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Abstract

The three layered Gram-negative bacteria envelope consists of an inner membrane (IM),
the periplasm-containing peptidoglycan (PG), and an asymmetric outer membrane (OM)
decorated with lipopolysaccharide (LPS) in the outer leaflet. Growth and assembly of cell
envelope is orchestrated by action of dedicated protein machineries which span the entire
envelope and whose coordinated activity guarantees proper envelope stiffness. Defects in
biogenesis in any of these layers compromise the whole cell integrity and lead to cell
death. In this thesis we show that Escherichia coli remodels the PG structure by increasing
the level of 3-3 crosslinks produced by LD — Transpeptidases (LDTs), to avoid cell lysis
when the LPS transport to the OM is disrupted. E. coli codes for six LDTs (LdtA-F):
LdtA, LdtB, and LdtC covalently attach Lpp to PG while LdtD and LdtE introduce 3-
3crosslinks. LdtF has no LD-Transpeptidase (LD-Tpase) activity but enhances the
enzymatic activity of LdtD and LdtE. Our data outlines a major contribution of LdtD in
PG remodelling and suggest that LdtD works in concert with the PG synthase PBP1B, its
activator LpoB and the DD-CPase PBP6a to form a dedicated PG repair machine that
runs a PG remodeling program to counteract damages to the OM. We also show that the
lysis phenotype and morphological defects seen in mutants with an impaired LPS
transport and lacking IdtF, are rescued and suppressed, respectively, by the loss of YgeR
an uncharacterized lipoprotein predicted to be OM anchored. YgeR belongs to the family
of LytM-domain factors which are hydrolases or hydrolase regulators implicated in PG
remodeling/turnover. Important PG hydrolases are amidases which promote PG septal
splitting and daughter cell separation. Our biochemical data reveal that YgeR is an
amidase regulator able to activate AmiA, AmiB and AmiC the three amidases encoded
by E. coli. We also show that YgeR binds purified PG and physically interacts with the
amidase AmiC. Our biochemical analyses are complemented by in vivo data showing that
YgeR preferentially activates AmiC and that it does it through its LytM domain.
Altogether, our results point out an unexplored protective role of the 3-3 crosslinks in PG
to overcome severe OM biogenesis defects and propose YgeR as a novel amidase

activator whose action seems required upon envelope stress.



1. Introduction



1.1 The bacterial cell envelope

Bacteria are surrounded by a complex and protective structure, the cell envelope, that
constitutes the main barrier between the bacterial cell and the environment. Based on their
envelope structure and composition, bacteria can be divided into two main groups. In the
so-called Gram-positive bacteria, the envelope is mainly composed of a thick
peptidoglycan (PG) layer surrounding a single cytoplasmic membrane. Instead, the so-
called Gram-negative bacteria possess two membranes, an outer (OM) and an inner
membrane (IM), delimiting a periplasmic space in which a thin peptidoglycan layer is
embedded (Fig. 1). Because of the presence of a second membrane Gram-negative
organisms are defined “diderm” as opposed to the Gram-positive “monoderm”. The
multi-layered structure of the Gram-negative envelope has several consequences
impacting on growth and physiology of this group of microorganisms as discussed in the

following chapters of this thesis.

The model organism for Gram-negative bacteria is rod-shaped Escherichia coli. E. coli,
is a facultative anaerobic organism, that can live as a commensal in the gut of vertebrates.
However, pathogenic strains also exist causing severe gastrointestinal and urinary tract

infections (Tenaillon et al., 2010).
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Figure 1. Cell envelope of Gram-negative bacteria. See text for details (Modified from Sperandeo et al.,
2019a).




1.2 The Gram-negative bacterial envelope
1.2.1 Inner membrane

The IM, which surrounds the cytoplasm is a phospholipid bilayer. As a typical
phospholipid bilayer, the IM acts as a semipermeable barrier, regulating the trafficking
of molecules in and out the different compartments of the bacterial envelope. Integral
membrane proteins (IMPs), lipoproteins and peripheral proteins are embedded or
associated to the IM (Luirink et al., 2012). In contrast to the outer membrane proteins
(OMPs), most IMPs span the IM with a-helical transmembrane domains mainly
composed of hydrophobic residues (Cymer et al., 2015; Dalbey et al., 2011), whereas
lipoproteins localize in the periplasmic side of the of IM linked through the N-terminal
moiety (Sankaran and Wu, 1994). IMPs are often part of complexes implicated in
fundamental bacterial processes such as signal transduction, protein secretion and

transport, energy production and cell division (Weiner and Rothery, 2007).
1.2.2 Periplasm: peptidoglycan layer

In Gram-negative bacteria IM and OM delimit a compartment named periplasm. The
periplasm is crucial to the bacteria as encloses enzymes and cellular machineries
implicated in lipopolysaccharide (LPS) transport to the OM, cell division, envelope stress
response, environmental sensing, osmoregulation and peptidoglycan synthesis, among
others (Miller and Salama, 2018). In addition, the periplasm contributes to the resistance
of the turgor pressure by comprising structural systems that act concertedly with the OM,
such as the PG sacculus, lipoproteins, multidrug efflux pumps, surface appendages, and

solutes that contribute to the ionic potential across the OM (Cayley et al., 2000).

PG, also termed murein, is an essential component of the bacterial cell wall, forming a
continuous, mesh-like structure, the sacculus, that surrounds the IM (HO0ltje, 1998). In
Gram-negative bacteria, the PG sacculus is located in the periplasm and is anchored to
the OM through the Braun’s lipoprotein (Hantke and Braun, 1973). PG is made up of
linear glycan strands made up of alternating N-acetylglucosamine (GIcNAc) and N-
acetylmuramic acid (MurNAc) residues linked by B-1,4 glycosidic bonds, with a stem
pentapeptides attached to the MurNAc moiety. The amino acid composition of the stem
pentapeptide can vary from species to species. In E. coli, the pentapeptide consists of L-
Ala-D-Glu-mDAP-D-Ala-D-Ala (mDAP: meso-Diaminopimelic acid; Ala: Alanine;
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Glu: Glutamic acid) (Fig. 2), this pentapeptide is cross-linked to the respective stem
pentapeptides of parallel glycan strands. PG contributes cell shape maintenance during
cell growth and division, provides mechanical strength to counteract the osmotic pressure
in the cell, and serves as a scaffold for anchoring proteins and polymers (Vollmer et al.,
2008a). Modifications in PG can alter substantially the bacterial fitness and virulence,
making the bacteria more resistant to environmental stresses and toxic compounds (Pazos
and Peters, 2019).
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Figure 2. Structure of Gram-negative peptidoglycan. (A) Gram-negative bacteria such as E. coli contain
a thin layer of peptidoglycan within their periplasm. (B) Gram-negative bacteria generally use D-Glutamic
acid (D-Glu) and meso-Diaminopimelic acid (mDAP) at the second and third positions of peptide stem,
respectively, although this pattern may be distinct amid different species (Adapted from Griffin et al.,
2019).

1.2.3 Outer membrane

One of the distinguishing characteristics of Gram-negative bacteria is the presence of an
additional membrane, the OM. The OM is an asymmetric lipid bilayer, with
phospholipids in the inner leaflet and a peculiar glycolipid, LPS, in the outer leaflet. LPS
is the most abundant component of the OM outer leaflet and is essential in most Gram-
negative bacteria (Zhang et al., 2013; Silhavy et al., 2010). LPS is a complex molecule
made of three structural domains: a hydrophobic moiety anchored to the OM known as

lipid A, a conserved core oligosaccharide and a highly variable O-antigen made of
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repeating oligosaccharide units (Raetz and Whitfield, 2002) (Fig. 3). LPS outer layer has
a significant impact on OM properties. LPS molecules are negatively charged and the
LPS outer layer is stabilized by the presence of Mg*™* divalent cations. Tightly packed
LPS molecules largely contribute to the peculiar permeability barrier properties of the
OM making Gram-negative bacteria impermeable to many toxic molecules such as
hydrophobic toxic molecules, detergents, cationic antimicrobial compounds and
antibiotics (Nikaido, 2003). Because of the barrier function of the OM, Gram-negative
bacteria can survive in harsh environments. This property is further enahnced by
modulating the LPS synthesis and structure upon envelope stress (Maldonado et al.,
2016).

Like biological membranes, the OM contains numerous integral membrane proteins,
(outer membrane proteins, OMPs), that consist of amphipathic B-strands which adopt a
B-barrel structure (Fairman et al., 2011). OMPs embrace receptors, enzymes, transporters
and porins (Yamashita and Buchanan, 2010). Many lipoproteins are associated to the OM
via lipid modification at their N-terminal end (Okuda and Tokuda, 2011). The E. coli
genome codes for at least 90 lipoproteins, comprising 1-3 % of all proteins, the majority
of which are anchored at the periplasmic face of the OM. (Tokuda et al., 2007; Mathelié-
Guinlet et al., 2020). Lipoproteins fulfil several important different functions in the cell
ranging from structural or signalling roles to sorting other lipoproteins, LPS and -barrels

proteins to the OM (Tokuda, 2009).
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Figure 3. LPS structure in E. coli. General chemical structure of LPS (Modified from Sperandeo et al.,
2019a).
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1.3 PG synthesis

The cell wall is the first line of defence against external stressors, and the guarantor for
maintaining the cell shape during growth. The relationship between the PG synthesis and
bacterial growth and shape it is well known, as the lack or the fact of having defective
enzymes involved in PG synthesis lead to aberrant cell morphology and growth or even
lysis (Nelson et al., 2001; Denome et al., 1999., Benson et al., 1996).

The synthesis of the PG sacculus in Gram-negative bacteria is a complex process that
requires numerous enzymatic reactions that take place in three different compartments of

the cell namely cytoplasm, IM and periplasm (Fig. 4).
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Figure 4. Peptidoglycan synthesis in E. coli. PG precursors are synthesized in the cytoplasm, linked to
the lipid carrier (undecaprenyl phosphate) and flipped across the IM. Then, a nascent PG chain is
polymerized through a glycosyltransferase (GTase) from the lipid 1l precursor at the IM and inserted in the
sacculus by a DD-Transpeptidase (DD-TPase). Peptides are trimmed by DD and LD-carboxypeptidases
(DD- and LD-CPases) and crosslinked by DD- and LD-Transpeptidases (DD- and LD-TPases). Crosslinked
peptides are cleaved by the DD and LD-endopeptidases (DD- and LD-EPases), and specific LD-TPases
anchor the major outer-membrane lipoprotein (Lpp) to the glycan strands. Amidases remove peptides from
glycan chains, and exo-or endo-specific lytic transglycosylases (LTs) cleave in the glycan chain producing
1,6-anhydro-N-acetylmuramic acid (anhMurNAc) residues (Text adapted from Typas et al., 2011; Figure

modified from Pazos and Peters, 2019).
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The synthesis of PG starts in the cytoplasm with the biosynthesis of the UDP-GICNACc
precursor from fructose-6-phosphate. It requires four successive enzymatic reactions
catalysed by the GImS, GImM and GImU enzymes. Then, MurA and MurB enzymes
convert UDP-GINac into UDP-MurNAc. MurA catalyzes the transfer of the enolpyruvyl
moiety of phosphoenol pyruvate (PEP) to the 3" hydroxyl group of UDP-GIcNACc and the
product of this reaction is then reduced by MurB (Zoeiby et al., 2003).

After the synthesis of UDP-MurNAc precursor, the amino acids that constitute the
pentapeptide chain are sequentially added to the MurNAc precursor by a series of ATP-
dependent ligases: (i) MurC links L-Alanine to UDP-MurNAc, (ii) MurD catalyses the
insertion of D-glutamic acid (D-iGlu), (iii) MurE adds the meso-Diaminopimelic acid
(mDAP) residue, and (iv) MurF inserts the D-Ala-D-Ala dipeptide, previously
synthesised by the DdIA and DdIB ligases (Kouidmi et al., 2014; Barreteau et al., 2008).
The resulting disaccharide pentapeptide (UDP-MurNAc-L-Ala-D-iGlu-mDAP-D-Ala-D-
Ala) is transferred onto the lipid carrier undecaprenyl-phosphate, at the cytoplasmic side
of the IM.

The IMP MraY catalyses the attachment of the phospho-MurNAc-pentapeptide to the
undecaprenyl phosphate forming lipid I (Liu et al., 2016). Then, the translocase MurG
transfers the GICNAc moiety from UDP-GIcNAc to the lipid I, resulting in undecaprenyl-
pyrophospate-MurNAc-pentapeptide-GIcNAc, also named lipid II. Lastly, lipid Il is
flipped from the cytoplasmic to the periplasmic side of the IM, where it is processed as
substrate for the last steps of PG synthesis (Bouhss et al., 2008). The identity of the lipid
Il flippase is not completely determined, but two IMPs have been proposed as candidates,
FtsW and MurJ. Several studies support the role of MurJ as lipid 11-flippase (Ruiz, 2008;
Sham et al., 2014; Zheng et al., 2018; Kumar et al., 2018), although it is not fully
understood how MurJ performs this process, whereas FtsW activity is required for MurJ

midcell localization in septal PG synthesis (Liu et al., 2018).

Once the lipid I1 reaches the periplasm, successive enzyme reactions take place to process
the disaccharide pentapeptide moiety of lipid Il. The synthesis of new PG proceeds with
the polymerization of lipid Il by glycosyltransferases (GTases) forming a linear glycan
chain of alternating B-1,4-linked GIcNAc and MurNAc residues and releasing the
undecaprenyl-pyrophosphate carrier (Galley et al., 2014). These carbohydrate chains are
incorporated into pre-existing chains through crosslinkage of the stem peptides by

14



transpeptidases (TPases) (Fig. 5). The growth of the sacculus is a dynamic process that
requires synthases to make peptidoglycan and hydrolases to cleave the PG to allow
insertion of the newly synthesized material (Typas et al., 2011). Besides, several of these
PG synthesis enzymes are the targets for clinically useful antibiotics, constituting an

entire class of molecules named B-lactams (Frere and Page, 2014).

B-lactams are characterized by the presence of a four-membered, nitrogen-containing f3-
lactam ring in their chemical structure. B-lactams target the PBPs, by a specific binding
of the B-lactam ring to these different PBPs, impeding their vital activity in the cell wall

formation (Zapun et al., 2008).

X Mature
Perlplasm peptidoglycan

Glycosyltransferase Transpeptidase

Lipid Il

PPs P_o
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| )

membrane bédéé ééééb

Figure 5. Lipid Il polymerization. PG synthesis from lipid Il disaccharide units with subsequent
glycosyltransferase and transpeptidase catalysis. A: L-Ala, a: D-Alg, e: D-iGIn, X: mDAP. (Modified from
Zuegg et al., 2015).

131 Peptidoglycan synthases

Growth of the sacculus demands a concerted action between PG hydrolytic and synthetic
enzymes. Among the former, penicillin-binding proteins (PBPs) are of special interest as
the major enzymes that polymerize and crosslink new and pre-existing PG. PBPs are
present in all bacteria, with some exceptions (Otten et al., 2018), in variable number.
These PG synthases are typically classified based on their molecular weight: high
molecular weight (HMW) and low molecular weight (LMW) PBPs.

HMW PBPs are multimodular enzymes located at the periplasmic side of the IM and
anchored to the IM through their N-terminal domain. Their topology consists of a
cytoplasmic tail, a transmembrane anchor, and two domains joined by a B-rich linker

exposed to the periplasmic side of the IM where peptidoglycan synthesis takes place
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(Miyachiro et al., 2019; Sauvage and Terrak, 2016). Depending to structure and catalytic
activity of their N-terminal domain, PBPs can be grouped in class A or class B. The C-
terminal domain of both classes is the so-called penicillin-binding domain, which has a
transpeptidase activity. In class A HMW PBPs, the N-terminal domain carries
glycosyltransferase activity (elongation of glycan chains) whereas in class B HMW PBPs,
the N-terminal domain contribution to PG synthesis remains unknown, it is thought to
have a role in cell morphogenesis (Haenni et al., 2006; Den Blaauwen., 2008).

LMW PBPs, usually referred as class C PBPs can exhibit transpeptidase or endopeptidase
activity, but mostly DD-carboxypeptidase activity (DD-CPases). LMW PBPs play a role
in regulating the extent of crosslinks in PG, and in cell division (Scheffers and Pinho,
2005; Potluri et al., 2012).

The transglycosylation reaction can also be carried out by monofunctional GTase
represented by MgtA, that catalyzes glycan chain elongation, with a putative role in PG

assembly during the cell cycle (Derouaux et al., 2008).

To date, 12 PBPs have been identified in E. coli (Sauvage et al., 2008; Denome et al.,
1999). E. coli possesses three class A HMW PBPs (PBP1A, PBP1B and PBP1C), and
two class BHMW PBPs (PBP2 and PBP3). PBP1A and PBP1B are the major bifunctional
synthases carrying transpeptidase and transglycosylase activity, and the presence of at
least one of them is required for cell viability, since the deletion of both genes is lethal
(Sauvage et al., 2008; Yousif et al., 1985). Importantly, the activity of PBP1A and PBP1B
is regulated by the OM lipoproteins LpoA and LpoB, respectively (Typas et al., 2010).
On the contrary, PBP1C is not essential and its role has not been clarified yet (Schiffer
and Holtje, 1999), although some data suggest that it could be involved in a PG repair
mechanism (Budd et al., 2004).

Regarding the class B HMW PBPs (monofunctional transpeptidases), PBP2 is implicated
in the maintenance of the cell shape and one of the key players of the elongasome, a
dynamic protein complex implicated in the cell wall elongation (Philippe et al., 2009;
Spratt, 1975). PBP3, also named Ftsl, is an essential component of the divisome, the cell

division complex (Sauvage et al., 2014).

In addition to the HMW PBPs, there are seven LMW PBPs in E. coli: PBP4, PBP4B,
PBP5, PBP6, PBP6b, PBP7 and AmpH. These type of PBPs are involved in cell division,
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maintenance of cell morphology and PG recycling or maturation (Ghosh et al., 2008), and
the lack of any of them does not compromise cell integrity (Edwards and Donachie, 1993)
although their combined deletion causes morphological cell defects (Pazos and Peters,
2019). Most of LMW PBPs are CPases, although PBP4 and AmpH show DD-
endopeptidase (DD-EPase) activity, while PBP7 is a strict DD-EPase (Meberg et al.,
2004) (see chapter 1.3.3).

Besides PBPs, E. coli contains the IMPs RodA and FtsW, which belong to the SEDS
family of proteins (Taguchi et al., 2019; Cho et al., 2016). RodA possesses GTase activity
and it is involved in the lateral cell wall elongation whereas FtsW carries PG polymerase

activity with commitment in the cell division.
1.3.2 Peptidoglycan transpeptidases

The final step in PG biosynthesis is the peptide crosslinking (transpeptidation) of the
glycan strands. This reaction provides rigidity and structure to the PG layer necessary for
its protective function. There are different TPase reactions based on the donor
muropeptide (Fig. 6). In E. coli, the majority (90% to 98%) of crosslinks in PG are of the
DD or 4-3 type, which are formed between D-Ala at position 4 of a pentapeptide (donor)
and the mDAP at position 3 of another muropeptide (acceptor). The DD-transpeptidation
iIs made at the expense of the terminal D-Ala-D-Ala bond of the pentapeptides. The
reaction begins via the formation of a serine ester-linked peptidyl enzyme followed by
the release of the carboxy-terminal D-Ala of the donor pentapeptide and resumes by the
transfer of the peptide moiety to the side chain amino-group mDAP residue of the
acceptor muropeptide (Goffin and Ghuysen, 1998). This abundant type of crosslinks is
catalysed by the DD-TPase activity of bifunctional PBP1A and PBP1B, with some studies
showing that their transpeptidation activity is dependent on the transglycosylase activity

of the respective enzymes (Barrett et al., 2005).

B-lactam antibiotics mimic the D-Ala-Ala terminal residues of the stem peptide of PG
precursors and inactivate DD-TPase by acting as suicide substrates. Upon [-lactam
treatment PG synthesis declines whereas activity of PG hydrolases remains. The resulting

destabilization of the PG sacculus leads to cell lysis and cell death (Drawz et al., 2010).
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Figure 6. Overview of the TPase reactions in E. coli. DD-TPases cleave the D-Ala-D-Ala peptide bond
of a pentapeptide acyl donor stem to catalyse 4,3-crosslinks with an acyl acceptor. DD-CPase hydrolyse
the D-Ala-D-Ala bond of pentapeptide stems, generating a tetrapeptide acyl donor that is used as substrate
for LD-transpeptidation (3,3-crosslinks) by LD-TPases. Specific LD-TPases anchor the Braun lipoprotein
(Lpp) to PG. (?): refers to enzymes (PBP1C) with predicted TPase activity but not determined yet (Modified
from Hugonnet, et al., 2016).

Besides DD-transpeptidation, stem peptides can be crosslinked in a LD-type or 3-3
configuration. 3-3 crosslinks are formed between mDAP at position 3 of a tetrapeptide
donor and the mDAP residue of the acceptor muropeptide (Fig. 6). The relative
abundance of LD and DD crosslinks differs across bacterial species, being highly
abundant in some pathogenic bacteria (Lavollay et al., 2008). In E. coli the proportion of
3-3 crosslinks is very low (2-10%) and growth phase dependent (Glauner et al., 1988)
The 3-3 crosslinks are catalysed by LD-TPases (LDTSs) of the YkuD family of proteins
(PF03734). In E. coli five LDTs were known until now that are divided in two class: i)
LdtA, LdtB and LdtC (formerly ErfK, YcfS, YbiS) that covalently attach the abundant
OM-anchoredBraun's lipoprotein (Lpp) to mDAP residues in PG (Magnet et al., 2007),
i) LdtD and LdtE (formerly YcbB, YnhG) which form 3-3 crosslinks between two mDAP
residues (Magnet et al., 2008). An additional LDT, LdtF (formerly YafK) has been
recently identified. LdtF has no LD-TPase activity but seems able to stimulate the activity
of LdtD and LdtE (Moré et al., 2019; see chapter 3.1). All the six Idt genes can be
simultaneously deleted indicating the non-essentiality of these enzymes for bacterial
growth under standard laboratory conditions (Sanders et al., 2013).

LDTs are structurally unrelated to PBPs, indeed, they contain a cysteine residue in the
catalytic site instead of the serine residue typical of PBPs. Introduction of 3-3 crosslinks
in PG has been proposed as mechanismto bypass PBPs therefore granting resistance to 3-

lactam antibiotics, except for carbapenem (Mainardi et al., 2007). In fact, p-lactam-
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resistant Enterococcus faecalis mutants remodel their PG by replacing 4-3 crosslinks with
3-3 crosslinks catalysed by the B-lactam insensitive Ldtm (Biarrotte-Sorin et al., 2006).
Moreover, E. coli mutants with an elevated synthesis of (p)ppGpp alarmone, which up-
regulates genes involved in stress response, and increased expression of LdtD, can fully
bypass DD-TPase activity of PBPs thus leading to B-lactam resistance (Hugonnet et al.,
2016).

1.3.3 Peptidoglycan hydrolases

Bacterial growth requires a dynamic PG remodelling to accommodate cell wall
elongation and division, thus PG synthesis and degradation must be tightly coordinated.
PG degradation is made by hydrolytic enzymes known as PG hydrolases. Bacterial PG
hydrolases cleave the bonds in PG chain and side-chain peptides, allowing the
incorporation of new PG into the sacculus. PG hydrolases are implicated in autolysis,
maturation, turnover and recycling of PG (Pazos and Peters, 2019). Based on the cleavage
sitte. on PG they can be categorised as amidases, carboxypeptidases (CPases),

endopeptidases (EPases) and lytic transglycosylases (LTs) (Fig. 7).
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Figure 7. Cleavages sites of PG hydrolases. Amidases (Ami) cleave the amide bonds between MurNAc
and the L-alanine of the stem peptide. Specific amidases (anhAmi) cleave at 1,6-anhydroMurNAC residues.
DD-EPase cleave D-Ala-mDAP bonds and LD-EPases cleave mMDAP-mDAP bonds. DD-CPase hydrolyse
terminal D-amino acids of pentapetides whereas LD-CPase have specificity for tetrapeptides. LTs
hydrolyse the $1,4-glycosidic bond between MurNAc and GIcNAc residues (Modified from Vollmer et al.,
2008b).
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e Amidases

Amidases, or N-acetylmuramyl-L-Alanine amidases, hydrolyse the amide bond between
the L-Ala residue of the stem peptide and the MurNAc subunit of the glycan chain. E.
coli encodes five amidases, which, based on amino acid sequence similarity, are
subdivided into two groups: (i) AmiA, AmiB, AmiC, and (ii) AmiD and AmpD. AmiA,
AmiB and AmiC have specificity for MurNAc substrates, AmpD for 1,6-anhydro-
MurNAc, and AmiD breaks off both MurNAc and 1,6-anhydro-MurNAc substrates.
AmiA, AmiB and AmiC play the crucial role of splitting the septum in cell division, since
the lack of all three results in massive cell chaining. AmiA localises throughout the
periplasm whereas AmiB and AmiC localises to the septum during cell division.
Interestingly, they have semi-redundant functions as they can replace each other function
(Heidrich et al., 2001; Priyadarshini et al., 2007).

Besides becoming key players during cell division, the amidases have been proposed as
targets for antimicrobials (Vermassen et al., 2019). Regarding AmiD and AmpD, they
have been proposed to have a role in the PG recycling pathway (Uehara et al., 2007,
Hesek et al., 2009).

The AmiA, AmiB and AmiC activity is regulated by the LytM-domain factors, EnvC and
NIpD, as the phenotype of mutants lacking both regulators shows the same cell chaining
phenotype than a mutant missing the three amidases (Uehara et al., 2010). Proteins with
LytM (Lysostaphin/ Peptidase_M23) domains are widely distributed in bacteria and
participate in essential processes such as cell division and cell morphogenesis. Most of
the LytM-like proteins already identified are metallo-endopeptidases that cleave
crosslinks in PG (Sabala et al., 2012). E. coli contains four LytM-domain factors in E.
coli: EnvC, NIpD, MepM and YgeR. Of the four, only MepM exibits hydrolytic activity
on PG. MepM is a PG metallo-endopeptidase, having DD-EPase activity with specificity
for 4-3 crosslinks (Singh et al., 2012). EnvC and NIpD have no activity on PG since they
show a degenerated LytM domain missing important catalytic residues required for
function (Uehara et al., 2010, Peters et al., 2013), consistent with their role as hydrolases
regulators. EnvC has been shown to activate AmiA and AmiB, whereas NIpD activates
AmiC (Tsangetal., 2017). YgeR is a predicted OM lipoprotein with an unknown function
although its deletion exacerbates the cell chaining phenotype of the double envC nlpD

mutant (Uehara et al., 2009). A characterisation of this protein is reported in chapter 3.2.
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e Carboxypeptidases (CPases)

CPases remove the terminal residues from the stem peptides. E. coli contains seven
CPases. Six of them are non-essential LMW PBPs (PBP4, PBP4B, PBP5, PBP6, PBP6B
and AmpH) and one is a cytoplasmic LD-CPase (LdcA). The PBPs CPase have DD-
CPase activity, cleaving the D-Ala residue from the pentapeptides, and LdcA cleaves D-
Ala residue from tetrapeptides. As above-mentioned, PBP4 and AmpH can work as well
as EPase. PBP5 is the most abundant CPase and removes the terminal D-Ala-D-Ala bond
from disaccharide pentapeptide side-chains. Despite its dispensability, the loss of PBP5
causes morphological defects (Nelson and Young, 2001). PBP6 and PBP6b are DD-
CPases that share a high sequence identity with PBP5, although their role in the cell is
unknown. It has been shown that PBP6 has a weaker CPase activity compared with PBP5,
whereas PBP6B has increased activity at low pH (Sarkar et al., 2011; Peters et al., 2016).
PBP4B has a low DD-CPase activity and its physiological role is still unknown (Vega
and Ayala, 2006), whereas AmpH is implicated in PG recycling, showing both DD-CPase
and DD-EPase activity (Gonzalez-Leiza, et al., 2011). Finally, LdcA is an LD-CPase that
appears to be implicated in PG recycling (Templin et al., 1999).

e Endopeptidases (EPases)

EPases cleave the amide bonds between amino acids from different stem peptides namely,
the crosslinks. According to the crosslink specificity, they are classified as DD-EPase and
LD-EPase. DD-EPases cleave 4-4 crosslinks (D-Ala-mDAP bonds), E. coli contains three
B-lactams sensitive (PBP4, PBP7, and AmpH), and four to B-lactams insensitive (MepA,
MepH, MepM and MepS) EPases. It has been suggested a role of PBP4 and PBP7 in
maintenance of cell morphology and biofilm formation (Meberg et al., 2004; Miyamoto
et al., 2020). MepA belongs to LAS family, and MepH, MepM and MepS are members
of the NIpC/P60 family. MepA and MepM require the presence of divalent metal ion for
activity (Marcyjaniak et al., 2004).

The insensitive B-lactam DD-EPases are required for new PG incorporation since mutants
lacking all three EPases MepH, MepS and MepM display aberrant cell shape and
extensive lysis. MepA and MepS possess also a weak LD-EPase activity (Singh et al.,
2012). LD-EPases cleave 3-3 crosslinks, (nDAP-mDAP bonds). E. coli encodes a
specific LD-EPase, MepK. MepK seems to play a role in PG extension by regulating the
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degree of 3-3 crosslinkage in PG. The combined activity of MepK with MepS and and
MepM is required for an optimal PG enlargement (Chodisetti and Reddy, 2019).

e Lytic Transglycosylases (LTs)

Lytic transglycosylases cleave the f1,4-glycosidic bond between MurNAc and GIcNAc,
forming a 1,6-anhydro ring at the MurNAc residue. LTs cleave at the end of the glycan
chains (exolytic activity, exo-LTs) or within them (endolytic activity, endo-LTs). E. coli
encodes eight LTs, which are grouped in four families based on their domain structure:
family 1 (SIt70, MItC, MItD, MItE), family 2 (MItA), family 3 (MItB) and YceG-family
(MItG). LTs are redundant although the loss of some (MItA-E and Slt) leads to cell
chaining phenotype (Vollmer et al., 2008b). SIt70 is a periplasmic exo-LT of interest
since it is known that it may form a multienzyme complex with PBP3 and PBP7(Romeis
and Holtje, J.V, 1994). Loss of SIt70 increases sensitivity to specific p-lactams, as
mecillinam (Templin et al., 1992).

A role of Slt in PG remodeling upon B-lactams attack has been inferred, as it prevents the
accumulation of uncrosslinked glycan strands so that they are not aberrantly incorporated
into the sacculus. This PG “quality control” mechanism might facilitate the replacement

of impaired PG synthetic machineries by functional ones (Cho et al.,2014a).
1.4 LPS synthesis

The peculiar structure of the OM of Gram-negative bacteria prevents not only the entry
of large polar molecules, but also that of small hydrophobic molecules.
Lipopolysaccharides (LPS) are the major contributors of the OM permeability barrier
properties. The LPS molecules are the main lipid components of the OM, representing
approximately three quarters of the bacterial surface. LPS is composed of a lipid A
moiety, inner and outer core oligosaccharides, and the O-antigen (Fig. 3). The biogenesis
of LPS is a complex process that starts in the cytoplasm with the synthesis of the core
oligosaccharide-Lipid A moiety and the O antigen, which are independently synthesised

and translocated across the IM.
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141  Kdozlipid A

The synthesis of Kdo»-lipid A moiety requires the action of several conserved enzymes
and occurs first in the cytoplasm, and subsequently in the cytoplasmic face of the IM (Fig.
8) (Raetz and Whitfield, 2002). Lipid A biosynthesis begins with the acylation of UDP-
GIcNAc, catalysed by the cytoplasm acyltransferase LpxA which adds f-
hydroxymyristoyl chain (Anderson and Raetz, 1987; Wyckoff et al., 1998). The next step
involves the deacetylation of UDP-3-O-acyl-GIcNAc catalysed by LpxC, a Zn2+-
dependent enzyme (Jackman et al., 1999). The reaction catalysed by LpxA has an
unfavourable equilibrium which makes the deacetylation catalysed by LpxC the first
committed step of Kdo2-lipid A synthesis (Anderson et al., 1993). Indeed, LpxC
represents a key point of control of LPS biosynthesis whose levels are controlled by the
FtsH protease in response to growth rate (Ogura et al., 1999; Schédkermann et al., 2013).
The next step is the transfer of a second B-hydroxymyristoyl chain catalysed by the
acyltransferase LpxD to form UDP-2,3-diacyl-GIcN (Raetz et al., 2009). Following
acylation, the pyrophosphate bond of the UDP-2,3-diacyl-GIcN is hydrolysed by the
pyrophosphatase LpxH, resulting in UMP and 2,3-diacyl-GIcN-1-phosphate (lipid X)
(Babinski et al., 2002). The biosynthesis continues with the generation of the
characteristic B,1'-6 linked disaccharide by LpxB that catalyses the condensation of UDP-
2,3-diacyl-GIcN with one molecule of lipid X, releasing UDP. The successive steps are
catalysed by the IM proteins LpxK, KdtA, LpxL and LpxM. LpxK phosphorylates the 4’
position of the disaccharide 1-phosphate to produce the intermediate lipid IV a, requiring
ATP hydrolysis in the process. Next, the bifunctional enzyme KdtA (formerly WaaA)
catalyse the incorporation of two Kdo residues. Contrary to what was once believed, the
presence of Kdo residues in the LPS molecule is not required for cell viability, although
their absence yields to a larger cell wall permeability and a decline in antibiotic tolerance
(Meredith et al., 2006). LpxL and LpxM, also named “late” acyltransferases, share strong
amino acid sequence similarity and requires Kdo to function (Opiyo et al., 2010). LpxL
transfers a lauroyl group which is followed by the catalysed-addition of myristoyl by
LpxM, completing the formation of Kdoz-lipid A moiety (Raetz et al., 2007). In case of
growth at low temperatures, E. coli expresses LpxP that incorporates a palmitoleate into

lipid A in place of a laurate (Carty et al., 1999).
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Figure 8. Biosynthesis pathway of Kdoz-lipid A in E. coli. UDP-GIcNAc sugars and derivatives are
highlighted in blue and enzymes in red. (Adapted from Raetz et al., 2007).

1.4.2 Core oligosaccharide

Core oligosaccharide region, or core-OS contains 8 to 15 sugars that includes heptoses
(Hep), glucoses (Glc) and Kdo residues. The proximal region to the lipid A is known as
‘inner’ core containing Hep and Kdo residues whereas the “outer” core corresponds to
rest of the core where the O-antigen is attached and is composed of Glc and Hep residues
decorated with phosphates. Biosynthesis of core-OS involves several IM-
glycosyltransferases which enlarge the Kdo.-lipid A using nucleotide sugars donors. The
waa locus on the chromosome of E. coli encodes enzymes involved in the assembly of
the Core-OS (Fig. 9). The waa locus is divided into three distinct operons. The waaA
operon contains the gene waaA encoding the bifunctional transferase KdtA that catalyse
the attachment of two Kdo residues to the Kdo-lipid A acceptor, which is the first
committed step of the inner core synthesis (see previous paragraph). The gmhD operon
comprises gmhD, waaC and waaF. The GmhD enzyme catalyses the synthesis of the
activated sugar nucleotide substrate for Hep addition to the inner core and WaaC and
WaaF, incorporate a first (Hepi) and a second (Hepu) heptose, respectively. The waaQ

operon encodes genes necessary for outer core-OS assembly. WaaP and WaaY add
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phosphate groups to the inner core heptoses. Heptosyltransferase WaaQ attaches a third
heptose (Hepin) to Hepi. Then, WaaG inserts the first Glc residue, on which WaaB
catalyse the addition of a Galactose (Gal). Then, a second (Glcy) and a third (Glcm)
glucoses are subsequently incorporated by WaaO and WaaR, respectively. The last step
of core-OS synthesis is the attachment of the fourth heptose (Hepiv) to Glci by WaaU
(Wang et al., 2015; Frirdich and Whitfield, 2005).

Once the synthesis of core-lipid A moiety is completed at the inner leaflet of the IM the
essential ABC transporter MsbA catalyses the flipping of core lipidA across the IM
(Borbat et al., 2007; Polissi and Georgopuolos 1996; Zhou et al., 1998). The final steps
of LPS synthesis occur at the periplasmic face of the IM as discussed in the next

paragraph.
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Figure 9. General structure and biosynthesis pathway of the E. coli core-OS. Same colour in the Waa

proteins indicate that the corresponding genes belong to the same operon. (Adapted from Wang et al., 2015).
143 O-antigen

The O-antigen is the distal, surface exposed LPS moiety and responsible of the
immunogenic properties of this macromolecule. The O-antigen consists of a variable
number of repeating sequences of three to six sugar residues (O unit). O-antigen structures
are highly variable components of LPS, a feature used as a tool for strains classification
based on the different serological properties (Raetz and Whitfield, 2002). As an example,
around 200 different serogroups in E. coli alone have been recognised (DebRoy et al.,
2016). In many pathogens O-antigen is a virulent factor employed to survive host defence
mechanisms (Lerouge and Vanderleyden, 2002; Reeves, 1995). It is important to note
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that E. coli K-12 and derivative strains lack O-antigen as a result of mutations in the O-

antigen synthesis gene cluster (Stevenson et al., 1994).

The O-antigen synthesis initiates with the transfer of a sugar monophosphate to the lipid
carrier Und-P at the inner leaflet of the IM. The resulting saccharide-Und-PP becomes an
acceptor for additional glycosylation reactions to complete the O-antigen units. In E. coli
the polymerization of the O units into O-antigen falls into two different pathways: Wzy
polymerase-dependent and ABC transporter-dependent mechanisms (Fig. 10) (Kalynych
etal., 2014).

Wzy-dependent ABC-dependent
[%]1 O], 01,
é o o é o o
% = [0, % 2 O,

Figure 10. Summary of the two O-Antigen synthesis pathways in E. coli. GT: glycosyltransferases
required to generate the O-antigen. [O]: O-unit, while the subscript “n” represents the number of repeats
present. (S inside hexagon): Individual sugar units, which are bind to an arbitrary nucleotide carrier NDP.
The lipid carrier is Und-P. (Modified from Bertani and Ruiz, 2018).

The Wzy-dependent pathway implies the synthesis of single O-units on Und-P and further
translocation of these Und-P-linked-O units to the periplasmic leaflet of the IM by the
Wzx flippase. The glycosyl polymerase Wzy catalyses the polymerization of these O units
on a single Und-P carrier molecule, whose polymer length is controlled by Wzz. Finally,
the polymerised O-antigen is linked to the core-lipid A by the WaaL ligase, and the Und-
PP carrier is recycled (Kalynych et al., 2014; Bertani and Ruiz, 2018). Disruption of
certain steps in this pathway results in sequestration of Und-P, leading to important

growth defects as Und-P is utilised in the PG synthesis (Jorgenson and Young, 2016).

In the ABC-dependent pathway, the entire polymerised O-antigen is assembled in the
cytoplasm. Dedicated GTases polymerise the complete O-antigen on a single Und-P
molecule in the inner leaflet of the IM. An ABC transporter translocates the completed
O-antigen-Und-PP molecule to the periplasm, where WaaL attaches the O-antigen moiety
to the core-OS-lipid A (Greenfield and Whitfield, 2012; Han et al., 2012).



Full length LPS or core-lipid A moiety (in O-antigen non-producing strains) are then
transported from the IM to the outer leaflet of the OM by the dedicated lipopolysaccharide
transport (Lpt) machinery as illustrated in chapter 1.5.

1.5 Envelope molecular machineries

Most OM and PG components are synthetized in the cytoplasm or at the IM and
subsequently exported to the periplasm or OM for their final assembly in the cell
envelope. This is not an easy task, since both the periplasm and the OM are not energised
and envelope building blocks need to cross compartments with different physico-
chemical characteristics. To overcome these issues, bacteria have evolved multiprotein
envelope machineries. The LPS molecules are transported across the periplasm and
assembled at the OM by the multiprotein Lpt machinery (Sperandeo et al., 2019a). After
synthesis in the cytoplasm, OMPs cross the IM thanks to the Sec system and then are
escorted by chaperones across the periplasm to the OM, where they are folded, assembled
and positioned by the B-barrel assembly machinery (BAM) complex (Bakelar et al., 2017;
Knowles et al., 2009). OM Lipoproteins, which cross the IM thanks to the Sec system as
well, contain a specific sorting signal which is recognised by the Lol (lipoprotein OM
localization) protein complex that mediates their transport from the IM to their final
location at the OM (Tokuda and Matsuyama, 2004). Very little is known on the systems
that transport phospholipids to the OM inner leaflet and these will not be discussed in this

thesis.

Besides the machineries required to build the OM, Gram-negative bacteria employ
dynamic multiprotein complexes to ensure a tightly regulated growth of the PG sacculus
during the cell cycle. These complexes are known as the elongasome (cell elongation
machinery) for cell growth, and the divisome (division machinery) for cell division (Egan
etal., 2017).

Since the envelope is a crucial structure for bacterial survival it is not surprising that
bacteria have evolved sophisticated sensory systems that sense internal or external
perturbations and counteract them to restore envelope homeostasis. These so-called
envelope stress response systems (ESRS), are discussed at the end of this chapter focusing
on the Cpx two-component system, the oE stress response, and the Rcs phosphorelay of

E. coli.
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151 Outer membrane assembly

As mentioned in the previous paragraph, structural constituents of the OM as lipoproteins,
LPS or OMPs have different pathways in their transit routes to the OM which are

discussed in the following paragraphs.
e LPS transport and assembly: Lpt machinery

The Lpt machinery is a multiprotein complex composed, in E. coli, of seven essential
proteins (LptABCDEFG) that span all compartments of the cell envelope. These proteins
physically interact with each other forming a protein bridge connecting IM and OM. The
Lpt machinery works as a single device as depletion of any component results in
accumulation of the LPS at the IM outer leaflet (Sperandeo et al., 2008). The multiprotein
machinery is organized in two sub-complexes, the ABC transporter LptB.CFG at the IM
and the OM LptDE translocon, connected by LptA in the periplasm (Fig. 11).
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Figure 11. The LPS export pathway. Flipped LPS molecule is extracted from the IM, escorted across the
periplasm and assembled at the OM outer leaflet by the Lpt machinery. The IM complex LptB2FG is an
ABC transporter which provides the energy for the transport (Adapted from Moura et al., 2020).
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After its translocation through the IM by MsbA, LPS is detached from the IM in an
energy-demanding process that requires the ATPase activity of the LptB>CFG complex.
Unlike classical ABC transporters (such as MsbA), LptB>CFG is an unusual transporter
in that it does not translocate its substrate across the IM, but it rather extracts LPS
molecules from the IM outer leaflet and delivers them to the proteins in the periplasmic
bridge (Sperandeo et al., 2019b). Similar to the ABC importers, LptB.CFG comprises
four subunits (Davidson, 2008). In the cytoplasm, the dimeric LptB. constitutes the
nucleotide-binding domain (NBD) of the transporter, which binds ATP and catalyses its
hydrolysis. At the cytoplasmic side of the IM, LptB2 interacts to LptF and LptG, which
constitute the transmembrane domains (TMD) of the transporter. LptB.FG core
transporter is tightly associated with the IM bitopic protein LptC (Narita and Tokuda,
2009), which has been recently shown to represent an unconventional fifth subunit of the
transporter endowed with a regulative function (Owens, 2019; Li, 2019). Structural
analyses of the LptB.CFG transporter have revealed that LptFG domains form a
hydrophobic cavity that accommodates LPS; the energy provided by the ATPase LptB2
is used to funnel LPS from the IM towards the periplasmic domain of LptC (Owens, 2019,
Tang et al., 2019). LptC interacts with the periplasmic domains of LptF and its N-terminal
transmembrane helix is wedged between the transmembrane helices of LptF and LptG
(Li et al., 2019; Owens et al., 2019). Although essential, the lack of LptC can be
compensated by specific mutations in LptF (Benedet et al., 2016). According to the
current model, LptC accepts the LPS from LptB2FG and transfers it through its C-
terminal domain to the N-terminal domain of the periplasmic protein LptA (Sperandeo et
al., 2011). It is known that LptA can form homo-oligomeric complexes in vitro (Suits et
al., 2008; Merten et al., 2012; Santambrogio et al., 2013). Therefore, the periplasmic
bridge could be constituted of more than one LptA monomer interacting each other in a
head-to-tail fashion. At the OM, LptA interacts with the N-terminal periplasmic domain
of LptD (Freinkman et al., 2012). Notably, Lpt proteins with a periplasmic domain (LptA,
LptC, LptF, LptG, LptD) share a B-jellyroll fold structure, characterized by a hydrophobic
interior (Suits et al., 2008), which is supposed to determine the formation of the
hydrophobic channel that connects the IM and the OM. Several residues laying the
interior of the B-jellyroll of LptA and LptC, as well as the interaction interface among
them, have been shown to interact with LPS, suggesting that periplasmic bridge formation
might allow for LPS translocation across the periplasm (Hicks and Jia, 2018; Laguri et
al., 2017; Villaetal., 2013). The final step of LPS assembly at the OM surface is mediated
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by the two-protein translocon constituted by the B-barrel protein LptD and the lipoprotein
LptE, which is embedded in the lumen of LptD (Freinkman et al., 2011; Dong et al., 2014;
Gu et al.,, 2015). The LptDE complex receives the LPS molecules from LptA and
translocates them into the outer leaflet of the OM. A proper functionality of this OM
complex and its interaction with the periplasmic LptA bridge are essential to avoid LPS
mistargeting, with LptE assisting LptD in its folding and its assembly into the Lpt
machinery (Chimalakonda et al., 2011; Freinkman et al., 2012). Even though some
aspects of the LPS transport are still unclear, a large body of evidence supports the so-
called PEZ-model (in analogy with the homonymous candy dispenser), in which ATP
hydrolysis provided by the LptB> dimer boost LPS detachment from the IM and generate
a continuous stream of LPS molecules across the periplasm. Each power stroke pushes
the LPS molecules from LptF to LptC (Owens et al., 2019) and across the LptA bridge
towards the LptDE complex at the OM (Okuda et al., 2012; Xie et al., 2018), to be
eventually translocated to the bacterial surface (Okuda et al., 2016).

e Lipoproteins transport and assembly at the OM - Lol system

Following the Sec-mediated translocation to the periplasm, the lipoprotein precursors
remain anchored to the IM through their N-terminal signal peptide, exposing the C-
terminal domain to the periplasm. The signal peptides of lipoproteins in addition to the
canonical positively charged amino acid residues in the N-terminal region and uncharged
amino acids in the central hydrophobic region, have a characteristic consensus sequence
called the “lipobox” in the C-terminal region. The “lipobox” sequence is Leu-
(Ala/Ser) -(Gly/Ala)-Cys (Ser: Serine; Cys: Cysteine), where the first three residues are
present in the C-terminus of the signal peptide, and the last Cys is located at the N-
terminus of mature lipoprotein and modified with diacylglycerol and fatty acyl chains
(Narita and Tokuda, 2017). Lipoprotein maturation at the 1M involves three IMPs (Lgt,
Signal peptidase Il or LspA and Lnt). Lgt diacylates the conserved Cys residues at the N-
terminal, and subsequently LspA recognises and cleaves the “lipobox” motif. Lastly,
these modifications performed in the N-terminal allow Lnt to incorporate a third acyl
chain (Zuckert, 2014).

Lipoproteins are localized to either the IM or the OM depending on the sorting signals. It
has been shown that the amino acid residue next to N-terminal Cys (+2 position) of mature

lipoproteins determines the membrane specificity (IM or OM).
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In E. coli, lipoproteins targeted to the IM show a strong preference for Asp residue at
position 2, which works as Lol avoidance signal as it interferes with the recognition by
the Lol system (Hara et al., 2003). Conversely, lipoproteins lacking this IM retention
signal are committed to the Lol pathway (Tokuda et al., 2007). The Lol system is
composed of the IM ABC transporter LoICDE, the periplasmic chaperone LolA, and the
OM lipoprotein LolB. At the IM, the LoICDE complex catalyses the extraction of mature
OM lipoproteins using energy provided by ATP hydrolysis in the cytoplasm, with a
mechanism that resembles that of the LptB.FG complex. LoICDE delivers the lipoprotein
to the chaperone LolA that transport it across the periplasm to LolB. At the OM, LolA
transfers the lipoprotein to LolB, which catalyses its insertion into the OM (Narita and
Tokuda, 2017) (Fig. 12- left side).

Lipoprotein Biogenesis B-barrel (OMP) Biogenesis
(Lol Pathway) \' (Bam Pathway)

Cytoplasm

Figure 12. OM lipoprotein and OMP biogenesis. Precursor OM proteins bind to the cytoplasm SecB
chaperon, which delivers them to the SecA ATPase and the SecYEG translocase at the IM. After
translocation across the IM, precursor OM proteins are sorted for processing by separate pathways. OM
lipoprotein synthesis pathway — Lol pathway (left of the IM Sec system): The asterisk (*) refers to a
lipoprotein with a OM sorting signal (Seydel et al., 1999). OMP synthesis pathway — BAM pathway: (right
of the IM Sec system) P1-P5: POTRA domains; LPS: Lipopolysaccharide; PL: Phospholipid (Modified

from Malinverni and Silhavy, 2011).
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e OMPs assembly at the OM- BAM complex

Precursors of B-barrel proteins (pre-OMPSs) are synthetized in the cytoplasm and
translocated from the cytoplasm to the periplasmic face of the IM by the Sec translocon.
The Signal peptidase | (Spase I) or LepB cleaves the N-terminal signal sequence and the
pre-OMPs are then released into the periplasm. To transit across the periplasm in an
unfolded condition, OMPs must bind to specific periplasmic chaperones. This carrier
function is performed by three periplasmic proteins in E. coli: SurA, Skp and DegP
(Hagan etal., 2011; Allen etal., 2009). Most OMPs have more affinity for the periplasmic
chaperone SurA whereas Skp is required to assembly certain OMPs, for instance LptD
(Schwalm et al., 2013). The periplasmic protein DegP exhibits dual function as it works
primarily as protease, but it has also chaperone activity. It has been proposed that DegP,
via its protease activity, prevents OMP accumulation upon stress conditions (Costello et
al., 2016), and that upon such unfavourable conditions it works along with Skp to rescue
misplaced OMPs that did not follow the canonical SurA pathway (Sklar et al., 2007).

Once OMPs are transported across the periplasm, they are assembled and inserted into
the OM by the B-barrel assembly machinery (BAM). The BAM complex is composed of
the OM B-barrel protein BamA, which is the core component of the machinery, and four
associated OM lipoproteins (BamB, BamC, BamD, and BamE). BamA and BamD are
essential for cell survival whereas loss of BamB, BamC or BamE results in cells with
OMP assembly defects. The BAM complex is organized in two sub-complexes, BamA-
BamB and BamA-BamCDE. The essential integral OM protein BamA comprises a C-
terminal B-barrel domain and a periplasmic N-terminal composed of five polypeptide
transport-associated (POTRA) domains that contribute to the interaction among Bam
complex members and to the assembly of the OMP (including BamA) (Tommassen,
2010) as its absence leads to lower OMP levels and impaired binding between BamA and
the rest of the components of the machinery (Hagan et al., 2011). The POTRA domains
may start the assembly process in the periplasm, with -barrel domain involved in the
OM insertion of the OMP precursors (Malinverni and Silhavy, 2011). In addition to
BamA, the essential lipoprotein BamD plays also an important role in OMP assembly in
E. coli; indeed, mutations in bamD compromise cell growth and OM integrity (Hagan et
al., 2015). The binding activity of BamD to unfolded OMP in the periplasm appears to
trigger BamA activity (Lee et al., 2018). BamB interacts directly with BamA and seems
to increase the efficiency of substrate assembly for several OMPs. Furthermore, BamC
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and BamE interact indirectly with BamA, and they are important for the complex as they
stabilize the interaction between BamA and BamD (Ricci and Silhavy, 2019). The current
model postulates that BamA and BamD catalyse the substrate recognition and assembly
while BamB, BamC and BamE enhance the efficiency of the system, although the
molecular mechanisms in charge of the OMP folding into B-barrel remain unclear (Kim
etal., 2012) (Fig. 12- right side).

1.5.2 Divisome and elongasome complexes

During bacteria life cycle, the cell wall is subjected to conformational changes entailing
cell wall enlargement, septum ring formation and lastly daughter cell separation. To go
through these cell cycle stages, the semi-rigid PG sacculus requires to be continuously
remodelled to maintain cell shape and morphology without impairing cell integrity. To
overcome this challenge, E. coli utilizes two highly dynamic IM-associated
multienzymatic complexes named elongasome and divisome, which are responsible of
cell elongation and cell division, respectively. The assembly and disassembly of these
complexes is coupled with cell cycle, and their composition is highly variable and
includes many diverse proteins, ranging from PG synthases, hydrolases and their

regulators to cytoskeletal proteins (Pazos and Peters, 2019) (Szwedziak and Léwe, 2013).
e Elongasome

In rod-shaped bacteria, as E. coli, the elongasome complex drives the lateral PG insertion,
thus allowing the elongation of the PG sacculus (Fig. 13). The elongation process is
driven by the cytoskeletal actin homologue MreB, which guides the orientation of the
glycan strands to the long-axis of the cell. In an ATP-dependent process, MreB
polymerizes as short helical filaments that are attached to the IM, and dynamically rotate
evenly around the entire cell. These filaments appear to be implicated in promoting
chromosome segregation, and to maintain the rod-shape morphology under stress
conditions (Morgenstein et al., 2015; Kruse et al., 2003). Indeed, disruption of the
filaments or of MreB causes cell to stop elongating, producing an unusual spherical cell
shape (Nilsen et al., 2005). MreB and the associated cell shape IM proteins MreC, MreD
and RodZ regulate the synthesis of PG in the lateral wall with the PG synthases PBP1A,
PBP2, PBP5 and RodA. It has been shown that MreB and MreD organize the spatial

positioning of the enzymes implicated in the cytosolic PG precursor synthesis (White et
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al., 2010). Furthermore, MreC interacts through its periplasmic domain with PG
synthases, including PBP2, and PG hydrolases, thus suggesting that MreC may play a
role in positioning a PG synthetic complex in the periplasm (White et al., 2010).

RodZ is a transmembrane protein that mediates MreB rotation by coupling MreB to
PB1A, PBP2 and RodA (Morgenstein et al., 2015). Likewise, RodZ plays a role in cell-
shape maintenance since mutations that impair its interaction with MreB result in loss of
rod-shape (Ago and Shiomi, 2019; van den Ent et al., 2010). The overall idea is that IM-
cytoskeletal proteins, with MreB as the major player, serve as scaffold recruiting and
positioning the cell wall biosynthetic enzymes of the complex. Following on this model,
the OM lipoprotein LpoA controls the activity of the bifunctional PBP1A (Typas et al.,
2010; Jean et al., 2014) which synthesises PG through a direct interaction with PBP2 and
RodA. The GTase activity of PBP1A poylmerises new glycan strands while its TPase
activity along with the TPase PBP2 crosslink the nascent glycan chains (Banzhaf et al.,
2012), although it has been proposed another model in which PBP1A works regardless
from PBP2 and RodA (Cho et al., 2016). This alternative model proposes that the
monofunctional TPase PBP2 forms a relevant association with the SEDS family protein
RodA, which has GTase activity (Meeske et al., 2016), thus coupling PG polymerization
and crosslinking. Moreover, PBP2 plays a crucial role in the elongasome by leading the
localization and activity of the PG synthetic machineries (Ozbaykal et al, 2020; Rohs et
al., 2018). Consequently, the resulting PG may be processed by the DD-CPase PBP5
(Potluri et al., 2010).
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Figure 13. Elongasome complex in E. coli. The lateral elongation of the cell wall is mediated by the
protein components of the elongasome, which moves along the lateral sidewall (blue line). (Adapted from
Dik et al., 2018).

e Divisome

The divisome is a multiprotein complex that directs the cell division in E. coli, namely
septation and separation of the two daughter cells. This specific-cell division machinery
comprises a large dynamic network of proteins that localise in all three compartments of
the cell (Fig. 14A) (Blaauwen and Luirink, 2019). The divisome consists of more than 30
proteins with a dozen of them required for initial steps of assembly of the complex (FtsZ,
FtsA, ZipA, FtsE, FtsX, FtsK, FtsQ, FtsL, FtsB, Ftsw, PBP3 and FtsN) (Du and
Lutkenhaus, 2017). As in the elongasome, the core component of the complex is the
cytoskeletal protein FtsZ. Notably, the direct interaction between the elongasome master
regulator MreB and FtsZ dictates the transition from cell wall elongation to cell division
(Fenton and Gerdes, 2013). The tubulin homologue FtsZ polymerises into filaments
forming the essential Z-ring at midcell, where the progressive constriction of this helical
ring structure leads to the formation of the septum. The Z-ring serves as scaffold to recruit
all other proteins of the complex. (Xiao and Goley, 2016). Midcell location of the FtsZ
ring is mediated by the Min system (Fig. 14B) (Lutkenhaus et al., 2012). The polymerised
Z-ring is anchored at the inner leaflet of the IM by the FtsA and ZipA proteins, thus

35



keeping it from floating further into the cytoplasm. In addition, FtsA recruits late
divisome protein via FtsEX (Pichoff et al., 2018; Du et al., 2016). The FtsEX pair forms
an ABC transporter and uses its ATPase activity to govern PG hydrolysis at the septum
through direct regulation of the amidase regulator EnvC, which activate the PG amidase
AmiB (Yang et al., 2011). In addition, the other regulator NIpD spurs septal PG cleavage
by activating AmiC (Bernhardt and de Boer, 2003; Tsang et al., 2017). FtsK is a DNA
translocase implicated in division and segregation of the chromosome (Besprozvannaya
and Burton, 2014).

It has been recently shown that FtsQ, FtsL and FtsB form a complex that regulates the
activity of the termed septal PG synthase subcomplex (FtsW-PBP3-PBP1B) by keeping
it repressed until placement of FtsN (Boes et al., 2019). The cell division protein FtsN is
the last essential division protein to be recruited and it plays a key role in triggering the
cell constriction at the division site (Liu et al., 2015; Gerding et al., 2009). Concerning
the septal PG synthase subcomplex, it resembles that of the lateral PG synthesis of the
elongasome. The SEDS family protein FtsW is specific for cell division with a PG
polymerase activity that requires to be associated with the TPase PBP3 to be functional
(Taguchi et al., 2019). Furthermore, the bifunctional PBP1B, that interacts with FtsN and
PBP3, is enriched at the septum and its dual activity is regulated by the OM lipoprotein
LpoB and the periplasmic protein CpoB (Gray et al., 2015; Bertsche et al., 2006). It has
been proposed that PBP2 may play a role in a preparative phase of the cell division, by
facilitating the transition from elongasome to divisome proteins at midcell (Ploeg et al.,
2013), while the function of PBP5 is to orientate the Z-ring at midcell with its absence
leading to abnormal septation (Potluri et al., 2012). To complete the cell division, the OM
must be invaginated and septum correctly cleaved. The Tol-Pal system, which links the
OM and the PG, promotes the constriction OM by stimulating the cleavage of septal PG
chains via PG hydrolases (Yakhnina and Bernhardt, 2020; Gerding et al., 2007).
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Figure 14. Divisome complex (A) and general outlook of the division site formation (B) in E. coli. (A)
The divisome localises at the midcell (green line) where it facilitates the cell division (Figure adapted from
Dik et al., 2018). (B) The Min system proteins antagonise the FtsZ ring assembly. MinCDE proteins assist
in the Z-ring midcell position by preventing its formation near the poles of the cell. MinCDE oscillates
between pole-to-pole across the cell. Thus, when the cell is elongated enough the Min proteins do pass
through the centre and the Z-ring polymerisation at the cell centre can occur (Modified from Madigan,
2009).

1.6 Envelope stress response systems

Bearing in mind the structural importance of the cell envelope and the numerous essential
processes that take place on it, it is imperative for the cell to have mechanisms for
safeguarding the cell envelope integrity against potential stresses. To achieve this,
bacteria rely on the envelope stress response systems (ESRs) that monitor cell wall
perturbations and develop appropriate cellular responses to mitigate the stresses and
restore cell envelope homeostasis (Cho et al., 2014b; Raivio, 2005). E. coli have several
ESRs with each one presumably specialised in addressing different set of internal/external
stresses. Among the different ESRs, the two-component system Cpx, the cE-dependent
cell envelope stress, and the Rcs phosphorelay are discussed in the next paragraphs as
they are mostly relevant in the envelope biogenesis context. It appears that these three
ESRs are interconnected with small RNAs (SRNAS), acting as coordinators of this stress
response network (Grabowicz and Silhavy, 2017).
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16.1 The two-component stress response system Cpx
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Figure 15. The Cpx stress response system. The Cpx ESRs is activated upon different perturbations in
the periplasm and IM. The core of the pathway is a canonical two-component system with CpxA as the
histidine kinase, and CpxR the response regulator. The Cpx system attempts to restore the envelope
homeostasis through the regulation of an extensive transcriptome by CpxR, including non-coding RNA

molecules (highlighted in green) with regulatory functions (Modified from Fréhlich and Gottesman, 2018).

The Cpx ESRs is a canonical two-component system (TCS) comprising the CpxA sensor
protein and the cognate response regulator CpxR. Cpx responds to a broad array of
stresses, such as elevated pH, changes in the osmolarity, changes in the IM lipid
composition, defects in the PG layer, and exposure to copper and ethanol, among other
stresses (Mitchell and Silhavy, 2019; Evans et al.,, 2013). The cell adhesion to
hydrophobic surfaces has been also proposed to be an inducer of the Cpx ESRs but a
recent study has challenged this view (Kimkes and Heinemann, 2018). The induction of
the Cpx pathway is thought to involve the sensing of misfolded IM and periplasmic

proteins and defective protein translocation across the IM.
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Stress-signaling in the Cpx ESRs relies on the IM sensor histidine-kinase CpxA and the
cytoplasmic response regulator CpxR (Fig. 15). Inducing conditions lead to
autophosphorylation of cytoplasmatic histidine-kinase domain of CpxA, followed by the
transfer of the phosphate group to CpxR. Phosphorylated CpxR becomes activated and
regulates the expression of numerous genes. Proper activation of the Cpx two-component
system is crucial; indeed, mutations in cpxA result in overactivation of the Cpx pathway
with deleterious consequence for the cell (Delhaye et al., 2016). The activity of CpxA is
modulated by the accessory proteins NIpE and CpxP. NIpE is an OM lipoprotein that
activates the Cpx pathway through direct interaction with CpxA at the IM upon cell
adhesion to abiotic surfaces and impaired trafficking of lipoproteins to the OM (Delhaye
et al., 2019; May et al., 2019). On the contrary, the periplasmic protein CpxP represses
the Cpx signalling by binding to the periplasmic domain of CpxA, thus blocking its sensor
function under non-stress conditions. Current evidence shows that high salt
concentrations, and misfolded pilus subunits and proteins displace CpxP from CpxA, and
subsequently are degraded by chaperone DegP in the periplasm (Tschauner et al., 2014).
Nevertheless, other stresses such alkaline pH activates Cpx response in a CpxP non-
dependent manner (Fleischer et al., 2007). The CpxP transcript encodes for a SRNA
termed CpxQ, which negatively regulates the levels of CpxP and prevents toxic OMP
folding into the IM by curbing the production of the periplasmic chaperone Skp
(Grabowicz et al., 2016). It is known that the Cpx ESRs downregulates the = ESRs and
stifles the OMP synthesis; Cpx also induces the Rcs ESRs response through the sSRNA
RprA which in turn controls the levels of CpxR (Grabowicz and Silhavy, 2017). The Cpx
regulon comprises genes involved in peptidoglycan modification (notably IdtD (Bernal-
Cabas et al., 2015), antimicrobial resistance, envelope protein folding and degradation,

virulence, and catabolite repression through the SRNA CyaR (Vogt et al., 2014).
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16.2 Envelope stress sigma factor (¢F)
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Figure 16. The extracytoplasmic sigma factor ¢ (RpoE). Misfolded OMP and mislocalised LPS lead to
the cleavage and disengagement of the anti-sigma proteins RseA and RseB respectively, thus releasing the
sigma factor 6& (RpoE). The o ESRs modulates the expression of more than 100 genes involved in OMP
maturation and LPS synthesis. Furthermore, among the oF regulon there are several SRNA (highlighted in
green) that repress the translation of Braun lipoprotein Lpp (MicL), and of OMPs (RybB and MicA)
(Modified from Frohlich and Gottesman, 2018).

The of ESRs response is driven by the periplasmic accumulation of misfolded OMPs and
mislocalised LPS, including defective LPS molecules. The core component of the
pathway relies on the alternative RNA polymerase factor sigmaE (RpoE, ¢&) whose
activation occurs through a regulated proteolytic cascade (Fig. 16) (Hews et al., 2019).
Under normal conditions oF is trapped by the IMP anti-sigma factor RseA, thus impeding
its interaction with the RNA polymerase. RseA is an IM single pass protein whose
periplasmic domain is bound by the RseB protein. Two signals are needed for full
activation of 6&: misfolded OMPs activate the IM protease DegS whereas mislocalised

LPS in the periplasm allows RseB to dissociate from RseA thus facilitating RseA
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cleavage by DegS. (Kim, 2015; Lima et al., 2013). Following cleavage by DegS, the
cytoplasmic domain of RseA is cleaved by the RseP protease, hence dropping a soluble
portion of RseA containing o in the cytoplasm. In the cytoplasm, free oF binds the RNA
polymerase and induces the expression of its regulon. The ot regulon comprises genes
related to maintain OMP and LPS homeostasis, such as periplasmic chaperones and
proteases, components of the BAM machinery, LPS synthesis and transport proteins, and
several SRNAs that downregulate OMP synthesis (Barchinger and Ades, 2013; Ades,
2008).

1.6.3 Rcs phosphorelay
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Figure 17. The Rcs pathway. The components of the Rcs ESRs are distributed in all the compartments of
the cell envelope. Stress cues as perturbations in LPS or PG activates RcsF that binds to the inhibitor of the
pathway, IgaA. The association of RcsF with IgaA allows activation of the downstream components: the
IM proteins RcsC and ResD, and the cytoplasmic effectors. RcsB controls the transcription of SRNA
(highlighted in green), and expression of many genes adopting a homodimer or heterodimer conformation
(Modified from Frohlich and Gottesman, 2018).

The Rcs phosphorelay is a complex variant of the two-component system paradigm. Rcs

is activated upon modifications in the LPS, disruptions in PG biosynthesis, and impaired
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lipoprotein trafficking (Mitchell and Silhavy, 2019; Wall et al., 2018). The Rcs is
composed of the sensor OM lipoprotein RcsF, the IgaA IM protein inhibitor of the
phosphorelay system, the IM sensor kinases RcsC and RcsD, and the RcsB response

regulator which can act alone or in complex with the accessory regulator RcsA. (Fig. 17).

In the off state (non-stress conditions) the IgaA proteins inhibits the phosphorelay
signalling to the downstream components. In absence of stress the IM protein IgaA
interacts with the IMPs RcsC or RcsD, thus avoiding the phosphorylation of the response
regulator RcsB. Most of the inducing signals are sensed by the OM lipoprotein RcsF,
which is funnelled to B-barrels protein at the OM via BamA in non-stressed conditions
(Cho et al., 2014b). Currently, two different mechanisms of activating the Rcs pathway
via RcsF have been proposed (Laloux and Collet, 2017). According to one model,
stressing cells with polymyxin B or an inhibitor of PBP2 impairs the ability of RcsF to
interact with BamA, thus allowing untethered RcsF in the periplasm to activate the Rcs
cascade (Cho et al., 2014b). An alternative model postulates that RcsF bound to -barrels
is able to directly sense alterations in LPS layer via its positively charged residues.
According to the latter model no RcsF synthesis is needed in stressed cells to activate the
Rcs sytem (Konovalova et al., 2016). Independently of the activation model, activated
RcsF associates with IgaA, relieving the blockade of the system imposed by IgaA.
Therefore, the histidine kinase RcsC autophosphorylates and phosphorylates RcsD,
which in turn plays a role as phosphorelay by transferring the phosphate group to the
receiver domain of the cytoplasmic protein RcsB. Phosphorylated RcsB then activates the
transcriptional regulation of several genes (Filippova et al., 2018). Interestingly, RcsB
can work as homodimer or as a heterodimer along with the auxiliary regulator RcsA. The
RcsB homodimer, or as heterodimer with RcsA, are dependent on the RcsB
phosphorylation for activity. Interestingly, RcsB can work as a transcriptional regulation
with other proteins such as BglJ, GadE, and MatA in its non-phosphorylated state (Pannen
et al., 2016). The Rcs ESRs induce the transcription of genes involved in colanic acid
capsule and biofilm formation, flagellum and fimbria synthesis, lipoproteins sorting,
environmental-stress response and virulence, among others (Farris et al., 2010; Guo and
Sun, 2017; Tao et al., 2012). Moreover, it should be noted that the Rcs ESRs also
upregulates the transcription of the SRNA RprA which in addition of modulating Cpx
system response, downregulates the expression of the biofilm regulator CsgD, and also

promotes the translation of rpoS which encodes the stationary-phase sigma factor ° that
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mediates the response to numerous cell-damaging stresses (Fréhlich and Gottesman,
2018; Mika et al., 2012).
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2. Aim of the Project

As it was stated in the preceding introductory chapters, the Gram-negative cell envelope
possess a great complexity. The substantial amount of proteins working on the different
cell envelope layers along with the diverse multiprotein machineries embedded into them,
highlight the high grade of coordination needed, in terms of molecular events, among the
three compartments (OM, PG and IM) to keep a functional cell envelope. For instance,
the PG synthesis is controlled by OM proteins, and a defective LPS transport to the OM
modulates the levels of several proteins involved in PG biogenesis (Martorana et al.,
2014; Typas et al., 2010).

Preliminary data from our lab indicate that block of the LPS transport is coupled with a
rise of the non-canonical 3,3-crosslinks in the PG sacculus, as compared to wild type,
thus suggesting a crosstalk between the OM and the PG layer. Moreover, we found that
the deletion of the L, D-TPases that catalyse 3,3 crosslinks causes cell lysis when LPS
transport is defective. During the analysis of the potential factors associated to these lysis
phenotypes, we spot the lipoprotein ygeR (Uehara et al., 2009), whose functionality in

the cell remains unknown.

The aim of the project is to elucidate the link between LPS biogenesis and PG remodeling
to unveil mechanisms and pathways that bacterial cells employ to monitor cell envelope

integrity, and to understand bacterial response when envelope integrity is compromised.
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ABSTRACT Gram-negative bacteria have a tripartite cell envelope with the cyto-
plasmic membrane (CM), a stress-bearing peptidoglycan (PG) layer, and the asym-
metric outer membrane (OM) containing lipopolysaccharide (LPS) in the outer leaflet.
Cells must tightly coordinate the growth of their complex envelope to maintain cel-
lular integrity and OM permeability barrier function. The biogenesis of PG and LPS
relies on specialized macromolecular complexes that span the entire envelope. In
this work, we show that Escherichia coli cells are capable of avoiding lysis when the
transport of LPS to the OM is compromised, by utilizing LD-transpeptidases (LDTs) to
generate 3-3 cross-links in the PG. This PG remodeling program relies mainly on the
activities of the stress response LDT, LdtD, together with the major PG synthase
PBP1B, its cognate activator LpoB, and the carboxypeptidase PBP6a. Our data sup-
port a model according to which these proteins cooperate to strengthen the PG in
response to defective OM synthesis.

IMPORTANCE In Gram-negative bacteria, the outer membrane protects the cell
against many toxic molecules, and the peptidoglycan layer provides protection
against osmotic challenges, allowing bacterial cells to survive in changing environ-
ments. Maintaining cell envelope integrity is therefore a question of life or death
for a bacterial cell. Here we show that Escherichia coli cells activate the LD-
transpeptidase LdtD to introduce 3-3 cross-links in the peptidoglycan layer when the
integrity of the outer membrane is compromised, and this response is required to
avoid cell lysis. This peptidoglycan remodeling program is a strategy to increase the
overall robustness of the bacterial cell envelope in response to defects in the outer
membrane.

KEYWORDS Escherichia coli, cell envelope, lipopolysaccharide, peptidoglycan, stress
response

he integrity of a diderm (Gram-negative) bacterial cell is maintained by a complex

cell envelope composed of the cytoplasmic membrane (CM), the periplasm with a
thin peptidoglycan (PG) sacculus, and the outer membrane (OM) (1, 2). The asymmet-
rical OM contains in the outer leaflet lipopolysaccharide (LPS) (3), which makes the cell
envelope impermeable to many toxic compounds and antibiotics (4).

LPS is assembled at the outer leaflet of the CM (5-7) and then transported across the
periplasm to reach its final destination at the outermost surface of the cell (8, 9). In
Escherichia coli, LPS transport is facilitated by seven essential proteins, LptA to LptG
(10-15) which form a transenvelope protein bridge through the periplasm and its PG
sacculus (11, 16-18). This organization allows the coupling of ATP hydrolysis with LPS

January/February 2019 Volume 10 Issue 1 e02729-18 62

Citation Moré N, Martorana AM, Biboy J, Otten
C, Winkle M, Serrano CKG, Monton Silva A,
Atkinson L, Yau H, Breukink E, den Blaauwen T,
Vollmer W, Polissi A. 2019. Peptidoglycan
remodeling enables Escherichia coli to survive
severe outer membrane assembly defect. mBio
10:202729-18. https://doi.org/10.1128/mBio
02729-18.

Editor Kimberly A. Kline, Nanyang
Technological University

Copyright © 2019 More et al. This is an open-
access article distributed under the terms of
the Creative Commons Attribution 4.0
International license.

Address correspondence to Waldemar Vollmer,
w.vollmer@ncl.ac.uk, or Alessandra Polissi,
alessandra.polissi@unimi.it.

*Present address: Christian Otten, Institute for
Pharmaceutical Microbiology, University of
Bonn, Bonn, Germany.

AM.M. and J.B. contributed equally to this
work.

This article is a direct contribution from a
Fellow of the American Academy of
Microbiology. Solicited external reviewers:
David Popham, Virginia Tech; lvo Gomperts
Boneca, Institut Pasteur; Miguel Valvano,
Queen's University Belfast.

Received 8 December 2018

Accepted 13 December 2018

Published 5 February 2019

mBio"  mbio.asm.org 1

Check for

1senB Agq 020z ‘Gz 1snbBny uo /610" wse oiquy//:diy woJj) pepeojumoq



More et al.

movement across the periplasm up to the cell surface, as proposed in the so-called PEZ
model (19). Depletion of any of the Lpt components results in block of LPS transport
and its accumulation at the periplasmic leaflet of the cytoplasmic membrane (CM)
(12, 14).

LPS export to the OM is among the cell’'s main transport processes. Considering a
generation time of 20 min for fast growing E. coli, LPS transport must occur at a rate of
more than 103 molecules per second to ensure complete coverage of the cell surface
during growth (20). Moreover, the supply of LPS must be optimally coupled to the
synthesis and assembly of other cell envelope components, such as PG, to prevent loss
of OM integrity due to LPS depletion or detrimental effects by excessive LPS produc-
tion. How LPS synthesis and export is regulated remains largely unknown.

LPS is exported through the periplasmic PG sacculus that has a net-like structure
composed of glycan strands connected by short, cross-linked peptides (2, 21). PBP1A
and PBP1B are major and semiredundant PG synthases that polymerize glycan strands
by their glycosyltransferase (GTase) activity and cross-link stem peptides by DD-
transpeptidase (DD-TPase) activity, forming the abundant 4-3 cross-links in PG (see
Fig. S1A in the supplemental material) (22-24). The CM-anchored PBPs require activa-
tion by their cognate, OM-anchored lipoprotein (LpoA and LpoB, respectively) (25-27).
LpoA and LpoB span the periplasm to activate their cognate PBP (28-30), presumably
responding to the size of pores in the PG layer to couple PG growth with cell growth
(21).

DD-carboxypeptidases (DD-CPase) such as PBP5, PBP6a, and PBP6b trim the penta-
peptides present in new PG to tetrapeptides (31-33). PBP5 is the major DD-CPase in the
cell; its absence causes aberrant cell morphology in strains lacking other PBPs (33, 34).
PBP6b contributes substantially to PG remodeling and cell shape maintenance in cells
growing at acidic pH (35).

In E. coli, the majority (90% to 98%) of cross-links in PG are of the 4-3 (or DD) type
(between D-Ala and meso-diaminopimelic acid [meso-Dap]) (36). However, there are 2
to 10% of the 3-3 (or LD) type of cross-links between two meso-Dap residues of adjacent
stem peptides (Fig. STA), and these increase to up to 16% in stationary-phase cells (36,
37). 3-3 cross-links are produced by LD-transpeptidases (LDTs) of the YkuD family of
proteins (PF03734), which are structurally unrelated to PBPs. LDTs use tetrapeptide
donors in the TPase reaction and are insensitive to most B-lactams (Fig. S1A) (38).

E. coli has five LDTs with two distinct functions. LdtD (formerly YcbB) and LdtE
(YnhG) form 3-3 cross-links, whereas LdtA (ErfK), LdtB (YbiS), and LdtC (YcfS) attach the
abundant OM-anchored Lpp (Braun'’s lipoprotein) to meso-Dap residues in PG, provid-
ing a tight connection between the PG and OM. Notably, E. coli mutants with multiple
or all Idt genes deleted exhibit only minor phenotypes, suggesting that these functions
are dispensable during growth under laboratory conditions (39-41).

Certain strains of Enterococcus faecium can grow in the presence of B-lactam
antibiotics using a B-lactam-insensitive LDT, Ldt,,, to produce 3-3 cross-links instead of
the B-lactam-sensitive PBP TPases (42-44). More recently, a DD-TPase-independent and
LDT-dependent mutant strain of E. coli has been selected by its ability to grow at a high
and otherwise lethal concentration of ampicillin, at which it produces exclusively 3-3
cross-links in its PG (45). This strain has an elevated level of the alarmone (p)ppGpp and
needs LdtD, the DD-CPase PBP5, and the GTase domain of PBP1B together with its
regulator, LpoB, to bypass PBPs and achieve broad-spectrum B-lactam resistance (45).
However, E. coli strains do not readily acquire this mechanism of resistance, and it is
possible that the 3-3 cross-linking activities of LdtD and LdtE have another, yet
undiscovered function in E. coli.

In this work, we show that E. coli cells defective in the LPS export pathway require
LDTs that produce an increased level of 3-3 cross-links in the PG to avoid cell lysis. Our
data suggest that LdtD is specifically expressed in response to OM damage and
participates in a PG remodeling program activated in response to the block of LPS
transport. Notably, PG remodeling also involves the GTase activity of PBP1B and the
DD-CPase of previously unknown function, PBP6a. We propose a model whereby
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PBP1B, LdtD, and PBP6a cooperate in a dedicated PG machine which is needed when
LPS transport is compromised.

RESULTS

Defective LPS export induces the formation of 3-3 cross-links in PG. We
previously observed that several PG-synthesizing or PG-modifying enzymes are upregu-
lated upon depletion of the essential LptC component of the LPS export machinery
(46), prompting us to analyze the composition of PG isolated from cells with compro-
mised LPS transport.

For this purpose, we cultured an araBplptC conditional strain, in which IptC expres-
sion is under the control of the arabinose-inducible araBp promoter. As previously
reported (13), LptC-depleted cells formed short chains and arrested growth (Fig. 1A and
B). The sacculi purified from these cells showed a four- to sixfold increase in the relative
amount of 3-3 cross-links between two meso-Dap residues compared to sacculi from
cells grown in the presence of arabinose (Fig. 1E and Table 1; see also Table S3 in the
supplemental material). 3-3 cross-links increased early in LptC-depleted cells, indicating
a rapid cellular response to the LPS transport arrest. We also observed only a moderate
decrease in the canonical 4-3 (meso-Dap to D-Ala) cross-links in LptC-depleted cells
(Fig. 1E and Table S3).

3-3 cross-links are not essential under standard growth conditions. E. coli has
five LDTs (LdtA to LdtE) (39-41). When inspecting the E. coli genome, we identified
another hypothetical Idt gene, yafK. The predicted YafK shares 33% and 41% sequence
identity to the catalytic YkuD (LDT) domain of LdtD and LdtE, respectively, but lacks a
conserved arginine residue near the active site cysteine and might not be fully active
(Fig. S1B). We included yafK (now termed IdtF) in our further studies on the roles of LDTs
in the formation of 3-3 cross-links during defective LPS export.

To assess the roles of the LDTs in E. coli, we examined the growth phenotypes and
levels of 3-3 cross-links in sacculi purified from all possible single and multiple deletion
mutants. The deletion of IdtD, IdtE, and IdtF alone and in all possible combinations did
not affect the growth of E. coli (Table 1 and Fig. S3A and B). Even the deletion of all six
Idt genes did not result in any growth defect under standard laboratory conditions
(data not shown). The muropeptide analysis revealed that only 3.0% of the PG muro-
peptides from strain BW25113 contained 3-3 cross-links (Table 1 and Table S3), con-
sistent with earlier reports (36, 37). The AldtD AldtE mutant contained 2.2% muropep-
tides with 3-3 cross-links, and 3-3 cross-links were not detected in the PG from the
AldtD AldtE AldtF triple mutant, suggesting that E. coli has no other enzyme for 3-3
cross-link formation in the absence of LdtD, LdtE, and LdtF. The AldtD AldtF double
mutant did not produce detectable levels of 3-3 cross-links, suggesting that LdtE is
either not active as an LD-TPase or it requires LdtD and/or LdtF for activity. In all other
Idt defective strains, the level of 3-3 cross-links was comparable to that of the BW25113
wild-type strain, suggesting that one or more LDTs is active in these mutants (Table 1
and Table S3).

We next ectopically expressed IdtD, IdtE, and/or IdtF (Table S1) in an E. coli
BW25113A6LDT background, which lacks IdtABCDEF (IdtA-F) (47), and analyzed the PG
composition (Fig. 2). Expression of LdtD alone, but not expression of LdtE or LdtF,
resulted in the presence of 3-3 cross-links in PG. Coexpression of LdtF with LdtD or LdtE
increased the level of 3-3 cross-links (compared to LdtD or LdtE alone), suggesting that
LdtF might not be an active LD-TPase but stimulates the other two enzymes. In line
with this hypothesis, we found that 3-3 cross-links were not detected in a AldtA-E
mutant that expressed /dtF as the sole ykuD homologue (Table S3).

LDTs prevent cell lysis upon defective OM assembly. Because the level of the 3-3
cross-links increased in LptC-depleted cells, we deleted every Idt gene alone and all
possible combinations in the araBplptC conditional mutant, and we examined the
growth profile and level of 3-3 cross-links in the PG under permissive and nonpermis-
sive conditions.
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TABLE 1 Summary of the level of 3-3 cross-links in PG and growth phenotype of single and multiple /dt mutant strains with or without

depletion of LPS export?

3-3 cross-linkage or phenotype in:

araBplptC strain

Presence/absence
of gene With arabinose No arabinose
IptC* strain, 3-3 CL Lysis rescue
IdtD IdtE IdtF (area [%])? Growth 3-3 CL (area [%]) Growth 3-3 CL (area [%]) by pldtD
+ + + 3.0 Normal 1.7 Arrest 7.5 NTe
- + + 32 Normal 2.4 Lysis 6.1 +
+ — + 29 Normal 1.9 Lysis 6.0 +
+ + - 2.9 Normal 1.9 Lysis 8.4 +
- - + 2.2 Normal 1.9 Lysis —d +
- + — ND< Normal ND< Lysis ND +
+ - — 24 Normal 8.2 Arrest 8.4 NT
- - - ND Normal ND Lysis ND +

9The table shows representative data of muropeptide analysis. The details of muropeptide profiles of repeats are shown in Table S3 in the supplemental material.
bSum of the percentages of all muropeptides with 3-3 cross-links (CL) in the muropeptide profile. See Table S3 for complete data on muropeptide composition.

°ND, not detected. 3-3 cross-linked muropeptides were below the detection limit.
d—, not determined because the LptC-depleted cells lysed rapidly, preventing reliable peptidoglycan analysis.
eNT, not tested because cells do not lyse.

Upon shifting to the nonpermissive condition, LptC-depleted I/dt mutant cultures
(with the exception of AldtE AldtF mutant) decreased in optical density, and the cells
lost viability as shown by their reduced ability to form colonies. Phase-contrast and
fluorescence microscopy revealed bulges at variable positions on the cell surface,
suggesting that the cellular integrity was compromised (Fig. 1C and F and Fig. S2 to S4).
These effects were specific for the loss of LDTs forming 3-3 cross-links because the
simultaneous removal of all Lpp attachment enzymes (/dtA-C deletion) did not result in
lysis upon IptC depletion (Fig. S5A and B). In the lysis-prone IptC-depleted AldtD or AldtE
mutants, the level of 3-3 cross-links was only slightly reduced compared to the
araBplptC parental strain (Table 1 and Table S3). The lysis phenotype of araBplptC AldtD
cells was rescued by ectopic expression of native LdtD, but not LdtD®528A in which the
catalytic Cys residue is mutated to Ala (Fig. S5C), showing that the activity of LdtD is
required to rescue cells from lysis upon OM defective assembly.

All strains with defective Idt genes lysed under nonpermissive conditions except the
araBplptC AldtE AldtF mutant which arrested growth like the araBplptC parental strain
(Fig. 1F and Fig. S4A and B). These cells displayed a high level (>8%) of 3-3 cross-links
at all conditions (i.e., even without depletion of IptC) (Table 1). This suggests that LdtD
is active and able to prevent lysis of these cells. In line with this finding, we indeed
observed that ectopic expression of /dtD rescues all LptC-depleted single and multiple
Idt mutant strains from lysis (Table 1 and Fig. S5D to H). Finally, the LptC-depleted AldtF
mutant produced 3-3 cross-links and lysed at nonpermissive conditions (Table 1 and
Fig. S3C and D), but in sharp contrast to the other strains, araBplptC AldtF cells showed
morphological defects even when grown at permissive conditions (Fig. S3D), and no

FIG 1 Legend (Continued)

of 0.2, harvested, washed three times, and resuspended in an arabinose-supplemented (+ Ara) or arabinose-free (no Ara)
medium. (A and C) Growth was monitored by OD,,, measurements (top panels) and by determining CFU (bottom panels).
Growth curves shown are representative of at least three independent experiments. At t = 120, 210, and 270 min (arrows),
samples were imaged (araBplptC [B]; isogenic mutant deleted for IdtD, IdtE, and IdtF [D]). Phase-contrast images (top) and
fluorescence images (bottom) are shown. Bars, 3 um. (E) PG sacculi purified from araBplptC cells grown in the presence of
arabinose or after 210 min (2) or 270 min (3) growth in the absence of arabinose were digested with cellosyl, and the
muropeptide composition was determined by HPLC. The graph shows the relative abundance of TetraTetra (with a 4-3
cross-link) and TetraTri(3-3) (with a 3-3 cross-link) muropeptides. The latter significantly increased upon depletion of LptC.
(F) Cells of the araBplptC conditional strain and isogenic mutants deleted for every Idt gene alone or in all possible
combinations were grown in an arabinose-free medium as indicated above. Growth phenotypes are summarized as the
slope of growth curves measured between 180 and 390 min. Positive and negative values indicate cell growth and cell lysis,
respectively. Values are means plus standard deviations (SD) (error bars) from three independent experiments. The mean
slope calculated from growth curves in arabinose-supplemented medium for the araBplptC conditional strain and isogenic
Idt mutants was 0.56 * 0.03. The /dt genes are indicated by their loci shown by capital letters.
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FIG 2 Ectopic expression of LdtD and LdtE-LdtF results in 3-3 cross-links. (A) Muropeptide profiles of E. coli
BW25113A6LDT cells containing either no plasmid, empty plasmid (pJEH12), or plasmid with /dtD (pJEH12-/dtD),
IdtE (pAMSO1-IdtE), IdtF (pAMS02-IdtF), IdtE-IdtF (pAMSO1-IdtE and pGS124), or IdtD-IdtF (pJEH12-IdtD and pGS124)
grown in the presence of inducer. A.U., arbitrary units. (B) Structures of major peaks numbered in the top
chromatogram in panel A. LDT products are muropeptides containing 3-3 cross-links (peaks 4 to 7), tripeptides
(peaks 1, 5, and 7) and glycine at position 4 (Gly4, peaks 2 and 4). G, N-acetylglucosamine; M(r), N-acetylmuramitol;
L-Ala, L-alanine; D-Glu, D-glutamic acid; D-Ala, D-alanine; m-DAP, meso-diaminopimelic acid. The detected muro-
peptides with tripeptides or glycine at position 4 (peaks 2 and 4) are typical products of side reactions in PG from
cells with active LDTs (due to LD-CPase and Ala-Gly exchange reactions, respectively).

morphological defects were observed when IdtF was deleted in the IptC* background
(Fig. S3B), suggesting that the deletion of IdtF caused additional problems to cells with
depleted LptC levels.

Lysis of LptC-depleted cells could be caused by the accumulation of LPS at the outer
leaflet of the CM (11, 14). We therefore assessed whether the LptC depletion-induced
lysis occurs in cells with blocked LPS synthesis due to inhibition of LpxC by LPC-058
(48). We observed lysis in BW25113 AldtD and araBplptC AldtD cells treated with
LPC-058 but not in the corresponding parental strains (carrying a functional IdtD copy)
treated with LPC-058 (Fig. 3A and B). These results suggest that lysis is not due to
perturbation of the CM or periplasmic stress caused by depletion of a component of the
Lpt machinery but is rather the consequence of lack of PG remodeling by LdtD.

The IdtD promoter is activated under envelope stress conditions. To assess how
the Idt genes are regulated in the cell, we constructed transcriptional fusions of the
promoter region of each Idt gene to lacZ, and the resulting plasmids with pldtD-lacZ,
pldtE-lacZ, and pldtF-lacZ were introduced into strain BW25113, the conditional araB-
plptC mutant, and their derivatives with deletion of IdtD, IdtE, and IdtF alone and in all
possible combinations. B-Galactosidase activity was measured in extracts from cells
collected at different time points during growth.
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an ODg, of 0.1 (long arrow), and growth was monitored by OD,,, measurements. (B) Cells of araBplptC (left panel) and araBplptC AldtD (middle
and right panels) were grown in the presence of 0.2% arabinose to an ODg,, of 0.2, harvested, washed three times, and resuspended in an
arabinose-supplemented (+ Ara) or arabinose-free (no Ara) medium. Cell growth was then monitored by OD,,, measurements. At t = 150 min,
cells were treated with 0.006 pg/ml (0.75XMIC) of LPC-058 (short arrow) or not treated with LPC-057, and afterwards growth was monitored by
ODg,, measurements. When araBplptC and araBplptC AldtD cells grown in the presence of arabinose and treated with LPC-058 (right panel)
reached late exponential phase, the cultures were diluted to an ODg, of 0.1 (long arrow), and growth was monitored by OD,, measurements.
Growth curves shown are representative of at least three independent experiments. (C) BW25113 cells carrying plasmids expressing IdtDp-lacZ
and IdtEp-lacZ fusions were grown in LB Lennox broth. At t = 150 min cells were treated with 0.031 wg/ml (1XMIC) LPC-058 or not treated.
B-Galactosidase specific activity was determined from cells collected at 210 min (ODgq, of 0.5), 270 min (60 min after dilution), and 330 min
(120 min after dilution). Light gray bars show strain BW25113, and gray bars show strain BW25113 treated with LPC-058. Note that /dtE expression
is not affected by LPC-058.

The expression of IdtE and IdtF in the IptC* background was growth phase depen-
dent. In the wild-type strain and the araBplptC conditional mutant grown under
permissive and nonpermissive conditions, pldtE-lacZ and pldtF-lacZ were maximally
expressed in stationary-phase cells (Fig. 4B and C). Consistent with their expression
pattern, IdtE and IdtF were both regulated by RpoS, the alternative sigma factor for
stationary-phase gene expression (49), and both genes lost their growth phase-
dependent promoter activation in a BW25113ArpoS mutant (Fig. 4D).

The IdtD promoter was not activated in the wild-type IptC* strain and in /dt
derivatives with the exception of the AldtE AldtF mutant and was up to eightfold
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FIG 4 The IdtD promoter is activated under envelope stress conditions, and IdtE and IdtF are RpoS-
regulated genes. Wild-type strain BW25113 (IptC*) and isogenic mutants with every /dt gene deleted
alone and in all possible combinations were transformed with plasmids expressing IdtDp-lacZ (A),
IdtEp-lacZ (B), or IdtFp-lacZ (C) fusions. Cells were grown in LD medium. B-Galactosidase specific activity

(Continued on next page)
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activated by LptC depletion (Fig. 4A). We also observed IdtD but not IdtE activation in
wild-type BW25113 cells carrying pldtD-lacZ or pldtE-lacZ and treated with LPC-058
(Fig. 30).

In summary, IdtE and IdtF are housekeeping LDTs which share a growth phase-
dependent activation profile under all conditions tested, and their expression was
unaffected by the presence or absence of arabinose in the araBplptC conditional strain.
In contrast, IdtD was strongly expressed in the IptC* background in which both IdtE and
IdtF were deleted, in LptC-depleted cells, and in cells with blocked LPS synthesis. Hence,
LdtD is the stress LDT activated under cell envelope stress conditions or in the absence
of the housekeeping LdtE/LtdF, consistent with the presence of increased levels of 3-3
cross-links under these conditions.

Growth arrest without lysis requires PG synthesis and maturation. Thus far, our
data suggest that LDTs play a major role in PG remodeling in protecting cells from lysis
upon LPS export pathway defects. LDTs can facilitate PG growth in certain B-lactam-
resistant strains of E. coli and E. faecium, and in this situation, they function with a GTase
domain of a bifunctional PG synthase, and a DD-CPase (42-45). LptC-depleted cells
have been shown previously to have elevated levels of the bifunctional PBP1B and the
DD-CPases PBP5 and PBP6a (46). PBP5 is the major DD-CPase active under standard
laboratory conditions (32). PBP6a is an additional DD-CPase with an unknown physio-
logical function, as it does not seem to be active under standard growth conditions (35).

We next asked whether bifunctional PBPs and DD-CPases are important to prevent
lysis in LptC-depleted cells, as are the LDTs. PBP1B, but not PBP1A, was required to
prevent lysis of LptC-depleted cells (Fig. 5A to D), and lysis could be prevented by
ectopic expression of PBP1B (Fig. 5E). We next tested which of the two activities of
PBP1B was needed to prevent lysis. The ectopic expression of PBP1B(S510A) with an
active GTase and inactive TPase domain was fully functional in preventing lysis,
showing that the TPase activity of PBP1B is not required (Fig. 5E). However, the ectopic
expression of PBP1B(E233D) with inactive GTase function was unable to prevent lysis of
LptC-depleted cells lacking wild-type PBP1B, suggesting that the GTase activity of
PBP1B is crucial to prevent lysis (Fig. 5E). Consistent with this conclusion, lysis was also
observed in cells lacking LpoB, a key activator of the GTase of PBP1B (26, 28, 50)
(Fig. S4C and D). Another regulator of PBP1B, CpoB (27), was not required to prevent
lysis upon LptC depletion (Fig. S4E), consistent with CpoB’s exclusive regulation of the
TPase function of PBP1B and our findings that TPase was not needed to prevent lysis.

Finally, survival of LptC-depleted cells required the DD-CPase gene dacC, encoding
PBP6a, but not the dacA gene encoding PBP5 (Fig. 6). Therefore, preventing lysis upon
severe LPS transport defect requires not only LDTs but also the GTase activity of PBP1B
and the DD-CPase PBP6a, presumably to synthesize and to modify the nascent PG
substrate for the LDTs.

LdtD interacts with PBP1B. Our data supported the hypothesis that LdtD may
function with PBP1B to rescue sacculus integrity upon severe OM assembly defects. We
then asked whether LdtD physically interacts with class A PBPs by mixing purified

FIG 4 Legend (Continued)

was calculated from cells collected at 120 min (ODg,, of ~0.2) (light gray bars), 180 min (ODg,, of ~0.8)
(gray bars), and 210 min (ODg,, of ~2.0) (dark gray bars) (left side). The araBplptC conditional strain was
transformed with plasmids expressing IdtDp-lacZ (A), IdtEp-lacZ (B), or IdtFp-lacZ (C). Cells were grown
with 0.2% arabinose to an ODg,, of 0.2, harvested, washed three times, and resuspended in an
arabinose-supplemented (+ Ara) or arabinose-free (— Ara) medium. Samples for determination of
B-galactosidase specific activity were collected at the time point at which the strains cultivated under
nonpermissive conditions arrested growth (white bars) and 30 min (gray bars) and 60 min (black bars)
afterwards (+Ara and no Ara conditions, right side). (D) BW25113 ArpoS cells carrying plasmids express-
ing IdtDp-lacZ, IdtEp-lacZ, or IdtFp-lacZ fusions were grown in LD broth. B-Galactosidase specific activity
was determined from cells collected at 120 min (ODg, of 0.2), 180 min (ODg, of 0.8), and 210 min (ODg,
of 2.0). Strains BW25113 (light gray bars) and BW25113ArpoS (gray bars) are shown. Note that IdtD
expression is not affected in a ArpoS background. The values are the means = SD from at least three
independent experiments. All mutants were also transformed with the empty plasmid, and the mean of
B-galactosidase specific activity calculated from cells grown in any condition was 249 = 30 (min~"mg~").
In panels A to C, the Idt genes are indicated by their loci shown in capital letters.
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FIG 5 The GTase activity of PBP1B is required to prevent cell lysis upon defective OM assembly. Cultures of araBplptC
AmrcA (A) or araBplptC AmrcB (C) strains lacking PBP1A and PBP1B, respectively, were grown with 0.2% arabinose to an
ODyg,, of 0.2, harvested, washed three times, and resuspended in an arabinose-supplemented (+ Ara) or arabinose-free (no
Ara) medium. Cell growth was then monitored by OD,,, measurements. At t = 120 min, 210 min, and 270 min (arrows 1,
2, and 3, respectively), samples from araBplptC AmrcA (B) and araBplptC AmrcB (D) strains were collected for imaging.
Phase-contrast images (top) and fluorescence images (bottom) are shown. Bars, 3 um. (E) Complementation of the
araBplptC AmrcB lysis phenotype by ectopic expression of wild-type mrcB (GT*TP*), mrcB with mutated GTase (GT*), TPase
(TP*), or both (TP*GT*). All mutants were grown in the presence of 0.2% arabinose at 30°C to an ODy, of 0.2, harvested,
washed three times, and resuspended in an arabinose-free medium. The growth of the araBplptC AmrcB strain in
arabinose-supplemented medium is shown as a control. Cell growth was monitored by OD,,, measurements. Growth
curves shown are representative of at least three independent experiments.

oligohistidine-tagged PBP1A or PBP1B with untagged LdtD and assaying binding to
Ni2*-NTA beads. LdtD was pulled down by oligohistidine-tagged PBP1B, not by
oligohistidine-tagged PBP1A or LpoB, or in the absence of tagged protein (Fig. 7A),
suggesting a direct interaction with oligohistidine-tagged PBP1B. The pulldown was
confirmed and extended by microscale thermophoresis, which revealed an interaction
between LdtD and PBP1B, but not between LdtD and PBP1A. The K, value of the
LdtD-PBP1B interaction was 112 = 33 nM (Fig. 7B). Moreover, PBP1B was pulled down
by oligohistidine-tagged LdtD, expressed from the chromosome from its native pro-
moter, only upon LptC depletion (Fig. 7C), and LdtD and PBP1B interacted in LptC-
depleted cells as shown by chemical cross-linking followed by immunoprecipitation
(Fig. 7D). These data suggest that a PBP1B-LdtD complex is formed in cells experiencing
an OM assembly defect.
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FIG 6 The DD-CPase PBP6a prevents cell lysis upon defective OM assembly. Cells of the araBplptC AdacA (A) or
araBplptC AdacC (C) strain lacking PBP5 or PBP6a, respectively, were grown in the presence of 0.2% arabinose to
an ODg,, of 0.2, harvested, washed three times, and resuspended in an arabinose-supplemented (+ Ara) or
arabinose-free (no Ara) medium. Cell growth was then monitored by ODy,, measurements. Growth curves shown
are representative of at least three independent experiments. At t = 120 min, 210 min, and 270 min (arrows 1, 2,
and 3, respectively), samples from araBplptC AdacA (B) and araBplptC AdacC (D) strains were collected for imaging.
Phase-contrast images (top) and fluorescence images (bottom) are shown. Bars, 3 um.

LdtD forms 3-3 cross-links in mature and nascent PG. The LDT activity of LdtD has
been demonstrated previously with a soluble disaccharide tetrapeptide substrate (45).
Considering its role in PG remodeling and its interaction with PBP1B, we hypothesized
that the enzyme must be active against larger PG fragments or even sacculi and/or
nascent PG produced by PBP1B. We tested these possibilities by first incubating LdtD
with either soluble glycan chains carrying non-cross-linked tetrapeptides (DS-tetra
chains, the products of MepM [Fig. 8A]l) and PG sacculi purified from strain
BW25113A6LDT. LdtD was highly active against these substrates (Fig. 8A), utilizing
almost all monomeric tetrapeptides to generate the 3-3 cross-linked dimer (disaccha-
ride tetratripeptide, TetraTri). The high activity is particularly remarkable in the case of
the sacculi, which after the reaction with LdtD contained an unusually high cross-
linkage with ~84% of all muropeptides present in cross-links.

We next assayed the activity of LdtD during synthesis of PG in vitro using radiola-
beled lipid Il as the substrate in the presence of 10-fold excess of unlabeled PG sacculi.
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FIG 7 LdtD interacts with PBP1B in vitro and in vivo. (A) Coomassie blue-stained SDS-PAGE gel showing
the pulldown of proteins to Ni2+-NTA beads. LdtD bound to the beads and was present in the elution
fraction (lanes E) only in the presence of oligohistidine-tagged PBP1B, and not in the presence of
oligohistidine-tagged LpoB, oligohistidine-tagged PBP1A, or in the absence of another protein. A, applied
sample. (B) Microscale thermophoresis curves showing that LdtD interacts with PBP1B and not with
PBP1A. The K, value for the LdtD-PBP1B interaction is indicated. Values are means * SD from three
independent experiments. (C). BW25113 IdtD-his and araBplptC IdtD-his cells grown with and without
arabinose (Ara) were treated with the DTSSP cross-linker. Cell-free extract was prepared, and LdtD-His
was purified onto a Ni-NTA resin. PBP1B, LdtD-His, and LptE (as loading control) were immunodetected
after SDS-PAGE and Western blotting. WT, wild type. (D) In vivo interaction between PBP1B and LdtD-His
by cross-linking/coimmunoprecipitation assay. araBplptC IdtD-his cells were treated with cross-linker
DTSSP. The membrane fraction was prepared, and PBP1B was precipitated by specific antibody (the
control sample received no antibody). LdtD-His was detected by Western blotting using specific
anti-oligohistidine-tag antibody. M, membrane extract; S, supernatant; E, elution.

After the reaction, the products were digested with the muramidase cellosyl, and the
resulting muropeptides were separated by HPLC using back-to-back UV and radioac-
tivity detectors to monitor the products formed. LdtD produced a highly 3-3 cross-
linked nascent PG, as seen by the abundant radiolabeled TetraTri(3-3) muropeptide
present in the reaction with the TPase-inactive PBP1B(S510A) mutant, its activator LpoB,
and the DD-CPase PBP6a (red trace in sample Ill [Fig. 8B]). In the absence of LdtD,
PBP1B(S510A)/LpoB produced non-cross-linked glycan chains with pentapeptides of
which most were trimmed by PBP6a to tetrapeptides (red traces in sample Il [Fig. 8B]),
and no 3-3 cross-links were observed in the UV traces (sample Il [Fig. 8B]). Remarkably,
LdtD preferentially acted on the nascent (radioactive) PG (red trace, sample lll) despite
the presence of an ~10-fold excess of unlabeled PG sacculi (black trace, sample lll). The
UV traces showed that ~52% of the unlabeled tetrapeptides were consumed by LdtD
(comparing the black traces in samples Il and Il [Fig. 8B]), which was markedly less than
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FIG 8 LdtD shows LD-TPase activity with different PG substrates. (A) HPLC chromatograms showing the
formation of TetraTri(3-3) dimers by LdtD incubated with glycan chains harboring monomeric tetrapep-
tides (DS-tetra chains) or PG from BW25113A6LDT cells lacking all six /dt genes. Samples were digested with
cellosyl and, reduced with sodium borohydride before HPLC analysis. (B) HPLC chromatograms obtained
from samples upon incubating [*C]GIcNAc-labeled lipid Il and PG from strain BW25113A6LDT and the
proteins indicated to the right (I, Il, and IIl indicate the different samples). Samples were digested with
cellosyl, reduced with sodium borohydride, and subjected to HPLC analysis with detection of both UV signal
(black traces) and radioactivity (red traces). PBP1B (TP*) is PBP1B with an inactive transpeptidase site due
to the replacement of Ser-510 by Ala. Tetra-P and Penta-P originate from the hydrolysis of the respective
pentapeptide and tetrapeptide versions of lipid Il prior to HPLC analysis. (C) Proposed structures of
muropeptides present in the fractions in panels A and B. G, N-acetylglucosamine; M, N-acetylmuramic acid;
M(r), N-acetylmuramitol; M-P, N-acetylmuramic acid-1-phosphate; L-Ala, L-alanine; D-Glu, D-glutamic acid;
D-Ala, D-alanine; m-DAP, meso-diaminopimelic acid.

the ~68% consumption of the radiolabeled tetrapeptides (comparing the red traces
in samples Il and Il [Fig. 8B]). This suggests that LdtD prefers new PG, synthesized by
PBP1B and trimmed by PBP6a, as the substrate. LdtD showed similar activity in
reactions with PBP5 (instead of PBP6a), showing that both DD-CPases are capable of
providing the tetrapeptide substrates (Fig. S6).

Together, the results of the activity assays support the phenotypic data and muro-
peptide analysis showing that LdtD is highly active in producing 3-3 cross-links in PG
sacculi, and it is able to cooperate with the GTase activity of PBP1B and DD-CPases to
utilize nascent PG as the substrate, consistent with a role in protective remodeling of
PG during OM defective assembly.

DISCUSSION

LPS is essential in many Gram-negative bacteria with several notable exceptions,
namely Neisseria meningitidis (51), Moraxella catarrhalis (52) and Acinetobacter bauman-
nii (53), which can grow without LPS. E. coli requires LPS, and therefore, the depletion
of LptC is not compatible with cell growth. However, although cells are unable to
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continue growing, they do survive the block of LPS transport for several hours, and they
resume growth once expression of LptC is restored.

In this work, we discovered a PG remodeling pathway involving LDTs that is
essential for survival in cells with defective OM assembly, revealing a link between LPS
export and a dedicated mode of PG synthesis. LDTs are not required in unstressed cells
which, however, do remodel the PG to introduce a small number of 3-3 cross-links upon
entry into stationary phase, perhaps to repair minor defects in PG. Expanding from
previous work (39-41), we also show here that E. coli has an additional YkuD homo-
logue, LdtF, which is not an active LD-TPase per se but might stimulate other LDTs.

Roles of the different LDTs. LdtE is the housekeeping LDT that is induced by RpoS
when cells enter stationary phase (Fig. 4) consistent with the increase in 3-3 cross-links
in stationary-phase cells (36, 54). LdtE seems to require LdtF for activity (Fig. 2) and the
LdtE-LdtF couple forms most of the 3-3 cross-links in unstressed cells in which LdtD is
poorly expressed (Table 1 and Fig. 4).

LDTs become essential to prevent cell lysis in LptC-depleted cells which upregulate
IdtD and increase 3-3 cross-links (Fig. 4 and Table 1). Notably, LDTs are inhibited by
sub-MIC copper ions which therefore reduce the robustness of the cell envelope to
withstand LPS export stress (55). That LdtD plays a major role in PG remodeling during
cell envelope stress is consistent with its induction by the Cpx-mediated stress response
(56, 57). The single AldtE or AldtF mutants lysed upon LptC depletion despite the
presence of a functional copy of IdtD; presumably, they are unable to accumulate
sufficient LdtD activity to avoid lysis upon LptC depletion. In contrast, the AldtE AldtF
double mutant is already stressed and has a high level of LdtD (and of 3-3 cross-links)
before the depletion of LptC, preventing lysis once LptC is depleted (Table 1). This
conclusion is further supported by the finding that ectopic expression of IdtD prevents
lysis of all single and multiple /dt mutants depleted for LptC. For unknown reason, the
IdtF mutant shows impaired cell morphology even before LptC depletion (see Fig. S3D
in the supplemental material), suggesting that enhanced 3-3 cross-links are not always
protective and that LdtF, which has been implicated in biofilm formation in enteroag-
gregative E. coli (58), has an additional role in the cell. Hence, our PG analysis highlights
that an increased level of 3-3 cross-links cannot protect every Idt mutant cell from lysis,
but importantly, the ability of cells to avoid lysis is always accompanied by an increase
in 3-3 cross-links (Table 1).

LdtD is part of a “PG repair machine” with PBP1B/LpoB and PBP6a. LptC-depleted
cells also required the GTase function of PBP1B, its activator LpoB, and the DD-CPase
PBP6a (but not PBP1A or PBP5) to avoid lysis (Fig. 5 and 6). To our knowledge, this is
the first condition where PBP6a becomes important. Our genetic evidence (Fig. 5C and
D), the previously observed induction of the PBP1B and PBP6a genes in LptC-depleted
cells (46), and the physical interaction of LdtD with PBP1B in vitro and in stressed cells
(Fig. 7) all support a model in which PG remodeling machinery containing PBP1B/LpoB,
LdtD, and PBP6a polymerizes PG strands (GTase of PBP1B), trims the pentapeptides
(PBP6a), and utilizes the resulting tetrapeptides to form 3-3 cross-links (LdtD) (Fig. 9).

How does PG remodeling rescue cells from lysis? The PG layer is an elastic, net-like
structure thought to be the major stress-bearing structure in the bacterial cell envelope
allowing the cell to sustain large mechanical loads such as turgor pressure (37, 59). This
prevailing dogma has been challenged by studies of phage lysis (60, 61) and more
recently by Rojas and coworkers who showed that the OM and PG balance the
mechanical loads during osmolality changes (62). Interestingly, a mutant defective in
LPS export carrying the imp4213 allele of IptD (63) produced an OM with an altered
load-bearing capacity (62). Defects in the OM (i.e., perturbation of LPS layer and local
loss of lipid asymmetry) may cause local mechanical stress on the PG structure, and
hence, the LDT-mediated PG remodeling could strengthen the PG to rebalance the
mechanical load between the OM and cell wall.

We also envision another possible reason why LDTs are essential upon defective LPS
export. The size of pores in the PG net is too small for large transenvelope assemblies,
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LPS export through PG layer PG remodelling upon defective LPS transport

FIG 9 Role of a PG repair machine. (A) Nonperturbed LPS transport to the OM. (B) Upon LptC depletion,
PBP1B-LpoB, LdtD, and PBP6a work in concert to repair the PG, synthesizing it locally with 3-3 cross-links (CL) (red
line). Components of the Lpt machine are colored blue and indicated by capital letters.

such as the flagella and type Il secretion systems, and hence, the assembly of these
requires the local hydrolysis of the PG to increase the pore size (64, 65). The width of
the periplasmic Lpt “bridge” together with its bulky LPS cargo (19, 66) is likely wider
than the diameter of pores in PG (4.1 to 6.2 nm, depending on the turgor), necessitating
the local hydrolysis of the PG, by an as yet unknown PG hydrolase, for the assembly
of the Lpt machinery and rapid flux of LPS to the cell surface. The Lpt complex is known
to disassemble when LPS transport is arrested due to depletion of LptC (14, 17, 18).
Hence, it is possible that LDTs seal (repair) the PG locally after the disassembly of LPS
export machines. We propose a dedicated PG repair machine, containing PBP1B/LpoB,
LdtD, and PBP6a for this function (Fig. 9). The sequence of events that lead to cell lysis
following the block of LPS biogenesis in the absence of LDTs are currently not known,
but our data suggest that lysis is likely the consequence of the accumulation of defects
in the PG that cannot be repaired and lead to unbalanced mechanical load between the
OM and PG.

The GTase function of the PG repair machine is activated by the OM-anchored
lipoprotein LpoB, which spans the periplasm to interact with the UB2H domain of
PBP1B. Hence, apart from its role in the synthesis of “normal PG” (with 4-3 cross-links)
during cell elongation and division, the PBP1B-LpoB system has another role in PG
remodeling together with LdtD, producing PG with 3-3 cross-links. PBP1B/LpoB, LdtD,
and the DD-CPase PBP5 enabled an E. coli mutant strain to grow in the presence of an
otherwise lethal concentration of ampicillin (45), and PBP1B/LpoB (and not PBP1A/
LpoA) promoted the recovery of PG-less L-form cells of E. coli to the walled state,
generating a PG layer de novo (67). These observations and our own work highlight the
versatility of the PBP1B/LpoB PG synthase/regulator pair, which is used by the cell in
different processes and circumstances. PBP1A/LpoA are able to compensate for the
loss of PBP1B/LpoB in normal growth, but they cannot compensate for the stress-
related function of PBP1B/LpoB with LptD. Indeed, cells in which PG synthesis may
be considered “weakened” by the lack of PBP1A or PBP5 do survive LPS transport
defects just as well as wild-type cells. Hence, our combined data support a specific
PG remodeling mechanism instead of nonspecific effects such as a general “weak-
ening” of PG synthesis.

In summary, we discovered a role of 3-3 cross-links in the PG as a mean to fortify the
sacculus in response to severe OM assembly defects. This functional connection
between OM biogenesis and PG remodeling highlights an elegant and versatile mech-
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anism bacteria employ to maintain the integrity of their essential cell envelope under
a variety of growth and stress conditions.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids used in this work
are listed in Table S1 in the supplemental material. Primers used are listed in Table S2. Cells were
routinely grown aerobically at 37°C or 30°C in LB-Lennox medium (10 g/liter tryptone, 5 g/liter yeast
extract, 5 g/liter NaCl) (Difco). When required, antibiotics or inducers were added: ampicillin (100 ug/ml),
chloramphenicol (25 ug/ml), kanamycin (25 ug/ml), arabinose (0.2% [wt/voll), IPTG (0.1 mM). For LptC
depletion, bacteria were harvested from cultures with an OD,, of 0.2 by centrifugation, washed twice
with LD, and diluted 100-fold in LD with or without arabinose. Cell growth was monitored by ODgq,
measurements, and viability was determined by quantifying the colony-forming units (CFU).

The phenotypes of araBplptC and isogenic Idts mutant derivatives were summarized as the slope of
each growth curve between 180 and 390 minutes (Fig. 1F). Each slope was calculated as the regression
line based on the data points identified by y values (expressed as absorbance at 600 nm) and x values
(time expressed in hours) using Excel functions.
Other methods. The construction of plasmids and strains, microscopy of cells, protein purification
and biochemical assays are described in detail in Text S1 in the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/mBio
.02729-18.

TEXT S1, PDF file, 0.5 MB.

FIG S1, PDF file, 0.2 MB.

FIG S2, PDF file, 0.4 MB.

FIG S3, PDF file, 0.4 MB.

FIG S4, PDF file, 0.3 MB.

FIG S5, PDF file, 0.4 MB.

FIG S6, PDF file, 0.2 MB.
TABLE S1, DOCX file, 0.03 MB.
TABLE S2, DOCX file, 0.01 MB.
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Text S1: Details of the methods of strain and plasmid construction, protein purification

procedures, protein-protein interaction protocols, and activity assays.
Table S1: Bacterial strains and plasmids used in this study.
Table S2: Oligonucleotides used in this study.

Table S3: Muropeptide composition of Idt mutant strains with or without (separate file)

depletion of IptC.
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Figure S1. (A) Peptidoglycan cross-linking reactions catalyzed by the DD-transpeptidases
(PBPs, top) and the LD-transpeptidases (LdtD, LdtE and LdtF, bottom) resulting in 4-3 and 3-
3 cross-links, respectively. G, N-acetylglucosamine (G); M, N-acetylmuramic acid; R indicates
H, D-Ala or D-Ala-D-Ala. (B) Sequence alignment of LdtD, LdtE and LdtF. LdtD sequence
starts at amino acid 201 of the protein sequence. Residues flanking the Cys residue (C) of
catalytic site are indicated in bold. Consensus symbols: (*) indicates fully conserved residues;
(:) indicates residues with high degree of conservation; (.) indicates residues with low degree
of conservation. Alignment was performed with ClustaOmega (https://www.ebi.ac.uk/
Tools/msa/clustalo/).
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Figure S2. Deletion of ldtD, ldtE and [dtD-IdtE in the araBplptC conditional strain
compromises cell viability under non-permissive conditions. Cells of araBplptC AldtD (A),
araBplptC AldtE (C) araBplptC AldtD AldtE (E) were grown in the presence of 0.2% arabinose
to an ODesgo of 0.2, harvested, washed three times and resuspended in an arabinose-
supplemented (+ Ara) or arabinose-free (no Ara) medium. Cell growth was monitored by
ODsoo measurements (upper panels) and viability was assessed by determining CFU (lower
panels). Growth curves shown are representative of at least three independent experiments. At
t =120 min, 210 min and 270 min (arrows), araBplptC AldtD (B), araBplptC AldtE (D) and
araBplptC AldtD AldtE (F) cells were collected for imaging. Phase contrast images are on the
top and fluorescence images are on the bottom. Scale bars, 3 um.
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Figure S3. Phenotypes of wild type BW25113 (/ptC") and araBplptC conditional strains
lacking /dtF and of araBplptC lacking ldtD-IdtF. Cells of BW25113, the isogenic AldtF mutant
(A), the araBplptC AldtF mutant (C) and araBplptC AldtD AldtF mutant (E) were grown and
imaged as described in the legend of Figure S2. Growth curves shown are representative of at
least three independent experiments. At t =120 min, 210 min and 270 min (arrows), BW25113
and BW25113 AldtF (B), araBplptC AldtF (D) araBplptC AldtE AldtF mutant (F) cells were
collected for imaging. Phase contrast images are on the top and fluorescence images are on the
bottom. Scale bars 3 pum. araBplptC AldtF cells displayed morphological defects even when
grown under permissive conditions.
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Figure S4. Growth profiles of araBplptC conditional strain lacking /dtE-IdtF or lpoB or cpoB.
Cells of araBplptC AldtE AldtF (A, B), araBplptC AlpoB (C, D) and araBplptC AcpoB (E)
were grown and imaged as described in the legend of Figure S2. Growth curves shown are
representative of at least three independent experiments. araBplptC AldtE AldtF cells did not
lyse under non-permissive conditions (A, B). The PBP1B activator LpoB prevents lysis in /ptC-
depleted cells (C, D) whereas deletion of cpoB has no impact on cell viability (E).
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Figure S5. The simultaneous deletion of /dtA, [dtB and IdtC in the araBplptC conditional strain
has no impact on cell viability under non-permissive conditions and ectopic expression of LdtD
rescues the lysis phenotype of single and multiple araBplptC Idt mutants. Cells of the
araBplptC conditional strain with deletions of /dt4, ldtB and ldtC (A) and all six /dt genes (ldtA,
ldtB, ldtC, ldtD, IdtE and [dtF) (B) were grown in the presence of 0.2% arabinose to an ODgo
of 0.2, harvested, washed three times and resuspended in an arabinose-supplemented (+ Ara)
or arabinose-free (no Ara) medium. Cell growth was then monitored by ODsoo measurements
and viability was assessed by determining the CFU. (C) Complementation of the araBplptC
AldtD lysis phenotype by ectopic expression of wild type IldtD and IldtD®**. (D-H)
Complementation of the araBplptC AldtE, araBplptC AldtF, araBplptC AldtDE, araBplptC
AldtDF, araBplptC AldtDEF lysis phenotype by ectopic expression of wild type ldtD. Cells
were grown in the presence of 0.2% arabinose to an ODeoo of 0.2, harvested, washed three times
and resuspended in an arabinose-free medium. The growth of araBplptC AldtD in arabinose-
supplemented medium is shown as control. Cell growth was monitored by ODsoo
measurements. Growth curves shown are representative of at least three independent
experiments. In panels A and B /d¢ genes are indicated by their capital letters.
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Figure S6. LdtD is active during in vitro PG synthesis in the presence of PBP1B(TP*), LpoB
and PBP5. (A) HPLC chromatograms obtained from samples containing radioactive lipid II,
PG from E. coli BW25113ALDT and the proteins indicated on the right side. (B) Proposed
structures of muropeptides shown in panel A and B. G, N-acetylglucosamine; M, N-
acetylmuramic acid; M(r), N-acetylmuramitol; M-P, N-acetylmuramic acid-1-phosphate; L-
Ala, L-alanine; D-Glu, D-glutamic acid; D-Ala, D-alanine; m-DAP, meso-diaminopimelic acid.
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Supplemental Methods

Construction of E. coli deletion or depletion strains

Deletion strains were obtained by moving kan-marked alleles from the Keio E. coli
single-gene knockout library (1) by P1 phage transduction (2). Afterward, the kan
cassette was removed by pCP20-encoded Flp recombinase to generate unmarked
deletions with a FRT-site scar sequence (3). The removal of the kan gene was verified
by colony PCR. Strains with multiple deletions were generated by sequential P1
transduction and kan cassette removal. LptC depletion strains were obtained by moving
the kan araC araBp-IptC allele from BB-3 (4) into selected mutants by P1 transduction.
Depletion strains were selected on media containing kanamycin and 0.2% arabinose.

The insertion of the cassette was verified by PCR.

Construction of /dtD-his strains

The A Red recombination system was used to fuse the His-tag coding sequence to
chromosomally encoded /dtD to produce a /dtD-his C-terminal fusion. A linear PCR
product encoding the &is-tag and the kan cassette flanked by sequences for homologous
recombination (Table S1) was obtained using primers AP565 and AP566 and as a
template pKD4 (Table S2). and transformed into BW25113 strain harbouring the
pKD46, a Red helper plasmid (3). The correct insertion of the his-kan cassette was
confirmed by PCR. Afterward, the kan cassette was removed as described above. The
araBp-IptC ldtD-his strain was obtained by moving the kan araC araBp-IptC allele

from BB-3 (4) as described above.
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Construction of plasmids

pGS121 and pGS124 were constructed by cloning /d¢E and IdtF into the EcoRI/HindIl1
restriction sites of pGS100 (4). pGS123 was constructed by cloning /dtD into
EcoRl/Xbal restriction sites of pGS100. Primers used for genes cloning are listed in
Table S2. To assess transcriptional activity the promoter regions of /dtE, ldtD and ldtF
genes were cloned into the lacZ vector pRS415 (5). For this, the promoter region of
each /dt gene was amplified by PCR using primers listed in Table S2 and cloned into
EcoR1/BamHI (ldtEp and [dtDp) or EcoRl/Smal (ldtFp) restriction sites of pRS415.
Each cloned region contained at least 600 bp upstream and 150 bp downstream of the
start codon of each gene to include putative regulatory elements.

For pET28a-His6-LdtF, /dtF was cloned starting from position 58 downstream
the ATG codon, into Ndel/Xhol pET28a, eliminating the putative signal sequence. The
correct nucleotide sequences of inserts were verified (Eurofins Genomics).

pAMSO1(LdtE) and pAMSO02(LdtF) were constructed using the Gibson
assembly method (6) by cloning /dtE and [ldtF into pJEH12(LdtD) (7), respectively.
Primers used for gene cloning are listed in Table S2.

pGS123C528A was obtained by site-directed mutagenesis using the Q5® Site-
Directed Mutagenesis Kit (New England BioLabs) on pGS123 following manufacturer

instructions. Primers used for site directed mutagenesis are listed in Table S2.

Measurements of the minimum inhibitory concentration (MIC) of LPC-058.
The MIC assay protocol was adapted from (8) using 96-well plates. Bacterial were
grown in LB-Lennox medium at 37°C in the presence of varying concentration of LPC-

058 inhibitor and 5% of DMSO as control.
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Overexpression plasmids and purification of proteins

Purification of PBP6a. DNA encoding for PBP6a (residues 28-400) from E. coli
BW25113 was amplified by PCR and cloned into pET28a(+) using Ndel and Xhol.
PBP6a was overexpressed in E. coli LOBSTR-BL21(DE3) (Kerafast) cells grown
overnight at 37°C in 2 L of TB-autoinduction medium supplemented with 4 g lactose,
1 g glucose, 10 mM MgCl, and 10 mM MgSO4 (9). Cells were harvested by
centrifugation for 15 min at 4500 rpm and 14°C. The resulting cell pellet was
resuspended in 50 ml buffer A (25 mM HEPES/NaOH pH 7.5, 100 mM NaCl)
supplemented with 1 mM phenylmethyl sulfonyl fluoride (Sigma Aldrich), 1x protease
inhibitor cocktail (Sigma Aldrich) and desoxyribonuclease I (Sigma Aldrich). Cells
were broken by sonication and centrifuged for 1 h at 130,000xg and 4 °C. The resulting
pellet was resuspended in buffer B (25 mM HEPES/NaOH pH 7.5, 1 M NaCl, 2 mM
MgCl; 10% glycerol) supplemented with 1% CHAPS (Anatrace) and incubated under
continuous stirring overnight at 4°C. Insoluble material was removed by centrifugation
for 1 h at 130,000xg at 4°C. The supernatant was recovered, mixed with 1 ml Ni-NTA
Superflow (Qiagen) preequilibrated in buffer B (supplemented with 0.5% CHAPS and
5 mM imidazole) and incubated under continuous gentle stirring for 3 h at 4°C. Ni-
NTA agarose was poured in a gravity flow column, washed 5 times with 20 column
volume (CV) buffer B (supplemented with 0.5% CHAPS and increasing concentrations
of imidazole, 10-50 mM). PBP6a was eluted with buffer B supplemented with 0.5%
CHAPS and 300 mM imidazole. Eluted protein was dialysed against 2 L dialysis buffer
(25 mM HEPES/NaOH, 500 mM NaCl, 10% glycerol, 0.1% CHAPS, 10 mM EDTA).
The protein was further purified by size exclusion chromatography on a HilL.oad 16/60
Superdex 200 (GE Healthcare) column using size exclusion buffer (25 mM

HEPES/NaOH, 300 mM NaCl, 10% glycerol, 0.1% CHAPS) and a flowrate of 1
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ml/min. Purity was determined by SDS-PAGE and combined fractions were

concentrated and stored in aliquots at -80°C.

Purification of LdtD. E. coli LOBSTR-BL21(DE3) (Kerafast) cells were transformed
with pETMMS?2, a plasmid encoding for LdtD carrying an N-terminal DsbC-His6-tag
followed by a TEV-protease cleavage site (7), and grown at 30°C in 1 L TB medium
(10) (supplemented with 5 mM MgCl, and 5 mM MgSO4) until OD600 0.3. LdtD
overexpression was induced by adding IPTG (Generon) to a final concentration of 0.5
mM. The temperature was decreased to 16°C and cells were incubated for 19 h. Cells
were harvested by centrifugation for 15 min at 4,500 rpm and 14°C. The resulting cell
pellet was resuspended in 60 ml buffer A (20 mM Tris pH 8.0, 1 M NaCl, 10 mM
imidazole) supplemented with 1 mM phenylmethyl sulfonyl fluoride (Sigma Aldrich),
Ix protease inhibitor cocktail (Sigma Aldrich) and desoxyribonuclease 1 (Sigma
Aldrich). Cells were broken by sonication and centrifuged for 1 h at 130,000xg at 4°C.
The supernatant was recovered, mixed with 0.5 ml Ni-NTA Superflow (Qiagen)
preequilibrated in buffer A (supplemented with 10 mM imidazole) and incubated under
continuous gentle stirring at 4°C. After 1.5 h another 0.5 ml of Ni-NTA Superflow
(Qiagen) was added and incubated for 1.5 h. The suspension was poured in a gravity
flow column and washed 2 times with 20 CV buffer B (20 mM Tris/HCI pH 7.0, 150
mM NaCl) supplemented with 20 mM imidazole, 5 mM ATP and 1 mM MgCl; to
remove tightly bound chaperone proteins. After 3 more washing steps with 20 CV of
buffer B each (2% 40 mM imidazole, 1x 50 mM imidazole), the protein was eluted with
buffer B supplemented with 300 mM imidazole and glycerol was added to the elution
fractions to a final concentration of 10%. The protein was dialysed against 2x 2 L

dialysis buffer 1 (25 mM Tris pH 7.0, 300 mM NacCl, 10% glycerol) for 1 h each at

90



4°C. The protein solution was supplemented with 5 mM B-mercaptoethanol (Sigma
Aldrich), 10 U/ml TEV-protease (Promega) and dialysed against 1 L of dialysis buffer
2 (25 mM Tris pH 7.0, 300 mM NaCl, 5 mM B-mercaptoethanol, 10% glycerol) for 1
h and against an additional 1 L overnight at 4°C.

The sample was mixed with 1 ml of Ni-NTA-agarose preequilibrated in dialysis buffer
2 containing 50 mM of imidazole and incubated for 2-3 h at 4°C under gentle stirring.
The suspension was poured in a gravity flow column and the DsbC-His-tag free protein
present in the flow through was further purified by size exclusion chromatography on
a HiLoad 26/60 Supedex 200 (GE Healthcare) column using size exclusion buffer (25
mM Tris/HCl pH 7.5, 300 mM NacCl, 10% glycerol) and a flowrate of 1 ml/min. Purity
was determined by SDS-PAGE and combined fractions were concentrated and stored

in aliquots at -80°C.

Purification of His-PBP1A and PBP1A. PBP1A was purified according to a
published procedure (11) with modifications. E. coli LOBSTR-BL21(DE3) (Kerafast)
cells carrying the plasmid pTK1Ahis were grown in 2 L of LB medium (12) at 30°C
until an optical density (578 nm) of 0.5 was reached. IPTG (1 mM) was added and the
cells were grown for 3 h, chilled on ice for 15 min, harvested by centrifugation for 20
min at 5,000 rpm and 4°C. The cell pellet was resuspended in 140 ml of Buffer I (25
mM HEPES/NaOH pH 7.5, 1 M NaCl, 1 mM EGTA, 10% glycerol) supplemented with
I mM phenylmethyl sulfonyl fluoride (Sigma Aldrich), 1x protease inhibitor cocktail
(Sigma Aldrich) and desoxyribonuclease I (Sigma Aldrich). Cells were broken by
sonication and the soluble fraction was removed after ultracentrifugation for 1 h at
130,000xg and 4°C. The membrane pellet was resuspended in extraction buffer (25

mM HEPES/NaOH pH 7.5, 5 mM MgCl,, 1 M NaCl, 20% glycerol, 2% Triton X-100)
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with continuous stirring overnight at 4°C. Insoluble material was removed by
centrifugation for 1 h at 130,000xg at 4°C. The supernatant containing the solubilised
membrane fraction was diluted with the same volume of IMAC dilution buffer (25 mM
HEPES/NaOH pH 7.5, 1 M NaCl, 40 mM imidazole, 20% glycerol) and applied to a 5
mL HisTrap HP column using an AKTA PrimePlus. The column was washed with
IMAC wash buffer (25 mM HEPES/NaOH pH 7.5, 500 mM NaCl, 50 mM imidazole,
20% glycerol, 0.2% reduced Triton X-100), and PBP1A was eluted with the elution
buffer (25 mM HEPES/NaOH pH 7.5, 500 mM NacCl, 400 mM imidazole, 20%
glycerol, 0.2% reduced Triton X-100). Fractions containing His-PBP1A were pooled.
For the removal of the His-tag, 16 units of thrombin (restriction grade, Novagen) were
added and the sample was dialysed in 3 % 1 1 of cleavage buffer (20 mM HEPES/NaOH

pH 7.5, 500 mM NacCl, 10% glycerol).

Purification of MepM. The protein was purified as described in (13) with
modifications. Briefly, 2 L of LB medium (12) were inoculated with strain BL21(DE3)
pET21b-yebA and protein expression was induced by addition of IPTG at a final
concentration of 50 puM. Cells were incubated for 2 h at 25°C, harvested by
centrifugation and resuspended in lysis buffer (25 mM Tris/HCl pH 7.5, 300 mM NaCl,
10% glycerol). The first purification step was performed on HisTrap HP column (GE
healthcare) preequilibrated with wash buffer (25 mM Tris/HCI1 pH 7.5, 300 mM NacCl,
20 mM imidazole). Protein was eluted in the same buffer supplemented with 300 mM
imidazole. Samples containing protein of interest were dialysed against 25 mM
HEPES/NaOH pH 7.5, 300 mM NaCl, 10% glycerol overnight at 4°C. Dialysed

samples were concentrated using Vivaspin 6 columns and applied to a HiLoad 16/60
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Superdex 200 (GE healthcare) size exclusion column at a flowrate of 1 ml/min using

the same buffer. The purified protein was stored in aliquots at -80 °C.

Other proteins. PBP1B and PBP1B(TP*) were purified as described in (14), LpoB

was purified as described in (15), PBPS was purified as described in (16).

Protein-protein interactions

Pull-down experiments were performed as described (17) using proteins at 2 pM
concentration. Microscale thermophoresis (MST) experiments were carried out with a
Monolith NT.115 instrument (NanoTemper GmbH, Germany). LdtD was labelled with
the Monolith NT.115 Protein Labelling Kit RED-NHS according to the manufactory
instructions. MST experiments were performed with serial dilution series of PBP1A or
PBP1B and constant concentration of labelled LdtD in 20 mM HEPES/NaOH pH 7.5,
150 mM NacCl, 0.2 % Triton X-100, using premium capillaries, an LED-Power of 20%
and an MST-Power of 40%. Changes in normalised fluorescence caused by the local

temperature gradient were analysed by the MO.Affinity Analysis v2.1.2 software.

In vivo DTSSP cross-linking

800 OD of BW25113 IdtD-his and araBplptC IdtD-his cells were pelleted by
centrifugation and resuspended in 25-mL ice-cold CL Buffer I (50 mM NaH2POs, 20%
[wt/vol] sucrose, pH 7.4) with 100 pg/mL DTSSP (freshly prepared as a 20 mg/ml stock
in CL Buffer I). Cells were incubated at 4°C with mixing for 1 h, then pelleted and
frozen at —80°C (17). Cells were then thawed, resuspended in 20 ml of 50 mM
potassium phosphate buffer (pH 8.0), 150mM NaCl, 5SmM MgCl,, DNase I (50 pg/mL),

and RNase I (50 pg/mL) and then lysed by sonication (3% 30 s at 20 mA). The lysate
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was incubated with 1% ZW3-14 (N-tetradecyl-N,N-dimethyl-3-ammonio-1-
propanesulfonate) for 20 min at room temperature with shaking to complete cell lysis.
The mixture was then centrifuged at 10,000 g for 10 min to remove cell debris. To the
cleared lysate (whole-cell extract) 20 mM imidazole (pH 8.0) was added, and the final
mixture was loaded onto a 0.5-ml Ni-NTA column. Protein were eluted as described
(18) and equal amount of proteins were used for Western blot analysis using
Monoclonal Anti-polyHistidine antibody, anti-PBP1B (15) and anti-LptE (kind gift of

D. Kahne) as loading control.

In vivo DTSSP cross-linking / co-immunoprecipitation assay

The assay was performed as described in[17]. araBplptC ldtD-his cells were grown
overnight in LB Lennox media supplemented with 50 pg/mL kan and 0.2% L-
arabinose, diluted 1:500 into 200 mL LB Lennox media with the same supplements.
The cells were grown at 30°C to an ODs7g of 0.2, washed 3 x with LB Lennox media
(no supplements; centrifugation at 1500 % g, 10 min at RT), resuspended in 200 mL
Lennox LB (supplemented with 50 ug/mL kan) until the cells arrested growth. Cells
were pelleted by centrifugation (1500 x g, 4°C, 10 min) and resuspended in 6 mL of
ice-cold CL Buffer I (50 mM NaH2PO4 20% (w/v) sucrose pH 7.4) with 100 pg/mL
DTSSP (freshly prepared from a 20 mg/mL stock in CL Buffer I). Cells were incubated
at 4°C with mixing for 1 h, then pelleted and resuspended to an ODs7s of 4 in ice-cold
CL Buffer II (100 mM Tris/HCI, 10 mM MgCl;, 1 M NaCl, pH 7.5) with 100 uM
PMSF, 50 pg/mL protease inhibitor cocktail (P8465, Sigma-Aldrich) and 50 pg/mL
DNAse 1. The cells were disrupted by sonication and membranes were sedimented by
centrifugation (90,000 % g, 60 min, 4°C) and resuspended in CL buffer III (25 mM

Tris/HCI, 10 mM MgCl, 1 M NaCl, 20% glycerol, 2% Triton X-100, pH 7.5).
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Membrane proetins were extracted by stirring overnight at 6°C. After another
centrifugation step (90,000 x g, 1 h, 4°C) the supernatant was taken and 3-fold diluted
with CL buffer IV (75 mM Tris/HCI, 10 mM MgCl,, 1 M NaCl, pH 7.5). Specific
PBP1B antibodies were added and the sample was incubated for 5 h at 4°C. A control
sample was incubated without antibody. Protein G-coupled agarose (120 pl suspension)
was added to the membrane fraction and the sample was incubated overnight at 4°C.
The beads were recovered by centrifugation and washed with 10 ml of CL wash buffer
(42 mM Tris/HCI, 10 mM MgClz, 1 M NacCl, 0.7% Triton X-100, 13% glycerol, pH
7.5) and boiled for 10 min in 50 pl of sample buffer for SDS-PAGE. The supernatant
was collected, proteins were separated by SDS-PAGE and transferred to nitrocellulose
by Western Blot, and LdtD-his was detected with a monoclonal anti-polyhistidine
antibody (Sigma No. H1029) and an anti-mouse IgA - peroxidase antibody (Sigma No.

A4789).

MepM digest of sacculi from BW25113A6LDT

Sacculi from BW25113A6LDT were prepared as described in (19). MepM digest was
carried out in a final volume of 200 pl containing 25 mM HEPES/NaOH pH 7.5, 150
mM NaCl, 0.05% Triton X-100, 750 pg sacculi using a final concentration of MepM
of 2 uM. The sample was incubated overnight at 37°C. Then the reaction mixture was
heated for 10 min at 100°C and centrifuged for 20 min. The supernatant containing

disaccharide-tetrapeptide chains was collected and stored at 2-8°C.

LdtD activity assay with disaccharide-tetrapeptide chains or PG sacculi
Assays were carried out in a final volume of 50 pl containing 25 mM Tris/HCI pH 7.5,

100 mM NaCl, 10 mM MgCl, 0.1% Triton X-100, and 2 uM LdtD. Fifteen pl of
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peptidoglycan or 20 pl of disaccharide-tetrapeptide chains were added and the reaction
mixture was incubated at 37°C overnight. The reaction was stopped by boiling the

samples for 10 min.

Coupled PG synthesis - LDT assay

Coupled assays were carried out in a final volume of 50 pl containing 25 mM
HEPES/NaOH pH 7.5, 175 mM NaCl, 10 mM MgClL, 0.1% Triton X-100,
['*C]GlcNAc-labelled lipid II [10,000 dpm; (21)], 15 pl of PG from BW25113A6LDT
and 2 uM of each protein as needed (LdtD, PBP1B-TP*, LpoB, PBP6 and/or PBPS).
The reaction mixture was incubated for 4 h at 37°C. The reaction was stopped by

boiling the samples for 10 min.

LDTs expression for HPLC analysis

BW25113A6LDT strain was transformed with pJEHI12(LdtD), pAMSOI1(LdtE),
pAMSO02(LdtF) or an empty plasmid (pSAV057;[20) . Empty BW25113A6LDT was
used as control. The same strain was also co-transformed with pJEH12(LdtD) and
pGS124 or pAMSO02(LdtF) and pGS121. A single transformant was used to inoculate
5 mL of Antibiotic Broth (AB) (Sigma Aldrich) overnight at 37°C. A 1:1000 dilution
was performed in fresh AB cultures (400 mL each, in duplicate) from the overnight
cultures. Samples were grown at 37°C and expression of LDTs was carried out with 50
uM IPTG when ODsoo was 0.2. After reaching the late exponential phase (ODsoo 0.8),
samples were cooled in ice and harvested by centrifugation at 4°C. The cell pellet was
resuspended in 6 ml ice-cold water and dropped slowly into 6 ml boiling 8% SDS water

solution. Samples were boiled for 60 minutes.
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HPLC analysis
Samples were centrifuged for 20 minutes and the supernatant recovered and adjusted
to pH 4 with 20% phosphoric acid. HPLC analysis was carried out as described in (21).

Muropeptides were detected by online radioactivity detector and absorbance at 205 nm.

Imaging and image analysis

Microscopy images were obtained with a Nikon Eclipse Ti microscope through a 100x
1.45 oil objective and photometric/Cool-SNAP-HQ?2 camera or with a Zeiss Axiovert
200M microscope through a 63x 1.45 oil objective coupled to a AxioCam Mrm device
290 camera (Zeiss). Cells at different time points, as indicated by arrows in the figures,
were collected from a total amount corresponding to an OD of 4, and a 1:10 ratio of
fixation solution (fixation solution: formaldehyde 37% - glutaraldehyde 25% in PBS)
was added. Cells were incubated for 30 min at 37°C with shaking, washed with PBS
and resuspended in 500 pul of PBS. A cell suspension (5 pl) was spotted onto an agarose-
coated glass slide (1% agarose), the sample was covered with a glass coverslip. To stain
cell membranes, SynaptoRed C2M or FM5-95 was added to agarose solution to a final

concentration of 2 pg/ml.

p-galactosidase assay

B-galactosidase specific activity was measured from a total number of cells

corresponding to an ODeoo of 8 as previously described (22).
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Supplementary Table 1. Bacterial Strains and Plasmids.

Strain or Relevant Genotype, Features Source or
Plasmid or Characteristics Reference
Strain
AMMOS5 BW25113 AldtD::frt This work
AMMO6 BW25113 AldtE: fit This work
AMMO7 BW25113 AldtE:frt AldtD::frt This work
AMMI0 BB-3 AldtD::frt This work
AMMI1 BB-3 AldtE: frt This work
AMM12 BB-3 AldtD::frt AldtE::frt This work
AMMI14 BB-3 AldtA::frt AldtB:-frt AldtC::frt This work
AMM24 BW25113 AldtF::frt This work
AMM?25 BW25113 AldtD::frt AldtF::frt This work
AMM26 BW25113 AldtE::frt AldtF::frt This work
AMM28 BW25113 AldtD:-frt AldtE:-frt AldtF::frt This work
AMM30 BB-3 AldtF:fit This work
AMM31 BB-3 AldtD::frt AldtF::frt This work
AMM32 BB-3 AldtE:frt AldtF::frt This work
AMM33 BB-3 AldtA::Art AldtB::Art AldtC::frt AldtD::Art AldtE::frt  This work
AldtF::frt
AMM34 BB-3 AldtD::frt AldtE:frt AldtF":fit This work
AMM36 BW25113 ArpoS:: fit This work
AMMS1 BW25113 AmrcA::frt This work
AMMS2 BW25113 AmrcB::frt This work
AMMS3 BW25113 AdacA::frt This work
AMM54 BW25113 AdacC::frt This work
AMMSS BW25113 AlpoB::ftt This work
AMMS56 BW25113 AcpoB::fit This work
AMMO60 BB-3 AmrcA::frt This work
AMMBG61 BB-3 AmrcB::fit This work
AMMG62 BB-3 AdacA::frt This work
AMMO63 BB-3 AdacC::fit This work
AMMO64 BB-3 AlpoB::fit This work
AMMOG65 BB-3 AcpoB::fit This work
AMMBS3 BW25113 ldtD-his: frt This work
AMME4 BB-3 ldtD-his This work
BB-3 BW25113 ®(kan araC araBplptC)1 (Sperandeo et al.,
2006
BL21(DE3) F—ompT hsdSB(rB— mB-) gal dem (DE3) Nova)gen
BW25113 lacl? rrnBT|4 AlaCZleé hsdR514 AaraBADAH33 (Datsenko and
ArhaBADip7g Wanner, 2000)
BW25113A6LDT  lacl! rrnBris AlacZwyis hsdR514 AaraBAD an33 (Kuru et al., 2017)
A}’haBADLD78
AyebB AerfK AycfS AybiS AynhG AyafK
DH5a A(argF-lac169) 80 dlacZ58(M15) glnV44(AS) & (Hanahan, 1983)
rfbD1 gyrA96 recAl endAl spoTl thi-1 hsdR17
JWO0732 BW25113 AcpoB::kan (Baba et al., 2006)
JW0803 BW25113 AldtB790::kan (Baba et al., 2006)
JW0908 BW25113 AldtD742::kan (Baba et al., 2006)
JW1668 BW25113 AldtET753::kan (Baba et al., 2006)
JW1968 BW25113 AldtA761::kan (Baba et al., 2006)
JW5820 BW25113 AldtC775::kan (Baba et al., 2006)
JW3359 BW25113 AmrcA::kan (Baba et al., 2006)
JWO0145 BW25113 AmrcB::kan (Baba et al., 2006)
JW5157 BW25113 AlpoB::kan (Baba et al., 2006)
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JW0627 BW25113 AdacA::kan (Baba et al., 2006)

JW0823 BW25113 AdacC::kan (Baba et al., 20006)

JW5437 BW25113 ArpoS::kan (Baba et al., 2006)

LOBSTR- F—ompT hsdSB(rB— mB-) gal dem (DE3), carries Kerafast

BL21(DE3) genomically modified copies of arnd and slyD

Plasmid

pDACAhis pET28a(+)derivative, for overexpression of His- (Potluri et al.,
PBP5 2010)

pET28a-dacC pET28a-dacC28-400 This work

pGS100 downstream of ptac, Cam® 2006)
pMN86 pET21b-yebA%0-440 (Singh et al., 2012)
pJFK118EH derivative, for ectopic expression of U. Bertsche, W.
pMUCa PBP1B Vollmer,
unpublished
pJFK118EH derivative, for ectopic expression of U. Bertsche, W.
pMUCo(mut) PBPI1B S510A Vollmer,
unpublished
pJFK118EH derivative, for ectopic expression of U. Bertsche, W.
pMUC TG(mut)a PBP1B E233Q Vollmer,
unpublished
pJFK118EH derivative, for ectopic expression of U. Bertsche, W.
E(Mmgg TGmu)  ppp1B $510A E233Q Vollmer,
unpublished
pKD4 oriR; Amp® Kan®; source of kan cassette Datsenko and
’ ’ Wanner, 2000
pRS415 pBR322 derivative; harbors the entire /ac operon (Simons et al.,
without promoter; Amp® 1987)
RS415-pldiD pRS415 derivative; expresses LacZ from the /dtD This work
p p promoter region
RS415-0/diE pRS415 derivative; expresses LacZ from the /dtE This work
p p promoter region
PRS415-pldiF pRS415 deriyative; expresses LacZ from the ldtF This work
promoter region
pET28a derivative; expresses LdtF from the T7 This work

pET28a His6-ldtF

pGZ119EH derivative, contains TIR sequence

promoter starting from amino acid 20 and fused at N-
terminal with 6xHis tag

(Sperandeo ef al.,

pETMMS2 dsbC- pETMMS?2 derivative; expresses LdtD fused at N- (Hugonnet et al.,
His6-ldtD terminal with DsbC and a 6xHis tag 2016)
pACYC184 derivative; expresses LdtD under the (Hugonnet et al.,
pIEHI2(ldiD) IPTG-inducible frc promoter; Tet® 2016)
pACYC184 derivative; expresses LdtE under the This work
PAMSOL(/dIE) IPTG-inducible trc promoter; Tet®
pACYC184 derivative; expresses LdtF under the This work
PAMSO2(ld1F) IPTG-inducible trc promoter; Tet®
SAV057 ptrc99A derivative; contains weakened -35 promotor  (Alexeeva et al.,
P region (TTGACA-TTTACA); p15 origin; Cam® 2010)
GS121 pGZ119H derivative; expresses LdtE under the fac This work
p promoter; Cam®
GS123 pGZ119H derivative; expresses LdtD under the tac This work
P promoter; Cam®
pGZ119H derivative; expresses LdtDC528A under This work
pGSI23C3284 the tac promoter; Cam®
pGS124 pGZ119H derivative, expresses LdtF under the tac This work

promoter; Cam®
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Supplementary Table 2. Oligonucleotides.

Primer

Sequence 5' -> 3'

Description

Used to make

AP405/39 ldtE-f
AP407/34 ldtE-r
AP413/35 ldtD-f
AP414/31-ldtD-r
AP458/31 ldtF-f
AP460/34 ldtF-r
AP475/33 ldtD-f
AP476/28 1dtD-r
APA477/31 ldtE-f
APA478/27 ldtE-r
AP490/30 ldtF-f

AP491/29 ldtF-r
AP538/32 ldtF-f
AP539/29 ldtF-r

AP651/33-IdtDmut

AP652/18-ldtDr

AP565/83-1dtDChf

AP566/63-
ldtDCHhr
Pbpb6a-sp for

Pbpba-sp rev
AMS-GAT7h-F

AMS-GA7h-R
AMS-GA7a_F
AMS-GA7a R
AMS-GA7 F

AMS-GA7 R

CCGGAATTCACCATGAAACGCGCGTCTTTCCACTC
CCCAAGCTTTTACTGCGTCACGCGTAACATATTC
ccggaattcacc ATGTTGCTTAATATGATGTGTGG
ctagtctagaTTACCTGATTAATTGTTCCGC
CCGGAATTCATGCGTAAAATCGCATTAATTC
CCCAAGCTTTTATTTTGCCTCGGGGAGCGTGTAG
CGAGAGGAATTCGTGGTACAAAGCTGGGAAGAT
CGCGGATCCTTTGCGTGCGGGCTTTTTC
CCGAGAGGAATTCGTATTCACCGTTTGCTGGG
CGCGGATCCGGCGATAGTGTTATTGGC
GGAATTCCATATGGGTTTGCTGGGCAGCAG

CCGCTCGAGTTATTTTGCCTCGGGGAGCG
CGAGAGGAATTCGAATCAGGCAGCGGACGTAC
TCCCCCCGGGCTCGCCCATTTTGACGTAG
GAGCTCAGGCgcaGTACGAGTGAATAAAGCTTC

AATGCGCGTGTATCACGC
CCAGCTCGCAAATCGTATCGAAAGCGGAACAATT

AATCAGGCATCATCATCATCATCATTAAgtgtaggctgg

agctgetteg

CATGCTAATTATTACGACAACTGATTTCCCCGAAC
TACTTCATcatatgaatatcctccttag
GCGCGCCATATGGCGGAACAAACCGTTG

GCGCGCCTCGAGTTAAGAGAACCAGCTGCC
ATTTCACACAGGAAACAGACCATGGATGAAACGC
GCGTCTTTGCTTAC
GCATGCCTGCAGGTCGACTCTAGACTACTGCGTCA
CGCGTAACATATTC
ATTTCACACAGGAAACAGACCATGGATGCGTAAA
ATCGCATTAATTC
GCATGCCTGCAGGTCGACTCTAGATTATTTTGCCT

CGGGGAGCG

TCTAGAGTCGACCTGCAGGCATGC

CCATGGTCTGTTTCCTGTGTGAAATT

[CCG]-[EcoRI]-[ACC]-[start IdtE; fwd]
[CCCI-[HindUI]-[TTA]-[stop ldtE; rev]
[CCG]-[EcoRI]-[ACC]-[start ldtD fwd]

[CTA]-[Xbal]-[stop ldtD rev]

[CCG]-[EcoRlI]-[start ldtF; fwd]
[CCC]-[HindIII]-[TTA]-[stop [dtF; rev]
[CGAGAG]-[EcoRI]-[579 bp upstream of ATG of /dtD; fwd]
[CGC]-[BamHI]-[232 bp downstream of ATG of ldtD; rev]
[CCGAGAG]-[EcoRI]-[601 bp upsrteam of ATG of ldtE; fwd]
[CGC]-[BamHI]-[219 bp downstream of ATG of IdtE; rev]
[GGAATTC]-[Ndel]-[starting at 58bp downstream of ATG of
ldtF; fwd]

[CCG]-[Xhol]-[stop ldtF; rev]

[CGAGAG]-[EcoRI]-[614 bp upstream of ATG of ldtF; fwd]
[TCCC]-[Smal]-[161 bp downstream of ATG of /dtF; rev]

[10 bp complement of IdtD]- [TGT>GCA substitution]-[20 bp
complement to /dtD]

[18 bp complement to /dtD]

[41 bp complement to /dtD]-[His tag coding sequence]-[taa
stop codon]-[21 bp complement to kan cassette of pKD4]

[41 bp complement to downstream region of /dtD]-[20 bp
complement to kan cassette of pKD4]
[GCGCGC]-[Ndel]-[starting at 82 bp downstream of ATG of
dacC; fwd]

[GCGCGC]-[Xhol]-[stop dacC; rev]

[24 bp complement of pJEH12(/dtD)]-[start of /dtE; fwd]

[24 bp complement of pJEH12(1dtD)]-[stop of ldtE; twd]

[24 bp complement of pJEH12(Id¢D)]-[start of ldtF’; fwd]

[24 bp complement of pJEH12(Id¢D)]-[stop of ldtF; twd]
pACYC plasmid linearization for Gibson; fwd

pACYC plasmid linearization for Gibson; rev

pGS121 construction
pGS121 construction
pGS123 construction
pGS123 construction
pGS124 construction
pGS124 construction
ldtDp cloning in pRS416
IldtDp cloning in pRS416
ldtEp cloning in pRS415
ldtEp cloning in pRS415
pET28a His6-/dtF cloning

pET28a His6-ldtF cloning
IdtFp cloning in pRS415
IdtFp cloning in pRS416
ldtD mutagenesis

ldtD mutagenesis
ldtD-his: :kan cassette
construction

ldtD-his: :kan cassette
construction

pET28a His6-dacC cloning

pET28a His6-dacC cloning
PAMSO1(/dtE) construction

PAMSO1(/dtE) construction
PAMSO02(/dtF) contruction
PAMSO02(/dtF) contruction
PAMSO1(/dtE) and
pAMS2(IdtF) contruction

PAMSO1(/dtE) and
pAMS2(IdtF) contruction

103



Supplementary Table S3. Muropeptide composition of /df mutant strains (IptC*)

BW25113| AldtD AldtE AldtF | AldtD AldtE | AldtD AldtF | AldtE AldtF | AldtD AldtE AldtF AldtA AldtB AldtC AldtD AldtE AldtE
Sample 1 | Sample 2| Sample 3| Sample 4| Sample 5 Sample 6 Sample 7 Sample 8 Sample 9

Muropeptide

Tri 6,61 6,35 6,22 1,96 7,37 0,00 1,38 0,00 0,00
TetraGly 4 1,70 1,72 1,68 2,85 1,47 2,68 2,55 2,55 0,00
Tetra 40,09 39,71 39,90 45,32 41,47 47,91 44,60 46,60 58,89
Di 1,82 1,81 2,12 1,54 1,99 1,80 1,82 1,99 0,88
TetraTri(DAP)Gly4 0,00 0,00 0,00 0,00 0,32 0,00 0,00 0,00 0,00
TriTri(DAP) 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
TetraTri(DAP) 2,96 3,16 2,85 2,88 2,18 0,00 2,41 0,00 0,00
TetraTetraGly4 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
TetraTri 3,31 3,13 3,39 2,45 4,30 1,72 2,12 1,64 0,00
TetraTetra 30,06 29,28 29,57 31,53 30,24 34,43 31,42 34,31 35,36
TetraPenta 0,64 0,60 0,65 0,64 0,34 0,66 1,03 0,51 0,94
TetraTetraTri 0,40 0,72 0,81 0,00 0,00 0,00 0,00 0,00 0,00
TetraTetraTetra 2,93 2,83 2,89 2,88 2,82 3,07 2,89 3,71 2,03
TetraTriAnh | 0,00 0,00 0,00 0,00 0,00 0,40 0,00 0,00 0,00
TeraTriAnh Il 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
TetraTetraAnh | 0,63 0,61 0,64 1,92 1,44 1,40 1,62 1,35 1,15
TeraTetraAnh || 0,93 0,92 0,96 0,68 0,65 0,75 0,71 0,83 0,75
TetraTetraTriAnh 0,48 0,51 0,38 0,00 0,00 0,00 0,00 0,00 0,00
TetraTetraTetra Anh 1,34 1,63 0,95 0,75 0,93 0,94 0,85 1,02 0,00
all known 93,90 92,98 93,01 95,40 95,52 95,76 93,40 94,51 100,00
Monomers (total) 53,48 53,33 53,67 54,16 54,75 54,71 53,91 54,11 59,77
Monomer di 1,94 1,95 2,28 1,61 2,08 1,88 1,95 2,11 0,88
Monomer tri 7,04 6,83 6,69 2,05 7,72 0,00 1,48 0,00 0,00
Monomer tetra 42,69 42,71 42,90 47,51 43,41 50,03 47,75 49,31 58,69
Monomer tetraGly4 1,81 1,85 1,81 2,99 1,54 2,80 2,73 2,70 0,00
Dimers (total) 41,03 40,55 40,92 42,03 40,99 41,10 42,09 40,88 38,20
Dimers(4-3) 37,88 37,15 37,86 39,01 38,70 41,10 39,51 40,88 38,20
Dimers(3-3) 3,15 3,40 3,06 3,02 2,62 0,00 2,58 0,00 0,00
Dimers anhydroMurNAc 1,66 1,65 1,72 2,73 2,19 2,66 2,49 2,31 1,90
Trimers (Total) 5,48 6,12 5,41 3,81 3,93 4,19 4,00 5,00 2,03
Trimer (anhydro) 1,94 2,30 1,43 0,79 0,97 0,98 0,91 1,08 0,00
Dipeptides (total) 1,94 1,95 2,28 1,61 2,08 1,88 1,95 2,11 0,88
Tripeptides (total) 10,05 9,92 9,75 4,63 10,77 1,06 3,65 0,82 0,00
Tetrapeptides (total) 85,79 85,71 85,71 92,70 86,08 97,19 93,17 97,47 99,23
Pentapeptides (total) 0,34 0,32 0,35 0,34 0,18 0,34 0,55 0,27 0,47
Degree of 3-3 linkage 1,58 1,70 1,53 1,51 1,31 0,00 1,29 0,00 0,00
Chain ends (anhydroMurNAc) 1,48 1,59 1,34 1,62 1,42 1,66 1,55 1,51 0,95
Degree of cross-linkage 24,17 24,35 24,07 23,55 23,11 23,34 23,71 23,78 20,45
% Peptides in cross-links 46,52 46,67 46,33 45,84 45,25 45,29 46,09 45,89 40,23
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Supplementary Table S3. Muropeptide composition of /df mutant strains with or without depletion of IptC (araBplptC)

BB-3 (araB piptC) | BB-3 (araB plptC)| BB-3 (araB piptC)| BB-3 (araB piptC)| BB-3a/dt0 | BB-3aidtD | BB3wdtD | BB-3AldtD | BB-3aidte | BB-3mdte | BB-3mdte | BB-3Aute | BB3 AldtF | BB-3Aldtr | BB-3 aldte BB-3 AldtF | BB-3 AldtD AldtE | BB-3 AldtD AldtE | BB-3 AldtD AldtF | BB-3 AldtD AldtF | BB-3 AldtE Aldtr | BB-3 Aldte aldte | BB-3 nldte AldtF | BB-3 AldtE Aldtr | BB-3 AldtD Aldte Aldtr | BB-3 AIdtD ldte AldtF.
. . No Arabinose, early | No Arabinose, late No Arabinose, | No Arabinose, No Arabinose, | No Arabinose, No Arabinose, |  No Arabinose, . . . No Arabinose, . No Arabinose, | No Arabinose, No Arabinose, early
+ Arabinose + Arabinose Sepletion depletion +Arabinose |+ Arabinose | gon LR | o tion |+ Arabinose |+ Arabinose | oot e IR | L letion |+ Arabinose |+ Arabinose | ot R | epletion |+ Arabinose + Arabinose +Arabinose | gun e on |+ Arabinose +Ammbinose | o etion | early depletion + Arabinose Gepletion
OD=04-06 0D=2.0
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 _|Sample 5 repeal _Sample 6 _|Sample 6 repeal _Sample 7 _|Sample 7 repeal _Sample 8 | Sample 8 repeat| Sample 9 | Sample 9 repeat| Sample 10 | Sample 10 repeat| _Sample 11 __| Sample 11 repeat| _Sample 12 Sample 13 Sample 14__| Sample 14 repeat| _Sample 15 | Sample 15 repeat] Sample 16 Sample 17
Relative peak area (%)
i 71 7 X 6 7. 6 77 35 .7 6 .2 3 X .7 3 5 18 6 X ¥ .7 ¥ X 0. X
etraGly 4 8 5 K 1. E 1. 0 13 . K] 3 3 X X 8 8 25 7 X ¥ 7 2 K 2, ;
etra 387 a 4 1, 43, 41 403 44,4 38, 40, 40.7 7 4 X 29.7 371 417 a 5 X 37, a7
etraTri(DAP)Gly4 X X X X X X X X X X X X 4 X X X X X 5 X X X
iTri(DAP) X X X X X X X X X X X X .7 § X X X X 2 . X X
etraTri(DAP) K . E X ; X . . X X K ¥ 4 X K K X . Xl X X
X . X X X X X X X X X i X X . K : 0 X . X
etraTri ¥ . . , X X X K . . 0 X X X R X X X) X X X
etraTeira 284 .2 . a 29,1 2 2 a 253 X 4 1 34, 25, 4.4 2 .
etraPenta K X 7 A . X N X K X ) ) X ¥ X X X K X X ; E
etraTetrari K X ; . X X X X K K X K ; K K X 4 . X X K B
etraTriAnh | . K X X X X K K X X . ; . . X K X X X X X
eraTriAnh II X X ; X X X X X X X X K X X X X X X X X X X
1 5 8 X . . K : X X . X 5 X A R ; . K X X B ;
.0 .0 K X X X X X X . X X X .0 X X X X X X X X
Anh 3 0 X K . K . . . . X K K 0 K K X ; K K X ;
all known 915 919 913 87.1 943 934 %7 97 913 930 93 96 894 948 852 921 938 %7 950 %62 922 914 913 922 903 9.0
lonomers (total) 539 1 564 466 564 543 53,1 530 519 522 507 526 523 550 420 487 509 516 56.0 26 49,9 475 472 489 574 56,0
19 2 0 00 10 1 8 0 6 5 0 0 20 1 12 5 19 21 4 4 09 05 07 06 8 9
7.7 4 9 79 74 6.9 2 7 3 0 6 6 23 1 39 0 19 1.7 0 0 23 63 46 6.3 0 0
423 0.7 4756 367 466 248 43,0 46,9 22,7 436 437 456 448 430 348 0.2 445 448 523 474 444 388 393 201 52,7 535
20 7 8 20 14 14 0 4 3 2 4 3 33 7 21 0 27 29 3 9 24 18 27 1.9 8 6
Dimers (total) 4356 201 436 474 379 397 416 a7 433 426 439 425 413 416 496 463 432 428 388 424 447 47,0 458 459 372 382
Dimers(4-3) 415 2 354 351 353 372 352 350 411 208 374 363 392 378 398 34,0 412 40,9 388 424 358 34,1 365 334 372 382
Dimers(3-3) 82 124 26 25 63 6.7 23 18 65 6.2 2.1 38 110 123 20 19 00 00 89 129 110 125 00 00
Dimers 37 28 39 21 25 39 4.2 32 32 38 32 20 17 68 32 43 39 26 4.0 42 35 52 31 18 35
Trimers (Total) 24 00 6.0 58 6.0 54 53 48 52 49 6.4 35 72 50 59 56 52 50 54 55 54 5.1 a 58
Trimer (anhydro) 14 00 26 1. 14 14 13 1.6 1.7 15 13 1.2 08 20 14 1.0 1.4 1.7 08 13 1.7 15 16 1.0 16
Dipeptides (total) 19 22 00 00 10 11 08 1.0 16 15 00 00 20 21 1.2 05 1.9 21 14 24 0.9 05 07 06 18 09
Tripeptides (total) 113 118 119 16,1 104 100 124 85 8.5 85 100 97 4.1 108 103 142 47 4.1 09 14 78 14.9 11.8 14.7 0.4 04
(total) 83,7 84.4 823 74,9 86.6 86,9 83,0 86,8 854 86,0 85.1 857 933 85.1 86.4 785 911 915 981 952 904 773 86.3 776 975 98,8
(total) 06 05 03 04 06 06 03 04 22 20 08 08 04 0.4 04 03 02 05 04 03 05 03 04 03 05 07
Degree of 3-3 linkage 11 0.9 a1 62 13 1.2 32 33 11 09 33 31 11 19 55 6.2 1.0 10 00 00 a5 65 55 63 00 00
Chain ends 23 16 14 258 14 17 24 25 21 22 24 20 14 1.4 a1 21 25 23 1.9 22 25 23 31 21 1.2 23
Degre of cross-link: 234 239 218 277 228 239 244 244 249 247 256 245 249 231 2956 265 255 251 229 245 26,0 272 265 264 222 229
% Peptides in cross-links 46.1 459 436 534 436 457 469 47,0 481 478 49.3 474 477 451 58,0 513 49.1 484 44,0 474 50,1 525 52,8 51,1 426 44,0
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3.2 Characterisation of YgeR, a novel amidase regulator in Escherichia coli

The following chapter contains unpublished original research, for which | was the main
author, submitted for publication.
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ABSTRACT

The integrity of the cell envelope of E. coli relies on the concerted activity of dedicated
multiprotein machinery that govern the biogenesis of the three envelope layers: the inner
membrane (IM), the peptidoglycan (PG), and the outer membrane (OM) which is coated
with lipopolysaccharide (LPS) in the outer leaflet. Defects in LPS export to the OM
induce a PG remodeling programme orchestrated by LD-Transpeptidases (LDTS).
Indeed, lack of LDTs when OM biogenesis is defective, results in cell lysis. Here we
found that the lysis phenotype and morphological defects observed in cells with impaired
LPS transport and defective in IdtF, are corrected by the loss of YgeR, a predicted OM
lipoprotein. We also show that YgeR, a member of the LytM-domain factors, functions
as an amidase activator. While in vitro YgeR is capable to activate the three periplasmic
amidases produced by E. coli AmiA, AmiB and AmiC, in vivo it preferentially activates
AmiC. Overall, YgeR is a novel amidase activator whose action seems required upon

envelope stress.

KEYWORDS Escherichia coli, cell envelope, lipopolysaccharide, peptidoglycan, cell

division.
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INTRODUCTION

The cell envelope of Gram-negative bacteria is composed of the inner membrane (IM),
the outer membrane (OM), and the aqueous space between them, the periplasm, in which
a thin layer of peptidoglycan (PG) is embedded (Silhavy et al., 2010; Huang et al., 2008).
The IM is a phospholipid bilayer, while the OM is asymmetric containing mainly
lipopolysaccharide (LPS) in the outer leaflet (Henderson et al., 2016; Silhavy et al., 2010).
The OM asymmetry is guaranteed by Lipopolysaccharide transport machinery (Lpt) that
escorts LPS from the IM across the periplasm to its final destination at the OM outer
layer. (Whitfield and Trent, 2014; Sperandeo et al., 2019). In Escherichia coli the Lpt
machinery is composed by seven essential proteins (LptABCDEFG) located in every
cellular compartment that assemble to form a transenvelope complex (Chng et al., 2010;
Okuda et al., 2016; Sperandeo et al., 2019). The Lpt machinery works as a single device,
indeed when any Lpt component is depleted transport of LPS is blocked, cells arrest

growth and form chains (Sperandeo et al., 2008; Ruiz et al., 2008).

The PG layer, located in between the IM and OM, is an essential continuous mesh-like
layer that coats the IM, and which is needed to confer osmotic and structure stability. The
PG layer is composed of glycan chains of alternating N-acetylglucosamine and N-
acetylmuramic acid residues connected by short peptides (Vollmer et al., 2008). The stem
peptides are typically connected in a 4-3 (DD) configuration with cross-links occurring
between D-alanine and meso-Diaminopimelic acid (mDAP) residues and these bonds are
catalysed by the DD-TPase activity of the class A Penicillin Binding Proteins (PBPs)
PBP1A and PBP1B and class B PBP2 and PBP3 (Typas et al., 2011; Sauvage et al., 2008).
Stem peptides can also be connected in a 3-3 (LD) configuration, linking two mDAP
residues, this type of cross-link is made by LD-transpeptidases, (LDTs) (Vollmer et al.,
2008). The PG of Escherichia coli contains a very low proportion of 3-3 bonds (2-10%)
compared to that of 4-3 bonds (90-98%) (Hoéltje, 1998). E. coli has six LDTs (LdtA-F)
with two distinct functions. LdtA, LdtB and LdtC catalyse the attachment of the abundant
OM lipoprotein Lpp to the PG (Magnet et al., 2007) whereas LdtD and LdtE catalyse the
formation of 3-3 cross-links (Magnet et al., 2008). LdtF, which does not have LD-TPase
activity, seems to stimulate the activity of LdtE and LdtD (Montén Silva et al., 2018;
More et al., 2019). LDTs are not essential for growth under laboratory conditions since
mutants deleted for single or multiple Idts display only minor phenotypes (Magnet et al.,
2007, Magnet et al., 2008; Pavelka and Sanders 2013; More et al., 2019). Although Idts
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are dispensable under non-stress conditions, they become essential for cell survival upon
OM stress. Indeed, deletion of IdtD, IdtE or IdtF, but not deletion of Idts catalysing the
attachment of Lpp to PG, causes cell lysis when LPS transport is compromised (Moré et
al., 2019). Cell envelope integrity of these mutants is restored when IdtD is ectopically
expressed, thus suggesting a protective role of LdtD to counteract OM assembly defects
(More et al., 2019).

The PG sacculus is in a constant reshuffle, demanding a synergism among PG synthesis
and hydrolysis. Indeed, PG hydrolases are critical to ensure cell wall elongation and
division (Uehara and Bernhardt, 2011). In E. coli about 30 % of newly made septal PG is
removed shortly after its synthesis by hydrolases (Uehara and Park, 2008), mostly lytic
transglycosylases and amidases. N-acetylmuramyl-L-alanine amidases cleave the amide
bond within the L-alanine residue of the stem peptide and the N-Acetylmuramic acid
subunit of the glycan chain. In E. coli this enzymatic activity is carried out by the
redundant AmiA, AmiB and AmiC amidases. AmiA appears to be dispersed in the
periplasm during cell division in contrast to AmiB and AmiC, which localize at the
septum (Yang et al., 2011; Bernhardt and de Boer, 2003; Peters et al., 2011). The lack of
any single amidase has a minor impact on the cell. However, loss of the three amidases
results in the formation of long strings of chained cells due to merged septal PG of
daughter cells (Heidrich et al., 2001; Priyadarshini et al., 2007).

Amidases overexpression leads to cell lysis, hence their activity must be tightly regulated
in the cell (Heidrich et al., 2001). Amidase activity is controlled by the divisome
associated proteins EnvC and NIpD. AmiA and AmiB are activated by EnvC whereas
AmiC is activated by NIpD (Uehara et al., 2010). Mutants lacking envC and nlpD exhibit
a severe cell chaining phenotype that resembles that of the triple amiABC mutant (Uehara
et al., 2010). Both, EnvC and NIpD belong to the LytM (lysostaphin/peptidase M23)-
domain containing proteins (Uehara et al., 2009). Proteins containing a LytM domain are
present in many bacteria, with most of them playing an important role in PG hydrolysis
and cell division (Meisner and Moran, 2011; Sabala et al., 2012; Zielinska et al., 2017).
Notably, EnvC and NIpD, which are not PG hydrolases, carry a degenerate LytM domain
missing residues required for function (Uehara et al., 2010; Peters et al., 2013). In addition
to EnvC and NIpD, E. coli encodes two more LytM-domain factors, MepM and YgeR.
MepM is a metallo-endopeptidase that cleaves 4-3 crosslinks in PG (Singh et al., 2012),
whereas YgeR is an uncharacterised lipoprotein with predicted OM localisation (Uehara
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et al., 2009). Deletion of MepM and YgeR slightly exacerbates the cell chaining
phenotype of the double envC nlpD mutant (Uehara et al., 2009).

In this work, we show that lack of YgeR rescues from lysis cells defective in LPS
transport in which IdtF is deleted. Notably, recovery from lysis is not due to an increased
level of 3-3 crosslinks in PG. We also show that YgeR, which does not have PG hydrolase
activity per se, functions as an amidase regulator, consistent with the finding that it
displays a degenerate LytM domain. Finally, we show that in vivo YgeR preferentially
activates AmiC through its LytM domain.

RESULTS
Deletion of ygeR rescues araBplptC AldtF cells from lysis

Previous data showed that deletion of IdtF in mutants defective for LPS transport is
lethal. Indeed, an araBplptC conditional mutant in which in which IptC expression is
under the control of the arabinose-inducible araBp promoter undergoes to rapid lysis
when the IdtF gene is deleted (More et al., 2019). LdtF does not catalyse the formation
of 3-3 crosslinks in PG, but instead stimulates LdtE and LdtD activity (Mont6n Silva et
al., 2018; More et al., 2019). Notably, araBplptC conditional mutant lacking IdtF shows
morphological defects even when grown under permissive conditions (+ Ara). On the
contrary no morphological defects are observed in araBplptC mutants lacking IdtE or
IdtD. These data suggested that LdtF might have an additional role in the cell (Moré et
al., 2019, see also Fig. S3 of previous chapter 3.1) and prompted us to identify possible
functional partners of LdtF. For this purpose, we took advantage of the online tool

https://ecoliwiki.org/tools/chemgen/ which carries the phenotypic signature of hundreds

of mutants of the KEIO collection (Baba et al., 2006) tested under thousand conditions,
thus creating a phenomic profile of E. coli (Nichols et al., 2011). Using this tool, we found
that mutants deleted for IdtF (yafK) shared a good correlation (score 0.48) with the
phenotypic profile of mutants deleted for ygeR. YgeR is a predicted OM lipoprotein of
251 aa (UniProtKB accession number Q46798), with unknown function that belongs to
the LytM-domain family of proteins (Uehara et al.,, 2009). To probe a functional
connection between YgeR and LdtF and, more in general, with LDTs, we combined the
ygeR deletion with that of the Idts, in the wild type strain BW25113 (IptC*) and in the
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conditional araBplptC mutant. Indeed, we found a specific link between ygeR and IdtF
since the deletion of ygeR suppresses the lysis phenotype of araBplptC cells deleted for
IdtF, and the strain arrests growth under nonpermissive conditions (no Ara) (Fig. 1). No
rescue from lysis is observed when the deletion of ygeR is combined to that of IdtE or
IdtD in the araBplptC conditional mutant (Fig. S1). Phase-contrast and fluorescence
microscopy of araBplptC AldtF AygeR cells clearly show that deletion of ygeR rescues
not only the lysis phenotype upon LPS defective transport but also corrects the observed
morphological defects of the araBplptC AldtF mutant grown under permissive condition
(Moreé et al., 2019) (Fig. 1). In contrast, we did not observe any defect on growth and
morphology in IptC" mutants when ygeR was deleted alone (Fig. S2) or in combination
with that of IdD, IdtE and IdtF (Fig. S3).
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Figure 1. Deletion of ygeR rescues cell lysis and morphological defects of araBplptC AldtF. Cells of
araBplptC AldtF AygeR (A) were grown in the presence of 0.2% arabinose to an ODggo 0Of 0.2, harvested,
washed three times, and resuspended in an arabinose-supplemented (+ Ara) or arabinose-free (no Ara)
medium. Growth was monitored by ODggo measurements (top panel) and by determining CFU (bottom
panel). At t=150, 210, and 270 min (arrows), (B) cells were collected for imaging. Phase-contrast images

(top) and fluorescence images (bottom) are shown. Bars, 3 pm.

We confirmed that the deletion of ygeR does rescue the cells from lysis as araBplptC

AldtF AygeR cells complemented with ygeR ectopically expressed from pGS100-ygeR

111



plasmid undergo lysis. (Fig. 2 and Fig. S4). This result strongly suggests that is the loss
of ygeR that suppresses the lysis phenotype
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Figure 2. Ectopic expression of ygeR restores lysis phenotype in araBplptC AldtF AygeR. Cells of
araBplptC and araBplptC AldtF AygeR strains carrying pGS100 or pGS100-ygeR plasmids were grown in
the presence of 0.2% arabinose to an ODego 0f 0.2, harvested, washed three times, and resuspended in an
arabinose-supplemented (+ Ara) or arabinose-free (no Ara) medium. Cell growth was monitored by ODggo

measurements.

Recovery from lysis in araBplptC AldtF AygeR strain is not related to the degree of
3-3 crosslinkage in PG

Previous work showed that LdtD is the stress LDT in E. coli cells. LdtD expression is
strongly induced under LPS defective biogenesis and in the absence of LdtE and LdtF
resulting in increased levels of 3-3 crosslinks in the PG. 3-3 crosslinks play a protective
role of under these conditions as witnessed by the observation that araBplptC mutant cells
lacking IdtE and IdtF do not lyse and shows high level of 3-3 crosslinks even under
permissive growth conditions (Fig. 3B) (Moré et al., 2019). We therefore analysed the
PG composition of araBplptC AldtF AygeR strain to assess whether suppression of lysis
phenotype is due an increased level of the 3-3 crosslinks is the PG. The muropeptides

analysis of the sacculi from araBplptC AldtF AygeR cells show that the degree of 3-3
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crosslinkage cannot account for the observed phenotype. (Fig. 3, see also Table S4 and
S5 in the supplemental material). Indeed, the level of 3-3 crosslinks in araBplptC AldtF
AygeR mutant was comparable to that of the araBplptC conditional strain and its
derivative deleted for ygeR both under permissive and non-permissive conditions (Fig.
3B, Tables S4 and S5). These data suggest that lack of YgeR does not impact on the level
of 3-3 crosslinks in the PG and that the rescue from lysis phenotype observed is not due
to protective PG remodeling.
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Presence/ absence of gene araB piptC strain
IptC * strain
1dtF 1dtD IdtE T With arabinose No arabinose
Growth Growth |3-3 CL (area [%])| Growth |3-3 CL (area [%])
+ + + + Nomual Nommal 2,02 Arrest 6,72
+ + + Nomual Nommal 2.5 Arrest 6,25
+ + Nommal Nommal NT Lysis NT
+ + - Normal Normal NT Lysis NT
- + + Nomual Nommal 2,15 Arrest 7.33
- + + + Nomal* N ommal* 1,9% Lysis* 8,4%
- + - + Nommal* Nommal* 8,2% Arrest® 8,4%

Figure 3. The rescue from the lysis of the araBplptC AldtF AygeR strain is not related to 3-3 crosslinks
level. (A) Cells of the araBplptC conditional strain and the isogenic mutants deleted for ygeR and IdtF
were grown in the presence of 0.2% arabinose to an ODgg Of 0.2, harvested, washed three times, and
resuspended in an arabinose-supplemented (+ Ara) or arabinose-free (no Ara) medium, at 330 min (arrows)
PG sacculi were extracted for analysis. (B) Summary of the level of 3-3 cross-links (CL) in PG and growth
phenotype of Idt mutant strains, combined with ygeR deletion in IptC depleted or not depleted cells. NT,
(not tested); *, Data from More et al., 2019.
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YgeR has a degenerate LytM domain and is not active on PG in vitro

YgeR belongs to the family of the LytM-domain factors that in E. coli includes the DD-
endopeptidase MepM and the amidases regulators EnvC and NIpD (Uehara et al., 2009).
Deletion of envC and nlpD results in a severe chaining phenotype due to impaired cell
separation. On the contrary, cells deleted for ygeR do not display a chaining phenotype,
although the deletion of ygeR combined with the deletion of both envC and nlpD slightly
exacerbates cell separation defects (Uehara et al., 2009). YgeR predicted structure reveals
a LysM (Lysin Motif) domain that is typical of PG binding proteins (Buist et al., 2008)
and a LytM (lysostaphin/peptidase M23) catalytic domain (Peters et al., 2013; Tsang et
al., 2017). To gain insights into the role of YgeR, we inspected its LytM domain (Uehara
et al.,, 2010; Tsang et al., 2017). Notably, the residues found to be essential for the
hydrolase activity of LytM from Staphylococcus aureus (Peters et al., 2013) are
conserved in the LytM domain of the E. coli MepM but not in EnvC and NIpD amidase
regulators (Fig. 4A). Multiple sequence alignment revealed that the LytM domain of
YgeR displays around 35 % and 65 % of sequence identity with those of EnvC and NIpD
respectively, and 34 % to that of MepM (Fig. 4A). Importantly, of the five residues
required for activity in MepM (H314, D318, H362, H393 and H395), only three are
conserved in YgeR (D149, H194 and H226) (Fig. 4A), indicating that YgeR has a
degenerated LytM domain as EnvC and NIpD. Indeed, neither EnvC nor NIpD show
activity on PG in vitro unlike MepM (Uehara et al., 2010; Singh et al., 2012).

We next assayed the enzymatic activity of YgeR on PG in vitro. YgeR was incubated
with PG sacculi purified from the strain BW25113A6LDT. The reaction was stopped, and
the product was digested with the muramidase cellosyl, with the resulting muropeptides
separated by HPLC and analysed. The assay confirmed that YgeR does not have
enzymatic activity on PG in vitro (Fig. 4B).
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Figure 4. YgeR has a degenerate LytM domain and is not active on purified PG. (A) Sequence
alignment of the LytM domains of MepM, EnvC, NIpD and YgeR. Residues required for activity are
highlighted in blue. Positions that are absolutely conserved are boxed in red. Consensus symbols: (*)
indicates fully conserved residues; (:) indicates residues with high degree of conservation; (.) indicates
residues with low degree of conservation. Alignment was performed with ClustaOmega
(https://www.ebi.ac.uk/Tools/msa/clustalo/). Sequence identity among the different LytM domains is
shown in the table. UniProtKB accession numbers: EnvC (P37690), NIpD (POADA3), MepM (POAFS9),
and YgeR (Q46798). (B) YgeR activity in vitro. HPLC chromatograms showing lack of activity of YgeR
on PG purified from cells lacking all six Idt genes (BW25113A6LDT). A.U., arbitrary units. Structures of

major peaks numbered in the top chromatogram in panel (right). G, N-acetylglucosamine; M(r), N-
acetylmuramitol; L-Ala, L-alanine; D-Glu, D-glutamic acid; D-Ala, D-alanine; mDAP, meso-

Diaminopimelic acid.
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YgeR is an amidase activator and binds PG in vitro

Altogether, our results indicate that YgeR might work as an amidase regulator as it shares
some features with EnvC and NIpD such as the lack of activity on PG and the presence
of a degenerate LytM domain. We tested this hypothesis by incubating YgeR along with
AmiA, AmiB and AmiC, and with PG sacculi purified from BW25113A6LDT strain. The
analysis of the obtained muropeptides profiles (Fig. 5A and S5) shows that the hydrolase
activity of the amidases in vitro is significantly increased when YgeR was added to the
mix, with AmiC displaying the most pronounced activity when mixed with YgeR (Fig.
5A). These results indicate that YgeR is capable to activate AmiA, AmiB and AmiC in
vitro. Notably, neither EnvC nor NIpD are able to activate the three amidases in vitro
(Uehara et al., 2010).

We then assayed whether YgeR physically interacts in vitro with amidases by mixing
oligohistidine-tagged YgeR with AmiA, AmiB and AmiC and conducting a Ni?*-NTA
based pulldown. AmiC was pulled down by oligohistidine-tagged YgeR (Fig. 5B),
indicating a direct interaction between YgeR and AmiC. We did not observe an
interaction with AmiB although we cannot exclude that the conditions used in the assay
hampered the formation of the protein complexes and we were unable to assess the

interaction with AmiA because of technical problems (data not shown).

As stated above, YgeR carries a LysM domain, which is predicted to be involved in PG
recognition and binding (Buist et al., 2008; Mesnage et al., 2014). We then assessed the
ability of YgeR to bind PG by performing an in vitro PG pulldown binding assay. We
found that YgeR is tightly retained in the PG fraction, suggesting that it does bind PG
(Fig. 5C).
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Figure 5. Evidence that YgeR modulates amidases activity in vitro and that binds PG.
(A) Amidases (AmiA, AmiB and AmiC) are activated by YgeR. HPLC-based PG digestion assay
representing endopeptidase activity. The graph shows the relative percentage of TetraTetra muropeptides
present at the end of the respective incubation periods for each protein. Values are averages of at least three
technical replicates from three independent experiments + standard deviation. (B) AmiC is pulled down by
His-YgeR. Coomassie blue-stained SDS-PAGE gel showing the pulldown of proteins to Ni?*-NTA beads.
AmiC is bound to the beads and was present in the elution fraction, E, in the presence of oligohistidine-
tagged YgeR. A, applied sample; E, eluted sample. (C) YgeR is pulled down by PG. Coomassie blue-
stained SDS-PAGE gel showing the pulldown of YgeR to PG (BW25113A6LDT). YgeR is bound to the
PG (+) and was present in the pellet fraction (P). S, supernatant; W, wash. A control of YgeR in PG binding
buffer without PG was set (-). Band intensities were quantified from the 16-bit digital image by
densitometry in ImageJ and are shown normalized for each target.
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Overexpression of YgeR restores cell separation in envC nlpD double mutant

Deletion of envC and nlpD genes, encoding for the canonical amidase regulators, leads to
severe cell separation defects due to the abolishment of amidase activity (Uehara et al.,
2010). However, our in vitro data supports the hypothesis that also YgeR is an amidase
activator, suggesting that ygeR might be poorly expressed or not expressed at all in the
AnlpD AenvC mutant. Therefore, we sought to assess the effect of ygeR overexpression
in this mutant. To this purpose, we introduced the plasmid pGS100-ygeR, in which ygeR
expression is under the control of the IPTG-inducible ptac promoter, in the AnlpD AenvC
mutant. ptac is a leaky promoter and expression of downstream genes occurs even in the
absence of inducer. Cells were grown overnight in the absence of IPTG and collected for
imaging. As shown in Fig. 6, ectopic expression of ygeR restores cell separation in AnlpD
AenvC mutant but not in the AamiABC mutant, used as control, thus confirming that YgeR

functions as an amidase activator in vivo.

In NIpD and EnvC the LytM domain is critical for amidase activation (Ueharaetal., 2010;
Peters et al., 2013; Tsang et al., 2017), we then asked whether the YgeR LytM domain
was accountable for amidase activation as well. For this purpose, we generated two
pGS100-ygeR derivative plasmids containing either the LysM (pGS100-ygeRyysm) or the
LytM (pGS100-ygeRiytm) domains, which were introduced in the AnlpD AenvC strain.
The LytM domain of YgeR promoted cell separation in the double mutant (Fig. 7), though
a mild chaining phenotype is observed when compared to cells overexpressing full-length
YgeR (Fig. 6). On the contrary, AnlpD AenvC cells expressing the LysM domain still
display a severe chaining phenotype. Taken together, these results support the hypothesis
that the LytM domain of YgeR does mediate amidase activation. However, we cannot
exclude that the YgeR LysM domain might be required for a proper amidase activation
as shown for NIpD (Tsang et al., 2017).
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Figure 6. Overexpression of YgeR restores cell separation in AnlpD AenvC mutants.
BW25113AnlpDAenvC or BW25113AamiABC cells containing empty plasmid (pGS100) or plasmid with
ygeR (pGS100-ygeR) were grown overnight at 37°C and collected for imaging. Phase-contrast images (left)

and fluorescence images (right) are shown. Bars, 10 pum.
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Figure 7. The LytM domain of YgeR promotes cell separation. BW25113AnlpDAenvC cells carrying
plasmid with the LysM domain of ygeR (pGS100-ygeR.ysm) or plasmid with the LytM domain of ygeR
(pGS100-ygeRLywm) Were grown overnight at 37°C and collected for imaging. Phase-contrast images (left)

and fluorescence images (right) are shown. Bars, 10 pum.

YgeR preferentially activates AmiC in vivo

Our data support the hypothesis that YgeR is an additional amidase regulator in E. coli,
capable of activating AmiA, AmiB and AmiC in vitro. As amidases are functionally
redundant (Priyadarshini et al., 2006) we asked whether YgeR might preferentially
activate one of them in vivo. Indeed, we observed that YgeR interacts with AmiC (Fig.
5B) and its LytM domain shares a high sequence identity with that of NIpD (Fig. 4A),
suggesting that YgeR might have stronger affinity for AmiC. To test this hypothesis
pGS100-ygeR plasmid was introduced in AenvC AamiC and AnlpD AamiAB mutants to
assess whether YgeR activates AmiA and AmiB or AmiC, respectively. Cells were grown
overnight and collected for imaging. The ectopic expression of YgeR significantly
reduced the cell chaining phenotype in the AnlpD AamiAB strain but not in the AenvC
AamiC strain (Fig. 8), thus suggesting that, in vivo, YgeR preferentially activates AmiC.
Consistent with our previous observations, the LytM domain of YgeR is required for
AmiC activation (Fig. S6).
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Figure 8. Overexpression of YgeR promotes cell separation by AmiC. BW25113AenvCAamiC or
BW25113AnipDAamiAB cells containing empty plasmid (pGS100) or plasmid with ygeR (pGS100-ygeR)
were grown overnight at 37°C and collected for imaging. Phase-contrast images (left) and fluorescence
images (right) are shown. Bars, 10 um.
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DISCUSSION

Bacterial cells must preserve the integrity of their sacculus at all times and under a variety
of growth or stress conditions to prevent lysis and death (Egan et al., 2020). One such
stress condition occurs when the biogenesis of the OM is disturbed. Under this condition
robustness of PG is ensured by LDTs which introduce 3-3 crosslinks to reinforce the cell
wall. Indeed, cells lacking LDTs are prone to lysis when LPS transport to the OM is
defective (Peters et al., 2018; More et al., 2019). LdtD, whose expression increases upon
OM stress, plays a major role in PG remodelling while LdtF stimulates LdtE and LdtD
activity (Bernal-Cabas et al., 2015; Monton Silva et al., 2018; More et al., 2029). Here,
we have shown that the deletion of the LytM-domain factor ygeR not only rescues from
lysis araBplptC cells lacking IdtF but also corrects the morphological defect observed in
the conditional mutant grown under permissive conditions (Fig. 1 and 2). Notably,
rescue-from-lysis phenotype cannot be explained by increased levels of 3-3 crosslinks in
PG (Fig. 3, Table S4 and S5). Interestingly, LdtF and YgeR appear to be relevant only
under OM stress conditions, as these phenotypes were observed in LptC-depleted cells
but not in a IptC* background (Fig. S2 and S3). The functional link between ygeR and
IdtF appears to be specific as deletion of ygeR in LptC-depleted cells lacking either 1dtD
or IdtE does not mitigate the lysis phenotype (Fig. 3B and S1). Overall, these data further
support the hypothesis that LdtF has an additional but still unknown role in the cell.

Here we show that the predicted OM lipoprotein YgeR functions as amidase activator.
Amidases are PG hydrolases that contribute most to septum cleavage during cell division
(Priyadarshini et al., 2006; Priyadarshini et al., 2007). YgeR possesses a degenerate LytM
domain (Fig. 4A) and does not exhibit any hydrolytic activity on PG similar to amidase
regulators EnvC and NIpD (Uehara et al., 2010), (Fig. 4B). YgeR displays a LysM
domain like the OM-anchored lipoprotein NlpD and it binds PG (Fig. 5C). Surprisingly,
all three amidases AmiA, AmiB and AmiC are activated by YgeR in vitro (Fig. 5A and
S5). Neither EnvC nor NIpD are able to activate all three amidases in vitro (Uehara et al.,
2010), unveiling a novel pattern of amidase activation in vitro by YgeR. The in vitro
biochemical data were here nicely complemented by in vivo results showing that ectopic
expression of ygeR fully restores cell division in a double mutant deficient for nlpD and
envC (Fig. 6). Furthermore, we showed that the LytM domain does mediate amidase
activation as previously reported for EnvC and NIpD (Peters et al., 2013; Tsang et al.,
2017) although splitting of septal PG appears less efficient when the sole LytM domain
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was ectopically expressed in the double nlpD envC mutant. (Fig. 7). This observation is
in line with the finding that the LysM domain of NIpD is required for septal recruitment
and proper amidase activation during cytokinesis (Tsang et al., 2017). Finally, we showed
that in vivo YgeR preferentially activates AmiC (Fig. 8 and S6) in line with the finding
that YgeR physically interacts with AmiC in vitro (Fig. 5B). We still observed a low
degree of cell chaining when overexpressing ygeR in AnlpD AamiAB mutant compared
to the AnlpD AenvC mutant (Fig. 6 and 8). It should be noted that the AnlpD AamiAB
strain carries only amiC whereas in the AnlpD AenvC strain all three amidases are present.
While we show that YgeR preferentially activates AmiC, we cannot exclude a low level
of cross activation of AmiA and AmiB as well, in line with our in vitro biochemical
activity assays (Fig. 5A). To our knowledge AmiC is a first example of amidase whose

activity is controlled by two distinct regulators.

YgeR function appears to be relevant under envelope stress conditions, indeed the AnlpD
AenvC double mutant displays a severe cell chaining phenotype despite carrying a
functional copy of ygeR. Moreover, the single (ygeR) or double (ygeR and IdtF) deletion
in wild type strain does not result in growth or morphological defects. Genetic analysis
of the ygeR locus indicates that this gene is located in a monocistronic operon, and a
putative oF-dependent promoter consensus sequence is observed 186 nucleotides
upstream of the ygeR TTG start codon (https://ecocyc.org). The presence of this putative

oE-dependent promoter places ygeR in the family of genes that responds to extra-
cytoplasmic stress; notably several genes implicated in LPS transport or in counteracting
damage provoked by defects in LPS transport belong to the oF regulon (Martorana et al.,
2011; Martorana et al., 2014; Klein et al., 2016). Indeed, it has been proposed that upon
OM stress, AmiC could be activated by other LytM-domain factors rather than NIpD,

thus ensuring cell envelope integrity (Tsang et al., 2017).

It has been previously reported that the cleavage activities of amidases and other PG
hydrolases play a crucial role in the bactericidal effect exerted by B-lactams antibiotics
(Cho et al., 2014; Wivagg et al., 2014; Chung et al., 2009; Rice and Bayles, 2008).
According to this model, the inhibition of PBPs activity by B-lactams disrupts the cycle
of PG biogenesis (Vollmer, 2012): cell autolysis is promoted due to persistent activation
of the PG turnover enzymes while those of PG synthesis are inhibited. Indeed, mutants
lacking either two or all three amidases display a delayed response to 3-lactams (Chung
et al., 2009; Uehara et al., 2009). We believe that a similar mechanism might explain the
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phenotypes observed in the araBplptC AldtF and araBplptC AldtF AygeR strains. We
speculate that the lack of LdtF triggers the overactivation of AmiC by YgeR upon block
of LPS transport, thus causing cell lysis and the morphological defects seen under
permissive conditions (More et al., 2019), therefore the deletion of ygeR in this mutant
would suppress the detrimental effects produced by AmiC overactivation. We do not
know what is the mechanism that leads to YgeR activation in the absence of LdtF nor
what is the additional role of LdtF in the cell. Further work will be required to elucidate
the functional link between LdtF and YgeR.

Overall, this work reports the characterization of the LytM-domain factor YgeR, as a
novel activator of AmiC. The results shown in this work highlight a crosstalk between
PG remodeling and amidase activity in response to impaired OM biogenesis.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions.

Escherichia coli strains and plasmids used in this work are listed in Table S1 and Table
S2, respectively. Primers used are listed in Table S3. Cells were routinely grown
aerobically at 37°C or 30°C in LB-Lennox medium (10 g/liter tryptone, 5 g/liter yeast
extract, 5 g/liter NaCl) (Difco). When required, antibiotics or inducers were added:
ampicillin (100 g/ml), chloramphenicol (25 g/ml), kanamycin (25 g/ml), arabinose (0.2%
[wt/vol]), IPTG (0.1 mM). For LptC depletion, bacteria were harvested from cultures with
an ODeoo of 0.2 by centrifugation, washed twice with LD, and diluted 100-fold in LD
with or without arabinose. Cell growth was monitored by ODsoo measurements, and
viability was determined by quantifying the colony-forming units (CFU).

Other methods. The construction of plasmids and strains, microscopy of cells, protein
purification and biochemical assays are described in detail in Text S1 in the supplemental

material.
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AygeR.
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Figure S1. Deletion of ygeR does not alter the morphology of araBplptC AldtD and araBplptC AldtE
mutants under permissive conditions. The strains araBplptC AldtD AygeR (A) and araBplptC AldtE
AygeR (C) were grown in the presence of 0.2% arabinose to an ODeg 0f 0.2, harvested, washed three times,
and resuspended in an arabinose-supplemented (+ Ara) or arabinose-free (no Ara) medium. Growth was
monitored by ODgoo measurements (top panel) and by determining CFU (bottom panel). At t=150, 210, and
270 min (arrows), araBplptC AldtD AygeR (B) and araBplptC AldtE AygeR (D) cells were imaged. Phase-

contrast images (top) and fluorescence images (bottom) are shown. Bars, 3 pum.
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Figure S2. Deletion of ygeR does not affect growth and morphology of BW25113 (IptC*) cells.
BW25113 (A) and BW25113 AygeR (C) were grown for 360 min. Growth was monitored by ODsoo
measurements. At t=120 and 270 min (arrows), BW25113 (B) and BW25113 AygeR (D) cells were
collecting for imaging. Phase-contrast images (top) and fluorescence images (bottom) are shown. Bars, 3

um.
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Figure S5. In vitro amidases activation by YgeR. HPLC chromatograms showing peptidoglycan
hydrolase activity by AmiA, AmiB and AmiC in presence of YgeR in PG from cells lacking all six Idt
genes (BW25113A6LDT). A.U., arbitrary units. Structures of major peaks numbered in the top
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Text S1. Supplemental Methods
Construction of E. coli deletion or depletion strains

Deletion strains were obtained by moving kan-marked alleles from the Keio E. coli
single-gene knockout library (Baba et al., 2006) by P1 phage transduction (Silhavy et al.,
1984) or by inserting them through electroporation in the genome of strain carrying the
Arep plasmid pKD46 (Datsenko and Wanner, 2000). The kan cassette was removed by
pCP20-encoded Flp recombinase to generate unmarked deletions with a FRT-site scar
sequence (Datsenko and Wanner, 2000). The removal of the kan gene was verified by
PCR. Strains with multiple deletions were generated by sequential P1 transduction and
kan cassette removal. LptC depletion strains were obtained by moving the kan araC
araBp-IptC allele from BB-3 (Sperandeo et al., 2006) into selected mutants by P1
transduction. Depletion strains were selected on media containing kanamycin and 0.2%
arabinose. The insertion of the cassette was verified by PCR. Strains used are listed in
Table S1.

Construction of plasmids

pGS100-ygeR was constructed by cloning ygeR into the EcoRI/Hindlll restriction sites of
pGS100 plasmid (Sperandeo et al., 2006), using the primers AP618/AP619. pGS100-
ygeRLysm was constructed by cloning ygeR from the TTG start codon to the position 318,
using the primers AP618/AP703 into EcoRI/Hindll1 restriction sites of pGS100. pGS100-
ygeRLytv was constructed by deleting the sequence coding for the LysM domain in
pGS100-ygeR. Deletion was obtained by two-step PCR. Two fragments flaking the ygeR
signal sequence were PCR amplified using pGS100-ygeR as template and the primer pairs
AP618/ AP704, to generate Fragment SS (signal sequence), and AP705/ AP619 to
generate Fragment LytM (LytM domain sequence). Fragments SS and LytM were used
as template for a second round of PCR amplification using AP618 and AP619 primers.
The resulting amplification product was cloned into EcoRI/Hindlll restriction sites of
pGS100. Primers used for genes cloning are listed in Table S3. The correct nucleotide

sequences of inserts were verified by sequencing (Eurofins Genomics).

For pET28a-His-YgeR, ygeR was cloned starting from position 129 downstream the TTG
start codon, into Ndel/Xhol pET28a, thus eliminating the putative signal sequence and

the N-palmitoyl cysteine C26, using AP677 and AP621 primers. The correct nucleotide
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sequences of inserts were verified by sequencing (Eurofins Genomics). Oligonucleotides

used in this study are listed in Table S3. Plasmids used are listed in Table S2.
Imaging and image analysis

Cells grown overnight were collected to obtain a total amount corresponding to an OD of
3, and a 1:10 ratio of fixation solution (fixation solution: formaldehyde 37% -
glutaraldehyde 25% in PBS) was added. Cells were incubated for 30 min at 37°C, with
shaking, washed with PBS, and resuspended in 0.5 ml of PBS. A cell suspension (5 ul)
was spotted onto a microscope slide coated with a thin layer of 1% agarose. Images were
acquired with a Zeiss Axiovert 200M microscope coupled with an AxioCam Mrm device
camera (Zeiss) and with Metamorph imaging software (Universal Imaging). For
membrane staining, cells were mounted on a slide coated with 1% agarose supplemented
with the membrane dye FM5-95 (ThermoFisher) to a final concentration of 2 pg/ml.

Images were analysed with ImageJ (http://rsb.info.nih.gov/ij/).

Purification of His-YgeR and YgeR

E. coli LOBSTR-BL21(DE3) (Kerafast) cells carrying the plasmid pET28 His-YgeR
were grown in 1 L of LB medium (12) at 37°C until an optical density (600 nm) of 0.5
was reached. IPTG (1 mM) was added and the cells were grown for 3 h, chilled on ice for
15 min, harvested by centrifugation for 15 min at 5.000 rpm and 4°C. The cell pellet was
resuspended in 60 ml of Buffer | (20 mM Tris/ HCI pH 7.5, 1 M NaCl, 10 mM MgCl2,
10% glycerol) supplemented with protease inhibitor cocktail (Sigma-Aldrich; 1/1000
dilution), small amount of DNase and 100 uM phenylmethyl sulfonyl fluoride (Sigma
Aldrich). Cells were broken by sonication and the soluble fraction was removed after
ultracentrifugation for 1 h at 130,000xg and 4°C. The supernatant was recovered, mixed
with 4 mL of Buffer Il (20 mM Tris/ HCI pH 7.5, 500 mM NaCl, 10 mM MgCl;, 10%
glycerol) containing 2.5 ml of preequilibrated Ni-NTA superflow beads (Qiagen) and
incubated for 3h at 4°C. The suspension was poured in a gravity flow column and washed
with 25 ml of Buffer 11 (supplemented with 30 mM imidazole). His-YgeR was eluted with
Buffer 111 (20 mM Tris/ HCI pH 7.5, 500 mM NaCl, 10 mM MgCl, 10% glycerol, 400
mM imidazole). Elution fractions containing His-YgeR were pooled together and
dialysed against 2 L dialyse buffer (20 mM HEPES/ NaOH pH 7.5, 300 mM Nacl, 10

mM MgClz, 10% glycerol) overnight. Dialysed proteins were concentrated and further
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purified by size exclusion chromatography on a HiLoad 16/600 Superdex 200 pg (GE
Healthcare) column using size exclusion buffer (20 MM HEPES/ NaOH pH 7.5, 300 mM
NaCl, 10 mM MgClz, 10% glycerol). and a flowrate of 1 ml/min. Purity was determined
by SDS-PAGE and combined fractions were concentrated and stored in aliquots at -80°C.
For the removal of the His-tag, thrombin (1.32 U/ ul, Novagen) added and the sample
was dialysed in 3 x 1 L of cleavage buffer (20 mM HEPES/NaOH pH 7.5, 300 mM NacCl,
10% glycerol).

In vitro cross-linking/ pulldown assays

Proteins were mixed at appropriate concentrations in 200 pL of binding buffer (10 mM
HEPES/NaOH pH 7.5, 150 mM NaCl, 10 mM MgClz, 0.05 % Triton X-100). His-YgeR
at 3 uM was used, with 2.5 uM AmiC and 3 uM AmiB. His-AmiA at 3 uM was used,
with 3 uM YgeR. Samples were incubated at room temperature for 15 min before addition
of 0.2% wt/vol formaldehyde (Sigma-Aldrich) and further incubation at 37°C for 15 min.
Excess cross-linking was blocked by addition of 1 M Tris/HCI, pH 7.5. Samples were
applied to 110 pL of washed and equilibrated Ni-NTA superflow beads (Qiagen) and
incubated for 2-3 h at 4°C, with gentle agitation. Beads were then washed 15 times with
0.5 mL wash buffer (10 mM HEPES/NaOH pH 7.5, 150 mM NaCl, 10 mM MgCl_, 0.05%
Triton X-100, 30 mM imidazole). Retained proteins were eluted by directly boiling beads
in SDS-PAGE loading buffer; beads were then removed, and samples resolved by SDS-
PAGE. Gels were stained with Coomassie brilliant blue (Roth).

In vitro peptidoglycan binding assay

In this assay, 30 pg of purified YgeR protein were incubated for 30 min at 4°C either with
or without PG (purified from BW25113A6LDT) in binding buffer (10 mM Tris/ maleate
pH 6.8, 10 mM MgCl2, 50 mM NaCl) in a total volume of 100 pl. The samples were
centrifuged for 20 min at 13.000 g (4°C). The resulting pellets were washed in 200 pl of
binding buffer, resuspended in 100 pl of 2% SDS, and incubated for 1 h at 4°C with
mixing. Supernatants of the binding step, washing steps and the resuspended pellets were
analysed by SDS-PAGE.
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PG sacculi preparation

The PG sacculi was prepared as previously described (Glauner et al., 1988). E. coli
araBplptC conditional strain and the isogenic mutants deleted for ygeR or for both IdtF,
and ygeR were grown in the presence of 0.2% arabinose to an ODeoo Of 0.2, harvested,
washed three times, and resuspended in 400 ml of an arabinose-supplemented (+ Ara) or
arabinose-free (no Ara) medium and grown for 330 min. Cells were then rapidly chilled
on ice and centrifugated for 15 min at 5000xg (4°C). Cell pellet was resuspended in 5 mL
of ice-cold deionized water and added drop wise into 5 mL of boiling 8% SDS with
stirring using a magnetic stirrer. Samples were boiled for 30 min and cooled at room
temperature. PG sacculi were collected by ultracentrifugation of the samples for 45 min
at 90000xg (RT). The pellet was washed several times with deionized water to remove
the SDS. Samples were treated with a-amylase (10mg /mL) and incubated 120 min at
37°C to degrade high molecular weight glycogen, and treated with Pronase E (10mg /mL)
and incubated 60 min at 60 °C to release covalently bound lipoproteins. Enzymes
reactions were stopped by boiling the mixtures with 4% SDS for 15 min. Pure PG sacculi
were collected by ultracentrifugation (90000xg, 45 min, RT) and washed several times
with deionized water until samples were free of SDS. The final pellet was resuspended in
400 puL of 0.02% NaN3s and stored at 4°C.

HPLC analysis of muropeptides

HPLC analysis were carried out as previously described (Glauner et al., 1988). 100 pl of
the PG sacculi were digested with 1 uM cellosyl overnight (Hoechst). Samples were dried
by vacuum centrifugation at 1500 rpm, and subsequently reduced by resuspending them
in 50 ul of MiliQ water and 50 ul of 0.5 M NaBH4 buffer pH 9, followed by an adjustment
to pH 4 by using 20% H3PO4. Muropeptides were then analysed by reverse -phase HPLC
at 55°C in a 180-min linear gradient from 50 mM NaPO4 pH 4.31 to 75 mM NaPO4 pH
4.95, 15% methanol. Muropeptides were detected by absorbance at 205 using a
radiochromatography software (Laura) for data acquisition and analysis.

In vitro YgeR activity assays

Single or coupled assays were carried out in a final volume of 50 pl containing 20 mM
HEPES/NaOH pH 7.5, 100 mM NaCl, 1 mM ZnClI2, 0.05% Triton X-100, 10 pl of PG
sacculi from BW25113A6LDT and 2 uM of each protein as needed (YgeR, LdtF, AmiA,
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AmiB, and AmiC). The reaction mixture was incubated overnight at 37°C with agitation.
Following incubation, the reaction was stopped by boiling the samples for 10 min and
incubated overnight at 37°C with 1 uM cellosyl (Hoechst) to digest remaining PG. The
samples were dried by vacuum centrifugation at 1500 rpm, and subsequently reduced by
resuspending them in 50 pl of MiliQ water and 50 ul of 0.5 M NaBH4 buffer pH 9,
followed by an adjustment to pH 4 by using 20% H3PO4. Muropeptides were then
analysed by reverse -phase HPLC (Glauner et al., 1988) at 55°C in a 90-min linear
gradient from 50 mM NaPO4 pH 4.31 to 75 mM NaPOs pH 4.95, 30% methanol.
Muropeptides were detected by absorbance at 205 using a radiochromatography software

(Laura) for data acquisition and analysis.
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Table S1. Bacterial Strains

Strain Relevant Genotype or Features Source or Reference
AMM24 AldtF::frt Moré et al., 2019
AMM30 BB-3 AldtF::frt More et al., 2019
AMM39 BW25113 AygeR::frt This work

AMM43 BW25113 AygeR::frt AldtD::frt This work

AMMA44 BW25113 AygeR::frtAldtE::frt This work

AMMA45 BW25113 AygeR::frt AldtF::frt This work

AMMA46 BB-3 AygeR::frt This work

AMM47 BB-3 AldtD::frt AygeR::frt This work

AMM48 BB-3 AldtE::frt AygeR::frt This work

AMMA49 BB-3 AldtF::frt AygeR::frt This work

BB-3 BW25113 ®(kan araC araBplptC)1 Sperandeo et al., 2006
BL21(DE3) F— ompT hsdSB(rB— mB-) gal dcm (DE3) Novagen

lacl® rrnBris AlacZwiis hsdR514 AaraBADanss
BW25113 Datsenko and Wanner, 2000
ArhaBADng

lacl® rrnBris AlacZwiis hsdR514 AaraBADanss
BW25113 Datsenko and Wanner, 2000
ArhaBADng

lacl® rrnBria AlaCZlee hsdR514 AaraBADAH33

ArhaBADng

BW25113A6LDT Kuru et al. 2017

AycbB AerfK AycfS AybiS AynhG AyafK

CKG02 BW25113 AnlpD::frt This work
CKG04 BW25113 AenvC::frt This work
CKGO06 BW25113 AamiA::frt This work
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CKGO08

CKG10

CKG12

CKG14

CKG16

CKG18

CKG20

CKG21

DH5a

Jw2428

Jw2712

Jw2833

Jw4127

JW5449

JW5646

LOBSTR-
BL21(DE3)

BW25113 AamiB::frt

BW25113 AamiC::frt

BW25113 AnlpD::frt AenvC::frt

BW25113 AamiA::frt AamiC::frt

BW25113 AamiA::frt AamiB::frt AamiC::frt

BW25113 AenvC::frt AamiC::frt

BW25113 AnlpD::frt AamiB::frt

BW25113 AnlpD::frt AamiA::kan AamiB::frt

A(argF-lac169) ¢80 dlacz58(M15) ginV44(AS) A
rfoD1 gyrA96 recAl endAl spoT1 thi-1 hsdR17

BW25113 AamiA764::kan

BW25113 AnlpD747::kan

BW25113 AygeR787::kan

BW25113 AamiB790::kan

BW25113 AamiC742::kan

BW25113 AenvC725::kan

F— ompT hsdSB(rB— mB-) gal dcm (DE3), carries
genomically modified copies of arnA and slyD

This work

This work

This work

This work

This work

This work

This work

This work

Hanahan, 1983

Baba et al., 2006

Baba et al., 2006

Baba et al., 2006

Baba et al., 2006

Baba et al., 2006

Baba et al., 2006

Kerafast
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Table S2. Plasmids

Plasmids

Relevant characteristics

Source or Reference

pCP20

pET28a His-ygeR

pGS100

pGS100-ygeR

pGS100-ygeRLysm

pGS100-ygeRLymm

pKD46

FLP expression, temperature sensitive replication;
CamR and AmpR.

pET28a derivative; expresses ygeR from the T7
promoter starting from amino acid 27 and fused at

N-terminal with 6xHis tag.

pGZ119EH derivative, contains TIR sequence

downstream of ptac, CamR,

pGZ119H derivative; expresses full length ygeR®
251 under the tac promoter; CamR.

pGZ119H derivative; expresses a ygeR construct
containing the signal sequence and the LysM
domain (1-106 residues) under the tac promoter;

CamR.

pGZ119H derivative; expresses a chimeric version
of ygeR containing the signal sequence (1-39
residues) fused to the LytM domain (84-251

residues) under the tac promoter; CamR®.

A-Red expression under the araBp promoter,

temperature sensitive replication; AmpR.

Datsenko and Wanner, 2000

This work

Sperandeo et al., 2006

This work

This work

This work

Datsenko and Wanner, 2000
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Table S3. Oligonucleotides

Name

Sequence (5°-3°)

Description

Used to make

AP618/30 ygeR-f

CAGGAATTCAACTTGAGTGCGGGACGCCTG

[CAG]-[EcoRI]-[AAC]-[start
ygeR; fwd]

pGS100-ygeR construction
pGS100-ygeRyysm
construction
pGS100-ygeRyyim

construction

AP619/29 ygeR-r

TATCAAGCTTTCAGCATTTTGGCTTGCTG

[TATC]-[HindllI]-[stop YgeR;

rev]

pGS100-ygeR construction
pGS100-ygeRLysm
construction
pGS100-ygeRLytm
construction

AP621/ 33 ygeR-r

CCGCTCGAGTCAGCATTTTGGCTTGCTGCCCTG

[CCG]-[Xhol]-[stop ygeR; rev]

pET28a-His-YgeR

AP677 28 ygeR26-f

AGCCATATGTCGGGTAGCAAATCATCCG

[AGC]-[Ndel]-[starting at 78 bp
downstream of TTG of ygeR; fwd]

pET28a-His-YgeR

AP703/33 ygeRint-r

TATCAAGCTTTCATGCGGTTTTGGTCGTTGATT

[TATC]-[HindI]-[TC]-[316 bp
downstream of TTG of ygeR; rev]

pGS100-ygeRLysm

construction

AP704/40 ygeRssLytM-r

CTGCTACTTTTCGCCCCACCGCCGGAATACGTTCCTGTAT

[117 bp downstream of TTG of
ygeR]-[252 bp downstream of
TTG of ygeR; rev]

pGS100-ygeRLytm

construction

AP705/ 20 ygeRLytM-f

GGTGGGGCGAAAAGTAGCAG

[252 bp downstream of TTG of
ygeR; rev]

pGS100-ygeRLytm

construction
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Table S4. Muropeptide composition of araBplptC and araBplptC AygeR mutant under permissive or nonpermissive conditions

Strain: araB piptC araB piptC araB plptC araB plptC araBplptC AygeR | araBplptC AygeR | araB piptC AygeR | araB piptC AygeR
Harvest: Late exp ial | Late exp ial | Late exp ial | Late exp ial | Late exp tial | Late exy ial | Late exp ial | Late exp ial
Arabinose: + - + - + - + -
Sample: 1 2 3 4 5 6 7 8
Muropeptide % Area % Area % Area % Area % Area % Area % Area % Area
Tri 7.3 7.4 7.2 8.1 8.3 535 8.1 5.2
TetraGly4 35 39 3.5 24 3.2 22 33 2.0
Tetra 31.6 28.2 314 29.5 29.4 30.0 28.2 30,7
Di 2.1 0.5 2.1 0.6 2.2 0.0 1.9 0.3
Tri-Lys-Arg 7.1 3.7 7.1 4.2 7.5 3.9 7.6 4.4
TriTri(DAP) 0.8 1.7 0.6 1.7 1.0 13 1.1 1.3
TetraTri(DAP) 34 9.8 3.0 83 3.7 9.7 39 9.8
TettaTetraGly4 2.7 1.7 27 1.9 2.6 1.5 26 1.4
TetraTri 2.6 1.9 2.5 23 2.6 1.5 27 1.2
TetraTetra 26.0 21,5 253 21,1 23,7 233 23,7 243
TetraAnh 1.0 0.9 0.9 1.1 1.6 1.3 1.8 1.2
TetraTetraTri(DAP) 0.0 0.0 0.0 1.1 0.0 1.2 0.0 1.2
TetraTetraTri 0.8 0.0 0.9 0.9 0.8 2.1 1.0 0.5
TetraTri-LysArg 33 8.5 4.3 23 5,0 24 54 3.8
TetraTetraTetra 28 2.1 26 26 23 2.7 25 26
TetraTriAnh I 0.0 0.9 0.5 0.7 0.6 1.0 0.6 0.9
TeraTriAnh II 0,0 0.5 0.4 04 0.5 0.6 0.0 0.5
TetraTetraAnh I 0.6 1.0 0.6 1.1 0.5 13 0.5 1.3
TetraTetraAnh I 1,0 1.4 1.0 1.3 0.7 1.7 08 1.8
TetraTetraTetra Anh 0,7 0.4 0.6 1,0 0.5 1.2 0.5 1.2
all known 97.2 95.8 97.1 92.5 96.6 94.3 96.2 954
monomers (total) 53.1 45.6 528 48.4 522 44.1 51.2 44.6
monomer di 2,1 0.5 22 0.6 22 0.0 2.0 03
monomer tri 7.5 7.8 7.4 8.8 8.5 59 8.5 5.4
monomer tetra 33.5 304 333 33.1 32,1 33.2 31.2 334
monomer tetraGly4 3.6 4.1 3.6 2.6 3.3 23 3.5 2,1
monomer Tri-LysArg 73 38 7.3 4.5 7.7 4.1 79 4.6
dimers (total) 41.6 509 42.1 45.6 424 48.2 42.8 49.6
dimers(DD) 33.8 30.0 339 311 323 32.7 32.1 32.8
dimers(LD) 4.4 12,0 37 109 4.9 11.7 2 11.6
dimers anhydro 1.6 4.2 3,1 4.9 3.0 6.0 25 5.9
Trimers (Total) 43 2.5 42 5.9 3.8 7.5 42 5.8
trimer (anhydro) 0.7 0.4 0.6 1.1 0.5 1.2 0.6 1.3
dipeptides (total) 2.1 0.5 22 0.6 2.2 0.0 2.0 0.3
tri ides (total) 11.7 16.3 11.6 17,7 13.7 15.1 13.6 13.9
tetrapeptides (total) 76.2 743 758 752 729 78.9 72.7 788
pentapeptides (total) 0.0 1.0 4.0 5.0 2.0 3.0 6.0 7.0
Tri-LysArg (total) 9.1 8.3 9.5 5.7 10.3 54 10.7 6.5
3-3 linkage 2,2 6.0 1.9 5.8 24 63 2,6 6.2
chain ends (anhydros) 20 3.0 2.4 3.5 3.0 42 3.0 4.0
degree of cross-linkage 23,7 27.1 238 26,8 23,7 29.1 242 28,7
% peptides in cross-links 46.9 54.4 472 516 478 55.9 48.8 554

0.0 =NOT DETECTED
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Table S5. Muropeptide composition of araBplptC and araBplptC AldtF AygeR mutant under permissive or nonpermissive conditions

Strain: araB piptC araB piptC araB piptC \ araB piptC araB plptC AldtF AygeR | araB plptC AldtF AygeR | araB plptC AldtF AygeR | araB plptC AldtF AygeR
Harvest: Late exp ial | Late exp tial jate exp ti; Late exp tial Late exp tial Late exp Late exponential Late exp tial
Arabinose: +ara -ara +ara -ara +ara -ara +ara -ara
Sample: 1 2 3 4 5 6 7 8
Muropeptide % Area % Area % Area % Area % Area % Area % Area % Area
Tri 8.01 7.19 6,84 5.90 2,92 3.87 2.80 3.40
TetraGly 4 3.4 2.38 3.67 248 5.02 2.83 5.00 2,61
Tetra 3842 36.40 33,55 30.26 41.97 36.51 3527 3111
Di 252 0.57 2.13 0.49 2.34 0.59 2.08 0.45
Penta/Tetratetra 0 0.00 0,00 0.00 0,00 0,00 0,00 0,00
Tri-Lys-Arg 0 0.00 4.09 2.07 0.00 0.00 8.54 2.20
TetraTri(DAP)Gly4 0 0.00 0.00 0.89 0.39 0.89 0.56 1.03
TriTri(DAP) 0 1.78 0,81 1.69 0,00 1.28 042 1.22
TetraTri(DAP) 2.87 11,55 3.81 11.83 3.21 10,25 3.57 11,95
TetraTetraGly4/TetraTri 6,03 4,00 5.47 3.50 0.00 3.36 5.00 3.10
TetraTetra 29.37 23.75 2598 21.42 30.64 23.38 26.74 22.26
TetraPenta 0 0.00 0.00 0.00 0,00 093 0.54 1.03
TetraTetraTri 0,63 0.87 0,00 1.08 0.00 0.89 0.00 0.91
TetraTetraTetra 2.73 221 254 2.18 2.76 222 2.08 2.19
TetraTriAnh [ 0 0.87 0,00 0.00 0,00 0.80 0.00 1.31
TeraTriAnh IT 0 0.67 0,00 0.00 0,00 0.69 0.67 1.09
TetraTetraAnh [ 0,55 0,98 045 1.37 0,54 1.04 0,47 1,57
TeraTetraAnh II 1.11 1.03 1.05 1.26 1.07 1.10 1,15 1.41
TetraTetraTriAnh 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
TetraTetraTetra Anh 0.9 0.83 0.77 1.26 0.99 0.83 0.50 1.34
TetraTriLysArg 0,00 0,00 1,45 1.25 0,00 0,00 1.74 0,00
all known 96.54 95.08 92.61 88.93 91.85 91.46 97.13 90.18
monoiners (total) 54.23 48,95 49.88 44.00 56.89 47.89 46.48 41.66
monomer di 2,61 0,60 2,30 0.55 2,55 0,65 2,14 0,50
monomer tri 8.30 7.56 7.39 6.63 3.18 4.23 2.88 3.77
monomer tetra 39.80 38.28 36.23 34.03 45.69 39.92 3631 34.50
monomer tetraGly4 3,52 2.50 3,96 2,79 547 3.09 515 2,89
dimers (total) 41,36 46,94 40,57 47.18 39.03 47.80 40.28 50,98
dimers(DD) 38,39 3292 35,58 30,98 35.11 34,22 35.59 35,23
dimers(LD) 297 14,02 4.99 16.20 3.92 13.58 4.68 15,75
dimers anhydro 1.72 3,73 1,62 2,96 1,75 397 2,36 5,97
Trimers (Total) 441 4.11 5.14 6.49 4.08 431 4.45 4.92
trimer (anhydro) 0.93 0.87 0,83 1.42 1,08 091 0.51 1.49
dipeptides (total) 2,61 0,60 230 0.55 2.55 0,65 2,14 0.50
tripeptides (total) 9.66 15,81 10,08 14,78 4,72 11,76 6,22 12,61
tetrapeptides (total) 86.19 76.76 79.59 73.74 90.86 80.51 79.61 76.02
pentapeptides (total) 0.00 0.00 0.00 0.00 0.00 051 0.28 0.57
3-3 linkage 1.49 7.01 2.49 8.10 1.96 6.79 2.34 7.87
chain ends (anhydros) 1.17 2.16 1,09 1.95 1.24 2,29 1.35 3.48
degree of cross-linkage 23.62 26.21 23,71 27.92 22,24 26,77 23.10 28,77
% peptides in cross-links 45,77 51,05 50,12 56,00 43.11 52,11 53.52 58.34

0=NOT DETECTED

146




4. Conclusion
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The growth and assembly of the tree-layered envelope of Gram-negative bacteria requires
a close coordination of the synthetic machineries that orchestrate it. The robustness of the
cell envelope depends on proper growth of these layers, and damage in of any of them
has a significant impact in the cell fitness. Therefore, bacteria employ several mechanisms

to overcome potential threats that challenge the cell envelope integrity.

In the first part of this thesis we have shown that bacteria remodel the PG sacculus by
increasing the level of 3-3 crosslinks when the OM is compromised. Indeed, LDTs that
introduce 3-3 crosslinks in PG become essential under OM stress to avoid cell lysis. Our
work represents a notable example of coordinated growth and assembly of OM and PG
as defects in biogenesis in the OM are counterbalanced by PG remodelling to maintain
envelope integrity and prevent cell lysis. We characterized the putative Idt gene IdtF, as
a LDT that stimulates the activity of LdtD and LdtE. We then determined that LDTs have
a different expression profile: IdtE and IdtF are housekeeping Idts displaying a growth
phase dependent activation whereas IdtD is the stress Idt highly expressed in the absence
of IdtE and IdtF and when LPS biogenesis is defective. Notably, our data reveal a major
role of LdtD in the protective PG remodelling programme, as the lysis phenotype of LptC-
depleted Idt mutants was rescued by the ectopic expression of IdtD. Besides, our data
supports a model in which LdtD works in concert with other PG biosynthetic machineries
to reshape the PG. Thus, nascent PG strands are polymerised by the GTase activity of the
pair PBP1B/ LpoB, trimmed by the DD-CPase PBP6a, and resulting tetrapeptides utilised
by LdtD to produce 3-3 crosslinks. We then propose that this PG repair complex remodels
the PG to counterbalance OM assembly defects.

In the second part of this thesis we explored the functional linkage among LdtF and the
LytM-domain factor YgeR, which we characterised in this work for the first time. We
found that loss of ygeR recovers viability of cells lacking IdtF upon IptC depletion.
Notably, the level of 3-3 crosslinks in PG cannot be taken into account to explain the
phenotype. Both, genetic and biochemical data support the hypothesis that YgeR
functions as amidase activator. The catalytic domain of the protein, the LytM domain,
lacks the required residues for function, which is consistent with the lack of activity of
YgeR on PG in vitro. We showed that YgeR activates the three amidases AmiA, AmiB
and AmiC in vitro, physically interacts with AmiC and is capable to bind PG. In line with
these findings, we found that ectopic expression of ygeR restores cell separation in a
mutant defective for amidase regulators envC and nlpD. The YgeR LytM but not the
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LysM domain modulates amidase activity. Finally, we showed that in vivo YgeR

facilitates cell separation through the activation of AmiC.

Nonetheless, several important questions are still open. We still do not know which
additional role LdtF plays in the bacterial cell and which envelope stress systems control
expression of YgeR whose activity seems specifically required under envelope stress. We
believe that addressing these questions will give a better picture of the essential processes

carried out in the cell envelope of Gram-negative bacteria.

The findings exposed in this thesis emphasise the close relationship between OM and PG
biosynthetic machineries, showing the involvement of protein complexes dedicated to PG
synthesis and degradation in response to disrupted LPS transport to the OM. Overall, the
research discussed in this work unravels mechanism exerted by bacteria to tackle stress,

and likewise unveils potential new targets for antimicrobial drug development.
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