase of Mycobacterium
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tuberculosis (BlaC) harbors Gly rather than Asn at Ambler position 132 and is poorly inhibited

by avibactam whereas clavulanate acts as potent irreversible inhibitor [Soroka et al., 2016]. In-

troduction of asparagine at position 132 of BlaC improves inhibition by avibactam and impairs

inhibition by clavulanate. Introduction of a N132G substitution in other class A β-lactamases

results in a BlaC-like inhibition profile [Soroka et al., 2016, Ourghanlian et al., 2017]. However

these results were not in agreement with another study [King et al., 2016a], which reported that

introduction of N132A in CTX-M-15 did not affect the inhibition of this class A β-lactamase

by avibactam. In several class A β-lactamases, including CTX-M-15 and KPC-2 , the 2’-

carboxamide of avibactam interacts with Asn170 in addition to Asn132. These interactions

are absent in the PER class β-lactamases against which avibactam shows less activity [Lahiri

et al., 2016, Ruggiero et al., 2017].

In order to further investigate the role of the 2’-amide group in DBO-based β-lactamase

inhibitors and to corroborate the findings from our study (Publication I), we evaluated the

acylation efficacy of constitutional isomers of 2’-amide DBOs differing only in the position of

the amide carbonyl group (FBC159 vs. FBC111 in Table 5). As can be deduced from the data

presented in Table 5, the inversion of the amide group in the 2’-sidechain of DBOs leads to signif-

icant loss of inhibitory activity against class A and C β-lactamases, similar to introduction of the

2’-triazole-methylene substituent (compound FBC069 (10b)) in Table 5. Thus, modifications of

the structure of DBOs indicate that loss of the critical hydrogen bond involving Asn132 and the

carbonyl group of the 2’-carboxamide of the inhibitor is crucial for effective inhibition of class

A β-lactamases, in agreement with data based on substitutions at position 132 presented in the

preceding paragraph. Figure 29 illustrates the interactions of Asn132 of KPC-2 with avibactam

and triazole-containing DBOs 7b and 10b. Modelling revealed loss of the critical hydrogen bond

for 7b and 10b. The figure also illustrates that 7b can form additional hydrophobic interactions

with the enzyme that partially compensate for loss of hydrogen bonding with N132. This may

account for the higher efficacy of 7b in comparison to 10b (Table 5).
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TEM-1 KPC-2 CTX-M-15 AmpCclo OXA-48

Avibactam 88,000 ± 2,000 26,000 ± 1,000 130,000 ± 10,000 18,000 ± 1,000 980 ± 60

FBC069 (10b) 1,200 ± 1,000 280 ± 30 280 ± 10 210 ± 20 140± 20

FBC049 (7b) 4,700 ± 1,000 930 ± 40 6,900 ± 2,000 200 ± 10 110 ± 30

FBC159 47,000 ± 1,350 54,600 ± 4,200 34,400 ± 2,500 250,000 ± 41,000 380 ± 52

FBC111 1,250 ± 115 120 ± 40 3070 ± 170 28 ± 6 660 ± 81

Table 5: Acylation efficacy of triazole-containing DBOs and 2’-amide DBO constitutional isomers in
comparison to avibactam

Figure 29: Modeling of non-covalent complexes formed by DBOs and KPC-2. (A) Avibactam;
(B) DBO 10b; (C) DBO 7b. The enzyme is shown as cartoon, ligands as ball and stick and
active site residues in proximity to the DBOs as wireframe or stick. Putative hydrogen bonds
are indicated by yellow dashed lines. Solvent molecules have been omitted. To construct the
models, the crystal structure of KPC-2 carbamoylated by avibactam was retrieved from RSCB
protein databank (accession code 4ZBE). Closure of the avibactam ring and protonation of Ser70
were performed manually. Protonation states of ionizable groups were assigned using the H++
webserver [Anandakrishnan et al., 2012] in accordance with previous studies [Sgrignani et al.,
2014]. The model was placed in a box of water ensuring a minimum distance of 7 Å between any
protein atom and the box boundary. The system was minimized with a convergence criterion
of 0.1 kJ/mol. The model of the KPC-2:avibactam complex generated by this approach was
used as a template to manually model DBOs 10b and 7b into the enzyme active site. Energy
was subsequently minimized using the procedure described above. Modeling and visualization of
complexes and compounds were performed with PyMol [Schrödinger, 2015]. For minimization,
we used OpenMM [Eastman et al., 2017] with the Amber ff14SB [Maier et al., 2015] (protein),
Parsley [Mobley, 2019] (ligand), and TIP3P (solvent) parameter sets.
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Part III

Design of a mass-spectrometry-based approach

for exploring peptidoglycan polymerization

"Per me l’unica scena jazz

interessante è quella etiope."

- Viola, La Grande Bellezza
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10 Objectives

The chemical composition of the PG layer has been reported for a wide range of bacterial species

[Quintela et al., 1995]. However, the dynamics of its expansion during growth and maturation

are less well understood. A range of models for the insertion of new subunits into the existing

PG layer have been proposed (for a commented selection of models see Fig. 30).

Figure 30: Models for the insertion of new PG units into the existing PG layer, adapted from
[Höltje, 1998] (A) Neo-synthesized (new) material is not attached to pre-existing (old) material,
crosslinks should exclusively link newly synthesized material (B) One strand at a time, all
crosslinks are expected to contain old and new material (C) Three-for-one, three strands
are polymerized simultaneously and replace a docking strand which is removed; crosslinks are
expected to occur both between new and preexisting subunits and between new subunits

Experiments investigating the insertion of new subunits into PG and the fate of PG during

growth have historically been based on pulse labeling of cultures of E. coli with [3H]- or [14C]-

labeled DAP [Wientjes et al., 1985, Burman and Park, 1984, Glauner and Holtje, 1990]. The

usage of DAP as tracer molecule is challenging. While DAP residues are exclusively found in

PG, a large proportion of DAP is converted into l-lysine. Efficient labeling of PG with DAP ne-

cessitates an adjustment of the metabolic fluxes in E. coli, namely (i) deletion of lysA (coding for
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the diaminopimelate decarboxylase) in order to prevent conversion of DAP to l-lysine (ii) inac-

tivation of dapF (coding for the diaminopimelate epimerase) to abolish endogenous biosynthesis

of DAP, and (iii) adding l-lysine and DAP to the culture medium, due the auxotrophy for these

amino acids induced by the aforementioned gene deletions. E. coli W7 (dapF, lysA), which was

used in various studies [Goodell, 1985, Burman et al., 1983, Burman and Park, 1984, Glauner

and Holtje, 1990] harbors a large intracellular pool of DAP when grown in the media supple-

mented with DAP (usually 2 µg/ml). This DAP pool induces a lag between the addition of

radioactive DAP and appearance of the label in the metabolites of interest, such as intracellular

peptidoglycan precursors and muropeptides of the PG layer. The duration of the lag depends

on the amount of DAP present in the growth medium [Wientjes et al., 1985].

Because of this limitation, we aimed at developing a new labeling method using heavy sta-

ble isotopes of carbon [13C] and nitrogen [15N] and mass spectrometry that would not require

any specific genetic background to enable fast labeling kinetics. We compared our method to

radioactive DAP-based techniques in terms of lag time prior to the detection of newly synthe-

sized material and their ability to distinguish muropeptides issued from recycling and from de

novo synthesis. Our method was also used to characterize differences between the modes of PG

cross-linking mediated by PBPs and LDTs. The results are presented in the form of a an article

in preparation for submission the the journal eLife.

Our MS-based approach necessitated (i) the calculation of theoretical mass spectra of muropep-

tides containing combinations of labeled and unlabeled residues starting from their isotopic

composition and chemical formula and (ii) the development of custom data preprocessing and

analysis tools, comprising batch analysis of data files, automated peak annotation in mass spec-

tra and comparison of experimental data to theoretical fragmentation patterns of muropeptides.

Calculation of theoretical mass spectra was performed using IsoTool [Atze, 2021], which pro-

vides a graphical user interface for the IsoSpec algorithm for isotopic cluster calculations [Lacki

et al., 2017] (available at https://github.com/kantundpeterpan/IsoTool). Tools for MS data

analysis have been grouped into MassElTOF package (https://gitlab.com/kantundpeterpan/

masseltof), which contains example applications in its documentation.
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Abstract

Peptidoglycan, the major component of bacterial cell walls, is a giant net-like macro-
molecule made of glycan strands cross-linked by short peptides. Since peptidoglycan is
essential to sustain the osmotic pressure of the cytoplasm and is only found in bacteria the
enzymes involved in its synthesis are attractive targets for drug development. This is the
case for d,d-transpeptidases belonging to the penicillin-binding protein (PBP) family that
catalyze the last cross-linking step of peptidoglycan polymerization and are inactivated by
drugs of the β-lactam family such as ampicillin. These enzymes form 4→3 cross-links con-
necting the 4th and 3rd positions of acyl donor and acceptor stem peptides located in adjacent
glycan chains. In Escherichia coli, bypass of PBPs through formation of 3→3 cross-links
by l,d-transpeptidase YcbB results in ampicillin resistance. Here, the mode of insertion
of neo-synthesized peptidoglycan subunits into the expanding peptidoglycan macromolecule
was investigated based on labeling with heavy isotopes and mass spectrometry. This new ap-
proach offered several advantages over previously used labeling with a radioactive precursor
since it enabled analysis of peptidoglycan synthesis and recycling in a single experiment and
did not require metabolic engineering for labeling optimization. In the absence of ampicillin,
PBPs and YcbB participated in similar modes peptidoglycan polymerization mainly involv-
ing single-strand insertion of glycan chains into the expanding side walls. The absence of any
transpeptidase-specific signature suggests that the mode of insertion of glycan chains might
be determined by other components of the peptidoglycan polymerization complexes. In the
presence of ampicillin, YcbB mediated insertion of multiple strands that were exclusively
cross-linked to tripeptide-containing acceptors present in the preexisting peptidoglycan. We
propose that this unique mode of insertion depends upon accumulation of linear glycan
chains due to PBP inhibition by ampicillin and formation of tripeptide acceptors due to
cleavage of pre-existing 3→3 cross-links by a β-lactam-insensitive endopeptidase.

1 Introduction

The peptidoglycan is an essential component of the bacterial cell wall that provides a mechani-

cal barrier against the turgor pressure of the cytoplasm, thereby preventing cells from bursting

and lysing [1]. The peptidoglycan also determines the shape of bacterial cells and is intimately

integrated into the cell division process because the barrier to the osmotic pressure needs to

be maintained during the entire cell cycle. These functions depend upon the net-like structure

of the peptidoglycan macromolecule (ca. 4.2 x 109 Da in Escherichia coli) consisting of gly-

can strands cross-linked by short peptides (Fig. 1A) [2]. It is assembled from ca. 4.7 x 106

disaccharide-peptide subunits consisting of β-1→4 linked N -acetylglucosamine (GlcNAc) and

N -acetyl muramic acid (MurNAc) and a stem peptide linked to the d-lactoyl group of MurNAc

1
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(Fig. 1B) [2]. Polymerization of the subunits is mediated by glycosyltransferases for the elonga-

tion of glycan chains and by transpeptidases for cross-linking stem peptides carried by adjacent

glycan chains.

Peptidoglycan biosynthesis is initiated in the cytoplasm by the production of UDP-MurNAc

from UDP-GlcNAc followed by the sequential addition of L-Ala, d-Glu, mesoDAP, and the

d-Ala-d-Ala dipeptide to form UDP-MurNAc-pentapeptide (Supplementary Fig. S1) [3]. The

following steps involve precursors inserted into the inner leaflet of the cytoplasmic membrane.

These steps are initiated by the transfer of the phospho-MurNAc-pentapeptide moiety of UDP-

MurNAc-pentapeptide to the C55 lipid transporter (undecaprenyl-phosphate) followed by the

addition of the GlcNAc moiety of UDP-GlcNAc generating Lipid I and Lipid II, respectively.

The complete disaccharide-pentapeptide subunit linked to the lipid carrier is then translocated

to the outer surface of the cytoplasmic membrane by the flippase MurJ and/or FtsW and

polymerized.

Following the polymerization of glycan chains by glycosyltransferases, the last cross-linking

step of peptidoglycan polymerization is catalyzed by two types of structurally unrelated transpep-

tidases [4], the d,d-transpeptidases [5], which belong to the penicillin-binding protein (PBP)

family, and the L,d-transpeptidases (LDTs) [6]. PBPs (Fig. 1C) and LDTs (Fig. 1D) harbor

different catalytic nucleophiles (Ser versus Ala), use different acyl donor substrates (pentapep-

tide versus tetrapeptide, resulting in the formation of 4→3 versus 3→3 cross-links), and are

inhibited by different classes of β-lactams (potentially all β-lactams versus members of the car-

bapenem class), respectively [7, 8]. In wild type E. coli, LDTs are fully dispensable for growth,

at least in laboratory conditions [9]. Accordingly, these enzymes have a minor contribution

to peptidoglycan cross-linking, as 3→3 cross-links account for 11% and 16% of the cross-links

present in the peptidoglycan extracted from bacteria in the exponential and stationary phases of

growth, respectively [10, 1]. However, selection of mutants resistant to ceftriaxone, a β-lactam of

the cephalosporin class, results in a full bypass of PBPs by the YcbB l,d-transpeptidase [8]. The

bypass requires overproduction of the (p)ppGpp alarmone and of YcbB [8]. The peptidoglycan

of the mutant grown in the presence of ceftriaxone exclusively contains cross-links of the 3→3

type due to full inhibition of the d,d-transpeptidase activity of PBPs [8].

d,d-carboxypeptidase and l,d-carboxypeptidase activities sequentially remove d-Ala residues

at the 5th and 4th positions of stem peptides containing a free carboxyl end, which are present in

the acceptor position of dimers and in monomers. d,d-carboxypeptidases (DDCs), which belong

to the PBP family, hydrolyze the d-Ala4-d-Ala5 amide bond of stem pentapeptides to generate

stem tetrapeptides in mature peptidoglycan [11]. Since that reaction is nearly total in E. coli,
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stem pentapeptides are found in very low abundance unless DDCs are inactivated by β-lactams.

The l,d-carboxypeptidase activity of LDTs is responsible for hydrolysis of the DAP3-d-Ala4

amide bond, thus converting tetrapeptide stems into tripeptide stems [9]. Since this reaction

is incomplete, the peptidoglycan contains combinations of tetrapeptide and tripeptide stems in

monomers and in the acyl acceptor position of dimers. The hydrolysis of stem peptides cat-

alyzed by DDCs and LDTs, which occurs before or after the cross-linking reactions, leads to the

polymorphism in the acceptor position of dimers depicted in Fig. 1C and 1D.

By removing d-Ala5 from pentapeptide stems, DDCs eliminate the essential pentapeptide

donor of PBPs and generate the essential tetrapeptide donor of LDTs [8, 12]. By removing

d-Ala4 from tetrapeptide stems, LDCs eliminate their essential tetrapeptide donor stems. Thus,

the DDC and LDC activities of PBPs and LDTs regulate both the extent of peptidoglycan

cross-linking and the relative contributions of d,d-transpeptidases and l,d-transpeptidases to

this process at the substrate level.

The interconversion between monomers and dimers involves not only PBPs and LDTs in the

biosynthetic direction but also hydrolytic enzymes, referred to as endopeptidases, that cleave the

cross-links. Endopeptidases belonging to the PBP family are specific of 4→3 cross-links whereas

other endopeptidases cleave both 4→3 and 3→3 cross-links [13, 14]. Among eight endopeptidases

with partially redundant functions, at least one enzyme is essential in the context of the formation

of 4→3 cross-links whereas two endopeptidases, MepM and MepK, are required in the context

of 3→3 cross-links [14].

Morphogenesis of E. coli cells depends upon controlled expansion of the peptidoglycan and

requires scaffolding proteins, homologues of tubulin (MreB) and of actin (FtsZ) [15]. These

proteins are involved in the localization of peptidoglycan polymerases and in the coordination

of their activities with that of hydrolases [16]. The cell cycle involves two phases corresponding

to the MreB-dependent elongation of the side wall at a constant diameter followed by FtsZ-

dependent formation of the septum at mid cell. These processes are thought to involve two

distinct multienzyme complexes, the elongasome and the divisome, and specific enzymes, in

particular PBP2 and PBP3 (class B PBPs), that mediate peptidoglycan cross-linking in the side

wall and in the septum, respectively [17]. Accordingly, specific inhibition of PBP2 or PBP3 by

the β-lactam mecillinam or aztreonam results in the growth of E. coli as spheres or as filaments,

respectively.

The average chemical composition of the peptidoglycan is well known. Most enzymes in-

volved in the formation or cleavage of glyosidic and amide bonds have been identified (at least one

enzyme and generally several enzymes for each bond kind). However, the spatial arrangement of
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glycan strands is still a matter of debate. Most models propose a regular arrangement of glycan

strands parallel to the cell surface and perpendicular to the long axis of the cell as depicted in

Fig. 1A [18], perhaps with an helical arrangement to account for the helical nature of MreB

filaments. Alternatively, it has been proposed that the glycan strands protrude perpendicularly

to the surface of the cytoplasmic membrane [19, 20]. The lack of direct experimental evidence

originate from the heterogeneity of the peptidoglycan macromolecule that prevents the analysis

of the polymer by radiocrystallography. NMR also failed to determine the structure of the poly-

mer due to its heterogeneity and its important flexibility as measured by NMR relaxation for

Gram-positive and Gram-negative bacteria [21]. The mode of insertion of new glycan strands in

the growing peptidoglycan is also not fully characterized. Murein enlargement according to the

‘three-for-one’ growth model involves the insertion of three neosynthesized glycan strands to the

detriment of the hydrolysis of one preexisting strand, which acts as a docking strand [16]. Other

models propose that glycan strands are inserted either one or two at a time, the latter possi-

bility being supported by the dimeric nature of certain d,d-transpeptidases [22]. These models

postulate that expansion of the peptidoglycan layer requires cleavage of cross-links by endopep-

tidases and obey to the ‘make-before-break’ principle, that proposes that cross-links present in

the preexisting peptidoglycan are hydrolyzed by endopeptidases only if the newly synthesized

glycan strands are cross-linked and can sustain the osmotic pressure of the cytoplasm.

At each generation, about half of the disaccharide-peptide units making the peptidoglycan

is released by the combined action of endopeptidases and lytic glycosyltransferases [23, 24]. The

latter enzymes catalyze a non-hydrolytic cleavage of the β-1→4 MurNAc-GlcNAc glycosylic bond

and generate GlcNAc-anhydro-MurNac-peptide fragments via cyclisation at positions 1 and 6

of MurNAc. These fragments are transported into the cytoplasm by the AmpG permease and

recycled according to the pathway depicted in supplementary Fig. S1. The key features of the

recycling pathway are that the l-Ala-γ-d-Glu-DAP tripeptide is directly recycled whereas the

glucosamine moiety of GlcNAc and MurNAc reenter into the peptidoglycan biosynthesis pathway

at the level of glucosamine-1-phosphate. The relationships between peptidoglycan synthesis and

recycling are poorly understood. The ‘three-for-one’ growth model predicts that the docking

strand is recycled, while the “one-or-two-strand-at-a-time” models do not predict that recycling

is a consequence of peptidoglycan synthesis.

Pulse-labeling of peptidoglycan with radioactive DAP provides a means for experimentally

exploring these models since the ratio of radioactivity in acceptor stems to that in donor stems

varies as a function of the model (acceptor-to-donor radioactive ratio or ADRR) (Fig. S2)

[25]. Alternatively, the decay of radioactive DAP from labeled peptidoglycan was used to follow

492



Figure 1: Structure and biosynthesis of E. coli peptidoglycan (A) Structure of pepti-
doglycan. The net-like macromolecule is made of glycan strands cross-linked by short peptides.
The polymerization of peptidoglycan involves glycosyltransferases that catalyze the elongation of
glycan strands and transpeptidases that form 4→3 or 3→3 cross-links. (B) Structure of the pep-
tidoglycan subunit. The stem peptide is assembled in the cytoplasm as a pentapeptide, l-Ala1-
d-iGlu2-DAP3-d-Ala4-d-Ala5, in which d-iso-glutamic acid (d-iGlu) and meso-diaminopimelic
acid (DAP) are connected by an amide bond between the γ-carboxyl of d-iGlu and the L stereo-
center of DAP. (C) Formation of 4 →3 cross-links. Active-site Ser transpeptidases belonging to
the penicillin-binding protein (PBP) family catalyze the formation of 4→3 cross-links connect-
ing the carbonyl of d-Ala at the 4th position of an acyl donor stem peptide to the side-chain
amino group of DAP at the 3rd position of an acyl acceptor stem peptide. A pentapeptide
stem is essential in the donor substrate to form the acyl enzyme intermediate. The acyl ac-
ceptor potentially harbor a pentapeptide, a tetrapeptide, or a tripeptide stem leading to the
formation of Tetra-Tri, Tetra-Tetra, or Tetra-Penta dimers, respectively. (D) Formation of 3→3
cross-links. Active-site Cys transpeptidase belonging to the l,d-transpeptidase (LDT) family
catalyze the formation of 3→3 cross-links connecting two DAP residues. LDTs are specific of
tetrapeptide-containing donors.
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Supplementary Figure S1: Synthesis and recycling of peptidoglycan in E. coli . Key
intermediates connecting synthesis (on the left) to recycling (on the right) are figured in red.
Metabolites common to peptidoglycan metabolism and to other metabolic pathways are figured
in purple. Effective incorporation of DAP from the culture medium requires inactivation of the
genes encoding DapF and LysA generating lysine auxotrophy. Peptidoglycan turnorver refers
to the release of peptidoglycan fragments (<600 Da) into the culture medium. PG fragments
cross the outer membrane through porins.

peptidoglycan turnover. In this study, we show that the use of stable isotopes of carbon and

nitrogen in combination with mass spectrometry (MS) has several advantages over the labeling

techniques based on radioactive DAP because it enables following peptidoglycan synthesis and

recycling in a single experiment. In addition, the MS-based technique is not limited to the fate

of DAP but covers all sugar and amino acid constituents of peptidoglycan. Using this approach,

we also report the mode of peptidoglycan cross-linking by LDTs which has not been previously

investigated.

2 Materials and Methods

Sample preparation and analysis

Strains. E. coli M1.5 [8, 14] is a derivative of E. coli BW25113 [26] harboring (i) plasmid

pJEH12 for IPTG inducible expression of the ycbB -transpeptidase gene, (ii) deletions of the

erfK, ynhG, ycfS, and ybiS l,d-transpeptidase genes, (iii) a 13-bp deletion lowering the trans-

lation level of the gene encoding the isoleucyl-tRNA synthase (IleRS) resulting in increased

synthesis of the (p)ppGpp alarmone, and (iv) a chromosomal mutation inactivating the slt lytic

transglycosylase gene enabling growth in the presence of ampicillin in liquid media . Upon
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Supplementary Figure S2: (A) One strand at a time. (B) Two strands at a time. (C)
Three stands at a time (applies to the three for one model). (D) Calculation for various number
of strands. Preexisting and neo-synthesized strands are figures in red and in purple, respectively.
Donor and acceptor stems are represented by an arrow and by an L, respectively. Uncross-liked
peptide stems that protrude above and below the plan are indicated by circles with a dot or an
X, respectively.

induction of ycbB by IPTG, E. coli M1.5 expresses high-level resistance to ampicillin and ceftri-

axone following production of YcbB and (p)ppGpp. Deletion of the erfK, ycfS, and ybiS genes

abolishes the anchoring of the Braun lipoprotein and simplifies the rpHPLC muropeptide profile

because stem peptides substituted by a Lys-Arg dipeptide are absent [27].

The ampG permease gene [24] of E. coli BW25113 M1.5 was deleted using the two-step

procedure described by Datzenko and Wanner [26]. The kanamycin resistance gene used for

allelic exchange was amplified with oligonucleotides 5’-CCAAAAACTATCGTGCCAGC and 5’-

AGAGTGACAACTGGGTGATG.

E. coli ∆6ldts is a derivative of strain BW25113 obtained by deletion of the six l,d-

transpeptidase genes present in E. coli (erfK, ynhG, ycfS, ybiS, yafK, and ycbB) [27, 9, 28, 29].

Growth conditions and determination of the generation time. E. coli strains were

grown in M9 minimal medium composed of 2 mM MgSO4, 0.00025% FeSO4, 12.8 g/l Na2HPO4,

3 g/l KH2PO4, 0.5 g/l NaCl, 1 g/l NH4Cl, 1 µg/l thiamine, 1 g/l glucose (unlabeled M9 minimal

medium). Labeling was performed in the same medium except for replacement of NH4Cl and

glucose by [15N]NH4Cl (Cambridge Isotope Laboratories; 99% labeling) and uniformly labeled

[13C]glucose (Euriso-top; 99% labeling) at the same concentrations, respectively (labeled M9
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minimal medium). The growth media were sterilized by filtration (Millex-LG 0.2 µm, Merck

Millipore).

Bacteria were grown on brain heart infusion (BHI) agar plates (Difco) to initiate the exper-

iment with an isolated colony that was inoculated in 25 ml of labeled minimal medium. The

pre-culture was incubated for 18 h at 37 °C with aeration (180 rpm). The entire pre-culture

(25 ml) was inoculated into one liter of labeled M9 medium and the resulting culture was in-

cubated until the optical density at 600 nm (OD600) reached 0.4. Bacteria were collected by

centrifugation (8,200 x g, 7 min, 22 °C), resuspended in 1 liter of prewarmed (37 °C) unlabeled

M9 medium, and incubation was continued in the same conditions. Samples (200 ml) were

withdrawn at various times and bacteria were collected by centrifugation (17,000 x g, 5 min,

4 °C) and stored at -55 °C. The generation time was deduced from the inverse of the slope of

semi-logarithmic plots (log of OD600 as a function of time).

Peptidoglycan preparation and purification of muropeptides. Peptidoglycan was ex-

tracted by the hot SDS procedure and treated with pronase and trypsin [30]. Muropeptides were

solubilized by digestion with lysozyme and mutanolysin, reduced with NaBH4, and separated

by rpHPLC in a C18 column (Hypersil GOLD aQ 250 x 4.6, 3 µm; ThermoFisher) at a flow

rate of 0.7 ml/min. A linear gradient (0% to 100%) was applied between 11.1 min and 105.2

min at room temperature (Buffer A: TFA 0.1%; Buffer B: TFA 0.1% acetonitrile 20%; v/v).

Absorbance was monitored at 205 nm and peaks corresponding to the major monomers and

dimers were individually collected, lyophilized, solubilized in 30 µl of water, and stored at -20

°C.

Calculation of the molar ratios of muropeptides. HPLC analysis of sacculi digested by

muramidases provided relative areas for peaks detected by the absorbance at 205 nm. In order to

evaluate the relative molar abundance of muropeptides we used the correction factors reported

by Glauner [10], which take into account the number of disaccharide units, amide bonds, 1,6-

anhydro-ends, and Lys-Arg residues. Since the relative amount of the muropeptides did not vary

upon growth (i.e. between samples collected at various times following the medium switch), or

between samples from independent experiments, (i.e. between biological repeats obtained for

the same strain in the same growth conditions) an average molar composition of the sacculi was

deduced from the HPLC chromatograms and the correction factors reported by Glauner [10].

Mass spectrometry. For routine identification of muropeptides, samples were diluted (10 µl

plus 50 µl of water) and 2 µl were injected into the mass spectrometer (Maxis II ETD, Bruker,
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France) at a flow rate of 0.1 ml/min (acetonitrile / water (50:50) acidified with 0.1% formic

acid, v/v). Mass spectra were acquired in the positive mode with a capillary voltage of 3,500V,

pre-storage pulse 18 µs, Funnel 1 RF 300 Vpp. The m/z scan range was from 300 to 1850 at a

speed of 2 Hz. Stepping mode was enabled with the following parameters: RF values 400 and

1200 V; transfer time 30 µs and 90 µs; timing 50% and 50%. MS/MS spectra were obtained

using a collision energy of 50 eV in the m/z range of 150 - 1,000 for muropeptide monomers and

150 - 2,000 for muropeptide dimers with isolation width of 1. The collision energy was varied

between 77 to 100% with timings of 33% and 67%, respectively.

Structural characterization of the labeled GlcNAc-MurNAc-tetrapeptide isotopologues was

performed on a ThermoFisher Orbitrap Fusion Lumos instrument operated in nanospray mode.

The 50% acetonitrile in water analyte solution was acidified to 1% formic acid and introduced

in the instrument using conventional nanospray glass emitter tips. The source voltage was set

to 3,000-3,500V and the sample was introduced without pneumatic assistance. The ions under

each one of the peaks that made the isotopic cluster were fragmented individually by tune-mode

quadrupole-selection of the corresponding ions in a 0.4 m/z-width selection window centered on

the peak apex. That narrow selection window proved to be selective enough to only fragment the

ions under each isotopic cluster peak of interest (from most intense to less intense: m/z 986.52,

m/z 985.51, m/z 984.51). The fragmentation was obtained for a collision-induced dissociation

energy of 10 eV. The MS/MS data were acquired in 200-1000 m/z -range spectra (at least 50

MS/MS scans were acquired). Raw MS/MS data files were converted to the standard mzML

file format using ProteoWizard’s msconvert tool [31]. The obtained data files were scrutinized

using the mineXpert software version 2 [32].

Mass spectrometric data analysis

Simulation of high resolution mass spectra to determine the isotopic composition

of muropeptides and the extent of 13C and 15N labeling. Mass spectral data analyses

were carried over by performing matches between simulated and observed isotopic clusters for

muropeptides recovered from bacteria grown in labeled and unlabeled media. The approach

used to generate the simulated spectra was adapted from a recent publication [33] as detailed

below. Data are presented below for the reduced disaccharide-tripeptide (GlcNAc-MurNAc-l-

Ala-γ-D-iGlu-DAP), which was taken as an example.

Isotopologue abundance The first step in obtaining simulations of high resolution mass spec-

tra is the calculation of the abundance of all possible isotopomers, i.e. molecules defined by the

presence of a specific isotope at each position. Table 1 provides the mass and abundance of the
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Table 1: Mass and relative abundance of H, C, N, and O isotopes used for isotopic cluster simulations

Relative abundance in the growth media

Isotope Mass a Unlabeled Labeled
12C 12.000 000 000 000 0.9893 b 0.01 c

13C 13.003 354 835 071 0.0107 b 0.99 c

1H 1.007 825 032 231 0.999885 b 0.999885 b

2H 2.014 101 778 120 0.000115 b 0.000115 b

14N 14.003 074 004 426 0.99636 b 0.01 c

15N 15.000 108 898 884 0.00364 b 0.99 c

16O 15.994 914 619 566 0.99757 b 0.99757 b

17O 16.999 131 756 500 0.00038 b 0.0038 b

18O 17.999 159 612 858 0.00205 b 0.00205 b

a Mass of atoms (u) as reported by Wang et al. (2012)[34]
b Isotopic abundance in terrestrial materials as reported by Meija et. al [35]
c Isotopic abundance reported by the manufacturers of [13C]glucose and [15N]NH4Cl

C, H, N, and O isotopes that were used for these calculations. There is a total of nine isotopes:

two for carbon, hydrogen, and nitrogen and three for oxygen. The elemental composition of

the [M+H]+ pseudo molecular ion is C34H58N6O20•H + for the reduced disaccharide-tripeptide.

According to the elemental composition of the mono-charged disaccharide-tripeptide (59 hydro-

gens), there are 2.21 x 1039 isotopomers (234 * 259 * 26 * 320) but 3,395,700 (35 * 60 * 7 *

231) distinct isotopologues (i.e. isotopomers with the same mass) because isotopomers with the

same isotopic composition have the same mass irrespective of the position of the isotopes in the

molecules.

For the disaccharide-tripeptide, the isotopic composition of the isotopologues is defined by

five numbers (n1 to n5) according to the number of 12C (n1) and 13C (34−n1) nuclei for carbon,

the number of 1H (n2) and 2H (59 − n2) nuclei for hydrogen, the number of 14N (n3) and 15N

(6−n3) nuclei for nitrogen, and the number of 16O (n4), 17O (n5), and 18O (20−n4−n5) nuclei

for oxygen.

The abundance of the isotopologues with a defined isotopic composition depends upon the

abundance of the isotopes listed in Table 1 and is the product of four relative abundances

(RAC ∗RAH ∗RAN ∗RAO) independently calculated for the four elements.

For carbon: RAC = 0.9893n1 ∗ 0.0107(35−n1)∗ the number of combinations of n1 objects

among 35 (C35, n1);

For hydrogen: RAH = 0.999885n2 ∗ 0.000115(59−n2) ∗ (C59, n2);

For nitrogen: RAN = 0.99636n3 ∗ 0.00364(6−n3) ∗ (C6, n3);

For oxygen: RAO = 0.99757n4 ∗ 0.00038 ∗ n5 ∗ 0.00205
(20−n4−n5) ∗ (C20,n4,n5

).

Figure 2A provides the general formula for molecules composed of any combination of ele-

ments and isotopes. Fig. 2B provides, as an example, the application of this formula to the
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calculation of the abundance of the disaccharide-tripeptide isotopologue containing light iso-

topes except for two 13C and one 15N atoms. The formula is valid under the assumption that

the incorporation of an isotope at a specific position of a muropeptide solely depends upon the

average abundance of this isotope in the culture medium. This requires, but is not guaranteed

by, a uniform distribution of 12C and 13C nuclei at the six positions of labeled glucose used as

the sole source of carbon in the labeled medium. Minor deviations from this assumption may

occur since the rate of enzymatic reactions is known to be marginally affected by the isotopic

composition of substrates and products [36].

Figure 2C shows the mass and abundance of the 25 most abundant isotopologues calculated

for the unlabeled medium using the terrestrial abundance of the isotopes (Table 1). The cumula-

tive abundance of these isotopologues was 99.9009% indicating that the remaining isotopologues

did not significantly contribute to the intensity of the peaks in the actual mass spectra. In

practice, computing the relative abundance of the full complement of the 3,353,560 distinct

isotopologues is time-consuming but the algorithm described by Lacki et al. [33] provides an

efficient means to limit calculations to the most abundant isotopologues by setting a limit for the

cumulative abundance (a limit of 99.99% was used in this study). Note that the most abundant

isotopologue (64.2053%) exclusively contained the light isotopes of the four elements (12C, 1H,

14N, and 16O). The second and third most abundant isotopologues (23.6105% and 4.2135%)

contained light isotopes of the four elements except for one and two 13C carbon atoms, respec-

tively. This was accounted for by the relatively high terrestrial abundance of the 13C isotope

(1.07%) and the important contribution of carbon to the total number of atoms present in the

disaccharide-tripeptide (34 out of 119 atoms). In comparison, nitrogen only contributed to 6 of

the 119 atoms accounting for the modest contribution of isotopologues containing a single 15N

nucleus to the isotopologue pool (1.4074%) despite the relatively high terrestrial abundance of

15N (0.364%).

Figure 2D shows the mass and abundance of the 25 most abundant isotopologues calculated

for the labeled medium (Table 1), which contains the terrestrial abundance of hydrogen and

oxygen isotopes and predominantly the 13C (99%) and 15N (99%) isotopes of carbon and ni-

trogen according to analyses provided by the manufacturers of [13C]glucose and [15N]NH4Cl,

respectively. The cumulative abundance of these isotopologues was 99.9009% indicating that

they should be the major contributors to isotopic clusters. The most abundant isotopologue was

“uniformly labeled” as it exclusively contained the 13C and 15N nuclei. The next most abundant

isotopologues contained a single unlabeled nucleus, 12C (21.7356%) or 14N (3.8357%), reflecting

the similar relative abundance of these isotopes (1%) and the elemental compositio{lpn of the
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Figure 2: (A) General formula for molecules composed of any combination of elements and iso-
topes. (B) Example of the calculation of the abundance of a mono-charged ([M+H]+) GlcNAc-
MurNAc-tripeptide molecular ion (C34H58N6O20•H+) exclusively containing light isotopes (12C,
1H, 14N, 16O) except for two 13C and one 15N heavy isotopes. (C and D) Mass and relative abun-
dance of the 20 most abundant GlcNAc-MurNAc-tripeptide isotopologues (C34H58N6O20•H+),
calculated for the unlabeled and labeled media, respectively, and sorted by decreasing abun-
dance. The arrow points to the example of calculation detailed in panel B.
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disaccharide tripeptide (34 carbons versus 6 nitrogens), respectively.

Shaping isotopic clusters using the calculated abundance of isotopologues The cal-

culated abundance of isotopologues cannot be easily compared to experimental mass spectra

because the former provides relative abundance for discrete (centroid) m/z values whereas the

latter provides fully profiled peaks, the shape of which is defined by the resolution of the mass

spectrometer, the treatment of the signal, and the convolution of signals from isotopologues with

almost identical masses. The effect of signal convolution is illustrated by the distribution of the

masses of the most abundant isotopologues listed in Figures 2C and 2D but sorted, this time,

by increasing masses (Figures 3A and 3B, respectively). This analysis shows that the masses

expected to generate the peaks of the isotopic cluster differ by approximately, but not exactly,

one unit. This is due to the fact that the gain of a neutron by different nuclei does not lead to

exactly the same mass increment as the gain in energy in the resulting nuclei is not exactly the

same. For example, the gain of a neutron by the 12C and 14N nuclei results in mass increments

of 1.00335 and 0.99703, respectively. Thus, the distribution of the relative abundances can only

be visualized as a centroids (Figure 3C). To enable comparison of the calculated isotopic clusters

with experimental mass spectra, a Gaussian peak was modeled for each isotopic composition

according to equations 1 and 2,

µ =
miso + z ∗mH+

z
(1)

σ =
FWHM
2.355

(2)

where mH+ is the mass of a proton (H+), z the net charge of the analyte, and FWHM

the full width at half maximum. The value of FWHM used in this study (40,000) was chosen

to match the resolving power of the mass spectrometer deduced from experimental spectra.

Each peak was subsequently scaled by the relative abundance of the isotopologues and overlaid

(Figure 3D). In order to obtain simulated mass spectra that could effectively be compared to

experimental data, the modeled peaks were binned with a bin size of 0.002 m/z corresponding

to the binsize used for the experimental mass spectra (Figure 3E).

Estimation of the relative increase in the amount of peptidoglycan upon bacte-

rial growth. Since the amount of peptidoglycan per cell remains constant during exponential

growth, the amount of peptidoglycan fPG(t) was considered to increase with time according to

equation 3:
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Figure 3: Shaping mass spectra. (A) and (B) Mass and abundance of GlcNAc-MurNAc-
tripeptide isotopologues (C34H58N6O20•H+) calculated for the unlabeled and labeled media,
respectively. Data are sorted by increasing mass to highlight clusters of isotopologues that fall
within very narrow mass intervals. Abundances and masses for clusters were calculated using
the whole set of isotopologues obtained in calculations using a cumulative abundance cutoff of
0.9999. Thus, cluster abundances differ slightly from the sum of abundances of the isotopologues
shown in panels A and B.
(C) Abundance of isotopologues (for the unlabeled medium) visualized as a centroid spectrum.
The magnification shows individual peaks within the cluster. Cluster 1 consists of a single
isotopologue exclusively containing light isotopes (1H, 12C, 14N, or 16O). Cluster 2 consists of
four isotopologues exclusively containing light isotopes except for one 2H, 13C, 15N, or 17O
nucleus. Cluster 3 consists of eleven isotopologues (5 of which are shown in Panel A) exclusively
containing light isotopes except for one 18O nucleus or combinations of two nuclei among 2H,
13C, 15N, and 17O.
(D) Modeling of Gaussian peaks for each cluster according to equations 1 and 2.
(E) Simulated mass spectrum. The mass, which was used for comparison of simulated and
experimental mass spectra is indicated at the peak apex. These values are reported in panel
A for each cluster along with the cumulative abundance of the isotopologues belonging to the
same cluster. The maximum intensity of the simulated peaks (arbitrary units) is also shown in
parenthesis.
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fPG(t) = PG0 ∗ 2
t
g (3)

in which PG0 is the amount of peptidoglycan at t=0 (normalized to 1), g is the generation

time and t=0 corresponds to the time of the medium switch. Since the relative amount of the

muropeptides did not vary (above) the normalized molar amount of muropeptide m, fm(t), was

considered to increase with time according to equation 4:

fm(t) = m0 ∗ 2
t
g (4)

in which m0 is the relative molar amount of muropeptide at t=0. This approach enables

monitoring the increase in the amount of muropeptides during exponential growth relative to

the amount present at t=0.

Estimates of the molar abundance of muropeptide isotopologues. The relative molar

abundance of muropeptide isotopologues detected in the same mass spectrum was deduced from

the relative maximal current intensity (Ami) for m///z values corresponding to the [M+H]+

and [M+H]2+ ions of isotopologues for the monomers and dimers, respectively. These estimates

are robust since that they are based on the detection of chemically identical molecular ions in

the same injection, which is standard practice in quantitative mass spectrometry. The increase

in the normalized amount of isotopologue i of muropeptide m , fmi
(t), was deduced from the

normalized molar amount of muropeptide m (equation 4) and from Ami
, the relative current

intensity of the isotopologue i (above) according to equation 5:

fmi
(t) = Ami

∗m0 ∗ 2
t
g (5)

3 Results

Muropeptide composition of the peptidoglycan from E. coli M1.5. Strain M1.5 was

chosen for initial experiments because d,d-transpeptidases and l,d-transpeptidases both have

major contributions to peptidoglycan polymerization offering the possibility to study 4→3 and

3→3 cross-linked dimers from the same peptidoglycan preparation. Strain M1.5 was grown

in labeled M9 minimal medium containing [15N]NH4Cl and [13C]glucose as the sole sources

of nitrogen and carbon, respectively. E. coli M1.5 was also grown in unlabeled M9 minimal

15103



Supplementary Table S1: Muropeptide composition of the peptidoglycan of strains BW25113
∆6ldt and M1.5

Strain Muropeptide (%)a

β-lactam b Tri Tetra Penta Tri→Tri Tri→Tetra Tri→Penta Tetra→Tri Tetra→Tetra

BW25113 ∆6ldt

None (9) e ND 74 ± 2 ND ND ND ND ND 26 ± 2
AZT (5) e ND 77 ± 1 ND ND ND ND ND 23 ± 1
MEL (5) e ND 70 ± 2 ND ND ND ND ND 30 ± 2

M1.5

None (12) e 31 ± 3 36 ± 4 ND 7 ± 1 8 ± 1 ND 7 ± 1 12 ± 1
AMP (10) e 29 ± 2 21 ± 3 6 ± 2 13 ± 2 24 ± 1 6 ± 0.2 1 ± 0.3 ND

a Data are the mean ± standard deviation from independent experiments (see note c)
b β-lactam added to the growth medium. AZT, aztreonam at 12 µg/ml; MEL, mecillinam at
2.5 µg/ml; AMP, ampicillin at 16 µg/ml.
c The number peptidoglycan analyses is indicated in parenthesis.

Abbreviations: ND, not detected; Tri, tripeptide monomer; Tetra, tetrapeptide monomer;
Penta, pentapeptide monomer; Tri→Tri, Tri→Tetra, and Tri→Penta, 3→3 cross-linked dimers;
Tetra→Tri and Tetra→Tetra, 4→3 cross-linked dimers. The inter-peptide cross-link direction
is indicated using the donor→acceptor conventional notation.

medium. Peptidoglycan was extracted from exponentially growing cultures and digested by

muramidases, which generate soluble disaccharide-peptides. The resulting muropeptides were

reduced with NaBH4 and purified by rpHPLC. Mass spectrometric analyses (see below) were

performed to determine the structure of the six predominant muropeptides. These muropeptides

included two monomers containing either a tripeptide (l-Ala1-d-iGlu2-DAP3) or a tetrapeptide

(l-Ala1-d-iGlu2-DAP3-d-Ala4) stem, both linked to a reduced GlcNAc-MurNAc disaccharide.

The remaining four muropeptides were dimers containing a 3→3 or a 4→3 cross-link with a

tripeptide or a tetrapeptide stem in the acceptor position in all four combinations. As expected,

growth in the labeled versus unlabeled medium did not alter the muropeptide composition of

peptidoglycan. The average abundance of the six predominant muropeptides is reported in

Supplementary Table S1.

Determination of the isotopic composition of the unlabeled monomers. The mass

spectra of monomers from E. coli grown in unlabeled M9 minimal medium displayed the con-

ventional isotopic clusters (Fig. 4A, B, and C and Supplementary Fig. S3 for the disaccharide-

tripeptide and -tetrapeptide, respectively), as expected for the natural abundances of carbon,

hydrogen, nitrogen, and oxygen isotopes (Table 1). For the disaccharide-tripeptide, the most

abundant isotopologue (64.382%) only contained the light isotopes of the four chemical elements

(Fig. 2C). The second peak of the isotopic cluster was composed of isotopologues containing only

light isotopes except for either one 13C (23.497%), 2H (0.437%), 15N (1.411%), or 17O (0.492%)
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isotope, together representing 25.877% of the relative abundance of the most abundant isotopo-

logues (Cluster 2 in Fig. 3A). The overlay of the experimental and simulated spectra (Fig. 4C)

confirmed the expected isotopologue composition.

Figure 4: Mass spectra of the unlabeled and uniformly labeled disaccharide-

tripeptide monomers. (A) Experimental mass spectrum of the mono-protonated ([M+H]1+)
disaccharide-tripeptide (C34H58N6O20•H+) extracted from E. coli M1.5 grown in unlabeled M9
minimal medium. (B) Simulated spectrum obtained for the natural abundance of carbon and
nitrogen isotopes. (C) Overlay of the spectra in A and B. (D) Observed mass spectrum of the
GlcNAc-MurNAc-tripeptide purified from the peptidoglycan of E. coli M1.5 grown in the labeled
M9 minimal medium. (E) Simulated mass spectrum obtained for 99% 13C and 15N labeling.
(F) Overlay of spectra in D and E.

Determination of the isotopic composition of the labeled monomers. Mass spectro-

metric analyses were performed on the reduced disaccharide-tripeptide monomer purified from

the peptidoglycan of strain M1.5 grown in the labeled medium (Fig. 4D). The theoretical mass

spectra were simulated as described in the Materials and Method section (Fig. 4E) and overlaid

to the experimental spectra (Fig. 4F), revealing a good match between the two types of spectra.

For the labeled tripeptide, the most intense peak at m/z 911.473 (z = 1) (Fig. 4D) corresponds

to cluster peak E (Fig. 3B), which is mainly accounted for by the uniformly labeled disaccharide-

tripeptide (m/z value of 911.4741; Fig. 2D). Additional cluster peaks at m/z values of 908.463,

909.467, and 910.469 (Fig. 4D), correspond to clusters B, C, and D (m/z values of 908.4669,

909.4693, and 910.4717; Fig. 3B). These peaks correspond to uniformly labeled species except

for the presence of combinations of 3, 2, and 1 light 12C or 14N nuclei, respectively. The presence

of these peaks fits the simulated spectra that were calculated with the extent of [15N]NH4Cl and

[13C]glucose labeling reported by the manufacturers (99% for each isotope) Fig. 3B). The same
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Supplementary Figure S3: Mass spectra of the unlabeled and uniformly la-

beled disaccharide-tripeptide monomers. (A) Experimental mass spectrum of the mono-
protonated ([M+H]1+) disaccharide-tetrapeptide (C37H63N7O21•H+) extracted from E. coli
M1.5 grown in unlabeled M9 minimal medium. (B) Simulated spectrum obtained for the natural
abundance of carbon and nitrogen isotopes. (C) Overlay of the spectra in A and B. (D) Ob-
served mass spectrum of the GlcNAc-MurNAc-tetrapeptide purified from the peptidoglycan of
E. coli M1.5 grown in the labeled M9 minimal medium. (E) Simulated mass spectrum obtained
for 99% 13C and 15N labeling. (F) Overlay of spectra in D and E. The additional peaks of low
intensity in the experimental spectra, in particular for the labeled disaccharide-tetrapeptide,
correspond to the [2M+2H]2+ ion.
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conclusion was drawn from the comparison of the simulated and experimental spectra of the

labeled disaccharide-tetrapeptide (Supplementary Fig. S3).

Qualitatively, it is worth noting that the mass spectra of the unlabeled and labeled disaccharide-

tripeptide presented in Fig. 4 are almost mirror images. This reflects the preponderance of the

isotopologue containing only “light” isotopes in the unlabeled muropeptide followed (to the right)

by peaks of decreasing intensity resulting from incorporation of a few rare heavy isotopes. In

contrast, the peak of the fully labeled disaccharide-tripeptide is preceded (to the left) by peaks of

decreasing masses due to incorporation of a few rare 12C and 14N nuclei. The same conclusions

apply to the spectrum of the unlabeled disaccharide-tetrapeptide monomer (supplementary Fig.

S3).

The structure of the isotopologues was determined by tandem mass spectrometry. As an

example, Table 2 presents the MS/MS data obtained for mono-protonated isotopologue ions of

the labeled disaccharide-tetrapeptide (C37H63N7O21•H+) under isotopic cluster peaks at m/zobs

986.519 and 985.516. These values match the calculated m/zcal values for isotopologues either

exclusively containing the 13C and 15N isotopes (m/z 986.518) or bearing a single light isotope of

either element (m/zcal 985.515 or 985.521 for a 12C or 14N isotope, respectively). Fragmentation

of the isotopologues under the peak at m/zobs of 986.519 resulted in the expected set of product

ions for a uniformly labeled disaccharide-tetrapeptide, while two sets of product ions, differing

by approximately one mass unit, were observed for the fragmentation of isotopologues bearing a

single light isotope under the peak at m/zobs of 985.516. The fragments in the lower-mass ion set

had retained their single light nucleus (12C or 14N) while the fragments in the higher-mass ion

set had lost their single light nucleus and were uniformly labeled (these higher-mass fragments

matched exactly those obtained for the uniformly labeled disaccharide-tetrapeptide). Thus,

each fragment was present in the spectrum as a pair of peaks that reflected the presence or the

absence of the light isotope. Table 2 provides the relative intensity of these two peaks for each

fragment of the isotopologues. The relative intensity of the peak containing the light isotope

decreased with the mass of the fragment. This result is expected for a uniform distribution of

the light isotope in both the sugar and peptide moieties of the disaccharide-tetrapeptide because

a smaller number of nuclei (smaller mass) makes it more probable to lose the single light nucleus

during fragmentation.

Taken together, these results show that we successfully achieved extensive peptidoglycan

labeling, the extent of which was only limited by the extent (99%) of the labeling of glucose and

NH4Cl in the labeled growth medium. Thus, isotopic dilution due to atmospheric N2 and CO2

was not an issue, as expected from the metabolic fluxes of E. coli grown in minimal medium.
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Table 2: Tandem mass spectrometry analysis of isotopologues of the GlcNAc-MurNAc-

tetrapeptide.

Uniformly labeled One light nucleus
Structure Isotopologue m/zcalc m/zobs Intensity (%) m/zobs Intensity (%)

GlcNAc-
MurNac-
l-Ala-γ-d-Glu-
DAP-d-Alaa

Uniformly
labeled

986.52 986.52 100 ND 0

One light
nucleus

985.52 ND 0 985.60 100

MurNac-
l-Ala-γ-d-Glu-
DAP-d-Ala

Uniformly
labeled

774.42 774.42 100 774.45 18

One light
nucleus

773.41 ND 0 773.45 82

MurNac-
l-Ala-γ-d-Glu-
DAP

Uniformly
labeled

681.36 681.36 100 681.40 12

One light
nucleus

680.36 ND 0 680.40 88

l-Ala-γ-d-Glu-
DAP-d-Ala

Uniformly
labeled

485.27 485.27 100 485.30 35

One light
nucleus

484.26 ND 0 484.30 65

γ-d-Glu-
DAP-d-Ala

Uniformly
labeled

410.22 410.22 100 410.25 47

One light
nucleus

409.22 ND 0 409.25 53

l-Ala-γ-d-Glu-
DAP

Uniformly
labeled

392.21 392.21 100 392.25 48

One light
nucleus

391.21 ND 0 391.25 52

γ-d-Glu-
DAP

Uniformly
labeled

317.17 317.17 100 317.20 54

One light
nucleus

316.16 ND 0 316.20 46

a Mono-protonated precursor ion: C37H63N7O21•H+.
Abbreviations: m/z cal, calculated m/z ; m/z obs, observed m/z; ND, not detected.
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Note that the pre-culture and the culture were both performed in labeled M9 medium to avoid

any contribution of the initial inoculum to the final isotopic composition of the peptidogly-

can. Simulation of high-resolution mass spectra was successfully used to assign isotopologues

of defined structure and isotopic composition to the corresponding peaks in experimental mass

spectra (Fig. 4 and Supplementary Fig. S3). These assignments were confirmed by tandem

mass spectrometry for two isotopologues (Table 2).

Mass spectra of the four dimers Peptidoglycan dimers do not harbor any symmetry axis

as one peptide stem acts as an acyl donor in the transpeptidation reaction whereas the other acts

as an acyl acceptor andretains the single free carboxyl extremity of the peptide moiety (Fig. 1).

By convention, the structure of dimers is represented by placing the donor on the left separated

from the acceptor by an arrow (donor→acceptor). In E. coli M1.5, the YcbB l,d-transpeptidase

catalyzes the formation of DAP3
→DAP3 cross-links connecting two diaminopimelyl residues

(DAP3) located at the third position of a donor stem (a tripeptide) and of an acceptor stem

(a tripeptide or a tetrapeptide), thus generating Tri→Tri and Tri→Tetra dimers, respectively.

These dimers only differ by the presence or absence of d-Ala at the C-terminal end of the ac-

ceptor stem. The d,d-transpeptidases of E. coli M1.5 catalyze the formation of d-Ala4
→DAP3

cross-links connecting a tetrapeptide donor stem to an acceptor stem containing either a tripep-

tide (Tetra→Tri dimer) or a tetrapeptide (Tetra→Tetra dimer). In these dimers, d-Ala at the

fourth position of the donor stem is engaged in the d-Ala4
→DAP3 cross-link and DAP3 or d-

Ala4 occupies the C-terminal position of the acceptor stem. The Tri→Tetra and Tetra→Tri

isomers formed by YcbB and the d,d-transpeptidases can be discriminated by tandem mass

spectrometry based on the dissociation of the DAP3
→DAP3 and d-Ala4

→DAP3 cross-links, re-

spectively, and on the loss of a C-terminal d-Ala only present in the acceptor stem of the dimer

generated by YcbB (Supplementary Data). As detailed above for monomers, the comparison of

the experimental and simulated mass spectra showed that the observed isotopic clusters of the

dimers can be accounted for by the isotopic composition of the growth media (see Supplemen-

tary Fig. S4 for the Tetra→Tetra dimer). The structure of all dimers was confirmed by tandem

mass spectrometry (Supplementary Data).

Muropeptide composition of the peptidoglycan of M1.5 and labeling procedure.

To investigate the mode of insertion of peptidoglycan precursors into sacculi, E. coli M1.5

was grown in minimal medium to an OD600 of 0.4. Bacteria were collected by centrifugation

and resuspended in the unlabeled medium. Incubation was continued in the same conditions

and samples were collected at 5, 30, 45, 65, and 85 min after the medium switch (Fig. 5A)
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Supplementary Figure S4: Mass spectra of unlabeled and uniformly labeled Tetra→Tetra
dimer.
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representing a little less than an generation (90 min; Supplementary Table S2). Peptidoglycan

was extracted and the six predominant muropeptides, two monomers and four dimers, were

purified by rpHPLC (Fig. 5B to 5F), and identified by mass spectrometry (Fig. 5G). The

relative abundance of these six muropeptides remained similar in all samples indicating, as

expected, that the medium switch did not alter the overall peptidoglycan composition (Fig. 5G

and 5H).

Figure 5: Muropeptide profile of peptidoglycan extracted from E. coli M1.5 after

the medium switch. (A) E. coli M1.5 was inoculated in the labeled minimal medium and
bacterial growth was monitored by determining the OD600 (orange curve, squares). When the
optical density reached 0.4, bacteria were collected by centrifugation, resuspended in the unla-
beled minimum medium, incubation was continued (blue curve), and samples were withdrawn
at 5, 30, 45, 65, and 85 min (circles). (B to F) Peptidoglycan was extracted from these five
culture samples, digested with muramidases, and the resulting muropeptides were separated
by rpHPLC. (G) and (H) Identification and relative abundance of muropeptides in the major
chromatographic peaks.

Impact of the medium switch on the isotopic composition of monomers. Mass spec-

trometry revealed that growth in the unlabeled medium after the switch led to the appearance of

disaccharide-tripeptide isotopologues of natural isotopic composition (Fig. 6A). These isotopo-

logues were exclusively assembled from unlabeled glucose and NH4Cl after the medium switch.

In addition, minor amounts of hybrids containing both labeled and unlabeled moieties were
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Supplementary Table S2: Generation time for growth of BW25113 derivatives in M9 minimal
medium

Strain Generation time (min)
β-lactam a Experiment 1 Experiment 2

M1.5

None 90 ± 2 85 ± 3
AMP 163 ± 9 165 ± 13

BW25113 ∆6ldt

None 67 ± 1 66 ± 1
AZT b 64 ± 1 63 ± 1
MEL b 63 ± 1 65 ± 1

a β-lactam added to the growth medium. AZT, aztreonam at 12 µg/ml; MEL, mecillinam at
2.5 µg/ml; AMP, ampicillin at 16 µg/ml.
b For growth in the presence of aztreonam and mecillinam, the generation time was estimated
from the variation in OD600 during 90 min.

detected (named h1, h2, and h3 in Fig. 6A).

Tandem mass spectrometry (Supplementary Data) indicated that hybrid h1 consists of two

types of isotopologues containing a labeled hexosamine moiety either in the GlcNAc or MurNAc

residue). Hybrid h2 contained a labeled stem peptide and an unlabeled disaccharide. Hybrid h3

was uniformly labeled except for GlcNAc. Hybrids h1, h2, and h3 could originate from the incor-

poration of recycled fragments of preexisting (labeled) peptidoglycan. This requires digestion of

the preexisting peptidoglycan by hydrolases and import of the digested fragments by specialized

permeases (AmpG and Opp) [24]. Alternatively, the hybrids could originate from an intracellu-

lar pool of labeled precursors present prior to the medium switch. The structures of h1 and h2

were fully accounted for by the known peptidoglycan recycling pathway of E. coli [24] (Supple-

mentary Fig. S1). Indeed, GlcNAc and MurNAc are recycled into glucosamine-6-phosphate, a

common precursor of UDP-GlcNAc and UDP-MurNAc. This pathway could therefore account

for the incorporation of a recycled (labeled) hexosamine into the GlcNAc or MurNAc residues of

the h1 isotopomer. Regarding h2, the peptide moiety of peptidoglycan fragments is recycled as a

tripeptide, which is added to UDP-MurNAc by the Mpl synthetase [37]. This pathway could be

responsible for formation of the h2 hybrid containing a labeled (recycled) tripeptide and an unla-

beled GlcNAc-MurNAc disaccharide. In contrast, the formation of the h3 hybrid did not depend

upon recycling since MurNAc-peptide moieties are not selectively recycled as single molecules.

Thus, the h3 hybrid originated from moieties that were assembled after (unlabeled GlcNAc) or

prior to (labeled MurNAc-peptide) the medium switch. GlcNAc is incorporated into the pepti-

doglycan by the MurG transferase that catalyzes the transfer of the GlcNAc residue from UDP-

GlcNAc to the late peptidoglycan precursor undecaprenyl-pyrophospho-MurNAc-pentapeptide
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Figure 6: Isotopic composition of monomers isolated from the peptidoglycan of

E. coli M1.5 after the medium switch. (A) Mass spectrum obtained for the GlcNAc-
MurNAc-tripeptide monomer recovered in peak A of the chromatogram in Fig. 5D. (B) Mass
spectrum obtained for the GlcNAc-MurNAc-tetrapeptide monomer recovered in peak B of the
chromatogram in Fig. 5D. Purple and red colors indicate the unlabeled (12C and 14N) or
labeled (13C and 15N) isotopic content of the amino acid and sugar moieties of the monomers,
respectively.
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(Supplementary Fig. S1). UDP-GlcNAc is expected to be rapidly synthesized from glucose and

NH4Cl (via glutamine; five biosynthetic steps) and rapidly consumed as it participates in var-

ious biosynthetic pathways. In contrast, the assembly of undecaprenyl-pyrophospho-MurNAc-

pentapeptide from UDP-GlcNAc requires eight additional biosynthetic steps plus those required

for production of the amino acids incorporated into the stem pentapeptide. The cytoplasm

of E. coli contains an important pool of UDP-MurNAc-pentapeptide (an estimate of 120,000

molecules per bacterial cell), which is the immediate precursor of undecaprenyl-pyrophospho-

MurNAc-pentapeptide [2]. The pool of UDP-MurNAc-pentapeptide represents ca. 3% of the

total number of stem peptides present in the cell wall. These observations indicate that h3 is

the sole hybrid assembled independently from recycling since it consists of labeled (preexisting)

UDP-MurNAc-pentapeptide and unlabeled (synthesized de novo) GlcNAc moieties.

The role of recycling in the formation of the isotopologues was further investigated by con-

structing a derivative of E. coli M1.5 deficient in peptidoglycan recycling following deletion of

the ampG permease gene. In this mutant, h1 hybrids were not detected indicating that they orig-

inated from incorporation of recycled glucosamine (Supplementary Fig. S5). Hybrids h2 and h3

were present in the peptidoglycan of the ∆ampG mutant as expected from the metabolic chart

presented in Supplementary Fig. S1. Indeed, recycling of the tripeptide (hybrid h2) involves

both the transport of anhydroMurNAc-peptides by AmpG and the transport of the tripeptide by

the Opp permease [24]. Deletion of the ampG gene is therefore expected to reduce rather than

abolish formation of the h2 hybrid. The h3 hybrid was proposed to originate from preexisting

UDP-MurNAc-pentapeptide and de novo synthesized GlcNAc moieties (above). Accordingly,

the ampG deletion did not prevent formation of the h3 hybrid.

Analysis of the disaccharide-tetrapeptide (Fig. 6B and Supplementary Data) revealed a

pattern of incorporation of unlabeled moieties very similar to that described above for the

disaccharide-tripeptide. After the medium switch, the bulk of the 12C and 14N nuclei were

incorporated into uniformly unlabeled disaccharide-tetrapeptides. Hybrid molecules retained

labeled glucosamine moieties in GlcNAc or MurNAc (h1), a labeled tripeptide moiety in the

tetrapeptide stem (h2), or labeling of the entire molecule except for GlcNAc (h3). As expected,

the h1 hybrid originated from peptidoglycan recycling as it was not detected in the ∆ampG

mutant (Supplementary Fig. S5). The h1 hybrid could be accounted for by incorporation of

recycled hexosamine, as described above for the disaccharide-tripeptide. The hybrid tetrapeptide

stem present in h2 is also in full agreement with the E. coli recycling pathway as the tripeptide

and the terminal d-Ala are expected to have different origins. Indeed, the terminal d-Ala of

recycled tetrapeptide stems is cleaved off by a cytoplasmic l,d-carboxypeptidase to form a
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Supplementary Figure S5: Isotopic composition of monomers isolated from the peptido-
glycan of E. coli M1.5 and a recycling-deficient derivative obtained by deletion of the ampG

permease gene.

tripeptide that is added to MurNAc by the Mpl synthetase [38]. In the following step, MurF,

adds the d-Ala-d-Ala dipeptide to generate the complete pentapeptide stem. Thus, hybrid h2

originated from recycled (labeled) tripeptides while the other components (GlcNAc, MurNAc,

and d-Ala4) were synthesized from unlabeled glucose and NH4Cl introduced at the medium

switch. Hybrid h3 was present in the peptidoglycan preparation of the ∆ampG mutant indicating

that it was assembled from unlabeled GlcNAc and labeled MurNAc-pentapeptide moieties, as

described above for the disaccharide-tripeptide.

Each of the five isotopomers discussed above generated the isotopic clusters expected from

the isotopic composition of the culture media. The basis for the mirror image of the isotopic

clusters of muropeptides exclusively generated from either labeled or unlabeled glucose and

NH4Cl has already been introduced in the text and in Fig. 4. The major h2 isotopologue

mass peak had minor mass peaks both at lower and higher m/z values generating a seemingly

symmetrical cluster (Fig. 6A and 6B; Supplementary Fig. S6 for simulated spectra). Peaks at

lower m/z values mostly originated from the presence of rare 12C and 14N nuclei in the labeled

moiety of the molecule. Peaks at higher m/z values mostly originated from the presence of

rare 13C and 15N nuclei in the unlabeled moiety of the molecule. The contribution of these two

effects shaped a nearly symmetrical isotopic cluster centered on the major isotopologue mass
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Supplementary Figure S6: Simulated spectra of hybrid monomers

peak exclusively containing (i) 12C and 14N nuclei in the unlabeled moiety of the molecule, (ii)

13C and 15N nuclei in the labeled moiety, and (iii) 1H and 16O nuclei in the entire molecule.

Kinetics of incorporation of unlabeled nuclei into muropeptide monomers. Our next

objective was to compare the evolution of the ratios of uniformly labeled and unlabeled monomers

following the culture medium switch. This analysis was based on the mass spectra of muropep-

tides isolated from culture samples withdrawn at various times after the medium switch as

described in Fig. 5. The mass spectra obtained for the disaccharide-tripeptide and disaccharide-

tetrapeptide are displayed in Fig. 7A and 7C, respectively. Variations in the relative abundance

of the uniformly labeled and unlabeled isotopologues deduced from mass spectral ion intensities

are presented in Fig. 7B and 7D. For the disaccharide-tripeptide, replacement of the uniformly

labeled isotopomer by its unlabeled counterpart reached ca. 50% in 85 min (Fig. 7B). In con-

trast, the replacement was more rapid for the disaccharide-tetrapeptide (ca. 94% in 85 min) (Fig.

7D). Thus, the isotopic labeling method was able to resolve different kinetics of accumulation

of the neo-synthesized monomers (Fig. 7) although their relative proportions in the peptido-

glycan remained similar (Fig. 5). The tetrapeptide and tripeptide stems may originate from

sequential hydrolytic reactions involving the removal of d-Ala5 from free (uncross-linked) pen-

tapeptide stems by d,d-carboxypeptidases, followed by the removal of d-Ala4 from the resulting

tetrapeptide by the l,d-carboxypeptidase activity of YcbB [9]. The sequential nature of these

reactions may explain, at least in part, the delayed accumulation of the disaccharide-tripeptide,

as it derives from the disaccharide-tetrapeptide.

Kinetics of accumulations of hybrids revealed that hybrids h1 and h2, which originated from

peptidoglycan recycling, were virtually absent at 5 min and increased between 5 and 85 min

for the disaccharide-tripeptide and between 5 and 30 min for the disaccharide-tetrapeptide (Fig.
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Figure 7: Kinetic analysis of the proportion of isotopologue monomers in the

peptidoglycan of strain M1.5. (A) and (C), mass spectra of disaccharide-tripeptide and
disaccharide-tetrapeptide from bacteria collected at 5, 30, 45, 65, and 85 min after the medium
switch. (B) and (D), kinetic analysis of the ratios of isotopologues calculated from relative ion
current intensities for the disaccharide-tripeptide and disaccharide-tetrapeptide, respectively.
The upper panels show the evolution of the relative abundance of uniformly labeled and unla-
beled monomers. The lower panels present the evolution of the relative abundance of hybrids
relative to the complete set of monomers. The open and solid symbols are the results from two
biological repeats. See Supplementary Data for the complete assignment of hybrid structures.
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7). This is expected since recycled building blocks (glucosamine and tripeptide for h1 and h2,

respectively) originated from a peptidoglycan that was fully labeled at the time of the medium

switch and remained partially labeled during the time course of the experiment. In contrast,

h3 hybrids were already present at 5 min, and reached a maximum at ca. 18 and 30 min for

tetrapeptide and tripeptide, respectively, as expected for their synthesis from a cytoplasmic pool

of labeled UDP-MurNAc-pentapeptide present at the time of the medium switch.

Impact of the medium switch on the isotopic composition of dimers. Three main

types of isotopologues were observed after the medium switch for each of the four dimers (Fig.

8 for the Tri→Tri dimer and Supplementary Fig. S7, S8, and S9 for the Tetra→Tri, Tri→Tetra,

Tetra→Tetra dimers, respectively). The first type of isotopologues were uniformly labeled.

These dimers were generated by the cross-linking of stems peptides assembled before the medium

switch. Thus, they correspond to fragments of the pre-existing peptidoglycan. These dimers are

referred to as old→old isotopologue dimers. The second type of isotopologues was generated

by the cross-linking of a donor stem assembled after the medium switch to an acceptor stem

assembled prior to the medium switch (referred to as new→old isotopologue dimers). These iso-

topologue dimers correspond to a de novo synthesized donor stem attached to the pre-existing

peptidoglycan, which provided the acceptor. The third type of isotopologue dimers was gener-

ated by the cross-linking of two neo-synthesized stem peptides (new→new). The h1, h2, and

h3 hybrid depicted in Fig. 6 were assigned to the neo-synthesized type of disaccharide-peptides

since they contained unlabeled moieties implying their assembly after the medium switch. The

absence of old→new dimers (see Supplementary data for MS/MS analyses) indicated that the

peptide stems present in the pre-existing peptidoglycan were not used as donors for cross-linking

to neo-synthesized acceptors. For 4→3 cross-linked dimers, this result is expected since d,d-

transpeptidases belonging to the PBP family use pentapeptide-containing donors, which are

almost completely absent form mature peptidoglycan due to the hydrolysis of the d-Ala4-d-

Ala5 amide bond by d,d-carboxypeptidases (See Introduction section and Fig. 1). For the 3→3

cross-linked Tri→Tetra dimer, tetrapeptide stems present in the pre-existing peptidoglycan could

potentially be used as donors by the YcbB l,d-transpeptidase although this was not observed.

Thus, the absence of old→new 3→3 cross-linked Tri→Tetra dimer indicates that YcbB discrim-

inates neo-synthesized tetrapeptide stems (used as donors) from pre-existing tetrapeptide stems

(used as acceptors) by an unknown mechanism that does not depend upon the structure of the

disaccharide-peptide but upon the presence of the donor in a neo-synthesized glycan chain and

of the acceptor in the preexisting peptidoglycan. The absence of old→new 3→3 cross-linked

Tri→Tri dimers could be accounted for by the same mechanism.
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Figure 8: Structure of Tri→Tri isotopologues in the peptidoglycan of strain M1.5

grown in the absence of β-lactams. (A) Mass spectrum highlighting the 10 major isotopo-
logues. (B) Structure of the 10 major isotopologues. The observed (obs) and calculated (cal)
m/z values of the molecular ions (ion) and the difference in part per million (ppm) between
these values are indicated. New (neo-synthesized) unlabeled moieties of isotopologues are indi-
cated in purple. Old (preexisting) labeled moieties of isotopologues are indicated in red. h1, h2,
and h3 (in red) refer to recycled moieties originating from pre-existing labeled peptidoglycan
(h1 and h2) or from the pre-existing (labeled) UDP-MurNAc-pentapeptide pool as described in
Fig. 6. The origin of the donor and acceptor participating in the cross-linking reaction, new
(neo-synthesized) or old (preexisting in the cell wall) are indicated in purple and red, respec-
tively. The relative abundance of the isotopologues (%) was deduced from the relative intensity
of peaks corresponding to [M+2H]2+ ions as labeled in A.
Abbreviations: h1, hybrid containing a recycled glucosamine moiety; h2, hybrid containing a re-
cycled tripeptide moiety; h3, hybrid containing a labeled MurNAc-tripeptide moiety originating
from the preexisting UDP-MurNAc-pentapeptide pool.
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Supplementary Figure S7: Structure of Tetra→Tri isotopologues in the peptidogly-

can of strain M1.5 grown in the absence of β-lactams.
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Supplementary Figure S8: Structure of Tri→Tetra isotopologues in the peptidogly-

can of strain M1.5 grown in the absence of β-lactams.
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Supplementary Figure S9: Structure of Tetra→Tetra isotopologues in the peptido-

glycan of strain M1.5 grown in the absence of β-lactams.
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Kinetic analyses revealed that the Tri→Tri and Tetra→Tri dimers were almost exclusively

of the new→old type rather than of the new→new type (Fig. 9). Thus, cross-linking of neo-

synthesized donor stems to tripeptide acceptor stems present in the preexisting peptidoglycan

had a significant contribution to peptidoglycan polymerization by PBPs and YcbB. Strikingly,

the kinetics of formation of Tri→Tri and Tetra→Tri dimers containing a tripeptide stem in

the acceptor position were similar for both types of transpeptidases. Similarity between the

transpeptidases was also detected for the kinetics of synthesis of Tri→Tetra and Tetra→Tetra

dimers containing a tetrapeptide stem in the acceptor position.

Figure 9: Mode of cross-linking of de novo synthesized peptidoglycan subunits in E.

coli M1.5 grown in the absence of β-lactam. For each dimer (A, B, C, and D), the relative
abundance (rel. abundance) was calculated for isotopologues originating from cross-liking of (i)
two pre-existing stems (old→old; red), (ii) a new donor stem (i.e. a stem synthesized after the
medium switch) and a pre-existing acceptor stem (new→old; grey), and (iii) two new stems
(new→new; purple). The calculations take into account the contribution of de novo synthesized
stems originating from recycled moieties and from the labeled UDP-MurNAc-pentapeptide pool
as described in Figure 8 and in Supplementary Fig. S7, S8, and S9 for the Tri→Tri, Tetra→Tri,
Tri→Tetra, and Tetra→Tetra dimers, respectively. The open and closed symbols correspond to
data from two independent experiments.

In contrast, strikingly distinct kinetics were observed between dimers containing a stem

tripeptide or tetrapeptide in the acceptor positon irrespective of the transpeptidase responsible

for their formation. The former (tripeptide acceptor) were almost exclusively of the new→old

type (above) whereas the latter (tetrapeptide acceptor) were accounted for by similar amounts
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of isotopologues of the new→old and new→new types in the first 25 min of the kinetics. Thus,

the mode of insertion of peptidoglycan subunits depended upon the structureof the acceptor

stem (tripeptide versus tetrapeptide) rather than upon the type of transpeptidase (PBPs versus

YcbB). The observed kinetics may be accounted for by at least two explanations: The dimers

containing tripeptide and tetrapeptide stems may be independently generated according to the

one- and three-at-a time models of insertion of new subunits depicted in supplementary Fig. S2A

and S2C, respectively. Indeed, these models predict new→new to new→old ratios of 0 and 1,

respectively, in agreement with the experimental data. Alternatively, all dimers may begenerated

by the two-at-a-time model of insertion of new subunits, which predicts a new→new to new→old

ratio of 0.5. The new→new dimers do not contain a tripeptide in the acceptor position since

tripeptide stems are slowly appearing in the newly synthesized material (above). There are

several caveats in the previous analyses since they did not take into consideration (i) the fact

that the mode of insertion of peptidoglycan subunits is likely to differ in the side-wall and in

the septum, (ii) the complexity of the potential interconversions between dimers and monomers

that involve not only the formation of cross-links by transpeptidases but also their hydrolysis

by endopeptidases, and (iii) the conversion of tetrapeptide stems to tripeptide stems both in

monomers and in the acceptor positon of dimers (see Introduction section and Supplementary

Fig. S10A).

For these reasons, our next objectives were to analyze the mode of insertion of peptidoglycan

subunits (i) in strains exclusively relying on PBPs or YcbB for peptidoglycan cross-linking and

(ii) in conditions in which synthesis of the side wall and the septum is blocked by selective

inhibitors.

Mode of insertion of peptidoglycan subunits in the absence of any l,d-transpeptidase.

Kinetic analyses of the insertion of peptidoglycan subunits were performed in E. coli ∆6ldt, a

derivative of strain BW25113 that does not harbor any of the six genes encoding l,d-transpeptidases

in E. coli. The absence of the these enzymes greatly simplifies both the metabolic scheme for

peptidoglycan cross-linking (Supplementary Fig. S10B) and the muropeptide rpHPLC profile

(Fig. 10A).

This profile contains only two main peaks, corresponding to the tetrapeptide monomer

and the Tetra→Tetra dimer due to the absence of 3→3 cross-linked dimers (missing l,d-

transpeptidase activity) and the absence of monomers or dimers containing tripeptide stems

(l,d-carboxypeptidase activity). The medium switch led to the accumulation of the unlabeled

tetrapeptide monomer and of hybrids h1, h2, and h3 (Fig. 10B and Fig. 10C - No Antibiotic).

The majority of the Tetra→Tetra dimers of the ∆6ldt strain were hybrids containing an unla-
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Supplementary Figure S10: Peptidoglycan metabolism in E. coli M1.5 (A) and

∆6ldt (B). The reactions catalyzed by transpeptidases (formation of cross-links), endopeptidases
(hydrolysis of cross-links), and carboxypeptidases (hydrolysis of C-terminal d-Ala4 and d-Ala5

are indicated by black, red, and blue arrows, respectively. PG is polymerized from a single
precursor, Lipid II, containing a disaccharide and a pentapeptide, which originates form de novo

synthesis and from recycling.
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Figure 10: Mode of insertion of peptidoglycan subunits in the absence of l,d-

transpeptidases and impact of the inhibition of PBPs by aztreonam and mecilli-

nam. (A) Muropeptide rpHPLC profile of PG from E. coli strain ∆6ldt grown in the absence
of β-lactam or in the presence of aztreonam (AZT) or mecillinam (MEC). Kinetic data were
collected for fully labeled (red), fully unlabeled (purple) tetrapeptide monomers (Tetra) (B) and
hybrids (C) as defined in Figure 6. For the Tetra→Tetra dimer (D), the relative abundance (rel.
abundance) was calculated for isotopologues originating from cross-liking of (i) two pre-existing
stems (old→old; red), (ii) a new donor stem (i.e. a stem synthesized after the medium switch)
and a pre-existing acceptor stem (new→old; grey), and (iii) two new stems (new→new; purple);
see also Supp. Fig. 9. The calculations take into account the contribution of de novo synthesized
stems originating from recycled moieties and from the labeled UDP-MurNAc-pentapeptide pool.
The open and closed symbols correspond to data from two independent experiments.
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beled (de novo synthesized) tetrapeptide stem at the donor position and a labeled tetrapeptide

stem (preexisting peptidoglycan) at the acceptor position. This pattern mainly fits the one-at-a

time mode of insertion of newly synthesized glycan strands.

Mode of insertion of peptidoglycan subunits into the septum and in thelateral wall.

In E. coli, two β-lactams, mecillinam and aztreonam, specifically inhibit the synthesis of the

lateral cell wall and of the septum by inactivating the d,d-transpeptidase activity of PBP2 and

PBP3, respectively. Mecillinam (2.5 µg/ml) and aztreonam (12 µg/ml) were added to the labeled

culture medium of strain ∆6ldt 5 min prior to the medium switch and to the unlabeled culture

medium used to resuspend the bacteria at the medium switch. The kinetics of insertion of de novo

synthesized subunits in the tetrapeptide monomers and in the Tetra→Tetra dimers were similar

in the cultures containing aztreonam or no drug (Fig. 10). The pattern corresponded to the

one-at-a time mode of insertion of newly synthesized glycan strands since the new→new dimer

were not abundant at the beginning of the kinetics. In contrast, the new→new and new→old

isotopologues dimers were both present in the cultures containing mecillinam indicating that

formation of the septum involves insertion of multiple strands at a time.

Mode of insertion of peptidoglycan subunits in conditions in which YcbB is the only

functional transpeptidase. In the presence of ampicillin (16 µg/ml) , the peptidoglycan of

strain M1.5 was predominantly (ca. 98.5%) cross-linked by YcbB since the d,d-transpeptidase

activity of PBPs was inhibited by the drug (Fig. 11).

Inhibition of d,d-carboxypeptidases belonging to the PBP family prevented full hydrolysis of

d-Ala5 since pentapeptide stems were detected both in monomers and in the acceptor position of

dimers. Isotopologues of the new→new type rather than of new→old type were predominantly

detected among dimers containing a tetrapeptide or a pentapeptide stem in the acceptor posi-

tion. These dimers originate from neo-synthesized glycan chains cross-linked to each other. In

contrast, the Tri→Tetra dimers in the peptidoglycan of M1.5 grown in the absence of ampicillin

contained both the new→new and new→old isotopologues (Fig. 9). This difference was not

observed for the Tri→Tri dimers since the new→old isotopologues were prevalent for growth of

M1.5 both in the presence or absence of ampicillin.

4 Discussion

Peptidoglycan labeling schemes. Initial studies of the expansion of the peptidoglycan

macromolecule relied on labeling with [3H] or [14C]DAP [25]. Complementary imaging was
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Figure 11: Mode of insertion of peptidoglycan subunits in conditions in which YcbB

is the only functional transpeptidase following inhibitions of the d,d-transpeptidase

activity of PBPs by ampicillin. (A) Muropeptide rpHPLC profile of PG from E. coli strain
M1.5 grown in the presence of ampicillin (16 µg/ml). (B) Kinetic data were collected for neo-
synthesized (new, red) and pre-existing (old, purple) monomers. (C) Kinetic data were also
collected for dimers originating from cross-linking of (i) two pre-existing stems (old→old; red),
(ii) a new donor stem (i.e. a stem synthesized after the medium switch) and a pre-existing
acceptor stem (new→old; grey), and (iii) two new stems (new→new; purple). The calcula-
tions take into account the contribution of de novo synthesized stems originating from recycled
moieties and from the labeled UDP-MurNAc-pentapeptide pool. The open and closed symbols
correspond to data from two independent experiments. Rel. abundance, relative abundance
of isotopologues. Disaccharide-peptide subunits contained a tripeptide (Tri), a tetrapeptide
(Tetra), or a pentapeptide (Penta) stem.
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based on the incorporation of d-cysteine at the fourth position of tetrapeptide stems by an

enzymatic activity that was unknown at that time [39] and that most likely corresponds to

the exchange activity of l,d-transpeptidases [7]. Free thiol groups of cysteine residues were

biotinylated, enabling immunodetection by transmission electron microscopy. These approaches

revealed single-strand and diffuse insertion of newly synthesized glycan chains into the lateral cell

wall whereas synthesis of the septum relied on insertion of multiple strands at a time in sharply

outlined growth zones [39]. Quantitatively, the number of glycan strands inserted at a time was

previously estimated by determining the acceptor-donor radioactivity ratio (ADRR), i.e. the

radioactivity ratio in the acceptor and donor positions of dimers (Supplementary Fig. S2) [40].

By analogy, we define here the acceptor-donor ratio in neo-synthesized stems (ADRNS), which is

more accurate since it takes into account hybrid isotopologues containing unlabeled and labeled

moieties (see below). ADRR determination was based on pulse labeling with radioactive DAP

whereas ADRNS was based on determination of the incorporation of neo-synthesized subunits

into the fully labeled pre-existing peptidoglycan. The latter strategy was chosen because of

the ease of obtaining fully labeled cells with non-radioactive heavy isotopes thereby providing

direct access to the absolute amount of isotopologues. Switching the medium from labelled to

unlabelled was chosen since it facilitates the detection of neo-synthesized isotopologues present

at a low abundance at early times after the medium switch. Indeed, the corresponding isotopic

clusters do not appear in the region of the mass spectra containing the sodium adducts of the

fully labeled isotopologues, which outnumber pre-existing isotopologues at the beginning of the

kinetics. Preliminary experiments (data not shown) showed that this is paramount since the op-

posite labeling scheme involving an unlabeled-to-labelled medium switch resulted in the presence

of neo-synthesized and pre-existing isotopologues in partially overlapping isotopic clusters.

Mode of insertion of subunits into the growing peptidoglycan network by PBPs.

Since the mode of insertion of new peptidoglycan subunits into the growing peptidoglycan varies

during the cell cycle various approaches were developed for specifically investigating expansion

of the lateral cell wall and the synthesis of the septum. These approaches relied on the use

of synchronized cells [25], specific inhibitors of proteins of the elongasome and of the divisome

[41, 42], thermosensitive mutants deficient in cell elongation or cell division at the non-permissive

temperature [40], and overproduction of the cell division inhibitor SulA [43, 44]. In our study, we

used aztreonam and mecillinam to specifically inhibit synthesis of septal and lateral peptidogly-

can, respectively, in strain BW25113 ∆6ldt, which exclusively relies on PBPs for cross-linking.

In the presence of aztreonam, the acceptor-donor ratio of unlabeled (neo-synthesized) material

(ADRNS) was 0.14 five minutes after the medium switch and increased to 0.20, 0.34, 0.50,
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and 0.64 at 20, 40, 60, and 80 minutes, respectively (Supplementary Fig. S11). At this time

scale, the pre-existing (labeled) disaccharide-peptides are gradually replaced by neo-synthesized

(unlabeled) disaccharide-peptides accounting for the fact that neo-synthesized subunits are in-

creasingly cross-linked to unlabeled disaccharide-peptide subunits generating dimers with an

ADRNS of 1 (unlabeled donor and acceptor). The extrapolation of the ADRNS at t=0 (time

of the medium switch) is therefore relevant to the evaluation of the mode of insertion of new

subunits into the peptidoglycan. The extrapolated ADRNS value of 0.08 (Supplementary Fig.

S11) was similar to the ADRR value of 0.10 reported in reference [25], in that case obtained

by extrapolating data to a synchronized culture exclusively containing elongating cells. In the

presence of mecillinam, the ADRNS values marginally increased over time, providing an ex-

trapolated value of 0.31 for t=0. This value is lower than the ADRR of 0.64 reported by De

Jonge et al. (1989) [25] by extrapolating data to a synchronized culture exclusively containing

constricting cells. These values correspond to the insertion of approximately two or five strands

at a time (calculated ADR of 0.33 and 0.67, respectively, see Introduction and Supplementary

Figure S2). The origin of this difference is unknown but may involve multiple causes including

the fact that blocking cell elongation by mecillinam may not fully prevent incorporation of newly

synthesized subunits because mecillinam does not block the polymerization of glycan chains by

the elongasome [43]. Together, our results are in agreement with the analysis reported by De-

Jonge et al. (1989) [25] showing single-strand insertion of neo-synthesized peptidoglycan in the

side wall versus insertion of multiple strands for septal peptidoglycan synthesis. In the absence

of mecillinam and aztreonam, the ADRNS value (0.14) was intermediate between the values

observed in the presence of aztreonam (0.08) and mecillinam (0.31), as qualitatively expected

for the combined contributions of cross-links located in the side wall and in the septum and the

lower contribution of the latter to the cell surface.

Mode of insertion of subunits involving the combined cross-linking activity of PBPs

and YcbB. In the absence of β-lactam, E. coli M1.5 [8, 14] relies both on the d,d-transpeptidase

activity of PBPs and the l,d-transpeptidase activity of YcbB for peptidoglycan cross-linking,

leading to high proportions of 4→3 (56%) and 3→3 (44%) cross-linked dimers (Table S1). The

proportions of dimers containing two neo-synthesized stems (new→new) or one neo-synthesized

and one pre-existing stem (new→old) were similar for the two types of cross-links (Fig. 9). Thus,

the d,d-transpeptidase activity of PBPs and the l,d-transpeptidase activity of YcbB were in-

volved in similar modes of insertion of new strands into the preexisting peptidoglycan of strain

M1.5. The ADRNS values were in the order of 0.17 and 0.22 for 4→3 and 3→3 crosslinks, re-

spectively. These values indicate that the neo-synthesized glycan strands are predominantly but
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Supplementary Figure S11: Acceptor to donor ratio of neo-synthesized stems

(ADRNS) of E. coli ∆6ldt.
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not exclusively cross-linked to the preexisting peptidoglycan for both types of transpeptidation.

Peptidoglycan polymerization might involve single-strand insertion in the side-wall and inser-

tion of multiple strands in the septum as discussed above for strain ∆6ldt. These observations

suggest that the mode of insertion of new subunits is not determined by the transpeptidases

but by other components of the peptidoglycan polymerization complexes, such as the scaffolding

proteins.

Mode of insertion of subunits involving exclusive cross-linking by the l,d-transpeptidase

activity of YcbB. Growth of E. coli M1.5 in the presence of 16 µg/mL ampicillin resulted

in a peptidoglycan almost exclusively cross-linked by YcbB due to the inhibition of the d,d-

transpeptidase activity of PBPs (Fig. 11). Strikingly, the Tri→Tetra and Tri→Penta dimers

were almost exclusively of the new→new type. This mode of insertion was not found in strain

M1.5 grown in the absence of ampicillin (Fig. 9) and in strain ∆6ldt grown in the presence of

aztreonam or in the absence of antibiotic (Fig. 10). The large proportion of new→new dimers

may originate from the inhibition of the transpeptidase activity of PBPs by ampicillin since

inactivation of PBPs by β-lactams is known to result in the uncoupling of the cross-linking and

transglycosylase reactions [43, 45]. This in turn results in the accumulation of linear glycan

strands that might be cross-linked to each other by YcbB [14]. Accumulation of linear glycan

strands potentially at the origin of the synthesis of the new→new dimers formed by YcbB is

also expected to be stimulated by a mutation present in M1.5 that impairs the activity of lytic

transglycosylase SltY and prevents the degradation of uncross-linked glycan strands [14]. The

new→new pattern of insertion almost exclusively detected in the Tri→Tetra and Tri→Penta

dimers (Fig. 11) corresponds to the insertion of multiple strands at a time. Thus, the neo-

synthesized material was only connected to the preexisting peptidoglycan by the formation of

Tri→Tri dimers, which are the only new→old dimers detected in the peptidoglycan. This implies

that the acceptors of the cross-linking reactions in the preexisting peptidoglycan were almost

exclusively tripeptides, whereas preexisting etrapeptides also acted as acceptors in the absence

of ampicillin (Fig. 10). The exclusive use of pre-existing tripeptides as acceptors in the presence

of ampicillin could be accounted for by the fact that these tripeptides originate from cleavage

of 3→3 cross-links liberating the tripeptide stems present in the donor position of the preex-

isting dimers. This model implies a cooperation between YcbB, which catalyzes the formation

of the Tri→Tri cross-links, and an endopeptidase activity, which provides the tripeptide ac-

ceptor substrate of this reaction by cleaving preexisting 3→3 cross-links. This endopeptidase

activity could correspond to that of MepK since this endopeptidase preferentially cleaves 3→3

cross-links in vitro, is essential for bacterial growth only in strains overproducing YcbB, and is
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not inhibited by ampicillin [14]. In the absence of ampicillin, the presence of 4→3 cross-links

and of active endopeptidases belonging to the PBP family could contribute to the diversity of

acceptors available for peptidoglycan cross-linking in mutant M1.5 leading to the formation of

dimers containing both tripeptide and tetrapeptide stems in the acceptor position of dimers.

Extent of peptidoglycan recycling. In the absence of turnover and recycling, the num-

ber of fully labeled disaccharide-peptide subunits is expected to remain constant. Turnover,

corresponding to a small proportion of peptidoglycan degradation products [46], results in a

reduction in the content of fully labeled disaccharide-peptides through loss of peptidoglycan

fragments in the external medium. Recycling also results in a reduction in the peptidoglycan

content of fully labeled disaccharide-peptides since the recycled moieties are incorporated into

peptidoglycan precursors in combination with neo-synthesized moieties according to the path-

ways depicted in Supplementary Fig. S1. These moieties include two glucosamine residues, two

acetyl groups, one d-lactoyl residue, the l-Ala-d-iGlu-DAP tripeptide or its constitutive amino

acids, and two d-Ala residues. Disaccharide-peptide units containng recycled fragments are

therefore mixtures of labeled and unlabeled moieties. These neo-synthesized chimeric structures

are easily distinguished from fully labeled disaccharide-peptide subunits originating from pep-

tidoglycan polymerized before the medium switch. Thus, the decrease in the absolute number

of fully labeled disaccharide-peptide subunits in one generation directly provides an estimate of

the fraction of the preexisting peptidoglycan that is hydrolyzed during each generation. The

decrease in the amount of fully labeled disaccharide-peptide subunits per generation was esti-

mated to be 39% for strain ∆6ldt and 56% or 78% for M1.5 grown in the absence or presence

of ampicillin (Supplementary Figure S12).

These figures are rough estimates since they are collected over a fraction of a generation time

(0.66 to 0.95). The extent of the release of fragments from the peptidoglycan macromolecule has

been previously evaluated by several approaches based on determination of radiolabeled DAP.

In mutants deficient in the production of the AmpG and Opp permeases, the peptidoglycan

fragments are not recycled in the cytoplasm and released in the culture medium [47]. Using

this approach, Jacobs et al. reported that ca. 44% of the peptidoglycan is released from the

peptidoglycan layer each generation by the E. coli K-12 strain MC4100. This value is similar

to that observed in our study for strain ∆6ldt (39%). The extent of peptidoglycan degradation

was higher in mutant M1.5, in particular in the presence of ampicillin (78%). This might result

from the uncoupling of the transglycosylation and transpeptidation reactions (above), which

was reported to lead to a futile cycle in which accumultation of uncross-linked glycan strands is

associated with their partial degradation by autolysins [45].
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Supplementary Figure S12: Loss of fully labeled disaccharide-peptide subunits from

pepitdoglycan. The relative amounts of fully labeled peptidoglycan disaccharide-peptides (nor-
malized to 1.0 at the medium switch) decreased over time, which was normalized per strain to
its respective generation time g (Supp. Table S2). The decrease was linear for M1.5 grown in
the presence or absence of ampicillin. The extent of the combined turnover and recycling was
estimated by linear regression of the full time course of the experiment. For BW25113∆6ldt,
a decrease in the content of fully labeled stems was only observed after 0.45 generation times
potentially reflecting the assembly of peptidoglycan from labeled precursors pools. For this rea-
son, regression analysis was performed for a portion of the kinetics (from 0.45 to 0.85 generation
time; data points excluded from regression analysis are shown as grey triangles). The accuracy
of the estimates of the combined peptidoglycan turnover and recycling provided by this anal-
ysis is limited by the absence of experimental evidence of the size of the putative preexisting
precursors pools and data collection for a limited time (less than a generation).
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Advantages and limitations of peptidoglycan analyses based on incorporation of

radioactive DAP versus uniform labeling with stable isotopes. Most studies investi-

gating PG metabolism based on labeling with radioactive DAP relied at least partially on E. coli

strain W7, a derivative of K-12 strain MC4100, which is deficient in DAP synthesis and conver-

sion of DAP to l-lysine due to deletions of the lysA and dapF genes, respectively [40, 48, 46, 23].

This strain is auxotroph for DAP and l-lysine and is generally grown in the presence of 2 µg/ml

or more of DAP and, when grown in glucose minimal medium, 50 µg/ml of l-lysine. The intra-

cellular DAP pool in E. coli W7 is larger than in wild-type E. coli K-12 strains (an estimated

intracellular concentration of 31.5 mmol/l [49] vs. 0.6 mmol/l in E. coli K-12 [2]). For E. coli

W7, the intracellular DAP pool exceeds the amount of DAP present in the peptidoglycan by a

factor of five [49]. As discussed by Glauner and Höltje (1990), this limits the incorporation of

radioactive DAP into the sacculi and induces a lag between the addition of DAP and its incor-

poration [48]. In order to improve the kinetics of incorporation of radiolabeled DAP, Burman et

al. (1984) depleted the intracellular DAP pool by transferring cultures to DAP-free medium for

about 25 minutes prior to the addition of radiolabeled DAP [40]. However, electron microscopy

imaging of sacculi showed that this treatment compromises the integrity and stability of the PG

layer before the onset of lysis [50]. The perturbations resulting from DAP starvation also include

changes in cell morphology [51] and reduced turnover [50]. These perturbations were slowly and

only partially reversed by the addition of DAP after the starvation period. Our procedure did

not suffer from these limitations since uniform labeling of the PG with stable isotopes does not

require use of dapF and lysA deficient mutants. In our conditions, the intracellular DAP pool

did not limit the labeling efficacy since hybrid muropeptides containing a labeled DAP moiety

were not detected after the medium switch. This is expected, since the intracellular DAP pool in

wild-type K-12 strains represents 10% of the DAP content of PG and at least 50% of intracellular

DAP is converted into l-lysine [49].

Another limitation of labeling procedures based on radioactive DAP is their inability to

discriminate between muropeptides originating from pre-existing peptidoglycan, from recycling

of the l-Ala-d-iGlu-DAP tripeptides, or from the preexisting UDP-MurNAc-pentapeptide pool.

In contrast, our procedure based on uniform labeling with stable isotopes easily discriminates

between these three types of muropeptides since they correspond to different isotopologues: uni-

formly labeled muropeptides for the preexisting peptidoglycan, hybrid h2 for recycled tripeptides

(Fig. 7), and hybrid h3 for muropeptides issued from the intracellular pool of UDP-MurNAc-

pentapeptide (Fig. 7). The latter type of muropeptides is likely to contribute to the lag phase

observed for the incorporation of radioactive DAP into peptidoglycan. Accordingly, a lag phase
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was observed in our study when hybrids containing an [13C]- and [15N]- labeled DAP were

excluded from the data set (Supplementary Fig. S13).

The factors that limit the analysis of muropeptides at early times after the medium switch

differ for the labeling techniques based on radioactive DAP and stable isotopes. Purification

of sacculi using the hot SDS procedure is prone to sample loss due to numerous washing and

digestions steps [52]. According to the procedure implemented in our laboratory, the purification

yield is severely impaired for extraction of peptidoglycan from culture volumes smaller than 200

mL. Methods based on DAP labeling offer the possibility to add unlabeled sacculi as carrier

material [10] enabling experiments using small culture volumes (e.g. 25 mL [48] versus 200

mL in our study). In turn, small culture volumes grant access to labeling times as short as 20

seconds [48] based on filtration of an unlabeled culture, in situ labeling and immediate transfer

of the filter to a boiling SDS solution. Our methodology is limited in this regard, since it is not

compatible with the addition of unlabeled carrier sacculi and thus requires substantially larger

sample volumes that cannot be easily filtrated. This introduces a delay originating from the

necessity to recover labeled bacteria by centrifugation.

5 Conclusion and Perspectives

In conclusion, we report an innovative method for exploring of peptidoglycan metabolism, which

does not depend on metabolic engineering for suitable labeling kinetics and is therefore applicable

in various genetic backgrounds. The choice of uniform labeling of peptidoglycan with 13C and

15N enabled us to investigate peptidoglycan metabolism at a very fine level of detail since

most isotopologues predicted by known recycling and biosynthesis pathways were detected and

characterized. Our method was applied to the characterization of the modes of peptidoglycan

cross-linking by d,d- and l,d-transpeptidases in the presence or absence of β-lactams revealing

various modes of insertion of glycan strands into the pre-existing the expanding peptidoglycan

macromolecule.

Further development of our method could involve the use specific tracer molecules, such as

13C/15N-labeled d-alanine instead of uniform labeling. This will diminish the resolving power for

various aspects of peptidoglycan metabolic pathways, in particular for the recycling of aminosug-

ars. However, this labeling scheme will result in markedly less complex mass spectra and im-

prove the accuracy of the assignment of isotopologues. For example, only four isotopologues

will have to be taken into consideration for the disacharide-tetrapeptide following the addition

of 13C/15N-labeled d-alanine to the culture medium: the fully unlabeled molecule and the iso-

topologues containing labeled alanine in either position 1 or 4 or both of the peptide stem (due
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Supplementary Figure S13: Potential origin of the lag phase previously observed

in experimetns based on incorporation of radioactive DAP. Kinetics of accumulation
of neo-synthesized disaccharide-tetrapeptide isotopologues containing unlabeled DAP (pool 1,
squares) versus all neo-synthesized disaccharide-tetrapeptide isotopologues (pool 2, solid cir-
cles). Pool 1 comprises the fully unlabeled muropeptide and hybrids h1 and hAla (see Fig. 8
and Supplementary Data for the structure and identification of these isotopologues). Pool 2
comprises all neo-synthesized isotopologues including those containing an unlabeled DAP (Pool
1, fully unlabeled, h1, and hAla) plus those containing a labeled DAP (h2, h1h2, h3, and h3Ala).
Adding this set of muropeptides, which are not identified as neo-synthesized by radioactive DAP
labeling techniques, results in a kinetics devoid of any lag phase.
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to the expected racemization of d-Ala by alanine racemases). Data obtained by this approach

will be suitable for fitting differential equations describing a model for the interconversions of

muropeptides (Supplementary Fig. S10A). This could provide estimates of the metabolic fluxes

in the complex reaction network of muropeptides in the peptidoglycan layer.
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Monomers

Supplementary Data 1.1: Tandem mass spectrometry analysis of the labeled

disaccharide-tripeptide. The observed m/z obs and calculated m/z cal values of the parental
ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated. The m/z calc

value was used to select the ion for fragmentation. The difference between the m/z obs and
m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties, glu-
cosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
An interactive report of the MS2 analysis is available in Supplementary File F1.1 .

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP 911.475 911.475 0.3

Product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 699.371 699.371 0.7 7650 all heavy
GlcNRed(-Ac)-Lac-Ala-Glu 500.257 500.259 2.7 570 all heavy
Lac-Ala-Glu-DAP 485.254 485.253 -2.7 220 all heavy
Ala-Glu-DAP 410.220 410.221 3.7 3226 all heavy
GlcNRed(-Ac)-Lac-Ala 365.201 365.202 2.5 4356 all heavy
Glu-DAP 335.177 335.177 0.3 9504 all heavy
GlcNRed(-Ac)-Lac 290.158 290.158 -1.0 1835 all heavy
GlcNRed(-Ac) 215.127 215.127 0.5 229 all heavy
GlcN(-Ac) 213.110 213.111 3.7 108 all heavy
DAP 200.122 200.121 -4.1 3273 all heavy
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Supplementary Data 1.2: Tandem mass spectrometry analysis of the h1-type hybrid

of the disaccharide-tripeptide. The molecule is fully unlabeled except for one of the two
glucosamine moieties present in GlcNAc or MurNAc leading to the presence of two isotopomers.
The observed m/z obs and calculated m/z calc values of the parental ion, [M+H]+, as determined
in the absence of fragmentation (MS1), are indicated. The m/z cal value was used to select
the ion for fragmentation. The difference between the m/z obs and m/z cal values is indicated
in ppm. The GlcNAc residue is indicated in two moieties, glucosamine (GlcN) and the acetyl
group (Ac), since these moieties are potentially differentially labeled. For the same reason, the
reduced (Red) MurNAc residue is indicated in three moieties, reduced glucosamine (GlcNRed),
the acetyl group (Ac), and the d-lactoyl group. Labeled and unlabeled moieties are represented
in red and purple, respectively. The fragmentation led to two series of fragments specific of the
isotopomers containing the unlabeled glucosamine moiety in the GlcNAc (h1G) or MurNAcRed

(h1M) residues, respectively (discriminatory fragments). The fragments specific of h1G and
of h1M are highlighted by orange and green dots in the mass spectrum. The other fragments
are common to the fragmentation patterns of h1G and of h1M. The corresponding peaks are
highlighted by blue dots in the mass spectrum. The mass spectrum indicates the presence of
both isotopomers as expected from the recycling and synthesis pathways since UDP-MurNAc
exclusively derives from UDP-GlcNAc. In the mass spectrum, peaks differing by the loss of
H20 are connected by a dashed line. The tables only contain the m/z values for the fragments
containing H20.An interactive report of the MS2 analysis is available in Supplementary File F1.2
.

Precursor Ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP 878.392 878.396 -4.0
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP 878.392 878.396 -4.0

Discriminatory product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopomer
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 675.318 675.316 -2.3 10563 h1M
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 668.299 668.299 0.6 8694 h1G
GlcNRed(-Ac)-Lac-Ala-Glu 485.221 485.221 0.3 952 h1M
GlcNRed(-Ac)-Lac-Ala-Glu 478.202 478.204 3.4 662 h1G
GlcNRed(-Ac)-Lac-Ala 356.177 356.178 3.6 7236 h1M
GlcNRed(-Ac)-Lac-Ala 349.161 349.161 1.1 6203 h1G
GlcNRed(-Ac)-Lac 285.140 285.141 4.9 3223 h1M
GlcNRed(-Ac)-Lac 278.123 278.124 4.0 3059 h1G
GlcNRed(-Ac) 213.118 213.120 8.2 247 h1M
GlcN(-Ac) 211.106 211.104 -6.8 238 h1G
GlcNRed(-Ac) 206.103 206.103 -0.5 148 h1G
GlcN(-Ac) 204.084 204.087 15.1 419 h1M

Common product ion m/zobs m/zcalc ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP 878.397 878.396 -2.1 178
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala 559.257 559.258 0.8 112
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala
Lac-Ala-Glu-DAP 463.203 463.204 1.8 613
Ala-Glu-DAP 391.182 391.183 2.0 9574
Glu-DAP 320.146 320.146 0.3 26374
Ala-Glu 201.085 201.088 13.5 227
DAP 191.103 191.103 0.6 6654
Lac-Ala 144.068 144.066 -10.4 154
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Supplementary Data 1.3: Tandem mass spectrometry analysis of the h2-type hybrid

of the disaccharide-tripeptide. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated. The
m/z calc value was used to select the ion for fragmentation. The difference between the m/z obs

and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
An interactive report of the MS2 analysis is available in Supplementary File F1.3 .

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP 890.412 890.417 -5.7

Product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 687.336 687.338 2.2 7465 h2
GlcNRed(-Ac)-Lac-Ala-Glu 488.223 488.225 3.1 404 h2
Lac-Ala-Glu-DAP 482.239 482.242 7.1 296 h2
Ala-Glu-DAP 410.219 410.221 5.5 3431 h2
GlcNRed(-Ac)-Lac-Ala 353.167 353.168 4.7 4771 h2
Glu-DAP 335.178 335.177 -2.4 9561 h2
GlcNRed(-Ac)-Lac 278.123 278.124 2.9 1727 h2
GlcN(-Ac) 204.086 204.087 5.9 190 h2
DAP 200.120 200.121 4.2 2800 h2
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Supplementary Data 1.4: Tandem mass spectrometry analysis of the h3-type hybrid

of the disaccharide-tripeptide. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated. The
m/z calc value was used to select the ion for fragmentation. The difference between the m/z obs

and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20. The presence of the h3
isotopomer is expected since cells of E. coli contain the main PG precursor, UDP-MurNAc-
pentapeptide in considerable amounts (about 2% compared to the total amount of dissaccharide
peptides in the cell wall). An interactive report of the MS2 analysis is available in Supplementary
File F1.4 .

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP 902.447 902.451 -3.8

Product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopomer
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 699.372 699.371 -0.5 4005 h3
GlcNRed(-Ac)-Lac-Ala-Glu 500.259 500.259 -0.8 329 h3
Lac-Ala-Glu-DAP 485.251 485.253 3.1 308 h3
Ala-Glu-DAP 410.219 410.221 5.1 1961 h3
GlcNRed(-Ac)-Lac-Ala 365.199 365.202 8.5 2535 h3
Glu-DAP 335.178 335.177 -2.9 5470 h3
GlcNRed(-Ac)-Lac 290.158 290.158 0.2 1047 h3
GlcN(-Ac) 204.088 204.087 -2.6 132 h3
DAP 200.120 200.121 3.8 1331 h3
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Supplementary Data 2.1: Supplementary Data D2.1 . Tandem mass spectrometry

analysis of the labeled disaccharide-tetrapeptide.

The observed m/z obs and calculated m/z cal values of the parental ion, [M+H]+, as determined
in the absence of fragmentation (MS1), are indicated. The m/z calc value was used to select
the ion for fragmentation. The difference between the m/z obs and m/z calc values is indicated
in ppm. The GlcNAc residue is indicated in two moieties, glucosamine (GlcN) and the acetyl
group (Ac), since these moieties are potentially differentially labeled. For the same reason, the
reduced (Red) MurNAc residue is indicated in three moieties, reduced glucosamine (GlcNRed),
the acetyl group (Ac), and the d-lactoyl group. Labeled and unlabeled moieties are represented
in red and purple, respectively. The peaks corresponding to the list of fragments appearing in
the table are highlighted by orange dots in the mass spectrum. In the mass spectrum, peaks
differing by the loss of H20 are connected by a dashed line. The tables only contain the m/z
values for the fragments containing H20.
An interactive report of the MS2 analysis is available in Supplementary File F2.1.

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 986.516 986.519 -3.1

Product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 774.423 774.416 -9.3 5487 all heavy
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 681.364 681.361 -5.1 494 all heavy
Lac-Ala-Glu-DAP-Ala 560.296 560.297 0.9 119 all heavy
GlcNRed(-Ac)-Lac-Ala-Glu 500.259 500.259 0.0 194 all heavy
Ala-Glu-DAP-Ala 485.269 485.266 -6.8 1147 all heavy
Glu-DAP-Ala 410.223 410.221 -3.9 3963 all heavy
Ala-Glu-DAP 392.213 392.211 -5.6 1512 all heavy
GlcNRed(-Ac)-Lac-Ala 365.204 365.202 -5.1 2434 all heavy
Glu-DAP 317.169 317.167 -8.5 3861 all heavy
GlcNRed(-Ac)-Lac 290.160 290.158 -7.3 414 all heavy
DAP-Ala 275.167 275.165 -6.2 3667 all heavy
DAP 182.112 182.110 -8.1 611 all heavy
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Supplementary Data 2.2: Tandem mass spectrometry analysis of the h1-type hybrid

of the disaccharide-tetrapeptide. The molecule is fully unlabeled except for one of the two
glucosamine moieties present in GlcNAc or MurNAc leading to the presence of two isotopomers.
The observed m/z obs and calculated m/z calc values of the parental ion, [M+H]+, as determined
in the absence of fragmentation (MS1), are indicated. The m/z cal value was used to select
the ion for fragmentation. The difference between the m/z obs and m/z cal values is indicated
in ppm. The GlcNAc residue is indicated in two moieties, glucosamine (GlcN) and the acetyl
group (Ac), since these moieties are potentially differentially labeled. For the same reason, the
reduced (Red) MurNAc residue is indicated in three moieties, reduced glucosamine (GlcNRed),
the acetyl group (Ac), and the d-lactoyl group. Labeled and unlabeled moieties are represented
in red and purple, respectively. The fragmentation led to two series of fragments specific of the
isotopomers containing the unlabeled glucosamine moiety in the GlcNAc (h1G) or MurNAcRed

(h1M) residues, respectively (discriminatory fragments). The fragments specific of h1G and
of h1M are highlighted by orange and green dots in the mass spectrum. The other fragments
are common to the fragmentation patterns of h1G and of h1M. The corresponding peaks are
highlighted by blue dots in the mass spectrum. The mass spectrum indicates the presence of
both isotopomers as expected from the recycling and synthesis pathways since UDP-MurNAc
exclusively derives from UDP-GlcNAc. In the mass spectrum, peaks differing by the loss of
H20 are connected by a dashed line. The tables only contain the m/z values for the fragments
containing H20.An interactive report of the MS2 analysis is available in Supplementary File F2.2
.

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 949.429 949.433 -4.0
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 949.429 949.433 -4.0

Discriminatory product ions m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 746.351 746.353 3.3 5188 h1M
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 739.333 739.336 4.7 3690 h1G
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 657.302 657.306 5.2 477 h1M
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 650.287 650.288 2.7 427 h1G
GlcNRed(-Ac)-Lac-Ala-Glu 485.216 485.221 10.3 417 h1M
GlcNRed(-Ac)-Lac-Ala-Glu 478.202 478.204 3.3 210 h1G
GlcNRed(-Ac)-Lac-Ala 356.177 356.178 3.6 1850 h1M
GlcNRed(-Ac)-Lac-Ala 349.158 349.161 8.1 2036 h1G
GlcNRed(-Ac)-Lac 285.140 285.141 4.9 586 h1M
GlcNRed(-Ac)-Lac 278.123 278.124 4.0 622 h1G
GlcN(-Ac) 204.086 204.087 7.2 137 h1M

Common product ion
m/zobs m/zcalc ppm Intensity (a.u.)

GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 949.433 949.433 0.1 241
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala
Ala-Glu-DAP-Ala 462.217 462.220 6.1 1977
Glu-DAP-Ala 391.180 391.183 6.2 7517
Ala-Glu-DAP 373.172 373.172 1.7 2756
Glu-DAP 302.135 302.135 0.9 7122
DAP-Ala 262.138 262.140 9.0 5564
DAP 173.093 173.093 0.3 796
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Supplementary Data 2.3: Tandem mass spectrometry analysis of the h2-type hybrid

of the disaccharide-tetrapeptide. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated. The
m/z calc value was used to select the ion for fragmentation. The difference between the m/z obs

and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
An interactive report of the MS2 analysis is available in Supplementary File F2.3 .

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 961.451 961.454 -2.7

Product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 961.456 961.454 -2.4 250 h2
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 758.374 758.375 1.0 15348 h2
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 669.327 669.327 -0.8 1466 h2
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala 556.244 556.248 7.1 191 h2
Lac-Ala-Glu-DAP-Ala 553.280 553.280 -0.4 302 h2
GlcNRed(-Ac)-Lac-Ala-Glu 488.224 488.225 1.8 1041 h2
Ala-Glu-DAP-Ala 481.259 481.258 -1.0 3833 h2
Lac-Ala-Glu-DAP 464.235 464.232 -6.3 133 h2
Glu-DAP-Ala 406.212 406.214 6.4 13380 h2
Ala-Glu-DAP 392.208 392.211 6.8 4340 h2
GlcNRed(-Ac)-Lac-Ala 353.167 353.168 3.4 6673 h2
Glu-DAP 317.165 317.167 3.8 12830 h2
GlcNRed(-Ac)-Lac 278.122 278.124 7.6 1991 h2
DAP-Ala 271.156 271.158 7.2 10798 h2
GlcNRed(-Ac) 206.103 206.103 -2.8 163 h2
GlcN(-Ac) 204.085 204.087 12.7 229 h2
DAP 182.108 182.110 9.5 1297 h2
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Supplementary Data 2.4: Tandem mass spectrometry analysis of the h3-type hybrid

of the disaccharide-tetrapeptide. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated. The
m/z calc value was used to select the ion for fragmentation. The difference between the m/z obs

and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20. The presence of the h3
isotopomer is expected since cells of E. coli contain the main PG precursor, UDP-MurNAc-
pentapeptide in considerable amounts (about 2% compared to the total amount of dissaccharide
peptides in the cell wall). An interactive report of the MS2 analysis is available in Supplementary
File F2.4 .

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 977.490 977.49 -5.0

Product ion m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 774.413 774.416 3.0 3734 h3
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 681.368 681.361 -9.8 306 h3
GlcNRed(-Ac)-Lac-Ala-Glu 500.260 500.259 -2.0 259 h3
Ala-Glu-DAP-Ala 485.265 485.266 1.6 834 h3
Glu-DAP-Ala 410.220 410.221 3.9 2916 h3
Ala-Glu-DAP 392.208 392.211 6.4 1481 h3
GlcNRed(-Ac)-Lac-Ala 365.199 365.202 7.3 1567 h3
Glu-DAP 317.165 317.167 3.4 3046 h3
GlcNRed(-Ac)-Lac 290.156 290.158 7.5 508 h3
DAP-Ala 275.163 275.165 6.7 2174 h3
DAP 182.110 182.110 0.1 354 h3
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Additional Monomer hybrids

Supplementary Data 2.5: Tandem mass spectrometry analysis of the hAla-type

hybrid of the disaccharide-tetrapeptide. The observed m/z obs and calculated m/z cal values
of the parental ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
An interactive report of the MS2 analysis is available in Supplementary File F2.5.

Parent (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 946.420 946.423 -2.9

Fragment m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 946.414 946.423 8.8 227 hAla4
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 743.340 743.343 4.3 1657 hAla4
Ala-Glu-DAP-Ala 466.232 466.227 -9.5 194 hAla4
Glu-DAP-Ala 395.191 395.190 -3.2 616 hAla4
Ala-Glu-DAP 373.172 373.172 0.3 84 hAla4
GlcNRed(-Ac)-Lac-Ala 349.162 349.161 -2.2 131 hAla4
Glu-DAP 302.133 302.135 7.2 279 hAla4
GlcNRed(-Ac)-Lac 278.125 278.124 -2.5 60 hAla4
DAP-Ala 266.146 266.147 4.3 73 hAla4
DAP 173.091 173.093 10.9 150 hAla4
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Supplementary Data 2.6: Tandem mass spectrometry analysis of the h1h2-type

hybrid of the disaccharide-tetrapeptide. The molecule is fully unlabeled except for one
of the two glucosamine moieties present in GlcNAc or MurNAc leading to the presence of two
isotopomers.
The observed m/z obs and calculated m/z calc values of the parental ion, [M+H]+, as determined
in the absence of fragmentation (MS1), are indicated. The m/z cal value was used to select
the ion for fragmentation. The difference between the m/z obs and m/z cal values is indicated
in ppm. The GlcNAc residue is indicated in two moieties, glucosamine (GlcN) and the acetyl
group (Ac), since these moieties are potentially differentially labeled. For the same reason, the
reduced (Red) MurNAc residue is indicated in three moieties, reduced glucosamine (GlcNRed),
the acetyl group (Ac), and the d-lactoyl group. Labeled and unlabeled moieties are represented
in red and purple, respectively. The fragmentation led to two series of fragments specific of the
isotopomers containing the unlabeled glucosamine moiety in the GlcNAc (h1Gh2) or MurNAcRed

(h1Mh2) residues, respectively (discriminatory fragments). The fragments specific of h1Gh2 and
of h1Mh2 are highlighted by orange and green dots in the mass spectrum. The other fragments
are common to the fragmentation patterns of h1Gh2 and of h1Mh2. The corresponding peaks
are highlighted by blue dots in the mass spectrum. The mass spectrum indicates the presence
of both isotopomers as expected from the recycling and synthesis pathways since UDP-MurNAc
exclusively derives from UDP-GlcNAc. In the mass spectrum, peaks differing by the loss of
H20 are connected by a dashed line. The tables only contain the m/z values for the fragments
containing H20. An interactive report of the MS2 analysis is available in Supplementary File
F2.6.

Precursor ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 968.471 968.471 0.2
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 968.471 968.471 0.2

Discriminatory product ions m/zobs m/zcalc ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 765.390 765.392 2.2 469 h1Mh2
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 758.370 758.375 6.2 309 h1Gh2

Common product ions m/zobs m/zcalc ppm Intensity (a.u.)
Glu-DAP-Ala 406.212 406.214 5.8 151
Glu-DAP 317.163 317.167 12.6 121
DAP 182.108 182.110 11.6 60
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Supplementary Data 2.7: Tandem mass spectrometry analysis of the h3Ala-type

hybrid of the disaccharide-tetrapeptide. The observed m/z obs and calculated m/z cal values
of the parental ion, [M+H]+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
An interactive report of the MS2 analysis is available in Supplementary File F2.7.

Precursor Ion (MS1) m/zobs m/zcalc ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 973.484 973.488 -3.9

Product ion m/zobs m/zcalc ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 973.492 973.488 -3.7 161
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 770.407 770.409 2.1 2018
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 681.362 681.361 -1.4 91
GlcNRed(-Ac)-Lac-Ala-Glu 500.260 500.259 -3.4 65
Ala-Glu-DAP-Ala 481.254 481.258 9.6 113
Glu-DAP-Ala 406.215 406.214 -2.1 544
Ala-Glu-DAP 392.207 392.211 10.6 138
GlcNRed(-Ac)-Lac-Ala 365.201 365.202 2.0 332
Glu-DAP 317.167 317.167 -1.6 259
GlcNRed(-Ac)-Lac 290.158 290.158 -0.3 62
DAP-Ala 271.155 271.158 11.1 111
DAP 182.108 182.110 12.8 20
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Supplementary Data 2.8: Timecourses and structures of additional monomer hy-

brids. (A) Structure and timecourse of the h1h2 hybrid of the disaccharide tripeptide monomer
combining a recycled tripeptide stem (h2) with a recycled glucosamine moeity (h1). (B) Ad-
ditional hybrids of the disaccharide tetrapeptide comprise hAla (labeled C-terminal d-Ala4),
h1h2 (see (A)) and h3Ala (neo-synthesiszed GlcNAc and C-terminal d-Ala4) Since disaccharide
tripeptides are issued from disaccharide tetrapeptides by removal of the C-terminal d-Ala4, hAla
and h3Ala are not detected for the tripeptide as these are converted into the uniformly unlabeled
and h3 hybrid of the tripeptide, respectively. For structural characterization of the hAla, h1h2,
and h3Ala hybrids see Supplementary Data above.
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Tri-Tri

Supplementary Data 3.1: Tandem mass spectrometry analysis of the uniformly la-

beled Tri(3→3)Tri dimer. The observed m/z obs and calculated m/z cal values of the parental
ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated. The
m/z calc value was used to select the ion for fragmentation. The difference between the m/z obs

and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties, glu-
cosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20. The arrows indicate the
position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are underlined.
An interactive report of the MS2 analysis is available in Supplementary File F3.1.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 902.464 902.469 -5.9

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1591.833 1591.828 -3.4 52
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1379.721 1379.724 2.3 709
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala 1090.570 1090.574 3.7 53
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 1015.523 1015.530 7.4 133
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 699.371 699.371 1.1 71
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 681.356 681.361 6.9 286
GlcNRed(-Ac)-Lac-Ala 365.200 365.202 5.6 77
GlcN(-Ac) 213.109 213.111 7.8 860
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Supplementary Data 3.2: Tandem mass spectrometry analysis of the uniformly

unlabeled Tri(3→3)Tri dimer. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
The arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F3.2.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 862.373 862.373 0.0

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1520.658 1520.659 0.9 528
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1317.581 1317.580 -1.3 14608
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 1172.522 1172.506 -13.7 195
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac 1112.491 1112.485 -5.3 340
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala 1040.466 1040.464 -2.0 2012
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 969.428 969.426 -1.3 10207
Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac 907.403 907.390 -14.5 267
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP 840.384 840.384 -0.5 4637
Lac-Ala-Glu-DAP➛DAP-Glu-Ala 835.377 835.369 -10.5 208
Lac-Ala-Glu-DAP➛DAP-Glu 764.336 764.331 -5.8 517
Ala-Glu-DAP➛DAP-Glu-Ala 763.357 763.347 -12.3 114
Ala-Glu-DAP➛DAP-Glu 692.315 692.310 -6.1 860
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 668.298 668.299 1.6 6970
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 650.291 650.288 -4.1 6495
Lac-Ala-Glu-DAP➛DAP 635.289 635.289 -0.5 324
Glu-DAP➛DAP-Glu 621.278 621.273 -7.6 1912
Ala-Glu-DAP➛DAP 563.264 563.268 5.8 800
Glu-DAP➛DAP 492.233 492.231 -4.0 3051
GlcNRed(-Ac)-Lac-Ala-Glu 478.208 478.204 -9.4 449
DAP-Glu-Ala-Lac 463.205 463.204 -2.7 521
DAP-Glu-Ala 391.185 391.183 -5.5 608
Ala-Glu-DAP 373.173 373.172 -0.8 1284
DAP➛DAP 363.190 363.188 -4.9 1374
GlcNRed(-Ac)-Lac-Ala 349.162 349.161 -1.6 2576
DAP-Glu 320.146 320.146 -0.4 1973
Glu-DAP 302.136 302.135 -1.6 3703
GlcNRed(-Ac)-Lac 278.126 278.124 -6.0 576
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Supplementary Data 3.3: Tandem mass spectrometry analysis of the Tri→Tri dimer

containing a uniformly labeled disaccharide-tripeptide cross-linked to a uniformly

unlabeled disaccharide-tripeptide (3→3 cross-link). The observed m/z obs and calculated
m/z cal values of the parental ion, [M+2H]2+, as determined in the absence of fragmentation
(MS1), are indicated. The m/z calc value was used to select the ion for fragmentation. The
difference between the m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is
indicated in two moieties, glucosamine (GlcN) and the acetyl group (Ac), since these moieties
are potentially differentially labeled. For the same reason, the reduced (Red) MurNAc residue
is indicated in three moieties, reduced glucosamine (GlcNRed), the acetyl group (Ac), and the
d-lactoyl group. Labeled and unlabeled moieties are represented in red and purple, respectively.
The fragmentation potentially leads to two series of fragments (discriminatory fragments) specific
of the isotopomers containing the fully labeled disaccharide subunit in the donor (all heavy-
all light) or acceptor position (all light-all heavy). These fragments are highlighted by green
and orange dots in the mass spectrum, respectively. The other fragments are common to the
fragmentation of the two isotopomers (highlighted by blue dots in the mass spectrum). The
mass spectrum indicates the presence of the all light-all heavy isotopomers (orange dots). The
peak at m/zobs 681.358 (green dot) can also be accounted for by the loss of H20 from the peak
at 699.367 indicating that all peaks may be accounted for by the presence of the all light-all
heavy isotopomer.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F3.3.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 882.421 882.421 -0.0
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 882.421 882.421 -0.0

Discriminatory product ions m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.) Isotopologue
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 699.367 699.371 6.5 678 all light-all heavy
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 681.358 681.361 4.8 325 all heavy-all light
DAP-Glu 335.173 335.177 13.8 198 all light-all heavy
Glu-DAP 302.132 302.135 11.5 281 all light-all heavy

Common product ions m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1348.645 1348.652 5.6 912
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 1000.498 1000.499 0.6 242
Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 984.450 984.458 7.6 428
Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP 871.456 871.456 0.5 183
DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)
DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 849.398 849.401 3.8 136
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP
Glu-DAP➛DAP-Glu 636.300 636.305 7.0 163
Glu-DAP➛DAP-Glu
DAP➛DAP-Glu 507.260 507.262 3.0 190
Glu-DAP➛DAP
DAP➛DAP 372.198 372.206 19.4 125
DAP➛DAP
GlcNRed(-Ac)-Lac-Ala 365.199 365.202 9.2 182
Ala-Lac-GlcNRed(-Ac)
GlcN(-Ac) 213.109 213.111 9.2 441
GlcN(-Ac)
GlcN(-Ac) 204.086 204.087 5.9 951
GlcN(-Ac) 29167
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Tetra-Tri

Supplementary Data 4.1: Tandem mass spectrometry analysis of the uniformly

labeled Tetra(4→3)Tri dimer. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20. The arrows indicate the
position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are underlined.
An interactive report of the MS2 analysis is available in Supplementary File F4.1.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 939.992 939.992 0.1

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1666.880 1666.872 -4.9 113
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1454.780 1454.769 -7.6 462
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala 1165.627 1165.619 -6.9 103
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu 1090.570 1090.574 3.6 240
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP 955.520 955.518 -2.5 170
Ala-Glu-DAP-Ala➛DAP-Glu 801.426 801.424 -2.3 43
Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 774.416 774.416 -0.7 342
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 756.413 756.405 -11.1 181
Glu-DAP-Ala➛DAP-Glu 726.390 726.380 -13.5 50
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 699.369 699.371 2.9 166
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 681.366 681.361 -6.8 54
Ala-Glu-DAP 392.216 392.211 -12.7 44
GlcN(-Ac) 213.112 213.111 -5.5 1238
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Supplementary Data 4.2: Tandem mass spectrometry analysis of the uniformly

unlabeled Tri(4→3)Tri dimer. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
The arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F4.2.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 897.889 897.892 -3.3

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1591.693 1591.696 1.9 144
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1388.622 1388.617 -3.4 1802
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala 1111.500 1111.501 0.4 395
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu 1040.474 1040.464 -10.3 1464
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP 911.426 911.421 -5.8 677
Ala-Glu-DAP-Ala➛DAP-Glu 763.357 763.347 -13.1 209
Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 739.335 739.336 0.9 2041
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 721.325 721.326 0.5 1560
Glu-DAP-Ala➛DAP-Glu 692.308 692.310 3.2 291
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 668.297 668.299 2.4 618
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 650.288 650.288 1.3 370
Ala-Glu-DAP-Ala➛DAP 634.304 634.305 1.7 218
Glu-DAP-Ala➛DAP 563.267 563.268 1.2 409
Ala➛DAP-Glu-Ala 462.221 462.220 -1.1 137
DAP-Ala➛DAP 434.225 434.225 -0.2 298
Ala➛DAP-Glu 391.183 391.183 0.3 451
Ala-Glu-DAP 373.173 373.172 -2.5 355
GlcNRed(-Ac)-Lac-Ala 349.161 349.161 -1.1 557
DAP-Glu 320.146 320.146 -1.6 252
Glu-DAP 302.135 302.135 -0.7 366
GlcNRed(-Ac)-Lac 278.125 278.124 -5.0 107
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Supplementary Data 4.3: Tandem mass spectrometry analysis of the Tetra→Tri

dimer containing a uniformly labeled disaccharide-tetrapeptide cross-linked to a

uniformly unlabeled disaccharide-tripeptide (4→3 cross-link). The observed m/z obs

and calculated m/z cal values of the parental ion, [M+2H]2+, as determined in the absence of
fragmentation (MS1), are indicated. The m/z calc value was used to select the ion for fragmen-
tation. The difference between the m/z obs and m/z calc values is indicated in ppm. The GlcNAc
residue is indicated in two moieties, glucosamine (GlcN) and the acetyl group (Ac), since these
moieties are potentially differentially labeled. For the same reason, the reduced (Red) MurNAc
residue is indicated in three moieties, reduced glucosamine (GlcNRed), the acetyl group (Ac),
and the d-lactoyl group. Labeled and unlabeled moieties are represented in red and purple,
respectively.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F4.3.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 917.936 917.940 -4.4

Discriminatory product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1419.689 1419.689 0.3 345
Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1071.533 1071.536 2.7 71
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu 1055.499 1055.495 -3.4 63
DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 942.496 942.493 -3.2 172
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP 920.433 920.439 5.9 44
Glu-DAP-Ala➛DAP-Glu-Ala 782.389 782.386 -3.8 26
Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 770.407 770.409 1.4 190
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 721.325 721.326 0.7 148
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 699.381 699.371 -14.3 71
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 650.294 650.288 -8.5 23
DAP-Ala➛DAP-Glu 578.299 578.299 0.2 27
Glu-DAP-Ala➛DAP 572.284 572.285 2.7 51
Ala➛DAP-Glu-Ala-Lac 556.295 556.290 -9.4 37
Ala-Glu-DAP-Ala 444.207 444.209 6.0 42
DAP-Ala➛DAP 443.242 443.243 1.9 81
Ala➛DAP-Glu 406.212 406.214 5.0 159
Ala-Glu-DAP 373.173 373.172 -0.5 63
Ala-Lac-GlcNRed(-Ac) 365.199 365.202 8.0 97
GlcNRed(-Ac)-Lac-Ala 349.162 349.161 -1.4 40
Glu-DAP 302.134 302.135 4.8 51
GlcN(-Ac) 213.110 213.111 6.5 235
GlcN(-Ac) 204.086 204.087 7.7 502
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Tri-Tetra

Supplementary Data 5.1: Tandem mass spectrometry analysis of the uniformly

labeled Tri(4→3)Tetra dimer. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20. The arrows indicate the
position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are underlined.
An interactive report of the MS2 analysis is available in Supplementary File F5.1.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 939.988 939.992 -3.3

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1454.757 1454.769 8.0 376
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala 1165.632 1165.619 -11.3 41
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu 1090.586 1090.574 -10.9 238
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala 1072.561 1072.564 2.6 158
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 997.520 997.520 -0.5 97
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala) 955.528 955.518 -10.1 135
DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 774.414 774.416 2.5 184
Glu-DAP➛DAP(-Ala) 591.320 591.324 6.3 44
GlcNRed(-Ac)-Lac-Ala 365.201 365.202 1.9 135
Glu-DAP 317.166 317.167 3.2 123
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Supplementary Data 5.2: Tandem mass spectrometry analysis of the uniformly

unlabeled Tri(3→3)Tetra dimer. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
The arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F5.2.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 897.891 897.892 -0.9

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1591.703 1591.696 -4.5 290
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1388.618 1388.617 -0.8 2966
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1299.575 1299.569 -4.2 311
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac 1183.529 1183.522 -5.7 139
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala 1111.500 1111.501 0.4 614
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac 1094.502 1094.474 -25.7 132
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu 1040.465 1040.464 -1.8 1697
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala 1022.450 1022.453 2.8 687
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu 951.412 951.416 4.5 820
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala) 911.422 911.421 -0.9 805
Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala 906.399 906.406 7.8 112
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP 822.372 822.373 1.4 141
Ala-Glu-DAP➛DAP(-Ala)-Glu 763.350 763.347 -3.4 207
DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 739.335 739.336 0.9 1449
Glu-DAP➛DAP(-Ala)-Glu 692.308 692.310 3.2 351
Ala-Glu-DAP➛DAP-Glu 674.295 674.300 6.8 209
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 650.291 650.288 -3.1 639
Ala-Glu-DAP➛DAP(-Ala) 634.304 634.305 1.8 231
Glu-DAP➛DAP-Glu 603.267 603.263 -6.7 231
Glu-DAP➛DAP(-Ala) 563.270 563.268 -4.0 605
Ala-Glu-DAP➛DAP 545.260 545.257 -4.6 275
GlcNRed(-Ac)-Lac-Ala-Glu 478.201 478.204 5.9 120
Glu-DAP➛DAP 474.220 474.220 -1.0 198
DAP➛DAP(-Ala) 434.225 434.225 -0.2 182
DAP(-Ala)-Glu 391.180 391.183 7.9 360
Ala-Glu-DAP 373.173 373.172 -2.4 360
GlcNRed(-Ac)-Lac-Ala 349.160 349.161 3.2 653
Glu-DAP 302.135 302.135 -0.7 1087
GlcNRed(-Ac)-Lac 278.124 278.124 0.3 167
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Supplementary Data 5.3: Tandem mass spectrometry analysis of the Tri→Tetra

dimer containing a uniformly labeled disaccharide-tetrapeptide cross-linked to a

uniformly unlabeled disaccharide-tripeptide (3→3 cross-link). The observed m/z obs

and calculated m/z cal values of the parental ion, [M+2H]2+, as determined in the absence of
fragmentation (MS1), are indicated. The m/z calc value was used to select the ion for fragmen-
tation. The difference between the m/z obs and m/z calc values is indicated in ppm. The GlcNAc
residue is indicated in two moieties, glucosamine (GlcN) and the acetyl group (Ac), since these
moieties are potentially differentially labeled. For the same reason, the reduced (Red) MurNAc
residue is indicated in three moieties, reduced glucosamine (GlcNRed), the acetyl group (Ac),
and the d-lactoyl group. Labeled and unlabeled moieties are represented in red and purple,
respectively.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F5.3.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 919.942 919.943 -1.0

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1423.693 1423.696 2.4 167
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1330.655 1330.642 -10.1 30
Glu-DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1075.541 1075.543 2.3 41
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala)-Glu 1059.504 1059.502 -1.7 58
Glu-DAP➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 982.486 982.488 2.8 13
DAP➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 946.496 946.500 5.1 37
GlcNRed(-Ac)-Lac-Ala-Glu-DAP➛DAP(-Ala) 924.445 924.446 1.1 57
DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 774.421 774.416 -7.2 105
Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 712.348 712.362 19.6 17
DAP-Glu-Ala-Lac-GlcNRed(-Ac) 681.354 681.361 10.6 19
Glu-DAP➛DAP-Glu 618.291 618.294 4.1 29
DAP➛DAP-Glu 489.249 489.251 5.0 15
DAP➛DAP(-Ala) 447.248 447.250 4.1 15
DAP-Glu-Ala 392.206 392.211 13.2 40
GlcNRed(-Ac)-Lac-Ala 349.157 349.161 10.7 18
DAP-Glu 317.170 317.167 -9.7 15
GlcN(-Ac) 213.110 213.111 5.5 122
GlcN(-Ac) 204.086 204.087 6.8 471
DAP 182.110 182.110 0.8 24
Ala-Lac 151.083 151.083 -1.5 40
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Tetra-Tetra

Supplementary Data 6.1: Tandem mass spectrometry analysis of the uniformly

labeled Tetra(4→3)Tetra dimer. The observed m/z obs and calculated m/z cal values of the
parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20. The arrows indicate the
position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are underlined.
An interactive report of the MS2 analysis is available in Supplementary File F6.1.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 977.512 977.514 -2.0

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1529.815 1529.813 -1.7 1017
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala 1240.686 1240.663 -18.5 172
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu 1165.619 1165.619 -0.4 576
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala 1147.614 1147.608 -5.1 229
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu 1072.569 1072.564 -4.8 156
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala) 1030.565 1030.562 -2.9 194
Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 849.462 849.460 -2.4 405
DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 774.421 774.416 -7.4 274
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 756.411 756.405 -8.2 533
Glu-DAP-Ala➛DAP-Glu 708.373 708.370 -5.4 106
GlcNRed(-Ac)-Lac-Ala 365.203 365.202 -1.1 320
Glu-DAP 317.168 317.167 -4.8 197
GlcN(-Ac) 213.112 213.111 -6.5 2182
DAP 182.113 182.110 -14.4 253
Lac-Ala 151.086 151.083 -19.2 414
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Supplementary Data 6.2: Tandem mass spectrometry analysis of the uniformly

unlabeled Tetra(4→3)Tetra dimer. The observed m/z obs and calculated m/z cal values of
the parental ion, [M+2H]2+, as determined in the absence of fragmentation (MS1), are indicated.
The m/z calc value was used to select the ion for fragmentation. The difference between the
m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue is indicated in two moieties,
glucosamine (GlcN) and the acetyl group (Ac), since these moieties are potentially differentially
labeled. For the same reason, the reduced (Red) MurNAc residue is indicated in three moieties,
reduced glucosamine (GlcNRed), the acetyl group (Ac), and the d-lactoyl group. Labeled and
unlabeled moieties are represented in red and purple, respectively. The peaks corresponding to
the list of fragments appearing in the table are highlighted by orange dots in the mass spectrum.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
tables only contain the m/z values for the fragments containing H20.
The arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F6.2.

Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 933.409 933.410 -1.7

Product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1662.731 1662.733 1.1 416
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1459.655 1459.654 -0.9 4041
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1370.614 1370.606 -5.8 419
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu 1314.586 1314.580 -4.8 108
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala 1182.533 1182.538 4.2 436
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu 1111.500 1111.501 0.3 2489
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala 1093.492 1093.490 -1.8 1176
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu 1022.450 1022.453 3.2 1094
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala) 982.461 982.458 -2.7 1305
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP 893.408 893.410 3.2 159
Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu 834.397 834.385 -14.7 173
Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 810.373 810.373 0.4 2603
Glu-DAP-Ala➛DAP(-Ala)-Glu 763.353 763.347 -7.3 355
Ala-Glu-DAP-Ala➛DAP-Glu 745.337 745.337 0.4 285
DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 739.336 739.336 0.8 1027
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 721.328 721.326 -3.7 2676
Ala-Glu-DAP-Ala➛DAP(-Ala) 705.345 705.342 -3.8 134
Glu-DAP-Ala➛DAP-Glu 674.300 674.300 0.1 133
GlcNRed(-Ac)-Lac-Ala-Glu-DAP 650.291 650.288 -3.3 234
Glu-DAP-Ala➛DAP(-Ala) 634.304 634.305 1.6 324
Ala-Glu-DAP-Ala➛DAP 616.294 616.294 -0.2 193
Glu-DAP-Ala➛DAP 545.257 545.257 0.6 279
Ala➛DAP(-Ala)-Glu-Ala 533.257 533.257 0.6 121
DAP-Ala➛DAP(-Ala) 505.261 505.262 2.2 228
Ala➛DAP(-Ala)-Glu 462.221 462.220 -1.2 549
Ala-Glu-DAP-Ala 444.209 444.209 0.1 198
DAP(-Ala)-Glu 391.183 391.183 0.2 328
Ala-Glu-DAP 373.173 373.172 -2.6 787
GlcNRed(-Ac)-Lac-Ala 349.162 349.161 -1.2 1062
Ala➛DAP(-Ala) 333.177 333.177 2.6 284
Glu-DAP 302.135 302.135 -0.9 560
GlcNRed(-Ac)-Lac 278.121 278.124 10.8 141
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Supplementary Data 6.3: Tandem mass spectrometry analysis of the Tetra→Tetra

dimer containing a uniformly labeled disaccharide-tripeptide cross-linked to a uni-

formly unlabeled disaccharide-tripeptide (4→3 cross-link). The observed m/z obs and
calculated m/z cal values of the parental ion, [M+2H]2+, as determined in the absence of frag-
mentation (MS1), are indicated. The m/z calc value was used to select the ion for fragmentation.
The difference between the m/z obs and m/z calc values is indicated in ppm. The GlcNAc residue
is indicated in two moieties, glucosamine (GlcN) and the acetyl group (Ac), since these moieties
are potentially differentially labeled. For the same reason, the reduced (Red) MurNAc residue
is indicated in three moieties, reduced glucosamine (GlcNRed), the acetyl group (Ac), and the
d-lactoyl group. Labeled and unlabeled moieties are represented in red and purple, respectively.
The fragmentation potentially leads to two series of fragments (discriminatory fragments) specific
of the isotopomers containing the fully labeled disaccharide subunit in the donor (all heavy-all
light) or acceptor position (all light-all heavy). These fragments are highlighted by green and
orange dots in the mass spectrum, respectively. The other fragments are common to the frag-
mentation of the two isotopomers (highlighted by blue dots in the mass spectrum). The mass
spectrum indicates the presence of the all light-all heavy isotopomers (orange dots). The peak
at m/zobs 1128.568 (green dot) can also be accounted for by the loss of H20 from the peak at
1142.567 indicating that all peaks may be accounted for by the presence of the all light-all heavy
isotopomer.
In the mass spectrum, peaks differing by the loss of H20 are connected by a dashed line. The
arrows indicate the position of the 3→3 and 4→3 crosslinks. Residues in the acceptor are
underlined.
An interactive report of the MS2 analysis is available in Supplementary File F6.3.
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Precursor ion (MS1) m/zobs [M+2H]2+ m/zcalc [M+2H]2+ ppm
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 955.459 955.462 -2.6
GlcN(-Ac)-GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)-GlcN(-Ac) 955.459 955.462 -2.6

Discriminatory product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.) Isotopologue
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu-Ala 1128.568 1128.570 1.6 215 all heavy-all light
Glu-DAP-Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 1053.516 1053.525 9.2 97 all light-all heavy
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP-Glu 1037.486 1037.484 -1.5 153 all light-all heavy
Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 845.449 845.453 4.3 304 all light-all heavy
DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 774.410 774.416 7.5 459 all light-all heavy
Ala➛DAP-Glu-Ala-Lac-GlcNRed(-Ac) 752.394 752.398 5.1 307 all light-all heavy
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala 721.322 721.326 4.4 186 all light-all heavy
Glu-DAP-Ala➛DAP-Glu 689.334 689.331 -3.8 139 all light-all heavy
DAP(-Ala)-Glu 410.225 410.221 -9.5 158 all light-all heavy
Ala➛DAP-Glu 388.202 388.204 4.3 128 all light-all heavy
Ala➛DAP(-Ala) 346.197 346.202 14.6 106 all light-all heavy

Common product ion m/zobs [M+H]1+ m/zcalc [M+H]1+ ppm Intensity (a.u.)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1494.729 1494.733 2.8 1109
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala 1205.576 1205.583 6.2 113
Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac)
Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1146.576 1146.580 3.8 295
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu
Glu-DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1130.533 1130.539 5.7 219
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)-Glu
DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 1017.530 1017.538 7.3 126
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)
DAP-Ala➛DAP(-Ala)-Glu-Ala-Lac-GlcNRed(-Ac) 995.475 995.483 7.4 176
GlcNRed(-Ac)-Lac-Ala-Glu-DAP-Ala➛DAP(-Ala)
DAP-Ala➛DAP(-Ala)-Glu 647.322 647.329 11.3 149
Glu-DAP-Ala➛DAP(-Ala)
DAP-Glu 302.130 302.135 15.7 91
Glu-DAP
GlcN(-Ac) 204.089 204.087 -9.0 2307
GlcN(-Ac)
DAP 182.108 182.110 12.0 134
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Summary

Bacterial peptidoglycan (PG) is a mesh like structure comprising glycan strands cross-linked by peptide
stems. Since PG is a specific and essential component of bacterial cells it is an attractive and validated
target for antibacterial agents. Indeed, the first antibiotic in clinical use - the β-lactam penicillin - targets
the enzymes catalyzing the final transpeptidation step of PG synthesis - the Penicillin-Binding-Proteins
(PBPs). A prevalent mechanism of resistance to β-lactams is the production of β-lactamases (βLs) that
inactivate the drugs. A first generation of β-lactamase inhibitors (BLIs) was based on the β-lactam core
followed by diazabicyclooctanes (DBOs), which entered the market in 2015 with avibactam. Emergence
of mutations compromising the efficacy of DBOs prompted us to study a series of triazole-substituted
DBOs that were obtained by click chemistry. The triazole ring was found to be disfavored due to the
absence of a hydrogen bond connecting the carboxamide of marketed DBOs to a conserved asparagine
residue (N132) of βLs. However, functionalization of the triazole partially restored inhibition efficacy
without impairing drug penetration. Besides the major cross-links formed by PBPs, alternative cross-
links are formed by the structurally distinct l,d-transpeptidases (LDTs) mediating resistance to several
β-lactams. We investigated the mechanisms of insertion of new subunits into the expanding PG mesh
by developing a method based on labeling with heavy isotopes and mass spectrometry. We report the
modes of PG polymerization and the extent of combined recycling and turnover in strains relying either
on both PBPs and an LDTs or on a single LDT for PG cross-linking.

Keywords: Antimicrobial resistance; β-lactamase; β-lactamase inhibitor; Diazabicyclooctane; peptido-
glycan metabolism; peptidoglycan polymerization.

Résumé

Le peptidoglycane (PG) forme un réseau covalent comprenant des chaînes glycanes reliées par des pep-
tides. Le PG est une cible validée pour développer de nouveaux antibiotiques parce que c’est un com-
posant spécifique et essentiel des bactéries. En effet, les antibiotiques appartenant à la famille des
β-lactamines inactivent les protéines de liaisons à la pénicilline (PLP) qui catalysent la dernière étape
de polymérisation du PG. Un mécanisme de résistance répandu de résistance est la production de β-
lactamases (βL) qui inactivent les β-lactamines. Une première génération d’inhibiteurs de βL a été
basée sur le noyau β-lactame suivi par les diazabicyclooctanes (DBO) entrés sur le marché en 2015 avec
l’avibactam. L’émergence de mutations compromettant l’efficacité des DBO nous a incités à étudier une
série de dérivés obtenus par chimie click qui contenaient un groupement triazole. Ce dernier s’est avéré
défavorable en raison de l’absence de la liaison hydrogène reliant le carboxamide des DBO commercial-
isés à un résidu asparagine conservé (N132) des βL. La fonctionnalisation du triazole a partiellement
restauré l’efficacité des DBO sans altérer leur pénétration. Les PLP peuvent être remplacées par des
l,d-transpeptidases (LDT) entrainant une résistance aux β-lactamines. Nous avons étudié le mode
d’insertion de nouvelles sous-unités dans le PG en expansion en développant une nouvelle méthode basée
sur le marquage avec des isotopes lourds et la spectrométrie de masse. Nous rapportons les modes
de polymérisation du PG dans des souches utilisant des PBP et une LDT, seules ou en combinaison, et
en présence ou en absence de β-lactamine, ainsi que la participation du recyclage au métabolisme du PG.

Mots-clés : β-lactamase; Diazabicyclooctane; Inhibiteur de β-lactamase; Métabolisme du peptidogly-
cane; Polymérisation du peptidoglycane; Résistance aux antimicrobiens.
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