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Part I

Introduction

"MU-RE-IN!"

- A German Professor



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. 1la). 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].
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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



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 S-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 (~10° 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 fg-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].



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 . 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 a-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, S-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.



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 S-lactam antibiotics interfer with PG biosynthesis
[KONG et al., 2010].
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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 (GleNAc) and
N-acetylmuramic acid (MurNAc). All glycosidic bonds are [-(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.

5



The pentapeptide stem in Gram-negative bacteria typically consists of L-alanine-v-D-glutamic

acid-2,6-diaminopimelic acid (Aapm)-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 5-(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



Table 1: Sequences of major muropeptides found in E. coli, numbering as in Fig. 2D

Sequence Abbreviation
(i)  GleNAc-MurNAc-L-Ala-D-Glu-Agpm Tri
(ii))  GleNAc-MurNAc-L-Ala-D-Glu-Aspm-D-Ala Tetra
(i)  GleNAc-MurNAc-L-Ala-D-Glu-Agpm (3—3) Agpm-D-Glu-L-Ala-MurNAc-GleNAc Tri-Tri
(iv) GleNAc-MurNAc-L-Ala-D-Glu-Aopm(3—3) Aopm(-D-Ala)-D-Glu-L-Ala-MurNAc-GleNAc Tri-Tetra
(v)  GleNAc-MurNAc-L-Ala-D-Glu-Agpm-D-Ala(4—3) Agpm-D-Glu-L-Ala-MurNAc-GleNAc Tetra-Tri
(vi) GleNAc-MurNAc-L-Ala-D-Glu-Agopm-D-Ala(4—3) Agpm(-D-Ala)-D-Glu-L-Ala-MurNAc-GleNAc - 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 Aopm) and Aspm of the acceptor stem. Cross-links are referred to as (4—3) in
case of D-Ala — Aspm and (3—3) in case of Agpm — Aspm. Major muropeptides are listed in
Table 1.

The predominant muropeptides found in PG extracted from F. 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-GlecNAc) by the successive actions of the GlmS, GlmM,
and GImU enzymes. Subsequently, MurA catalyzes the addition of enolpyruvate to the 3-hydroxy
group of UDP-GIcNAc. 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, Aspm, 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 Murl, respectively. The dipeptide substrate
for MurF is provided by two D-Ala:D-Ala ligases DdIA and DdIB (Fig. 2B). Alternatively, the



L-Ala-D-Glu-Aopm 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(GleNAc)-pentapeptide, commonly referred to as Lipid
I1.

Given the hydrophilic nature of GleNAc-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-Flongation-
Division-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) PBPla, PBP1b, and PBPlc). 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 a-
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-Ala-D-Ala®
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-Ala?, leading
to formation of an acylenzyme intermediate and the release of D-Ala®. The reaction proceeds via
nucleophilic attack on the ester bond of the acyl enzyme by the free amino group of Aspm 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 S-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.

11



04
|

%i.

OH HoN— OH
@
Acceptor
Donor
Pentapeptide Acylenzyme 4—3-cross-link
O
[ I
C—N—
; H
\ .; ot /\
SH S HyN— SH
Acceptor
Donor
Tetrapeptide Acylenzyme 3—3-cross-link

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 PBP1la, 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 PBP1la. 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],

12



% )
") UB2H Domain
"4

Linker

TM Helix Inner Membrane

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, PBPlc, remains elusive [Schiffer and Holtje,
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 Holtje, 1999]. PBPla 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. PBP1la 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 [Holtje, 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 FEnterococcus 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 -
lactams except the carbapenems.

The genome of E.coli contains genes encoding six LDT paralogues: ErfK (LdtA), YbiS
(LdtB), YefS (LdtC), YcbB (LdtD), YnhG (LdtE), and YafK (LdtF). ErfK, YcfS and YbiS
attach the Braun lipoprotein (Lpp) to peptidoglycan. Attachment occurs via linking Aspm of

a donor peptide to the e-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 Ipp, 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 (-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 IdtD gene (coding
for YcbB) [Moré et al., 2019]. The entry into the stationary phase is accompanied by expression
of the IdtE and IdtF genes. When outer membrane assembly is impaired, (dtD, ldtE, and [dtF

become essential [Mor¢ 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-Ala!, 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 AamiABC 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 5-1,4-glycosidic bond between MurNAc and GlcNAc units. During the
reaction, LTs perform an intramolecular glycosyl transfer linking C; and Cg of MurNAc, which

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

Peptidoglycan I,6-Anhydro-MurNAc GleNAc

Figure 7: LTs catalyze the cleavage of the 3-1,4-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 (MItA-MItG
and SItY). SItY 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
(MItA-F) or a-helical proteins bound to the outer leaflet of the inner membrane (MItG) [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 MItE and MItG [Lee
et al., 2013, Yunck et al., 2016]. SItY is a target of the antibiotic bulgecin [Templin et al., 1992].
In cells challenged with mecillinam, a §-lactam specifically active on PBP2, SItY is responsible
for hydrolyzing uncrosslinked glycan strands resulting from a futile cycle of PG synthesis [Cho
et al., 2014]. Inactivation of SItY induces hypersensitivity to mecillinam [Templin et al., 1992|.
In affinity chromatography experiments using immobilized SltY, PG synthases PBP1b, PBPlc,
PBP2, and PBP3, as well as the endopeptidase PBP7 were identified as binding partners of SItY
[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 Nlpl [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. Nlpl 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 F. 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 [Holtje, 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 PBP1la 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, PBPla(TPase) PBP3, PBP1b(TPase)
Glycosyltransferase RodA, PBPla(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, PBP1la, 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, Ftsl
(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 [*H]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 [PH|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
[Soderstrom et al., 2014|, while FtsN and PBP3 do not leave the division site until completion of
septum synthesis [Soderstrom 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, NIpD for AmiC) are recruited independently to the division site. Arrival of AmiB and
NIpD 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 e-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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GlcNAc — MurNAc GlcNAc — MurNAc GlcNAc — MurNAc
4-3 cross-link in E. coli 4-3 cross-link in B. subtilis 4-3 cross-link in S. aureus
(major cross-links) with pentaglycine bridge

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 [-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 B-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 [-lactam ring (Fig. 11).

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

3.1 Targets, molecular mode of action and molecular determinants

The molecular targets of S-lactam antibiotics comprise the transpeptidase domains of aPBPs,
bPBPs and peptidoglycan hydrolases. Proteins which are inhibited by S-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 S-lactam antibiotics, the penicillins. In E.
coli, targets of B-lactam antibiotics include the aPBPs PBP1la 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]|. [-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 e-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 [-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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(B-lactam ring, yielding a tetrahedral intermediate similiar to the one formed in the physiological
reaction (Fig. 12B(i)). In a second step, the -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
[B-lactam ring, e.g. a second ring structure found in most classes of S-lactam antibiotics.

D-Ala-D-Ala of a *e-amino group of DAP in
donor pentapeptide the acceptor peptide

o] : Q .. @ Q , Q
)LNH ® RJ\NH (if) J\NH (i) RJ\NH (v) R)'LNH
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Recognition/attack Transition state 1 Acyl-enzyme complex/attack Transition state 2 Cross-link
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(B) o) (W X 2 Formation of the second
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Figure 12: Reactions of PBPs with substrate and S-lactam antibiotics (A) Mechanism of
transpeptidation reaction catalyzed by PBPs (B) Suicide inhibition of PBPs by -lactam an-
tibiotics, adapted from [Hubschwerlen, 2007]

The inhibition of PBPs by S-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 S-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 g-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 -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 sp®hybridization of
the nitrogen results in bond angles of 120°. However, the constrained bicyclic structure
of B-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 (S-lactam nitrogen. Groups directly
bound to the S-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.

Bond angle 120°
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Figure 13: Comparison of tertiary amide and S-lactam carbonyl groups; from [Patrick, 2013]

3.2 Structural classes of $-lactam antibiotics

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

which will be discussed in the following sections.

Penams. The first identified S-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 g-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= —N Hj 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 -lactamase stability [Page, 2012|. S-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 a-position of a 6’-acylamino-sidechain, as
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Table 3: Structures of classes of S-lactam antibiotics and representatives of each class.

B-lactam class (fused ring)

Core structure

Representative

Penam (thiazolidine)

Cephem (1,3-dihydrothiazine)

Carbapenem (2-pyrroline)

Penem (thiazoline)

Monobactam (N.A.)

H
6 =T

Amoxicillin

Cefuroxime
CHy
0\
IN
0 — .- 0. NH,
R2= - 2
e T
¢}
Imipienem
H
B AN AN
R2= H
Faropenem
H
0
Re .
Aztreonam
R2 =S0;H

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, S-lactam hy-
drolyzing enzymes, which emerged in the 1950s due the clinical use of penicillins. In today’s
clinical practice, S-lactam antibiotics are often co-administered with a S-lactamase inhibitor due

to the wide spread of strains producing -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 S-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 7« 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 B-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 S-lactamases which are es-
pecially problematic in these bacteria. Of all S-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 [-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 g-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 48-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 S-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 S-lactamases. Of note, monobactams are only weakly hydrolysed by metallo-5-lactamases for

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

Bacterial defense against S-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 -lactam antibiotic for which no resistance has been described. Resistance to -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

p-lactam transport, and (iii) enzymatic degradation of S-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 B-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 -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 §-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 S-lactam) and peptidoglycan fragments revealed allosteric regulation
of the active site leading to enhanced acylation of PBP2a by B-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
Mecl/MecR system. MecRl1 is a transmembrane sensor/transducer protein located in the cyto-
plasmic membrane. It comprises an extracellular 8-lactam sensor domain and a Zn?"-dependent
metalloprotease domain. Acylation of the sensor domain by S-lactams triggers cleavage of Mecl,
the repressor of the mecA locus leading to derepression and expression of mecA [Marrero et al.,
2006|. The presence of S-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 f-lactams has been attributed to low-
affinity PBPs, PBP5 in E. faecium, and PBP4 in E. faecalis. PBPSE. fecium 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. fecium 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. foecatis and PBP5E. faecium Were solved [Moon et al., 2018]. Comparison of the apo en-
zymes with the S-lactam complexes revealed rearrangements in the active site of PBP5 g, faecium
and PBP4g. foecalis, similar to those described for PBP2a. Overproduction of low-affinity PBPs
in enterococci is not sufficient for high-level S-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 g-lactam transport. Especially Gram-negative bacteria have shown adapt-
ability of their outer membrane physiology in response to -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, 5-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 (-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 eflux pumps have been developed, but success in restoring
the therapeutic activity of g-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 S-lactams The most prevalent mechanism of resistance against
B-lactams is the expression of hydrolytic enzymes, the [-lactamases. These enzymes render
(B-lactams ineffective by opening of the S-lactam ring before the drugs can reach their targets.
Virtually since the first use of S-lactam antibiotics to treat patients, these enzymes have been
a threat to therapeutic effectiveness and indeed, emergence of new types of S-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 [-lactamases

Production of antibiotics by microorganisms (e.g. S-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 S-lactam-producing fungi or
production of -lactamases, enzymes capable of hydrolyzing the four-membered g-lactam ring,
in the case of f-lactam producing bacteria [Ogawara, 2016]. How exactly the production of
a degrading enzyme is compatible with S-lactam prodution, is not fully understood [Peterson
and Kaur, 2018]. Forty years ago, emergence of -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 S-lactams into the clinic [Hamilton-Miller, 1979]. While there is
no doubt that therapeutic (over)use of S-lactam antibiotics accelerated the dissemination of -
lactamase-mediated antibiotic resistance [Bush, 2018|, phylogenetic analyses estimate the age of
[B-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, S-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 [-lactamses constitute today’s single most prevalent
mechanism of resistance to S-lactam antibiotics |[King et al., 2017a].

The majority of known S-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 S-lactamases evolved from PBPs [Bush, 2018|. In the time
course of this evolution, structural alterations in the active site of S-lactamses abolished binding
and recognition of peptidoglycan donor and acceptor stems, while retaining binding of S-lactams
and developing effective hydrolysis of the resulting acylenzymes [Meroueh et al., 2003].

The general mechanism for the reaction of g-lactams with PBPs and (-lactamases shows
striking similarities (Fig. 14). The reaction is initiated by formation of a non-covalent complex
(EeS) followed by acylation of the active site serine. The main difference between [-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 S-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 (-
lactamases. Although this substitution was not detected in clinical isolates, certain PBPs from
S. pneumoniae display increased values for ks (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 p-lactamases.

E+S == E'S —— E-S o

: kilow) PBP + P

Figure 14: General reaction mechanism for binding of a S-lactam substrate (S) to a PBP (E)
or a serine J-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 S-lactam (P) and either enzymatically active
PBP (slow hydrolysis of acylenzyme) or -lactamase (Bla, high hydrolysis rate), from [Bush,
2018|

4.1 Classification

An ever growing number of S-lactamases is being identified. The S-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 -lactamases, efforts were undertaken
to classify S-lactamases into meaningful groups. Classification was based on substrate profile,
sequence and structure similarity, characteristic sequence motifs, and inhibition profile. Classi-
fication of -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 (-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 [-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 S-lactamases. AV, avibactam; CA,
clavulanic acid; Cb, carbapenem; Cp, cephalosporin; E, expanded-spectrum cephalosporin; M,
monobactam; P, penicillin,; ESBL, extended-spectrum [-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 S-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 (-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 (-lactamases

Enzymes with a catalytic serine residue constitute the largest group among (-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 B-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 S-lactamases, the
YXN triad in class C and the SXV triad in class D -lactamases are important for protonation of
the f-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 f-lactams [Strynadka et al., 1992|. Class A S-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 [3-lactamase are shown in Fig. 16.

Figure 16: Overall structure of representative g-lactamases from each Ambler class. Catalytic
important residues of serine-f-lactamases (serine 64/70 and lysine 67/73, labeled) are colored
orange, and the metallo-5-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 [-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 | STOTSK S130DN - E6XXLN K?234TG
(SXXK) (SXN)
C | S®4TSK Y!50AN - - K315PTG
(SXXK) (YXN) (KSG)
D | STOTSK S!8XV YMGN - K216TG
(FGN) (KSG)

4.2.2 Molecular catalytic mechanism

General mechanism. Despite minor sequence similarities, the general catalytic mechanism
is very similar among serine [-lactamases of classes A, C, and D [Tooke et al., 2019] (Fig. 17).
After formation of a non-covalent complex, the 8-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 (§-lactam are released.
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