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Zusammenfassung

Fast alle Bakterien besitzen eine Zellwand aus Peptidoglykan (PG), die die zytoplasmatische
Membran umgibt. Wahrend des Zellwachstums und der Zellteilung wird diese konstant
umgebaut. Bei diesen Prozessen werden kleine PG-Fragmente durch die lytische Aktivitat der
beteiligen Enzyme freigesetzt. Diese Abbauprodukte werden meist zurtick ins Innere der Zelle
transportiert und wiederverwendet. Diesen Prozess nennt man PG-Recycling. Die importierten
PG-Fragmente werden dabei durch spezifische Enzyme in ihre einzelnen Zucker- und
Aminoséaurebestandteile aufgespalten, die dann fir die Neusynthese von PG verwendet
werden koénnen. Wahrend die daran beteiligten Prozesse in der Klasse der
Gammaproteobakterien detailliert untersucht wurden, ist bisher kaum bekannt, ob PG-
Recycling in anderen Bakterienklassen existiert und welche physiologischen Rollen dieser
Prozess in anderen Organismen spielt.

In dieser Arbeit wurde PG-Recycling in dem Alphaproteobakterium Caulobacter crescentus
umfassend untersucht. Hierbei konnte gezeigt werden, dass dieser Organismus Enzyme flr
PG-Recycling besitzt, die zuvor in Escherichia coli und Pseudomonas aeruginosa beschrieben
wurden. Durch die Charakterisierung der Aktivitaten bestimmter Schllisselenzyme des
Abbauwegs mittels verschiedener in vivo und in vitro Methoden konnte gezeigt werden, dass
PG-Recycling in C. crescentus funktional und aktiv ist. Der Prozess ist kritisch fir die
Etablierung der Zellform und die korrekte Zellteilung und ist dynamisch reguliert, um den Fluss
an metabolischen Intermediaten in die PG-Biosynthese und den zentralen
Kohlenstoffmetabolismus zu steuern.

Zudem wurde festgestellt, dass Defekte im PG-Recycling die intrinsische Resistenz von C.
crescentus gegen Ampicillin stark beintrdchtigen, ohne dabeidi e Akt i iLdktarhase der b
BlaA zu verandern. Dieser Effekt ist vermutlich darauf zurtckzufiihren, dass sich die
Biosynthese von PG-Vorstufen in der Abwesenheit von PG-Recycling reduziert. Deswegen
dessen verringert sich wahrscheinlich die Aktivitdt der PG-Biosynthesemaschinerie, da
weniger Enzyme mit ihrem Substrat interagieren. Dieser Effekt wird in Anwesenheit von
Ampicillin noch verstarkt, da ungebundene Enzyme mit héherer Wahrscheinlichkeit durch die
Antibiotikamolekille gebunden und inaktiviert werden. Dies zeigt, dass PG-Recycling eine
wichtigere Rolle fiir die zellulare Fitness und das Uberleben von Bakterien spielt als
urspringlich angenommen. Das Inhibieren dieses Prozesses kdnnte dementsprechend eine

vielversprechende St r atlLakiam-eesidtepter Pathogene Baskelemp f ung b



Abstract

Most bacteria possess a peptidoglycan (PG) cell wall surrounding the cytoplasmic membrane,
which is continuously remodeled during cell growth and division. During these processes, small
PG turnover products are released by the activity of lytic enzymes. These are typically imported
into the cell and reused in a process termed PG recycling. For that, a set of recycling specific
enzymes break down the imported PG degradation products into the individual sugar and
amino acid moieties, which then can enter the de novo PG biosynthesis pathway. While the
underlying pathways have been studied intensively in gammaproteobacteria, knowledge of
their presence and physiological roles in other bacterial lineages remains limited.

In this work, we comprehensively investigate PG recycling in the alphaproteobacterial model
organism Caulobacter crescentus. We show that this species produces enzymes for the PG
recycling pathway previously identified in Escherichia coli and Pseudomonas aeruginosa. We
demonstrate the existence of a functional PG recycling pathway in C. crescentus by
characterizing the activities of key enzymes, using a combination of in vitro and in vivo
approaches. Our results reveal that PG recycling is critical for C. crescentus cell morphology
and division and is dynamically regulated to balance the flux of metabolic intermediates toward
PG biosynthesis and central carbon metabolism.

Importantly, defects in PG recycling strongly impair the intrinsic ampicillin resistance of
C.crescentus wi t hout changi ng -ladtamase BlaA| likelytby limibirfg PGt s b
precursor biosynthesis and thereby decreasing the activity of the cell wall biosynthetic
machinery in the presence of residual antibiotic. These findings demonstrate that PG recycling
plays a more critical role in cellular fitness and survival than previously assumed, suggesting
that inhibiting this process could provide apromi si ng st r at elagtam-resstant o mb a't

pathogens.
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1 Introduction

1.1 The bacterial cell envelope

Almost every bacterial cell is surrounded by a cell wall made of peptidoglycan (PG), a large
macromolecule consisting of glycan strands that are crosslinked by short peptides. This
polymeric network surrounds the inner membrane (IM) and forms a single-layer
macromolecule, the so-called PG sacculus (Egan et al., 2020; Vollmer et al., 2008). The PG
is the main cell shape determinant, and even in the absence of all other cellular components
the PG sacculus is enough to maintain the initial shape of a bacterial cell (Blaauwen et al.,
2008; Silhavy et al., 2010). Additionally, it also withstands the internal turgor pressure,
preventing cells from osmotic lysis and acts as a physical barrier against environmental
assaults (Vollmer et al., 2008).

Bacteria can be divided in two major groups, Gram-negative and Gram-positive, based on the
chemical and physical properties of their cell envelope (Gram, 1884). The main differences are
the thickness of the PG layer and the occurrence or absence of an outer membrane (OM)
(Schleifer & Kandler, 1972). Both bacterial groups carry an inner membrane (IM) consisting of
a symmetric phospholipid bilayer (Figure 1). In both Gram-negative and Gram-positive
bacteria, the IM accommodates different membrane-integral and membrane-anchored
proteins that are involved in different processes such as cell growth, cell division and
metabolite transport or connect the PG with the IM. In Gram-negative bacteria the PG lies in
an aqueous compartment called the periplasm (Figure 1A) between the IM and the OM
(Silhavy et al., 2010). In these organisms, the PG usually consists of only one layer, has a
thickness of 317 6 nm (Vollmer & Seligman, 2010). By contrast, the IM of Gram-positive
bacteria is surrounded by a multi-layered PG sacculus (Figure 1B), which can range from 30
T 100 nm in thickness (Vollmer & Seligman, 2010) and is anchored to the IM by lipoteichoic
acids that bind in the outer leaflet of the IM and span through the PG layers (Neuhaus &
Baddiley, 2003). Additionally, the PG accommodates covalently bound wall teichoic acids and
cell surface proteins (Vollmer & Seligman, 2010). While most Gram-positive bacteria only have
the thick PG layer as a protection from the environment, the PG of Gram-negatives is
surrounded by the OM, which is an asymmetric bilayer, with the outer leaflet containing
lipopolysaccharides (LPS) and the inner leaflet being composed of phospholipids (Kamio &
Nikaido, 1976; Snyder & Mclintosh, 2000). LPS consist of Lipid A, a core oligosaccharide and
the O-antigen. They protect the cells from hydrophobic extracellular molecules, are responsible
for the immune response in host cells and are in general crucial for survival of the bacterium
in different environments (Kamio & Nikaido, 1976). The OM harbors various porins,
membrane-integral and membrane-anchored proteins, carrying out different functions such as

the import or export of molecules. The PG is anchored to the inner leaflet of the OM by murein
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(Braundés) | ipoproteins binding to the peptide

between the PG and the OM (Braun & Rehn, 1969).

Gram-negative bacteria Gram-positive bacteria

LPS Teichoic acid
Lipoteichoic acid

! OM protein Porin ! |OM

Figure 1: Cell envelope composition in Gram -negative and Gram -positive bact eria. (A) In Gram-
negative bacteria, the peptidoglycan monolayer lies in the periplasm between the inner membrane (IM)
and the outer membrane (OM). Both membranes accommodate various integral proteins and
transporters and are connected to the PG layer by lipoproteins. The outer leaflet of the OM consists of
lipopolysaccharides (LPS). (B) The cell envelope of Gram-positive bacteria consists of an inner
membrane (IM) and a thick PG layer. Lipoteichoic acids connect the IM to the PG, and teichoic acids
span the PG layer. Additional lipoproteins can interact with the IM and the PG. The IM harbors different
membrane-integral proteins and transporters.

1.1.1 The composition and structure of peptidoglycan

The PG sacculus is an essential component of the bacterial cell and carries out important
functions. It is composed of linear glycan strands that are crosslinked by short peptides
(Glauner et al.,, 1988) (Figure 2). The glycan strands are made of alternating N-
acetylglucosamine (GIcNAc) and N-acetylmuramic acid (MurNAc) moieties that are liked via
b-1,4-glycosidic bonds. Usually, the glycan strands end with a GIcNAc attached to a 1,6-
anhydro-MurNAc (anhMurNAc), which carries an intra-molecular ether-linkage between C1
and C6 (Holtje et al., 1975; Taylor et al., 1975). Each MurNAc unit is linked to a peptide
containing unusual D-amino acids, that is covalently attached to its D-lactoyl group. In most
Gram-negative species, the stem peptide has the conserved sequence L-alanine, D-glutamic
acid, meso-diaminopimelic acid (mDAP), D-alanine and D-alanine (Vollmer & Bertsche, 2008).
However, variations of this peptide exist in other organisms. For example, in Gram-positive
bacteria, the mDAP is often replaced by L-lysin (Schleifer & Kandler, 1972).

The glycan strands are interconnected through crosslinks between peptides. These mostly
occur between the amino group of the mDAP residue of one stem peptide and the carboxyl

group of the D-alanine in the fourth position in the other peptide (4,3-crosslink) (Schleifer &
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Kandler, 1972; Vollmer et al., 2008). The energy for the formation of this crosslink is provided
by the hydrolysis of the peptide bond between the two terminal D-alanine residues. However,
between two mDAP moieties crosslinks can also be formed (3,3-crosslink), using the energy
of hydrolyzing the bond between mDAP and the fourth D-alanine after previous cleavage of
the fifth D-alanine (Aliashkevich & Cava, 2022; Glauner et al., 1988).

GIcNAc MurNAc

anhMurNAc

Figure 2: The structure of peptidoglycan.  Schematic representation of the composition and structure
of PG. Peptides can either be linked through 4,3-crosslinks between the D-alanine in position 4 and the
mMDAP in position 3 or through 3,3-crosslinks formed between two mDAP residues. Hydrolysis of the
terminal D-alanine is used to generate the energy needed for this process. The sugar strands terminate
with an anhMurNAc moiety. GIcNAc: N-acetylglucosamine, MurNAc: N-acetylmuramic acid,
anhMurNAc: anhydro-N-acetylmuramic acid, L-Ala: L-alanine, D-Glu: D-glutamic acid, mDAP: meso-
diaminopimelic acid, D-Ala: D-alanine.

1.1.2 Peptidoglycan biosynthesis and hydrolysis

The synthesis of PG initiates in the cytoplasm by formation of the basic PG building block
Lipid II, which is then incorporated into the PG sacculus in the periplasm (Figure 3) (Barreteau
et al., 2008; Hdltje, 1998). Synthesis starts with the transformation of fructose-6-phosphate
(Fru-6-P) derived from the central carbon metabolism of the organism to glucosamine-6-
phosphate (GIcN-6-P) by GImS (Mengin-Lecreulx & van Heijenoort, 1993). Fru-6-P is
transformed to glucosamine-1-phosphate (GIcN-1-P) by the phosphoglucosamine mutase
GImM. The bifunctional protein GImU then converts GIcN-1-P to GIcNAc-1-P and adds uridine-
diphosphate (UDP) at the position of the phosphate (Badet et al., 1987; Mengin-Lecreulx &
van Heijenoort, 1993; Mengin-Lecreulx & van Heijenoort, 1996). The product UDP-GICNAc is
then transformed to UDP-MurNAc by the UDP-carboxyvinyltransferase MurA and the
reductase MurB (Benson et al., 1993; Marquardt et al., 1992). This is followed by the stepwise
assembly of the peptide stem by the specific amino acid ligases MurC, MurD, MurE and MurF
(Duncan et al., 1990; Liger et al., 1995; Michaud et al., 1990; Pratviel-Sosa et al., 1991). The
uncommon amino acids D-Glu and D-Ala are formed by the racemases Murl and DadX/Alr
respectively (Doublet et al., 1993; Wijsman, 1972; Wild et al., 1985). The resulting UDP-




Introduction

MurNAc-pentapeptide is then attached to the membrane-bound lipid carrier undecaprenol
phosphate by the transferase MraY, leading to the formation of the IM-bound Lipid | (Ikeda et
al., 1991). MurG then catalyzes the addition of a GIcNAc moiety to Lipid I, thereby creating the
PG building block Lipid Il (Mengin-Lecreulx et al., 1991). Lipid Il is subsequently flipped across
the IM into the periplasm by MurJ, where it is incorporated into the already existing glycan
strands (Sham et al., 2014).

Glucosaminidase endo LT exo LT

&
LD-EPase
/LD—CPase\

GTase
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MurJ b MurG ‘MraY IM

Cytoplasm
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Q“- MurD MurE P - ) '\ Fru
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I . D-Glu
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Figure 3: Peptidoglycan biogenesis and hydrolysis. De novo PG synthesis starts with the conversion

of fructose-6-phosphate (Fru-6-P) to glucosamine-6-phsophate (GIcN-6-P). This key metabolite is then
transformed by multiple enzymatic steps into the membrane-attached PG precursor Lipid I, which is
flipped across the inner membrane (IM) to the periplasm and incorporated into the existing PG sacculus
by glycosyltransferases (GTases) and transpeptidases (TPases). To enable PG remodeling, growth and
cell division, the PG network is cleaved by a diverse set of lytic enzymes (orange arrows), such as
glucosaminidases, lytic transglycosylases (LTs), endopeptidases (EPases), amidases and
carboxypeptidases (CPases). The symbols are defined in the legend to the right.
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In the periplasm, Lipid Il is used as a substrate for glycosyltransferases (GTases) to polymerize
the nascent glycan strands by formation of a b-1,4-glycosidic bond between the terminal
MurNAc moiety of the glycan strand and the GIcNAc moiety of Lipid Il. The crosslinks between
the peptide stems of neighboring glycan strands are generated by the activity of
transpeptidases (TPases), thereby establishing the mesh-like architecture of PG (Egan et al.,
2020; Hdltje, 1998). The most abundant TPases are DD-TPases, which hydrolyze the bond
between the C-terminal D-Ala-D-Ala moiety of a pentapeptide and transfer the resulting
tetrapeptide to an adjacent acceptor peptide (Sauvage et al., 2008). This enzyme group is also

known as penicilin-bi ndi ng proteins (PBPs), because-

lactam antibioticsasnon-c ognat e substrates, based o-actamh e

ring to the D-Ala-D-Ala residue of uncrosslinked pentapeptides. These compounds form a
stable complex with the active site serine of PBPs and irreversibly inactivate them, thereby
weaking the cell wall and inducing cell lysis (Cho et al., 2014; Mora-Ochomogo & Lohans,
2021). Bacteria usually contain different classes of PBPs. Bifunctional PBPs (also known as
class A PBPs) carry a TPase and a GTase domain, thus having polymerization and
crosslinking activity. Monofunctional (class B) PBPs, by contrast, contain only the TPase
domain and are usually associated with a cognate GTase (Sauvage et al., 2008; Vollmer &
Bertsche, 2008). Additionally to DD-TPases many bacteria possess LD-TPases, which
catalyze the crosslinking of two mDAP residues using a tetrapeptide as substrate. As their
active site is structurally different from that of DD-T Pa s e s , they cannot

lactam antibiotics (Glauner et al., 1988; Hugonnet et al., 2016).

To enable the incorporation of new cell wall material into the existing sacculus during cell
growth and division, the PG mesh needs to be opened as specific sites. This task is achieved
by a diverse set of lytic enzymes, also called autolysins (Figure 3) (van Heijenoort, 2011;
Volimer & Joris et al., 2008). The glycan strands are cleaved by glucosaminidases and

t hey

mur ami dases. The |l atter group includes Hytic t

glycosidic bond between MurNAc and GIcNAc, leading to the formation of a 1,6-anhydro bond
in the MurNAc moiety (Dik et al., 2017; Vollmer & Joris et al., 2008). Amidases hydrolyze the
bond between the lactyl moiety of MurNAc and the L-Ala, thereby releasing the peptide from
the glycan strands. They play an important role in septum cleavage during cell division (Firczuk
& Bochtler, 2007). The peptide bonds within the peptide as well as the crosslinks between
peptides are cleaved by DD- and LD-endopeptidases (EPases). They are widespread in
bacteria and belong to multiple enzyme families with different specificities regarding their
activity (Vollmer & Joris et al., 2008). EPases are involved in many cellular processes such as
cell elongation and division and often display overlapping and redundant functions. A special

group of EPases are the carboxypeptidase (CPases), which only cleave off the terminal D-Ala

I

stru
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residue. CPase activity is important for regulating the ratio between 4,3- and 3,3-crosslinks in
the PG sacculus, as tetrapeptides cannot be used by DD-TPases, but are substrates for LD-
TPases (Smith et al., 2000; Vollmer & Joris et al., 2008).

1.1.3 Peptidoglycan remodeling during cell growth and elongation

To enable the tight spatio-temporal control of PG synthesis to prevent cell lysis, the synthetic
and lytic enzymes are often part of dynamic multi-protein complexes that include regulatory
factors and cytoskeletal elements (Egan et al., 2020; Typas et al., 2011).

In most rod-shaped bacteria, lateral cell wall elongation is carried out by the elongasome
(Figure 4A). This complex is organized by the actine-like protein MreB which assembles into
short cytoskeletal filaments that form a complex with the regulatory proteins MreC and MreD
(Jones et al., 2001). MreC attaches MreB to the IM while simultaneously recruiting MreD
(Daniel & Errington, 2003; Jones et al., 2001; van den Ent et al., 2006; White et al., 2010). Its
PG biosynthetic activity is mediated by the monofunctional GTase RodA and the
monofunctional TPase PBP2, whose functions are closely coupled (Cho et al., 2016; Meeske
et al., 2016). The interaction of the MreBCD and the periplasmic RodA-PBP2 complex is
mediated by the transmembrane IM protein RodZ which couples the movement of the PG

synthases with MreB (van den Ent et al., 2010).
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Figure 4: The peptidoglycan biosynthetic complexes during cell elongation and cell division. (A)
The essential proteins of the elongasome, such as the PG synthases PBP1A, PBP2 and RodA as well
as a so-far unknown hydrolase (Hyd) are positioned together with multiple regulatory proteins by the
actin-like MreB. (B) The divisome consist of multiple regulatory proteins, PG synthases such as FtsW,
PBP1B and PBP3, and hydrolases, such as amidases (Ami) or lytic transglycosylases (LT). The
positioning is defined by the formation of the FtsZ-ring at midcell. IM: inner membrane, PG:
peptidoglycan, OM: outer membrane. Schematics adapted from Typas et al. (2012) and Egan et al.
(2020).
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Multiple elongasomes are distributed along the longitudinal axis of the cell and move around
its circumference in helical tracks driven by ongoing PG synthesis, thereby incorporating new
PG material in a dispersed manner (Garner et al., 2011; van Teeffelen et al.,, 2011).
Additionally, the class A PBP PBP1A, which is activated by the lipoprotein LpoA directly
interacts with PBP2, which stimulates its own GTase activity as well as the TPase activity of

PBP2, leading to increased incorporation of new cell wall material (Typas et al., 2011).

1.1.4 Peptidoglycan remodeling during cell division

After lateral elongation of the cells by incorporation of new PG material, cell constriction,
division and separation of the new daughter cell poles are carried out by another multi-protein
complex, called the divisome (Figure 4B). It assembles at mid-cell, orchestrated by the tubulin
homolog FtsZ. Upon binding of GTP, FtsZ polymerizes into filaments that form a ring-like
structure defining the site of cell division (Bi & Lutkenhaus, 1991; Bisson-Filho et al., 2017,
Yang et al., 2017). Various mechanisms exist to avoid polymerization of FtsZ rings at off-center
positions. In many bacteria, such as Escherichia coli, the Min system mediates correct FtsZ
positioning through pole-to-pole oscillations of the MIinCD cell division inhibitor complex
establishing high concentrations of MinCD at the poles and low concentrations at midcell (Hale
et al., 2001; Raskin & Boer, 1999). MinCD simulate GTP hydrolysis in FtsZ, which leads to its
depolymerization. In Caulobacter crescentus, by contrast, MipZ (Midcell positioning of FtsZ)
interferes with FtsZ polymerization. It forms a complex with the DNA partitioning protein ParB
near the chromosomal origin of replication and localizes with the duplicated origins to both cell
poles, thereby restricting FtsZ-ring formation to midcell (Thanbichler & Shapiro, 2006).

In E. coli, the recruitment of the divisome components occurs in a sequential and hierarchical
manner, as late-stage divisome proteins require the presence of earlier-recruited ones (Tsang
& Bernhardt, 2015). In most studied bacteria, FtsZ filaments are stabilized through interaction
with the early cell division proteins FtsA, ZapA and ZipA (Chen et al., 2017; Pichoff &
Lutkenhaus, 2005). After that, other structural and regulatory components arrive at the division
site, including the DNA translocase FtsK, the ATP-binding cassette (ABC) transporter FtsEX
and the late-stage cell division protein FtsN, which in turn recruit divisome-specific PG
remodeling enzymes (Aarsman et al.,, 2005; Gueiros-Filho & Losick, 2002; Pichoff &
Lutkenhaus, 2002). PG hydrolysis is carried out by the amidases AmiA and AmiB, which are
tightly controlled by EnvC and AmiC, which is controlled by NIpD (Uehara et al., 2010; Yang
etal., 2011). The major PG synthases of the divisome are the monofunctional DD-TPase PBP3
(also known as Ftsl), which forms a complex with and is regulated by the GTase FtsW and the
bifunctional PBP1B. This complex is recruited and regulated by the FtsQLB complex and FtsN
(Bertsche et al., 2005; Taguchi et al., 2019). PBP1B is additionally regulated by the lipoprotein
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LpoB (Typas et al., 2011), which is anchored to the OM. Regarding the regulation of the
complex, work in E. coli suggests that the FtsBQL complex represses the activity of PG
synthases in the absence of the late-stage protein FtsN (Boes et al., 2019). FtsN is weakly
recruited through interaction with FtsA and then recruits amidases to the septum (Busiek &
Margolin, 2014). EnvC is regulated by the ATPase activity of the FtsEX complex and release
the peptide stems, thereby creating denuded glycan strands at the septum (Yang et al., 2011).
These are efficiently recognized by FtsN, which in turn activates PG synthesis. This creates a
self-reinforcing loop that leads to the accumulation of FtsN at the division site, stimulating PG
synthesis (Du et al., 2016; Pichoff & Lutkenhaus, 2002). Divisome-mediated cell wall hydrolysis
and increased PG synthesis at the septum lead to cell envelope constriction, ultimately

resulting in cell division and the generation of the new daughter cell poles.

1.2 Peptidoglycan recycling

The activity of lytic enzymes in the PG sacculus generates small PG fragments, called
muropeptides. Only a small fraction of these are released into the environment, whereas the
majority is transported back into the cytoplasm, where they are metabolized and reused for
PG synthesis. This process is known as PG recycling and has been studied extensively in
gammaproteobacteria such as E. coli or Pseudomonas aeruginosa (Gilmore & Cava, 2025;
Park & Uehara, 2008).

1.2.1 Import of peptidoglycan turnover products

During one cell division cycle more than 50% of the PG sacculus is broken down (Goodell &
Schwarz, 1985). Most of the turnover products in Gram-negative species are 1,6-anhydro-
muropeptides (Vollmer & Joris et al., 2008). To start their recycling, they first must be imported
into the cytoplasm. In E. coli, this is mainly performed by the major-facilitator superfamily (MFS)
transporter AmpG (Figure 5A), which uses a proton gradient to power the transport (Cheng &
Park, 2002; Jacobs et al., 1994). It specifically recognizes anhydro-muropeptides consisting of
the anhydro-disaccharide and a peptide stem of varying length as well as free anhydro-
disaccharides, while it cannot transport GIcNAc-MurNAc-peptides, suggesting that it
recognizes the anhydro-moiety of the sugar in E. coli (Cheng & Park, 2002; Jacobs et al., 1994;
Lindquist et al., 1993). AmpG shows weaker affinity to anhydro-muropeptides containing a
pentapeptide compared to tetra- and tripeptides (Gilmore & Cava, 2022). Notably, the AmpG
homolog of the Gram-negative pathogen Tannerella forsythia has been shown to also transport
disaccharides lacking the anhydro-ring (Figure 5A), indicating that specificities can vary slightly

among species (Mayer et al., 2020).
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AmpG is widely conserved among Gram-negative bacteria, but there are exceptions found
especially in the Alphaproteobacteria. Recently, it has been shown that Agrobacterium
tumefaciens does not possess a homolog of AmpG, but imports anhydro-muropeptides and
peptides via the ABC transporter YejBEF (Gilmore & Cava, 2022). This transporter interacts
with two substrate-binding proteins: YepA, which binds muropeptides, and YejA, which
interacts with free peptides (Figure 5A) (Gilmore & Cava, 2022; Travin et al., 2023). In contrast
to AmpG, the substrate specificity of YepA is less strict. It recognizes anhydro-muropeptides
as well as GIcNAc-MurNAc-muropeptides and even fragments comprising disaccharide units
and two peptide stems. YeJABEF is widely conserved across proteobacteria, while YepA is
mostly conserved in alphaproteobacteria and widespread in Rhizobiales and Rhodobacterales,
suggesting that it is involved in importing PG recycling fragments in these organisms (Gilmore
& Cava, 2022).
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Figure 5: PG turnover products are imported into the cytoplasm via different IM transporters. (A)
Anhydro-muropeptides are mostly imported via the MSF transporter AmpG, which in some cases is also
able to import GIcNAc-MurNAc. In Rhizobiales, such as A. tumefaciens, anhydro-muropeptides are
imported by the ABC transporter YejBEF using YepA as substrate-binding protein. Interestingly, it can
also recognize free peptides via YejA. (B) Short peptides are recognized and imported by ABC
transporters. (C) Free MurNAc can be imported by the PTS transporter system MurP in E. coli or by the
PTS-independent transporter MurT in T. forsythia. (D) Free GIcNAc can be imported by various PTS or
ABC transporter systems in different organisms. Some of the transporters, such as ManXYZ of E. coli,
have a broader substrate specificity. The symbols are defined in the legend to the right.
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While AmpG specifically imports anhydro-muropeptides, it has been shown that E. coli carries
additional transporters for the import of smaller PG turnover products. The ABC transporter
OppBCDF acts together with a PG-specific substrate binding protein MppA (Figure 5B) in
importing tri- and tetrapeptides resulting from peptidase cleavage activity (Magbool et al.,
2011; Magbool et al., 2012; Park et al., 1998). This transport system is composed of five
separate proteins that are encoded in a single operon. OppB and OppC are two membrane-
spanning proteins, whereas OppD and OppF act as cytoplasmic ATPases and MppA
recognizes the substrates (Hogarth & Higgins, 1983). The production of AmpG or the
Opp/MppA system is regulated differentially according to the availability of specific carbon
sources or the growth phase (Simpson et al., 2023). Opp/MppA is upregulated upon transition
into the stationary growth phase but is inhibited at high oligopeptide concentrations. AmpG and
Opp/MppA seem to facilitate different strategies of PG recycling, with the high affinity of MppA
allowing for the scavenging of peptides from the growth medium, which has not been observed
for AmpG.

A similar transporter has been found in Bacillus subtilis, a Gram-positive bacterium that
generally lacks homologs of AmpG. Here, the transport of PG-derived peptides solely relies
on the ABC transporter DppBCDE (Figure 5B), with DppE being the substrate-binding protein
recognizing short peptides (Hughes et al., 2022).

In addition, to the transporters specific for anhydro-muropeptides and PG-derived peptides,
cells also contain transporters for the single PG sugar moieties. These are often
phosphotransferase (PTS)-type transporters that use phosphoenolpyruvate as a substrate to
import sugars while simultaneous phosphorylating them (Deutscher et al., 2006). In E. coli, the
PTS-type transporter MurP (Figure 5C) has been identified for the transport of MurNAc (Dahl
et al., 2004). The expression of its gene is inhibited by the transcriptional regulator MurR, which
can be sequestered by MurNAc-6-P, allowing upregulation of MurP under conditions of
MurNAc excess (Zhang et al., 2022).

In other organisms, different strategies of MurNAc import have evolved. It has been shown that
MurT in T. forsythia (Figure 5C) is not a PTS transporter but most likely uses acetyl-CoA as a
substrate to acetylate sugars during transport (Ruscitto et al., 2016). This organism cannot

produce its own MurNAc and therefore solely relies on its uptake from the medium.

For GIcNAc translocation, bacteria also possess specific transporters. In E. coli, the PTS
transporter NagE can import GIcNAc (Figure 5D), thereby releasing GIcNAc-6-P into the
cytoplasm (Rogers et al., 1988; White, 1970). Expression of NagE is regulated by the NagC
repressor (Plumbridge, 1991). Additionally, GIcNAc can be imported via the ManXYZ
transporter (Figure 5D), which can also translocate other sugars such as glucosamine (GIcN),

glucose or mannose and is regulated by the NagC homolog Mic (Erni & Zanolari, 1985; Erni
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et al., 1987; Plumbridge, 1998; Saris & Palva, 1987). Other PTS-independent transport
strategies for GIcNAc also exist. For example in Streptomyces olivaceoviridis, which apart from
to the PTS transporters PtsC1 and PtsC2 contains genes for the ABC transporter NgCcEFG
(Figure 5D), regulated by the transcriptional regulator NgcR, which is specific for monomeric

GIcNAc but also imports short sugar chains (Wang et al., 2002; Xiao et al., 2002).

1.2.2 Hydrolysis of the imported anhydro  -muropeptides

After importing the anhydro-muropeptides into the cytoplasm, the sugar moieties have to be
separated from the peptide stem, so that both can be further processed. The first enzymes
acting in PG recycling are the b-N-acetyl-D-glucosaminidase NagZ and the 1,6-anhydro-N-
acetylmuramyl-L-alanine amidase AmpD. Both enzymes act in a non-hierarchical manner,
meaning that the order of their activities is not important (Gilmore & Cava, 2022; Holtje et al.,
1994; Simpson et al., 2021; Simpson et al., 2023; Vétsch & Templin, 2000).

The bond between anhMurNAc and GIcNAc is hydrolyzed by the glucosaminidase NagZ
(Figure 6) (Park & Uehara, 2008). Orthologs of NagZ can also be found in Gram-positive
organisms where it hydrolyzes the glycosidic bond of GIcNAc-MurNAc (Litzinger et al., 2010).
It belongs to the glycoside hydrolase family 3 (GH3), displays a conserved aspartate
nucleophile at the active center and uses a catalytic mechanism involving a covalent glycosyl-
enzyme intermediate during the hydrolysis process (Balcewich et al., 2009).

The PG recycling amidase AmpD releases the peptide chain from the anhMurNAc moiety
(Figure 6). This protein contains an amidase_2 family domain and usually coordinates an
essential Zn?* cofactor in its active center (Généreux et al., 2004; Liepinsh et al., 2003; Uehara
& Park, 2007). AmpD recognizes and binds both the anhydro-MurNAc moiety as well as the
peptide stem in two different proximal cavities (Carrasco-Lépez et al., 2011). To ensure that
only the PG turnover products and not the PG precursor UDP-MurNAc-pentapeptide is
hydrolyzed. AmpD shows strict specificity for anhMurNAc-peptides and therefore only
participates in PG recycling in the cytoplasm (Généreux et al., 2004).

The peptide stems released by AmpD can vary from two to five amino acids in length and can
be reused directly for de novo PG synthesis or further degradation. The only exception are
tetrapeptides, which must be trimmed to tripeptides by LD-CPases. If tetrapeptides are
incorporated into nascent PG monomers and flipped to the periplasm, they can only act as
acceptors, but not as donors in the transpeptidation reaction catalyzed by PBPs, which results

in lower crosslinking and ultimately in cell lysis (Templin et al., 1999).
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Figure 6: Hydrolysis of anhydro -muropeptides in the PG recycling pathway of E. coli. GIcNAc-
anhMurNAc-peptides are imported by AmpG, the peptide stem is cleaved off by the 1,6-anhydro-N-
acetylmuramyl-L-alanine amidase AmpD and the disaccharide hydrolyzed by the b-N-acetyl-D-
glucosaminidase NagZ. The released peptide as well as the free peptides imported by OppBCDF/MppA
are trimmed to tripeptides by the LD-carboxypeptidase LdcA. In E. coli, the tripeptide is then either
directly reattached to UDP-MurNAc by the ligase Mpl or degraded into the single amino acids by MppA,
YcjG and PepD. IM: inner membrane. The symbols are defined in the legend on the right.

Among the LD-CPases a great variety has been observed. In E. coli cleavage of the fourth
alanine is performed by the S66 family peptidase LdcA (Figure 6) (Templin et al., 1999).
Enzymes of this family carry a catalytic triad of serine, histidine and glutamic acid and
specifically hydrolyze the peptide bond between a D- and an L-amino acid (Korza & Bochtler,
2005). Interestingly, many other Gram-negative bacteria do not possess homologs of LdcA but
rather have other not-related LD-CPases. In Acinetobacter baumanii, the trimming of
tetrapeptides is carried out by EIsL, a cysteine peptidase that contains of a YkuD domain, that
typically is found in LD-TPases (Dai et al., 2021; Simpson et al., 2021) but does not possess
a signal peptide and therefore acts in the cytoplasm (Geisinger et al., 2020). In Vibrio cholerae,
LD-CPase activity is carried out by the cytoplasmic M15B family metallopeptidase LdcV
(Hernandez et al., 2020). This variability in LD-CPases suggests that these enzymes evolved

separately.

After trimming of the tetrapeptides to tripeptides, the last step in peptide recycling is the reuse
of the tripeptide. In E. coli, most of the tripeptides are ligated directly to the PG precursor UPD-
MurNAc, catalyzed by the ligase Mpl (Figure 6) (Mengin-Lecreulx et al., 1996). This ligase

shows broad substrate specificity and can ligate peptides ranging from di- to pentapeptides
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with similar efficiency (Hervé et al., 2007). A small fraction of tripeptides in E. coli is degraded
into single amino acids by specialized proteases (Figure 6) that are able to hydrolyze the o-
glutamyl bond between D-glutamic acid and mDAP and can act on the unusual D-amino acids.
As a first step, the bond between D-glutamic acid and mDAP is broken by the a-glutamyl-
mDAP amidase MpaA (Magbool et al., 2012). This enzyme belongs to the M14 family of zinc
metallocarboxypeptidases and shows specificity for tripeptides (Uehara & Park, 2003). The
resulting dipeptide (L-Ala-D-Glu) is then epimerized by the dipeptide epimerase Yc¢jG to L-Ala-
L-Glu, which is then further broken down by less specific peptidases such as PepD (Schmidt
etal., 2001; Uehara & Park, 2008). The genome of E. coli encodes the transcriptional repressor
ParR, which regulates the switch between the direct reuse of the peptide stem and its complete
degradation, depending on nitrogen availability (Shimada et al., 2013). Under nitrogen
starvation, derepression of PgrR-regulated genes such as MpaA and YcjG has been shown,
suggesting that under those conditions the tripeptides are degraded for use as nitrogen source
(Choi et al., 2016).

The peptide ligase Mpl is absent from most Gram-negative and all Gram-positive bacteria,
suggesting that in most organisms there are other non-homologous enzymes or that the
tripeptide is rather broken down completely than reattached to the UDP-MurNAc precursor. In
B. subtilis, a peptide degradation operon has been found containing genes for the NIp/P60
family cysteine peptidase YkfC, which catalyzes the hydrolysis of the tripeptide and for the L-
Ala-D-Glu epimerase YkfB (Gulick et al., 2001; Schmidt et al., 2001).

1.2.3 Metabolism of the peptidoglycan sugars

After hydrolysis of the GIcNAc-anhMurNAc disaccharide by NagZ, the two sugars are recycled
in different ways. In E. coli, GIcNAc is first transformed to GIcNAc-6-P by the N-acetyl-D-
glucosamine kinase NagK and then to GIcN-6-P catalyzed by the N-acetylglucosamine-6-
phosphate deacetylase NagA (Figure 7A) (Uehara & Park, 2004; White & Pasternak, 1967).
As GIcNAc is not a PG-specific sugar, it can now be either reintroduced into de novo PG
synthesis via GImM and GImU to form UDP-GIcNAc or be further degraded to Fru-6-P by the
glucosamine-6-phosphate deaminase NagB and then be used in central carbon metabolism
(Calcagno et al., 1984; Rogers et al., 1988). The anhMurNAc moiety can also be recycled and
reused. To this end, the anhydro-N-acetylmuramic acid kinase AnmK opens the 1,6-anhydro
ring to form MurNAc-6-phosphate (MurNAc-6-P) using ATP to power the reaction (Bacik et al.,
2011; Uehara et al., 2005). In E. coli, this intermediate is then converted to GIcCNAc-6-P by the
N-acetylmuramic acid-6-phosphate etherase MurQ and finally recycled through the GIcNAc
recycling/degradation pathway (Figure 7A) (Jaeger et al., 2005; Uehara et al., 2006).
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Notably, some species of Pseudomonadota, such as P. aeruginosa do not convert MurNAc to
GIcNAc but recycle this sugar through an alternative, independent pathway, the so called MurU
pathway using it to directly to regenerate UDP-MurNAc (Figure 7B). In this case, after
conversion of anhMurNAc to MurNAc-6-P by AnmK, MurNAc-6-P is dephosphorylated to
MurNAc by the phosphoglycolate phosphatase MupP. This intermediate is then
phosphorylated at the C1 position by the N-acetylmuramate/N-acetylglucosamine kinase
AmgK, vyielding MurNAc-1-phosphate (MurNAc-1-P) (Borisova et al., 2017; Fumeaux &
Bernhardt, 2017). At last, MurNAc-1-P is then activated with UTP by the N-acetylmuramate-U-
1-phosphate uridylyltransferase MurU to produce UDP-MurNAc, thereby re-entering de novo
PG biosynthesis. In this way, it bypasses the conversion of UDP-GIcNAc to UDP-MurNAc by
MurA and MurB (Gisin et al., 2013), which results in increased tolerance against the MurA-
inhibiting antibiotic fosfomycin (Fumeaux & Bernhardt, 2017).

A E coli

.@ Central carbon metabolism
De novo PG synthesis
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De novo PG synthesis
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Figure 7: Recycling of the PG sugars released by the glucosaminidase NagZ. (A) In E. coli, GIcNAc
is phosphorylated and deacetylated to glucosamine-6-P (GIcN-6-P). From here, it can be further broken
down and either funneled into central carbon metabolism or de novo synthesis of new PG monomers.
anhMurNAc is ultimately converted to GIcNAc-6-P and then recycled in the same way. (B) In P.
aeruginosa, two parallel sugar recycling pathways exist. anhMurNAc is recycled via the MurU pathway
and thereby converted directly to UDP-MurNAc, while GIcNAc is recycled in the same way as in E. coli
and used in central carbon metabolism or de novo PG synthesis.
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13 PG r ecycl tactgm rasrstdnced

The recycling of PG turnover products is an efficient way to save energy and resources, which
might be particularly relevant during growth in nutrient-limiting conditions (Gilmore & Cava,
2025). Apart from that, some gammaproteobacteria such as Citrobacter freundii and P.
aeruginorsause PG recycling as a sensory meadtaanni sm t c
antibiotics and initiate a resistance response (Dik et al., 2018).

These species possess the inducible chromosomally encoded b-lactamase, AmpC, whose
gene is controlled by the LysR-type transcriptional regulator (LTTR) AmpR. This regulator
responds to changes in PG metabolite levels (Jacobs et al., 1994, Lindquist et al., 1989). The
two genes are adjacent but transcribed divergently, enabling AmpR to bind to the overlapping
promoter region and thereby control the expression of its own gene as well as ampC (Honoré
et al., 1986). AmpR forms a homotetramer and contains a conserved N-terminal DNA-binding
domain with a helix-turn-helix motif and a C-terminal effector-binding domain. Each domain
can bind one effector molecule (Balcewich et al., 2010; Vadlamani et al., 2015). It recognizes
and binds to a 38 bp long region within the ampR-ampC promoter regions (Lindquist et al.,
1989).

I n t he ab-Radamartibiotids, AfmpR is associated with the PG precursor molecule
UDP-MurNAc-pentapeptide through interaction with the D-Ala-D-Ala moiety. In this state, it
acts as a repressor that prevents the expression of ampC (Jacobs et al., 1997; Vadlamani et
al.,, 2015). When <cel |l s ar-actamg thedsemgtiontofdPG netabolism leads to an
increased accumulation of anhydro-muropeptides, thus raising the levels of PG recycling
intermediates in the cytoplasm. Some of these intermediates, especially anhMurNAc-
pentapeptide (Dietz et al.,, 1997; Vadlamani et al., 2015) can competitively displace the
corepressor UDP-MurNAc-pentapeptide from the binding sites of AmpR and interact with the
regulator instead. As a result, AmpR transforms into a transcriptional activator that stimulates
the expression of ampC, t her eby elactam lesistasch (Dietg et &l., 1997; Dik et
al., 2018; Jacobs et al., 1997).

So far, it is not completely understood wh'y t h e pr dastams cesultsdrf thisbstrong
accumulation of recycling metabolites. However, in P. aeruginosa, it has been suggested the
activity of the low-molecular-mass PBP4 is important for that process (Fisher & Mobashery,
2014). PBP4 exhibits both CPase and EPase activity, trimming pentapeptides to tetrapeptides
and hydrolyzing the 4-3-crosslinks in mature PG (Aguilera Rossi et al., 2016; Lee et al., 2015).
Inactivation of this enzyme b y -labtam antibiotics might change the PG turnover balance,
leading to an increased hydrolysis of the sacculus and increased accumulation of
pentapeptide-containing species due to the absence of the CPase activity. This in turn leads

to increased muropeptide levels that cannot be completely processed by the amidase AmpD,

15



Introduction

resulting in the accumulation of anhMurNAc-pentapeptides in the cytoplasm (Jacobs et al.,
1997; Jacobs et al., 1994; Lee et al., 2015; Sanders et al., 1997).

1.4 The model organism Caulobacter crescentus

PG recycling and it s -lactanmrasestance hasrbeeh siudiedrextansivehb | e b
in gammaproteobacteria such as E. coli, P. aeruginosa or C. freundii, but how this process is
conserved in other classes of bacteria and what impact it has on cellular fithess and antibiotic
resistance has only lately been investigated (Gilmore & Cava, 2022; Modi et al., 2025). One
group of bacteria that is of eminent interest are the alphaproteobacteria, which display great
morphological and physiological diversity. The growth modes in this group range from simple
lateral growth resulting in rod shapes, over polar growth as in A. tumefaciens, to budding.
Some of these species are even able to form prosthecae or stalks and undergo complex

lifecycles and asymmetric cell division.

A well-studies model organism of the alphaproteobacteria is Caulobacter crescentus, a
freshwater, free-living organism. It has been first described in 1933 as Caulobacter vibrioides
because of its vibrioid shape and it carries a single stalk at one of the cell poles (Henrici, 1933).
C. crescentus is a strict aerobic and chemoorganotrophic bacterium that it able to use multiple
carbon sources for growth (Poindexter, 1964). Interestingly it displays a complex life cycle,
including two distinct morphological states: a single polarly flagellated swarmer cell and a
sessile stalked cell (Brun & Shimkets, 1999). The stalk is formed by all three layers of the cell
envelope, but its cytoplasm is completely devoid of DNA or ribosomes as it is sealed from the
cytoplasm in the cell body (Stove Poindexter & Cohen-Bazire, 1964). Also, the periplasm of
the stalk is separated from the rest of the cell by the formation of disc-like protein complexes
called crossbands, which create semi-selective diffusion barriers (Schlimpert et al., 2012). The
tip of the stalk carries an adhesive holdfast made of polysaccharides, which allows the

bacterium to attach to surfaces (Poindexter, 1964).

1.4.1 Cell cycle and growth modes of C. crescentus

C. crescentus has been studied extensively over the last years, mostly because of its
interesting dimorphic cell cycle (Curtis & Brun, 2010; Degnen & Newton, 1972; Poindexter,
1964). A newborn swarmer cell is motile due to its single polar flagellum (Figure 8A).
Additionally, the same cell pole harbors type IV pili, which help in the early attachment to cell
surfaces. The swarmer cell is arrested in the presynthetic G1-phase and is unable to initiate
DNA replication or cell division. Contact with a surface alters the rotation of the flagellum and

stimulates the production of holdfast, the shedding of the flagellum and retraction of the pili.
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This allows the cells to progress in their cell cycle and enter S-phase, in which the stalk is
formed at the formerly flagellated pole and DNA replication is initiated. Simultaneously, the cell
body elongates, chromosome replication and segregation initiates and the cell starts to
constrict close to mid-cell (G2-phase). By the time division is almost completed, the daughter
cell opposite the stalk synthesizes a new flagellum and pili. Upon cell division, a new swarmer
cell is released. While the stalked cell can immediately undergo a new round of replication, the
swarmer cell first has to differentiate into a stalked cell before starting replication and division
(Curtis & Brun, 2010).

A ~§/ B

"""""

~~~~

[ lateral elongation @ stalk growth
B medial elongation @ septation

Figure 8: Cell cycle and growth modes of  C. crescentus. (A) In G1-phase, motile swarmer cells of
C. crescentus shed their flagellum, retract their pili and develop into a sessile stalked cell. Stalked cells
enter S-phase, start replication and cell body elongation. In G2-phase, they divide asymmetrically into
a new swarmer and stalked cell. The stalked cell can immediately undergo another round of replication,
while the swarmer cell has to differentiate into a stalked cell first. (B) During its cell cycle, C. crescentus
uses four different growth modes, ranging from lateral and medial elongation to septal elongation and
specific zonal growth at the stalked pole. Each growth mode is depicted in a specific color. Schematics
adapted from Randich & Brun (2015).

During its lifecycle, C. crescentus undergoes at least four different modes of growth (Randich
& Brun, 2015). The swarmer cell incorporates PG in a lateral manner (Figure 8B) in a process
dependent on the actin-like protein MreB and the elongasome (Figge et al., 2004). To establish
the characteristic curved cell shape, C. crescentus relies on a polymer of the intermediate
filament-like protein crescentin (CreS), which accumulates at the inner curve (Ausmees et al.,
2003; Cabeen et al., 2009). Stalk formation is initiated by the localization of MreB to the old
cell pole and the subsequent recruitment of PG synthetic and hydrolytic components of both
the elongasome and divisome complexes (Billini et al., 2019). Medial cell elongation is initiated
in parallel with stalk formation. It has long been believed that this process additionally to FtsZ
also depends on MreB. However, it has been demonstrated that for medial elongation MreB is

not required (van Teeseling, 2021). Upon reaching a certain cell length, the cell starts to
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constrict through the action of the divisome, while continuing lateral cell wall elongation, until
the two daughter cells are fully separated (Goley et al., 2011).

1.4.2 PG biosynthesis and hydrolysisin  C. crescentus

The PG sacculus of C. crescentus shows the same composition as described for other Gram-
negative bacteria, with mDAP as the third amino acid of the peptide stem. Compared to E. coli,
it is enriched in pentapeptides as opposed to tetrapeptides, suggesting low CPase activity
(Markiewicz et al., 1983). It also displays only a low fraction of 3-3-crosslinks, with the
exception of the stalk, where these crosslinks might help in reinforcing this structure (Billini et
al., 2019; Stankeviciute et al., 2019).

C. crescentus possesses a large set of PG-synthesizing and hydrolyzing enzymes. It contains
the essential elongasome- and divisome-specific monofunctional PBPs PBP2 and PBP3
(Costa et al., 2008; Figge et al., 2004). In contrast to E. coli, which only has two bifunctional
class A PBPs, C. crescentus additionally possesses five redundant PBPs (PbplA, PbpC,
PbpX, PbpY and PbpZ) (Strobel et al., 2014; Yakhnina & Gitai, 2013). PbpX is thought to be
the main class A PBP, as its inactivation results in reduced cell wall integrity and increased
sensitivity to cell-wall targeting antibiotics (Yakhnina & Gitai, 2013). But as none of the five
proteins is essential for growth, it is thought that they mainly take part in cell wall maintenance
and repair, most likely during cell division (Strobel et al., 2014). Additionally, the genome of C.
crescentus encodes a single LD-TPase, LdtD (Billini et al., 2019).

C. crescentus also possesses a large set of PG hydrolases including the five LytM-domain
containing EPases LdpA-E, which have redundant functions and play a more general role in
cell wall maintenance ( Zi e | ét @s R0A7). Additionally, it possesses two catalytically
inactive LytM-domain proteins, DipM and LdpF, which are involved in the regulation of other
autolysins during different stages of cell division (Izquierdo-Martinez et al., 2023; Méll et al.,
2010; Z etall 2010k Thieee soluble LTs, SdpA-C, which have partially redundant roles,
are able to hydrolyze the glycan strands and a fourth, called PleA, is required for assembly of
thepili( Zi e |etdELBLE). Additionally, C. crescentus possesses three membrane-bound
LTs, MbtA, MbtB and MtyD, which play only minor roles as deletion of single genes or a
combination of all three does not result in obvious phenotypes ( Zi el i Es.lOalyone2 01 6)
amidase, called AmiC, has been found in the genome of C. crescentus, which is essential and
whose depletion results in chained cells that fail to finish division (Izquierdo-Martinez et al.,
2023; Molletal.,, 201 0 ; Z etall, POEA. ICI@avage of terminal D-Ala moieties is likely
carried out by the single DD-CPase CrbA of C. crescentus (Izquierdo-Martinez et al., 2023;
Molletal.,2 01 0; Zetall 201¥Fs k a
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1.4.3 Cell divisionin C. crescentus

In C. crescentus, cell wall remodeling occurs in a cell cycle-dependent manner conferred by
MreB and FtsZ. Cell elongation is carried out by the MreB-dependent mechanism as described
above (Figge et al., 2004). Cell division relies on FtsZ-based divisome assembly, which is built
in a seven-step process, unlike in E. coli, where the divisome assembles in two steps (Goley
et al., 2011).

After formation of the FtsZ ring at midcell, early division components, including FzlA, ZapA,
FtsE and FzIC, are recruited to midcell to stabilize the FtsZ-ring (Goley et al., 2011). Factors
needed for PG remodeling, such as DipM and MurG, arrive at midcell together with MreB
(Aaron et al., 2007; Goley et al., 2011; Izquierdo-Martinez et al., 2023; Moll et al., 2010)
followed by the recruitment of the membrane-tethering Tol-Pal complex, which ensures the
invagination of the OM (Yeh et al., 2010). It has been suggested that in C. crescentus the Tol-
Pal complex takes over the function of E. coli Lpp in maintaining cell envelope integrity. In
contrast to divisome assembly in E. coli, the FtsZ tether FtsA arrives late to the division site in
C. crescentus, suggesting a dispensable function in membrane tethering (Cameron &
Margolin, 2024; Martin et al., 2004). Concomitant with FtsA, the core divisome components
FtsK, FtsL, FtsN, FtsQ and PBP3 reach the division plane (Goley et al., 2011; Martin et al.,
2004). While in E. coli FtsW is essential for the recruitment of PBP3, in C. crescentus PBP3
arrives at midcell way before FtsW (Modell et al., 2014). Invagination of the cell envelope is
coupled with the recruitment of FtsW, FtsB and especially PBP3, with the arrival of Ftsw and
FtsN switching the divisome from elongation to cell constriction mode (Modell et al., 2011). As
cell invagination progresses, the PG amidase AmiC is recruited to the divisome, helping in
resolving the PG sacculi (Dubey & Priyadarshini, 2018). AmiC recruitment depends on LdpF,
which in turn interacts with FtsX via two coiled-coil domains ( Z i e | et alE2XKL ), while AmiC
activity is only stimulated by DipM (Izquierdo-Martinez et al., 2023; Mol et al., 2010). The last
component to arrive at the division plane during formation of the new poles is the polarity factor
TipN, which is anchored by the Tol-Pal complex and marks the newly formed daughter cell
poles (Huitema et al., 2006; Lam et al., 2006).

1.4.4 b-lactam resistance in C. crescentus

To protect t he nectanh antbisticsangthee envisonmerfi, many bacteria produce
b-lactamases. C. crescentus contains nine open reading frames encoding putative b-
lactamase homologs distributed across the genome (West et al., 2002). One of them was found
to be critical for establishing h i g h  IHlactane tolerémce (Barrett et al., 1982; West et al.,
2002). T hlacemake, called BlaA, belongs to the metallo-b-lactamase subclass B3 family,

whose members bind a metal cofactor, although its general catalytic mechanism is so far only

19



Introduction

partly understood (Bush, 1998; Wang et al., 1999). Metallo-b-lactamases usually show broad
substrate specificity and are often found in members of the environmental microbiota (Bush,
1998; Bush, 1999).

BlaA has been shown to exist as a monomer, unlike for example the metallobZactamase L1
from the pathogen Stenotrophomonas maltophilia, which is only active as a dimer (Kim et al.,
2020). BlaA preferentially acts on penicillins, carbapenems, and narrow-spectrum
cephalosporins, although it generally displays a relatively low affinity towards all of its
substrates (Kp values ranging from 100e M up t o (Bo@duier ethl), 2002). In the
genome, blaA is located within a five-gene operon, which additionally encodes a predicted
transcriptional regulator and three proteins involved in methionine biosynthesis. Interestingly,
blaA is constantly expressed independently of the exposure of cells t o -ladiam antibiotics
(Docquier et al., 2002). This stands in contrast to what has been shown for many other
organisms, such as P. aeruginosa or C. freundii, which only activate the

lactamase genes in the presence of the antibiotics (Dik et al., 2018).

1.5 Aim of the work

Al t hough PG recycling an d-ladtamgesistamae has been studiedt o i nd |
extensively in the gammaproteobacteria, it is not understood if these processes are conserved

in other classes of bacteria and what impact they might have on the general growth and

antibiotic resistance. Therefore, we set out to analyze the process of PG recycling in the
alphaproteobacterium C. crescentus. We aim to identify the complete PG recycling pathway in

this organism and study its relevance for cellular fitness and growth. Furthermore, as this
bacterium displays n at dactan antibi@icsi deet ta nhe eonstalgta i n st
expressi on Hattamase BlaApnveejaimrto infrestigate if PG recycling also has an

impact on b-lactam resistance in this organism. By increasing our understanding of PG

recycling and its connection to antibiotic resistance in the class of alphaproteobacteria, we

hope to gain new insights that lead to new strategies in antibacterial therapies.
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2 Results

2.1 The genome of C. crescentus encodes a full PG recycling pathway

The recycling of PG degradation products by a specialized set of cytoplasmic enzymes is well-
studied in gammaproteobacteria and has been studied to a large extent in organisms such as
E. coli or P. aeruginosa (Goodell & Higgins, 1987; Park & Uehara, 2008; Uehara & Park, 2008).
Although initial studies have shown that PG recycling is conserved in other classes of bacteria
(Gilmore & Cava, 2025; Modi et al.,, 2025), the whole pathway remains incompletely
understood in these organisms. Therefore, we focused on C. crescentus as a model system
to investigate PG recycling in alphaproteobacteria.

We started the analysis of PG recycling in C. crescentus by mining the genome of this species
for homologs of proteins that are central to the well-studied PG recycling pathway of E. coli.
Reciprocal BLAST analysis revealed that counterparts of the muropeptide permease AmpG
as well as homologs of most enzymes involved in processing the imported anhydro-
muropeptides and the transformation of the sugar moieties into new PG building blocks are
conserved (Table 1). No homologs were found for the LD-CPase LdcA, which trims the
tetrapeptides to tripeptides and the peptide ligase Mpl, which attaches the tripeptides directly
to UDP-MurNAc (Mengin-Lecreulx et al., 1996; Templin et al., 1999). Additionally, a gene for
MurQ, another key enzyme of the recycling pathway of E. coli, is missing in the genome of C.
crescentus. The etherase MurQ is critical for recycling of the anhMurNAc moiety by converting
MurNAc-6-P to GIcNAc-6-P, thereby enabling the recycling through the GIcNAc
recycling/degradation pathway (Jaeger et al., 2005; Uehara et al., 2006). Instead, we identified
the three-step MurU pathway for the recycling of anhMurNAc originally found in P. aeruginosa
(Borisova et al., 2014; Fumeaux & Bernhardt, 2017; Gisin et al., 2013). Here, the MurNAc is
left intact and is directly used to regenerate UDP-MurNAc, suggesting that the two sugar
moieties of the anhydro-muropeptides are recycled independently in C. crescentus.
Generally, the identified protein homologs were well-conserved at the sequence level (Table
1) and showed the same domain architecture as their E. coli or P. aeruginosa counterparts
(Supplementary Figure 1). The only exception is the C. crescentus homolog of AmpD, which
carries additionally to the amidase_2 domain a C-terminal PG_binding 1 domain, which is not
presentinthe E.colipr ot ei n. Due to this difference,

(Amidase for PG Recycling) throughout the study.
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Table 1: List of PG recycling enzymes found in ~ E. coli and P. aeruginosa and the corresponding
homologs of C. crescentus identified by reciprocal BLAST analysis.

Protein Homolog(s) Sequence E value | Function

E. coli ¥ C. crescentus | \dentity (%)

AmpG CCNA 00136 | 404 3E-40 Muropeptide permease

NagE CCNA 00572 | 45.0 2E-131 | N-acetylglucosamine-specific

CCNA 00458 | 45.0 3E-131 | IIBC component (PTS system)

LdcA - - - LD-Carboxypeptidase

AmpD CCNA 02650 | 335 5E-20 1,6-anhydro-N-acetylmuramyl-
L-alanine amidase

NagZ CCNA 02085 | 34.7 6E-44 b-N-acetyl-D-glucosaminidase

NagK CCNA_ 03849 |41.1 2E-66 N-acetyl-D-glucosamine
kinase

AnmK CCNA 01945 | 34.6 2E-49 anhydro-N-acetylmuramic acid
kinase

MurQ - - - N-acetylmuramic acid-6-
phosphate etherase

NagA CCNA 00568 | 36.3 6E-76 N-acetylglucosamine-6-

CCNA 00452 | 395 1E-84 phosphate deacetylase

GImM CCNA 00116 |51.5 4E-153 | Phosphoglucosamine mutase

GlmuU CCNA 02389 |40.4 2E-97 UDP-N-acetylglucosamine
pyrophosphorylase

P. aeruginosa ? | C. crescentus

MupP CCNA 02390 | 32.6 3E-27 Phosphoglycolate
phosphatase

AmgK CCNA _03649 | 30.1 1E-32 N-acetylmuramate/N-
acetylglucosamine kinase

MurU CCNA _03650 | 36.6 4E-26 N-acetylmuramate-U-1-
phosphate uridylyltransferase

D strain E. coli K-12 substr. MG1655 (Genbank accession code: U00096.3)
2 strain P. aeruginosa PAO1 (Genbank accession code: AE004091.2)

2.2 The correct metabolism of anhydro -muropeptides i s important for C.

crescentus ¢ rowth

2.2.1 Predicted key players in the PG recycling pathway are functional ly active

To prove that C. crescentus can recycle PG degradation products, we aimed to verify the
activity of the first two enzymes involved in the recycling pathway, AmiR and NagZ. They
mediate the release of the peptide stem and the GICNAc sugar moiety respectively. To do so,
pentapeptide-rich PG sacculi were isolated from a CPase-deficient E. coli strain and treated
with the LT Slt from E. coli (Betzner & Keck, 1989) to release various anhydro-muropeptide
species (Figure 9A). These were incubated with purified AmiR or a catalytically inactive variant
of the protein (AmiR*), in which three conserved amino acids known to be important for the
coordination of the essential Zn* cofactor in other AmpD-like amidases (Généreux et al., 2004;

Liepinsh et al., 2003; Uehara & Park, 2007) were replaced by alanine (Supplementary Figure
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2A). After incubation, the different anhydro-muropeptide species were separated by HPLC and
identified by their known retention times (Glauner et al., 1988). This analysis revealed that
AmiR was able to remove the peptide stems from all detectable anhydro-muropeptides,
regardless of the length of the peptide stem or the degree of crosslinking of the peptides
(Figure 9B). By contrast, no amidase activity was observed for the catalytically inactive mutant

AmiR*, demonstrating how important the coordination of the metal cofactor is for the activity of

the protein.
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Figure 9: The homolog of the PG recycling amidase AmiR of C. crescentus is functional and
shows broad substrate specific ity. (A) Overview of the PG digestion assay used to assess the
hydrolytic activity of AmiR. (B) HPLC chromatograms displaying the products generated upon incubation
of anhydro-muropeptides from LT-treated PG sacculi without added proteins (Buffer), with AmiR or with
a catalytically inactive AmiR variant (AmiR*). The identities of anhydro-muropeptides were determined
based on their known retention times (Glauner et al., 1988). The AmIR reaction product GIcNAc-1,6-
anhMurNAc was identified by mass spectrometry (Supplementary Figure 5A). (C) HPLC chromatograms
showing the products generated upon incubation of anhydro-muropeptides from LT-treated PG sacculi
for 16 h without added proteins (Buffer) or with the indicated concentrations of AmiR. Reaction products
were identified based on their known retention times (Glauner et al., 1988).
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To test whether AmiR showed preference for specific anhydro-muropeptides, despite its broad
substrate specificity, the assay was repeated using limiting enzyme concentrations. The results
showed that AmiR was very efficient in releasing tetrapeptides already at low enzyme
concentrations, while other anhydro-muropeptides containing tri- and pentapeptides were
cleaved less efficiently (Figure 9C).

AmpD of E. coli was shown to only hydrolyze substrates containing the anhydro-MurNAc
moiety (Holtje et al., 1994). To test whether the same was true for the C. crescentus homolog,
AmiR was incubated with muropeptides produced by digestion of PG sacculi with the
muramidase cellosyl, resulting in reducing MurNAc instead of anhMurNAc moieties
(Supplementary Figure 2C). AmiR was able to release peptide stems of various length and
degree of crosslinking from muropeptides lacking the anhydro-ring but again showed a
preference for tetrapeptides rather than tri- and pentapeptides (Supplementary Figure 2D and
E). By contrast, no activity of AmiR was observed with undigested PG sacculi (Supplementary
Figure 3A and B), consistent with an exclusive localization of AmiR in the cytoplasm of C.
crescentus (Supplementary Figure 3C). These observations confirm the role of the protein in

the recycling of PG fragments.

Next, we used the same approach to assess the biochemical activity of NagZ of C. crescentus.
For this, anhydro-muropeptides were incubated with purified NagZ or a catalytically inactive
variant (NagZ*) in which an essential aspartic acid residue at the catalytic site (Bacik et al.,
2012) was replaced by alanine (Figure 10A, Supplementary Figure 4A). NagZ was able to
remove the GIcNAc moiety from any type of anhydro-muropeptide detected, irrespective of its
complexity (Figure 10B). In contrast, NagZ* did not show any activity, confirming the active site
amino acid. Like AmiR, NagZ was also able to release the GIcNAc sugar from reduced
muropeptides resulting from incubation of PG sacculi with the muramidase cellosyl
(Supplementary Figure 4B and C). Taken together, NagZ acts as an N-acetyl-b-D-
glucosaminidase with broad substrate specificity, demonstrating that together with AmiR both

enzymes perform the two initial key steps of PG recycling in C. crescentus.

It was stated before that the amidase activity of AmpD and the glucosaminidase activity of
NagZ do not act in a linear fashion but are interchangeable. To test if AmiR of C. crescentus
is also able to release the peptide stem from anhMurNAc-peptides lacking the GIcCNAc moiety,
we incubated the proteins with purified GIcNAc-anhMurNAc-tetrapeptide. First, we analyzed
the activity of AmiR and NagZ on the purified substrate separately. Incubation of AmiR with
the GIcNAc-anhMurNAc-tetrapeptide, led to the release of GIcNAc-anhMurNAc and the
tetrapeptide (Supplementary Figure 6A), which was not observed when the substrate was
incubated with inactive AmiR*. NagZ, was able to hydrolyze the glycosidic bond between the

sugar moieties (Supplementary Figure 6B). NagZ* did also show minor catalytic activity after
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incubation for 16 h, suggesting low residual activity. To assess the question if AmiR was able
to hydrolyze the peptide stem in the absence of GIcNAc, we first incubated the substrate with
NagZ and thereafter added AmiR or AmiR*. NagZ efficiently removed all GIcNAc sugars and
subsequent addition of AmiR, but not AmiR*, led to the release of the peptide stem with both
anhMurNAc and the tetrapeptide detectable by MS (Supplementary Figure 6C and D). These
findings prove that the reactions catalyzed by AmiR and NagZ do not necessarily follow a linear

order but are interchangeable
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Figure 10: The recycling -specific glucosaminidase NagZ of  C. crescentus is active against
various anhydro -muropeptides. (A) Overview of the PG digestion assay used to assess the hydrolytic
activity of NagZ. (B) HPLC chromatograms displaying the products generated upon incubation of
anhydro-muropeptides from LT-treated PG sacculi without added proteins (Buffer), with NagZ or with a
catalytically inactive NagZ variant (NagZ*). The identities of anhMurNAc-peptides were determined
based on their known retention times (Glauner et al., 1988). The NagZ reaction products were identified
by mass spectrometry (Supplementary Figure 5B).

For PG recycling to occur, the PG turnover products must be imported into the cytoplasm. In
E. coli, this is achieved by various transporters with different substrate specificities (Gilmore &
Cava, 2025), however, only the muropeptide permease AmpG recognizes muropeptides
containing a GIcNAc-anhMurNAc unit resulting from the activity of LTs (Chang et al., 2025;
Cheng & Park, 2002; Jacobs et al., 1994). To clarify if the AmpG homolog of C. crescentus
has a similar role, we used a metabolomics approach to detect cytoplasmic anhydro-
muropeptides by using the NagZ cleavage products anhMurNAc-pentapeptide, -tetrapeptide
and -tripeptide as a proxy (Figure 11A). In the C. crescentus wild type, the levels of these PG
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degradation products were barely detectable, indicating that they are rapidly processed into

smaller units. Consistent with this notion, and in line with previous results (Jacobs et al., 1994;

Simpson et al., 2023), a strong accumul at i amR celis ackioghttee r v e d
amidase needed for removal of the peptide stems (Figure 11B). Deletion ofampGi n tamiB @
background resulted again in levels of the three anhydro-muropeptide species close to the

detection limit because no import of muropeptides is possible upon deletion of ampG. These

results confirm that AmpG functions as the main importer of LT-generated degradation

products in C. crescentus.
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Figure 11: Metabolomic analysis reveals aberrant levels of PG recycling intermediates in
recycling -deficient strains.  (A) Overview of the analysis pipeline used to identify cytoplasmic PG
recycling products. (B) Relative levels of the indicated anhMurNAc-peptide species in the cytoplasm of
C.crescentuswi | d &mip(eR R @B 3 )amiommp@(PR221) strains, measured by metabolomic
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The analysis of cytoplasmic PG recycling intermediates also enabled us to obtain further
insights into the nature and relevance of the reactions catalyzed by AmiR and NagZ. In line
with the results of the in vitro PG degradation assay (compare Figure 10B), the accumulation
of anhMurNAc-peptide species in the absence of AmiR demonstrated that NagZ is able to
hydrolyze the glycosidic bond of the GlcNAc-anhMurNAc unit while the peptide stem is still
attached (Figure 11B). This also indicates that the reaction catalyzed by AmiR is critical for the
downstream reactions to occur. To understand if the reaction of NagZ is necessary for the
disaccharide to be processed downstream, we assessed the levels of free GIcNAc-anhMurNAc
in different mutant backgrounds. Metabolomics analysis revealed that GIcNAc-anhMurNAc

was barely detectable inthewild-t ype strain. Al so, no enmampShment v
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a n damiR strains, whereas the disaccharides highly accumulated in a strain lacking NagZ
(Figure 11C). Hence, the two sugars must be separated before further recycling can proceed.

Taken together, our analyses verified that C. crescentus possesses the enzymes needed for
the import of anhydro-muropeptides and degradation into the single sugar and peptide
moieties. Additionally, they indicate that AmiR and NagZ display broad substrate specificity,
demonstrating that the initial steps of PG recycling do not occur in a strictly linear fashion.

2.2.2 PG recycling is necessary for proper cell division and b-lactam resistance in C.

crescentus

Although a significant fraction of the PG sacculus is turned over and recycled during each cell
cycle, the model species E. coli and P. aeruginosa do not display obvious morphological
defects upon disruption of PG recycling under standard lab conditions (Gilmore & Cava, 2025).
The only exception was observed for E. coli cells lacking the LD-CPase LdcA, as this defect
leads to the reattachment of tetrapeptides rather than tripeptides to UDP-MurNAc, thereby
blocking the attachment of the terminal D-Ala-D-Ala unit, which ultimately results in reduced
PG cross-linkage and cell lysis in the stationary growth phase (Templin et al., 1999). To
determine the relevance of PG recycling in C. crescentus, we examined the morphology of
gampG, ampR a n dnagp cells growing in rich medium (PYE) by light microscopy. Deletion
of these genes caused significant cell filamentation, with the defects becoming more
pronounced upon transition from the exponential to the stationary growth phase (Figure 12A
and B). The mutant cells also appeared wider than the wild type, although we could not
precisely quantify this defect with our methods. These phenotypes were reversed by ectopic
expression of the genes under the control of a xylose-inducible promoter, even under non-
inducing conditions (Supplementary Figure 7A and B), suggesting that low levels of the
proteins are enough for correct function. The same phenotypes were also observed for the
strains in which amiR and nagZ were replaced with alleles encoding for the catalytically inactive
mutants AmiR* and NagZ*, verifying that the observed morphological defects were due to the
absence of enzymatic activity (Supplementary Figure 8A and B). These findings indicate that
active PG recycling is critical for cell division and, to some extent, also lateral growth in C.
crescentus. Notably, the lack of both, AmpG and AmiR, which prevents the import of turnover
products or the release of the peptide, respectively, caused a more severe phenotype than the
deletion of nagZ, which blocks the release of GIcNAc from the disaccharide moiety. This
indicates that the supply of amino acids rather than sugars appears to be the major limiting

factor for PG biosynthesis.
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C. crescentus . (A) Phase contrast images of C. crescentus wild-t y p eampGg PR2 0 ajpiR o
( PRO 3 3)nagZ1iPiR188) cells imaged in the exponential and stationary growth phase. Scale bar: 5

pm. (B) Superplots showing the distribution of cell lengths in populations of C. crescentus wild-type,
qampG( PR2 0d@miR( PR 0 3 3 ) nagZ (P&R188) cells in the exponential (exp) and stationary (stat)
growth phase. Small dots represent the data of three independent replicates (shown in light blue, teal

and dark grey; n=100 cells per replicate). Large dots represent the mean values of the three datasets,

with their average indicated by a red horizontal line. The statistical significance (p-value) of differences
between conditions was assessed usingatwo-s i d e d Wteest.atindlisates p-values > 0.1. (C) Spot
dilution assays investigating the growth of wild-t y p ampG¢@ P R 2 0 @miR ( Fpr 0 3 BapZ (PRp88)

a n dblagp(CS606) cells on agar plates with different concentrations of ampicillin.

Apart from promoting growth, PG recycling was found to critically contribute to the regulation

o f -ladtam resistance in various gammaproteobacteria such as C. freundii and P. aeruginosa.

These species use the ratio of the levels of UDP-MurNAc-pentapeptide versus anhMurNAc-
pentapeptide as a r e ad o u-actame and regulatethetpioductignrofe s e n c e
t h elactamase AmpC (Dietz et al., 1997; Dik et al., 2018; Jacobs et al., 1997). Previous work

al so has suggested a | i nk-lachamtresigaaae inECcrescenuy cl i ng
(Modi et al., 2025), which constantly produces a metallo-b-lactamase (BlaA) conferring intrinsic

high-l ev el resi st ance t dactanaptibiaticsl(Docquier et al.d20@2tWestr b

et al., 2002). To further understand the underlying mechanism, we analyzed the ability of the

gampG, ampR a n dnagi mutants of C. crescentus to grow on nutrient-rich (PYE) plates at

different concentrations of ampicillin (Figure 12C). Wild-type cells were able to tolerate high

levels of ampicillin up to 50 pg/mL without any obvious defects on cell fithess, while deletion

of blaA completely abolished the resistance and cells already stopped growing at the lowest
concentration (10 pg/mL) tested. All three PG mutant strains showed a significant reduction in
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ampicillin resistance. The strongest effects am®&rcels, whoseer ved
sensitivity appr blaccdle (Figutel2Ct) . o fSutr lpe | gip6G gtlaig , t he
showed the least pronounced resistance phenotype, although it displayed the strongest cell

filamentation phenotype (Figure 12A and B), i ndi cat i-lagamtekistancet he d e
and cell morphology are not necessarily connected. The mutant phenotypes were largely

reversed by ectopic expression of the deleted genes from an inducible promoter, even when

cells were analyzed in the absence of the inducer (Supplementary Figure 7C), thereby verifying

the validity of the deletion analysis.

Together, these findings show that PG -lagamycl i ng

resistance in C. crescentus.

As the observed morphological defects became especially pronounced in stationary growth
phase, in which nutrients are most likely limited, we further investigated the effect of nutrient
availability on the phenotypes of the different mutant strains. Therefore, we also analyzed

growth to stationary phase in minimal medium (M2G).
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Figure 13: Behavior of different C. crescentus mutants in minimal medium. (A) Phase contrast
images of C. crescentus wild-type, gampG ( PR 2 0 ZmiR ( IR 0 3 3 ) nagZr(RR18§) cells grown
in minimal (M2G) medium and harvested in the stationary growth phase. (B) Superplots showing the
distribution of cell lengths of wild-type, qampG ( PR 2 0 aniR ( BRpR 0 3 3 ) nagZn(lR18®) cells
grown in rich medium (PYE) or in minimal medium (M2G). Data (n=100 cells per replicate) are presented
as described for Figure 12B. The statistical significance (p-value) of differences between conditions was
assessed usingatwo-s i d ed Weest.ndhiddeates p-values > 0.1. The distributions of cell lengths
in rich medium are taken from Figure 12B and shown as a reference. (C) Spot dilution assays
investigating the growth of wild-type, qgampG ( PR 2 0 @amiR ( RpR 0 3 8ggZ (PR@88) a n dblaf
(CS606) cells on M2G minimal agar plates with different concentrations of ampicillin.
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Surprisingly, none of the mutants showed obvious morphological defects (Figure 13A and B),
suggesting that PG recycling might be less important in these conditions. Interestingly, while
growth in M2G largely abolished the cell filamentation phenotype of PG recycling-deficient
cells, it even aggravated their ampicillin sensitivity (Figure 13C). Under these conditions, wild-
type cells also became more sensitive to the antibiotic, indicating that ampicillin efficacy is
influenced by the metabolic state of the cells or the composition of the culture medium.
Additionally, we could visually observe a gener al g r o wamhR als,fwihc t for
smaller colonies compared to the wild type and other mutants, indicating that blocking PG

recycling at this step has a negative effect on the growth of the cells under these conditions.

2.2.3 Excess sugars can rescue the cell filamentation phenotype of PG recycling

mutants

Growing the PG recycling-deficient mutants in M2G minimal medium resulted in a loss of the
cell filamentation phenotype, which may have two reasons. The reduced growth rate could
enable the cells to compensate for the lack of PG recycling as they have more time to
synthesize new cell wall material. Alternatively, the high concentration of glucose as sole
carbon source in the M2G medium compared to PYE rich medium might help the cells to
overcome the defects in PG recycling. To test these hypotheses, the C. crescentus wild type
and tamiR mu@ant were grown to stationary phase in PYE medium supplemented with 0.3
% [w/v] of xylose, glucose, arabinose or sucrose, and cell morphology was analyzed by light
microscopy. The | e angR dells waref sigrgficantly reduced, while the wild type was
unaffected by the addition of sugars (Figure 14A and B), suggesting that the loss of the

phenotype in M2G is a result of increased carbon availability in the growth medium.

We also wondered if the addition of sugars has an influence on the ability of the cells to tolerate
ampicillin. To test this possibility, we performed spot dilution assays on plates containing
different concentrations of ampicillin supplemented with the above tested sugars. Colonies of
wild-type cells showed a shinier surface when grown on the different sugars, most likely due
to an increase in exopolysaccharide production, but the general growth behavior on ampicillin
was unaffected (Supplementary Figure 9). Similarly, blgA cells did not show any major
changes in ampicillin sensitivity when grown in the presence of the sugars, although growth
appeared to be improved under these conditions (Supplementary Figure 9) . FamiR celis,
we observed strong differences between the tested sugars. While the addition of the hexose
sugars glucose and sucrose did not change their ampicillin sensitivity, the cells were able to
tolerate higher concentrations of ampicillin when the medium was supplemented with the
pentose sugars xylose or arabinose (Figure 14C), indicating that differences in the metabolism

of the added sugars lead to distinct behaviors.
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Figure 14: Excess sugars can revert the amRImataneceltsa(A) on pher
Phase contrast images of C. crescentus wild-t y p e a@amRd(PR§33) cells grown to stationary phase

in PYE supplemented with 0.3 % [w/v] xylose, glucose, arabinose or sucrose. Scale bar: 5 um. (B)

Superplots showing the distribution of cell lengths in populations of C. crescentus wild-t y p e amRd o

(PRO0O33) grown to stationary phase in PYE supplemented with 0.3 % [w/v] xylose (Xyl), glucose (Glc),

arabinose (Ara) or sucrose (Suc). Data (n=100 cells per replicate) are presented as described for Figure

12B. The statistical significance (p-value) of differences between conditions was assessed using a two-

si ded Weektcnb iddicates p-values > 0.1. (C) Spot dilution assays investigating the growth of

gpaniR (PRO33) cells on agar plates with different concentrations of ampicillin and supplemented with

0.3 % [w/v] xylose, glucose, arabinose or sucrose.

2.2.4 A transporter and transcriptional regulator in the amiR operon are dispensable

for PG recycling and its regulation

Inspecting the genomic context of PG recycling genes, we found that amiR is located in a
three-gene operon that also includes genes for a predicted drug/metabolite transporter (named
TraX) and a PaiB-family transcriptional regulator (named RegX), suggesting that these
proteins could be involved in PG recycling or its regulation (Figure 15A).
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average difference in the peptide counts for the two different conditions (n=3 independent replicates).
The y-axis shows the -logio of the corresponding p-value. Proteins with a fold change greater than 1 are
highlighted in color and numbered. Details on these proteins are given in Supplementary Table 1.
Proteins involved in PG recycling are indicated in magenta. (D)P h a s e
a n dregdp (PR154) cells, harvested in the exponential or stationary growth phase. Scale bar: 5 um. (E)
Superplots showing the distribution of cell lengths in populations of C. crescentus wild-t y p draXx
( PR15 3) regX {RiR154) cells in the exponential (exp) and stationary (stat) growth phases. Data
(n=100 cells per replicate) are presented as described for Figure 12B. The statistical significance (p-
value) of differences between conditions was assessed usingatwo-s i d e d West.adiridisates p-
values > 0.1. (F) Serial dilution spot assays investigating the growth of C. crescentus wild-t y p ¢&aX
(PR153pX ( R 15 4) blaAn(@S606) cells on agar plates in the absence or presence of
ampicillin.

32

cont r asaX (ARMDA)g e s

of

P



Results

To test if the transporter encoded upstream of amiR is also used for the import of anhydro-
muropeptides for recycling, we again used a metabolomics approach to detect cytoplasmic
anhydro-muropeptides. No accumulation of anhMurNAc-pentapeptide, - tetrapeptide or -
tripeptide was observed in wild-type cells, while these species were strongly enriched in the
gamiR strain (Figure 15B). Additional deletion of traXi n tamiR bagkground did not lead to
reduced accumulation (Figure 15B), as it was observed for the gamiR qampG double mutant.
These findings underscore the dominant role of the permease AmpG for anhydro-muropeptide
import and hint toward the involvement of TraX in the transport of other metabolites.

To understand the role of the transcriptional regulator RegX, total proteome analysis was
perfor med, cregXstrain tb thegC. @esagntus wild type. In the absence of RegX,
several proteins were up- and downregulated (Figure 15C, Supplementary Table 1). However,
none of the PG recycling proteins were among these, indicating that RegX is neither involved

in the regulation of the operon in which it is encoded nor in general PG recycling.

In line with these observations, we also did not observe any obvious defects in cell morphology
and di vi sitmXamndregip celishnot@ven in the stationary growth phase (Figure
15D and E). The same was true for gnagZ cells, which did not display morphological defects,
but a severe defect in ampicillin resistance even at low concentrations, indicating that the
d e f e c tlactam rasistance and cell morphology are not necessarily connected. Therefore,
we tested the deletion mutants for loss of ampicillin resistance. Even at high concentrations of
ampicillin (50 pg/mL), b ot kraX @ n drege cells showed growth similar to the wild type
(Figure 15F), suggesting that neither of the proteins is involved in PG recycling. Analyzing the
conservation of the operon, we also found that this three-gene operon was only present in
different Caulobacter species, and even in close relatives such as Brevundimonas or
Phenylobacterium species the genomic context around the homologs amiR from C. crescentus

varies strongly (Supplementary Figure 10).

2.2.5 The amidase AmiR of C. crescentus carries an additional PG -binding domain

While most of the PG recycling protein homologs from E. coli and P. aeruginosa found in C.
crescentus are well-conserved in their domain architecture, C. crescentus AmiR carries C-
terminal PG_binding 1 domain fused to the characteristic amidase_2 domain (Supplementary
Figure 1). We were wondering if this PG-binding domain was necessary for proper protein
function and therefore constructed a strain, in which the PG-binding domain of AmiR was
removed, while the catalytic domain was retained (AmiRyr 3. Removal of only the PG-binding
domain produced the same phenotype as the deletion of the entire amiR gene, yielding
filamentous cells (Figure 16A and B). However, Immunoblot analysis of a variant producing a

FLAG-tagged version (AmiRgpr sFLAG) demonstrated that the protein lacking the PG-binding
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domain was unstable and completely degraded (Figure 16C) (Kraft, Bachelor Thesis, 2025).
Additionally, we expressed the E. coli homolog ampD under a xylose-inducible promoter in C.
crescentus gamiR cells and analyzed the resulting phenotype. AmpD was able to complement
the loss of AmiR even under non-inducing conditions and cells displayed wild-type
morphologies (Figure 16D and E), suggesting that the E. coli homolog, although lacking a PG-

binding domain, can take over the function of AmiR in C. crescentus.
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Figure 16: AmiR lacking its PG -binding domain is not stable.  (A) Phase contrast images of C.
crescentus gamiR (PR033) and amiRyp eflag (MK004) cells harvested in the exponential growth phase.
(B) Superplots showing the distribution of cell lengths of wild-t y p emiR @R033) and amiRgr &flag
(MKO004) cells grown to exponential phase. Data (n=100 cells per replicate) are presented as described
for Figure 12B. The statistical significance (p-value) of differences between conditions was assessed
usingatwo-s i d ed Weebkt.ondibdicates p-values > 0.1. (C) Immunoblot analysis of AmiR-FLAG
(28.5 kDa) and AmiRgppr eFLAG (22.2 kDa). Anti-FLAG antibodies were used for protein detection. Bands
representing the protein of interest are indicated with an asterisk. (D) Phase contrast images of C.
crescentus gamiR ampDe.coi (PR195) cells uninduced or after induction with 0.3 % [w/v] xylose for 3 h.
(E) Superplots showing the distribution of cell lengths of wild-t y p amiR (R033) and gamiR ampDe coli
(PR195) before (-) and after (+) induction with xylose. Data (n=100 cells per replicate) are presented as
described for Figure 12B. The statistical significance (p-value) of differences between conditions was
assessedusingatwo-s i d ed Weestndiddeates p-values >0.1.

As deletion of the whole PG-binding domain rendered the protein completely unstable, we
intended to assess the importance of the domain for protein function by only mutating a set of
amino acids that were predicted to be important for function. PG-binding_1 domains are found

in PG-related enzymes in various species. In Gram-positive bacteria, two putative binding
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motifs were identified. These are supposed to contain amino acids critical for PG binding
(Ghuysen et al., 1994). Both motifs carry a charged aspartate, two glycines and multiple

hydrophobic amino acids (Figure 17A).
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Figure 17: Mutations in the PG -binding domain of C. crescentus AmiR led to complete protein
degradation. (A) Consensus sequence of conserved PG binding motifs of putative PG-binding proteins
reported in Gram-positive bacteria (Ghuysen et al., 1994) and the respective sequence of the PG-
binding domain of AmiR. Arrowhead indicate amino acids interacting with the anhydro-muropeptide
substrate shown in panel B. G : hydrophobic amino acids. (B) Structural model of the PG-binding domain
of AmiR interacting with GIcNAc-anhMurNAc-tetrapeptide predicted by Chai-1. Interactions of the
substrate with the protein are indicated by dashed lines. (C) Phase contrast images of cells producing
AmIiRPCL (PR276), AmiRP¢2 (PR272) or AmiRPG12 (PR277), harvested in the exponential or stationary
growth phase. Scale bar: 5 pm. (D) Superplots showing the distribution of cell lengths in populations of
C. crescentus wild-type cells, ampR (PR033) cells and cells producing AmiRP¢! (PR276), AmiRFPG2
(PR272) or AmiRPG12 (PR277) in the exponential (exp) and stationary (stat) growth phase. Data (n=100
cells per replicate) are presented as described for Figure 12B. The statistical significance (p-value) of
differences between conditions was assessed using atwo-s i d e d W-<ebkt.cnk iGdicates p-values
> 0.1. The data for wild-type and gamiR are taken from Figure 12B and shown as a reference. (E)
Immunoblot analysis of cells producing AmiR-FLAG (PR151), AmiRP¢1-FLAG (PR276), AmiRPC2-FLAG
(PR272) and AmiRPGL2-FLAG (PR277) harvested in the exponential and stationary growth phase. Anti-
FLAG antibodies were used for protein detection. Bands representing the proteins of interest are
indicated with an asterisk. Molecular weight of AmiR-FLAG: 28.5 kDa.
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These two putative PG-binding motifs were mostly conserved in AmiR, suggesting that similar
residues may be involved in the interaction with the PG substrate (Figure 17A). To gain insights
into which amino acids might be most likely to interact with the substrate, we predicted the
interaction of the AmiR PG-binding domain with the substrate GIcNAc-anhMurNAc-
tetrapeptide using Chai-1, a server that enables structural predictions of protein-substrate-
complexes (Boitreaud et al., 2024). In the putative binding motif 1, a tyrosine (T201) and an
aspartate (D202) potentially interact with the sugar moieties, while in binding motif 2 three
amino acids (1224, A225 and D226) most likely interact with the first alanine of the tetrapeptide
and the glutamic acid (Figure 17B). To test if these predicted amino acids are important for
protein function, we constructed mutant strains in which the wild-type AmiR was replaced by
potentially PG-binding deficient mutant versions. To this end, we replaced the amino acids in
the putative binding motif 1 (AmiRP®), in the binding motif 2 (AmiRP®?) or in both
simultaneously (AmiRP¢1?) by serines and additionally included a C-terminal FLAG-tag to
analyze protein stability. Microscopic analysis revealed that all mutant strains displayed cell
filamentation phenotypes with cell lengths significantly different from that of the C. crescentus
wild type, both in the exponential and the stationary growth phase (Figure 17C and D).
However, to our surprise, Immunoblot analysis showed that, in contrast to wild-type AmiR
tagged with a FLAG-tag, all mutant proteins were unstable and fully degraded (Figure 17E).
This indicates that already minor changes in the PG-binding domain are sufficient to alter
protein folding in a way that abolishes protein stability. These findings make it difficult to
analyze if the PG-binding domain indeed is important for the catalytic activity of AmiR or if the

domain rather serves to stabilize the protein.

2.2.6 The lytic transglycosylase SdpA plays a redundant role in PG recycling

The PG recycling-specific transporter AmpG recognizes muropeptides that contain a GICNAc-
anhMurNAc unit (Chang et al., 2025; Cheng & Park, 2002; Jacobs et al., 1994), produced by
LTs in the periplasm. Previous work has shown that inactivation of the divisome-associated
soluble LT SdpA leads to a severe decrease in ampicillin resistance ( Zi e | at &Es2R17).
This observation suggested that SdpA could represent the main LT in C. crescentus, producing
the largest share of anhydro-muropeptides that are fed into the PG recycling pathway.
Consistent with this notion, cells lacking SdpA were highly sensitive to even low concentrations
of ampicillin, showing eami® pells{Rigure184).cHoweger umike
the other PG recycling-def i ci ent mutant s, but i n sdpAccells
did not show any signs of cell filamentation, not even in the stationary growth phase (Figure
18B and C).
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To test if SdpA was indeed the major LT needed for production of anhydro-muropeptides, we
deleted sdpA i n t dmér bapkground and analyzed the intracellular accumulation of
anhydro-muropeptides, which should be strongly decreased if SdpA is the main producer of
anhydro-muropeptides fed into PG recycling. The double mutant showed similar levels of the
different anhydro-muropeptide species as the gamiR single deletion mutant (Figure 18D),
indicating that the lack of SdpA does not affect the supply of anhydro-muropeptides. These
findings suggest that SdpA is not alone responsible for the supply of PG degradation products
for PG recycl ing -lagtandresistankeetioygh a different gathwayy e. g. by

preventing the toxic accumulation of non-crosslinked PG strands that form excessively when

the TPase domain of bi f un c dactaamnbading CBoPes al.,i2@14;i nact i

Weaver et al., 2022).
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Figure 18: Redundant role of the LT SdpA in the production of anhydro -muropeptides. (A) Serial
dilution spot assay investigating the growth of C. crescentus gsdpA (AM399) cells on agar plates
containing different concentrations of ampicillin. The cells were spotted on the same plates as those
depicted in Figure 12C. (B) Phase contrast images of C. crescentus gsdpA (AM399) cells harvested in
the exponential and stationary growth phase. (C) Superplots showing the distribution of cell lengths in
populations of wild-t y p e sdpAd(AMBI9) cells harvested in the exponential (exp) and stationary
(stat) growth phase. Data (n=100 cells per replicate) are presented as described for Figure 12B. The
statistical significance (p-value) of differences between conditions was assessed using a two-sided
We | c thtésts ns indicates p-values > 0.1. (D) Levels of the indicated anhMurNAc-peptide species in
the cytoplasm of C. crescentus wild-t y p emiR (P R0 3 3 ) amiRmyeAdpAqfPR260) cells. For each
anhydro-muropeptide, the mass spectrometric peak areas were normalized against the mean of the
peak ar amiR cellsf Thegstatistical significance of differences between the wild type and the
mutant strains was determined using atwo-s i d e d Weest.dirdigates p-values > 0.1.
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2.3 Sugar recycling is carried out by  two separate and parallel pathways
2.3.1 Therecycling of Glc NAc involves two partially redundant enzymatic systems

After the removal of the peptide stem by AmiR and the cleavage of the GIcNAc-anhMurNAc
moiety by NagZ, the two sugars are recycled in different ways. In E. coli, GIcNAc is transformed
to GIcNAc-6-P by NagK, which is then reintroduced into de novo PG biosynthesis by
conversion into GIcN-6-P, catalyzed by the deacetylase NagA. Bioinformatic analysis revealed
that this branch of the PG recycling pathway is conserved in C. crescentus. Interestingly, this
species contains two NagA homologs (both 75 % sequence identity), which we termed NagAl
and NagA2 (Table 1).

To test the physiological relevance of GIcNAc recycling, we deleted nagK, nagAl or nagA2 in
C. crescentus and analyzed the resulting mutants for defects in their cell morphologies and
ampicillin resistance. None of the strains showed a significant morphological phenotype
(Figure 19A and B), and ampicillin resistance was also not affected (Figure 19C). Additionally,
we tested t hnagKkgeloor MBG neefliumgn the presence of ampicillin, as the
antibiotic sensitivity phenotypes of the deletion of gampG, gmmiR and gnagZ cells were
stronger on minimal medium. Surprisingly, theg r o wt hagkocklls was not inhibited even at
high concentrations of ampicillin and the strain grew even better than the wild type at ampicillin
concentrations > 30 ug/mL (Supplementary Figure 12), suggesting that under these conditions
blocking the glucosamine kinase of the PG recycling pathway has a beneficial effect.

These findings suggest that the supply of GIcNAc is not a major constraining factor in PG
biosynthesis. Since it was conceivable that NagAl and NagA2 had redundant functions, we
also aimed to generate a double mutant lacking both nagA homologs to fully interrupt the
second reaction of GIcNAc recycling. However, this was not possible, even though blocking
the first step by deletion of nagK did not cause any obvious fitness defects, suggesting that the
accumulation of GIcNAc-6-P in the complete absence of NagA activity may be toxic to the cells
(Plumbridge, 2009), possibly by allosterically activating the GIcN-6-P deaminase NagB
(Alvarez-Afiorve et al., 2016) and thus preventing de novo PG biosynthesis.

To further analyze the effects of the absence of both NagA proteins, we created a NagA2
depl et i on s nhagAlibackgriound, with @magAR expression being controlled by a
xylose-inducible promoter. Depletion of NagA2 i nnagal cells by removal of the inducer for
7 h did not lead to significant alterations in cell morphology or ampicillin resistance, while
depletion for 24 h led to a slight decrease in cell length, while ampicillin sensitivity remained
unchanged (Supplementary Figure 11). This could be because even low levels of NagAz2,
resulting from the leakiness of the promoter, are sufficient for proper regeneration or because

the cells quickly accumulate suppressor mutations.
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Figure 19: The GIcNAc¢ recycl ing pathway is dispensad®bactan f or

resistance. (A) Phase contrastimages of C. crescentusgnagK ( PR 2 5 BapgAl( ®R 2 5 6 )naghd d

(PR257) cells harvested in the exponential and stationary growth phase. Scale bar: 5 um. (B) Superplots
showing the distribution of cell lengths in populations of C. crescentus wild-type, gnagK (PR255),
gnagAl ( PR2 5 6 ) nagA2 PR2H7) cells in the exponential (exp) and stationary (stat) growth
phases. Data (n=100 cells per replicate) are presented as described for Figure 12B. The statistical

significance (p-value) of differences between conditions was assessed usingatwo-s i d e d Wees$t.c ho6 s

ns indicates p-values > 0.1. (C) Serial dilution spot assays investigating the growth of C. crescentus
gnagK ( PR2 5 53gAl (e R2 5 6 ) nagA? qPR2p7) cells on agar plates containing different
concentrations of ampicillin. The cells were spotted on the same plates as those depicted in Figure 12C.
(D) Volcano plot showing differences in protein accumulation in C. crescentus wild-type cells grown in
M2G minimal medium supplemented with 0.3 % [w/v] GIcNAc compared to plain M2G medium. Grey
dots represent proteins identified by mass spectrometry. The x-axis indicated the logz of the average
difference in the peptide counts for the two different conditions (n=3 independent replicates). The y-axis
shows the -logio of the corresponding p-value. Proteins encoded in the two nag gene clusters are
highlighted in colour and annotated. The colours correspond to those used in panel E. (E) Schematic
representation of the two nag gene clusters. The predicted functions of the gene products are specified
in the legend on the right.

In E. coli, the expression of hagA is controlled by GIcNAc-6-P, which binds to the transcription

factor NagC, thereby converting it from a repressor to an activator (Plumbridge, 1991). This
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system can also be activated in the presence of periplasmic GIcNAc, as E. coli possesses the
PTS permease NagE, which takes up and concomitantly phosphorylates the sugar, releasing
GIcNACc-6-P in the cytoplasm (Mukhija & Erni, 1996; Plumbridge, 2009). Since C. crescentus
possesses two nagE homologs, we wondered if both are regulated by the presence of GICNAc
and compared the total proteomes of wild-type cells grown in M2G minimal medium with and
without GIcNAc. We found that the presence of the sugar strongly stimulated the expression
of two distinct but partially homologous gene clusters, containing nagAl and nagA2
respectively (Figure 19D and E). One of these clusters (CCNA_00452-CCNA_00458) has
previously been reported to take part in the uptake and metabolism of GIcNAc in C. crescentus,
as it includes a gene for an outer-membrane TonB-dependent receptor that transports GIcNAc
and is essential for its utilization (Eisenbeis et al., 2008).The other genes in this cluster encode
a NagE-like PTS permease, its cognate PTS phosphotransferase, the deacetylase NagA2 and
the deaminase NagB (Figure 19E), therefore providing the complete set of proteins required
to import GIcNAc and then funnel it either into PG synthesis or central carbon metabolism.
Additionally, the cl u-B-acetylhexosaminidase nwhichgatatyzsthef or a f
release of GIcNAc from larger oligomers such as chitin, as well as a transcriptional regulator
of unknown function and with no obvious homolog in E. coli. The second gene cluster
(CCNA_00566-CCNA_00574) includes homologs of all the above-mentioned genes and a
predicted mannonate dehydratase and a mannosidase, suggesting it could be involved in the
additional metabolism of mannose derivatives.

Collectively, the results of the mutational and proteomics analyses suggest that NagAl and
NagA2 are functionally redundant enzymes whose synthesis is activated by the sugar
substrate GICNAc-6-P.

2.3.2 anhMur NAc is recycled through the MurU pathway

Bioinformatic analysis suggested that C. crescentus carries all the enzymes of the P.
aeruginosa MurU pathway and recycles anhMurNAc independently of the GIcNAc recycling
branch by converting it directly back to UDP-MurNAc (Borisova et al., 2017; Fumeaux &
Bernhardt, 2017; Gisin et al., 2013). To verify the functionality of this predicted pathway and to
analyze its impact on cell physiology, we introduced deletions in the anmK and amgK genes,
thereby blocking essential steps in the reaction sequence. Microscopic analysis revealed that
the single deletion mutants did not show any significant morphological defects (Figure 20A and
B). However, both strains displayed a moderate reduction in ampicillin tolerance (Figure 20C).
This finding suggest that the MdactdmrgsistanbeineaCy i s ac
crescentus, playing a more important role than the GIcNAc recycling branch, probably because

unlike GIcNAc, MurNAc is a PG-specific sugar. A slight increase in ampicillin sensitivity was

40



Results

observed when spotting the deletion strain on minimal medium containing ampicillin
(Supplementary Figure 12). To test if the MurU pathway was the only way for C. crescentus to
metabolize anhMurNAc, we tested whether its disruption led to the accumulation of recycling
intermediates. Metabolomic analysis revealed an increase in the cytoplasmic levels of MurNAc
in a strain lacking the MurNAc kinase AmgK, suggesting the absence of alternative degradation

pathways for anhMurNAc (Figure 20D).
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Figure 20: C. crescentus recycles anhMur NAc through a functional MurU pathway. (A) Phase
contrast images of C. crescentus ganmK ( PR2 5 2 ) ,amgkn(R26®8) cells harvested in the
exponential and stationary growth phase. Scale bar: 5 pum. (B) Superplots showing the distribution of
cell lengths in populations of C. crescentus wild-type, ganmK ( P R 2 5 2 ) amgkn(lBR268) cells in the
exponential (exp) and stationary (stat) growth phase. Data (n=100 cells per replicate) are presented as
described for Figure 12B. The statistical significance (p-value) of differences between conditions was
assessed usingatwo-s i d ed Weebtndiddgates p-values > 0.1. (C) Serial dilution spot assays
investigating the growth of C. crescentus qganmK ( P R2 5 2 ) amgkh (PR262) cells on agar plates
containing different concentrations of ampicillin. The cells were spotted on the same plates as those
depicted in Figure 12C. (D) Levels of MurNAc in the cytoplasm of C. crescentus wild-t y p e amghid
(PR262) cells, measured by metabolomic analysis. The mass spectrometric peak areas were
normalized against t he anegHcellsoThe statistecal gignificknced p-valael of
differences between the two strains was assessed usingatwo-s i d e d Weest.dH) Anslysis of the
growth of C. crescentus wild-t y p eagK (P R2 55 ) amgK (P&R262p cells on agar containing a
Fosfomycin gradient. The antibiotic concentrations of the MIC test strip are indicated in the legend on
the right.

Previous work has shown that the formation of UDP-MurNAc from recycled anhMurNAc by the
MurU pathways reduces the sensitivity of P. aeruginosa to the antibiotic fosfomycin, which

inhibits MurA, the enzyme catalyzing the production of UDP-MurNAc in de novo PG synthesis
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(Borisova et al., 2014). Antibiotic resistance assays in C. crescentusr ev e al edamgkhat a (¢
mutant also displayed higher sensitivitytofo s f omy ci n t han tdagk mutart,d t ype
which is defective of GIcNAc recycling (Figure 20E).

Taken together, these findings strongly suggest that anhMurNAc is recycled via the MurU

pathway in C. crescentus, thereby enhancing the supply of precursors for PG biosynthesis.

This process appears to be more significant for fitness than GIcNAc recycling because a

reduced production of GIcN-6-P may be compensated by an increased production of this

intermediate from Fru-6-P, provided by the central KDPG pathway.

As the recycling of GIcNAc and anhMurNAc is mediated by two distinct metabolic routes, cells
blocked in one of these routes can still recycle half of the sugars generated by anhydro-
muropeptide processing, potentially explaining the relatively mild phenotypes observed for the
single deletion mutants. To clarify the effects caused by inhibiting both sugar recycling
pat hways, we agngKmmagkadoubld muantgMetabolomic analysis confirmed that
this strain showed highly elevated MurNAc levels, comparable to those in the gamgK single
mutant, while this recycling intermediate was barely detectable in gnagK or wild-type cells
(Figure 21A).
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Figure 21: Recycl ing of the disaccharide moiety plays only

lactam resistance. (A) Levels of MurNAc in the cytoplasm of C. crescentus wild-t y p @agK (R255),
gamgK ( P R 2 6 2 )amgknquagi§p(PR261) cells, as determined by metabolomics analysis. Data were
normalized to the mean MurNA ¢ | e v eamgK cell§. The statistical significance of differences
between strains was determined usingatwo-s i d e d Wiedt. odindlisates p-values<0.1. (B) Phase
contrast images of C. crescentus qgamgK gnagK (PR261) cells harvested in the exponential and
stationary growth phase. Scale bar: 5 um. (C) Superplots showing the distribution of cell lengths in
populations of C. crescentus wild-type and gamgK gnagK (PR261) cells in the exponential (exp) and
stationary (stat) growth phase. Data (n=100 cells per replicate) are presented as described for Figure
12B. The statistical significance (p-value) of differences between conditions was assessed using a two-
si ded Westndiddeates p-values > 0.1.(D) Serial dilution spot assays investigating the growth
of C. crescentus qamgK gnagK (PR261) on agar plates containing different concentrations of ampicillin.
The cells were spotted on the same plates as those depicted in Figure 12C.

The double mutant showed a slightly higher tendency to form filamentous cells compared to
the wild type (Figure 21B and C). Interestingly, however, its susceptibility to ampicillin was not
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reduced beyond t he amgK sngle delstieremutarft (Figuret2hDg. Thys
observation may be explained by the presence of GIcNAc in the rich medium used to grow the
cells, which can be taken up and phosphorylated by the NagE1 and NagE2 permease systems,

thereby compensating for the loss of the GIcNAc kinase activity provided by NagK. On minimal

medium, the deletionofnagkagai n had a positive effecamgkn

gnagk doubl e mutant grew bett eramgkhsimgie deldiian omhigh

concentrations of ampicillin (Supplementary Figure 12).

2.4 LdtX as a functional homolog of E. coli LdcA

In E. coli, GIcNAc-anhMurNAc-tetrapeptides are imported into the cytoplasm via AmpG and
trimmed to tripeptides by the LD-CPase LdcA before further processing of the peptide stem.
While inactivation of any other PG recycling enzyme in E. coli does not lead to obvious
phenotypical changes, the deletion of IdcA results in cell lysis in the stationary growth phase
(Templin et al., 1999). In E. coli, most of the peptide stems released by AmpD are directly
reattached to UDP-MurNAc by the ligase Mpl (Mengin-Lecreulx et al., 1996), leading to PG
precursors containing a tetrapeptide instead of a tripeptide i n  tldeAemutant. As tripeptides
can only be substrates for LD-TPases, this leads to a strong weakening of the cell wall and
ultimately to cell lysis (Templin et al., 1999). Therefore, the activity of LdcA is crucial for correct
cell wall biogenesis. LdcA belongs to the S66 family peptidases, but previous work showed

that there is a great variety of LD-CPases in different organisms carrying out the same function.

2.4.1 The YkuD domain -containing LD-transpeptidase LdtX may take over the function

of the carboxypeptidase in  C. crescentus

When performing BLAST, no sequence homolog of LdcA was identified in the genome of C.
crescentus, suggesting that no S66 family peptidase acts as LD-CPase in this organism.
However, we identified LdtX, which is annotated as an LD-TPase carrying a YkuD enzymatic
domain. Previously it has been shown that ElsL of A. baumanii (Figure 22A), which also carries
a YkuD domain takes over the function of LdcA, suggesting that LdtX might function as the
cytoplasmic LD-CPase in PG recycling in C. crescentus.

Bioinformatic analysis of LdtX using SignalP (Nielsen et al., 2024) could not identify a predicted
signal peptide for export to the periplasm, which would be necessary for the protein to ask as
a LD-TPase. To verify the prediction, we performed fluorescence microscopy to analyze the
localization of LdtX in vivo. As IdtX is expressed at low levels, we introduced a IdtX-mCherry
fusion under the control of a xylose-inducible promoter in the C. crescentus wild type. After
induction, we observed diffuse fluorescence in the cytoplasm of the cells (Figure 22B),

indicating that the protein is not exported to the periplasm. To further verify this finding, we
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performed a fractionation assay, separating the periplasm of the cells from the cytoplasm and
IM. LdtX was found in the pellet fraction, which consists of the cytoplasm surrounded by the
inner cell membrane (Figure 22C). The same was observed for CtrA, which was used as a
cytoplasmic control, proving that the assay was functional. Taken together, these findings

indicate that LdtX localizes and acts in the cytoplasm of C. crescentus.

A 20 aa
Ec LdcA peptidase S66
Ab ElsL YkuD
Ce Ldtx YkuD
B C IdtX::IdtX-flag
kDa p S kDa P S 2
o
35- 35- g—
254 » 25— 2
8
2
anti-FLAG anti-CtrA 2

Figure 22: LdtX is a cytoplasmic protein in  C. crescentus . (A) Schematic representation of the
domain architecture of E. coli LdcA, A. baumanii EIsL and C. crescentus LdtX. (B) Localization of LdtX-
mCherry in C. crescentus (MB390). Cells were induced with 0.3 % [w/v] xylose for 3 h prior to imaging.
Scale bar: 5 um. (C) Immunoblot analysis of the different cellular fractions of a strain carrying an IdtX-
flag fusion (MAB420) in the place of the native IdtX gene. Pellet fraction (p), containing cytoplasmic and
IM proteins and supernatant (s), containing the periplasmic proteins were subjected to Immunoblot
analysis using anti-FLAG (detection of LdtX) and anti-CtrA (cytoplasmic control) antiserum. Bands
representing the proteins of interest are indicated by an asterisks. LdtX-FLAG: 19.4 kDa; CtrA: 25.8 kDa.

2.4.2 The lack of LdtX results in a strong cell filamentation phenotype but no  tin b-

lactamase sensitivity

The microscopic analysis and the fractionation assay suggested that LdtX was not active as
an LD-TPase in the periplasm but rather carried out a different function in the cytoplasm,
probably acting as a PG recycling LD-CPase like ElsL of A. baumanii. To obtain further insights
into its function, we introduced a deletion in the IdtX gene and analyzed the resulting
physiological effects. Ce | | s  &tX sttaih ghowgd a strong cell filamentation phenotype,
which was already observed in the exponential growth phase (Figure 23A and B), with
additional cell lysis the stationary growth phase (Figure 23A-C). This behavior was similar to
that of the E. coli gddcA mutant (Templin et al., 1999), suggesting that LdtX indeed may carry
out a similar function in C. crescentus. Addi t i on aldt{ strain wad testedpfor its
susceptibility to ampicillin. Interestingly, we found that the mutation did not have any negative
effect on ampicillin resistance (Figure 23D), again indicating that the morphological defects
a n d-lackam sensitivity are not directly connected. We also introduced E. coli LdcA in C.

crescentus gddtX cells and analyzed the resulting phenotype. LdcAe. c0iwas stably produced in
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C. crescentus and able to complement the loss of LdtX, leading to significantly shorter cells
(Figure 23E and F, Supplementary Figure 13). Taken together, these results hint towards LdtX
being involved in PG recycling, functioning as a cytoplasmic LD-CPase of C. crescentus

trimming peptide stems.
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Figure 23: Deletion of IdtX results in strong morphological defects. (A) Phase contrast images of
C. crescentus gddtX (PR186) cells harvested in the exponential and stationary growth phase. Scale bar:
5 um. (B) Superplots showing the distribution of cell lengths in populations of C. crescentus wild-type
a n dldtXPR186) cells in the exponential (exp) and stationary (stat) growth phase. Data (n=100 cells
per replicate) are presented as described for Figure 12B. The statistical significance (p-value) of
differences between conditions was assessed using atwo-s i d e d W-ekt.cnk iGdicates p-values
> 0.1. (C) Bar charts displaying the percentage of dead cells of C. crescentus wild-t y pe HtXd o
(PR186) cells harvested in the exponential (exp) and stationary (stat) growth phase. Bar charts
represent the mean percentage of three independent replicates (n=100 cells per replicate). Small dots
represent the data of three independent replicates. Black whiskers represent the standard deviation.
The statistical significance (p-value) of differences between conditions was assessed using a two-sided
We | c the&stsns indicates p-values > 0.1. (D) Serial dilution spot assays investigating the growth of C.
crescentus gddtX (PR186) cells on agar plates containing different concentrations of ampicillin. (E)
Phase contrast images of C. crescentus gddtX Pxy-ldCAE. coi-flag (PR236) cells harvested uninduced or
after induction with 0.3 % [w/Vv] xylose for 3 h. Scale bar: 5 um. (B) Superplots showing the distribution
of cell lengths in populations of C. crescentus wild-t y p édtX (@@ R1 8 6 ) Idtd RygHldche. coi-flag
(PR236) cells uninduced (-) and after induction (+). Data (n=100 cells per replicate) are presented as
described for Figure 12B. The statistical significance (p-value) of differences between conditions was
assessed usingatwo-s i ded WHestchds
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2.4.3 LdtX acts as an LD -carboxypeptidase in vivo

Analysis of the deletion phenotypes of IdtX suggested that this protein indeed may act as the
missing LD-CPase in PG recycling of C. crescentus. To test its enzymatic activity, we purified
LdtX and tested its activity on various PG species. We additionally purified a catalytically
inactive variant carrying mutations in the conserved YkuD domain (LdtX*). When introducing
this variant into the genome of C. crescentus instead of the wild-type gene, the mutant strain
showed a similar mor ph o lldXgnutana (Supgementary Figupeel4)
demonstrating that this protein variant is inactive.

Purified LdtX did not show any activity against whole PG sacculi of E. coli (Supplementary
Figure 15A), whose architecture is similar to that of C. crescentus PG, supporting the notion
that this protein does not act on the PG in the periplasm but rather mediates in the breakdown
of PG fragments in the cytoplasm. LdtX and LdtX* were therefore tested for their activity
against anhydro-muropeptides as well as muropeptides obtained by cleavage of E. coli PG
sacculi followed by the digestion with the LT Slt or the muramidase cellosyl, respectively.
Surprisingly, no activity was observed under the tested conditions in any of the reactions
(Supplementary Figure 15B and C). It was conceivable that LdtX might only be active on the
peptide stem at a specific step in PG recycling, potentially after removal of the GICNAc residue
from the anhydro-muropeptides. To test this hypothesis, anhydro-muropeptides were first
incubated with NagZ to remove the GIcNAc moiety, followed by the incubation with LdtX.
However, we were again unable to detect any lytic activity (Supplementary Figure 16A). Next,
we aimed to test whether LdtX could act on free peptides. To this end, we incubated a synthetic
pentapeptide (Ala-D-2-Glu-Lys-D-Ala-D-Ala) with purified LdtX with and without the addition of
purified CrbA, the DD-CPase of C. crescentus that removes the terminal D-Ala from
pentapeptides, and analyzed the reaction products using MS. In the reactions containing CrbA,
the pentapeptides were efficiently trimmed to tetrapeptides, but we did not detect any LD-
CPase activity of LdtX on either the pentapeptide or the tetrapeptide (Supplementary Figure
16B).

As the in vitro assay performed to assess the activity of LdtX might not reflect optimal
conditions for the protein, we additionally aimed to test its activity in vivo. For that, we isolated
PG sacculi of C. crescentus wild-t y p e ldtX cells grown to the stationary growth phase
and analyzed their composition (Figure 24A, Supplementary Table 2, Supplementary Table 3).
In the gddtX mutant, we observed a reduced fraction of pentapeptides, while the fractions of
tetra- and tripeptides were increased compared to the wild type. Additionally, the number of 3-
3 crosslinks increased as well as the overall percentage of peptides involved in crosslinks.
Additionally, we used metabolomics to analyze the accumulation of anhydro-muropeptides in

the cytoplasm of C. crescentus. As observed in previous experiments, a strong accumulation
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of anhMurNAc-penta-, -tetra- and -tripeptides was visible i nam#& cells. By contrast, these
species were barely detectable in wild-type cells (Figure 24B). A similar result was obtained
for cells carrying a single deletion in the IdtX gene. Therefore, we generated a gamiR gddtX
double mutant and analyzed the accumulation of anhydro-muropeptides in this background.
We found that anhMurNAc-tetrapeptides were strongly increased in this strain, while
anhMurNAc-tripeptides were reduced (Figure 24B) suggesting that LdtX indeed acts in
trimming tetrapeptides to tripeptides. Additionally, we observed a strong reduction in
anhMurNAc-pentapeptides (Figure 24B). As in PG biosynthesis, the D-Ala-D-Ala moiety can
only be attached to tripeptides and not tetrapeptides, the absence of LdtX may lead to
increased incorporation of tetrapeptide instead of pentapeptides in the PG sacculus, which in

turn would lead to reduced amounts of degradation products containing pentapeptides.

Taken together, these findings suggest that the predicted LD-TPase LdtX of C. crescentus acts
as a LD-CPase in the cytoplasm of C. crescentus, taking over the function of E. coli LdcA in
the PG recycling pathway.
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Figure 24: LdtX shows carboxypeptidase activity in vivo in C. crescentus . (A) Shown are HPLC
chromatograms resolving the muropeptides obtained after muramidase treatment of PG sacculi isolated
from stationary C. crescentus wild-t y p e latK dellsghe muropeptides contained in the different
peaks are listed in Supplementary Table 2. A summary of the data obtained are given in Supplementary
Table 3. (B) Relative levels of the indicated anhMurNAc-peptide species in the cytoplasm of C.
crescentus wild-t y p emiR (P RO 3 RItK ( P &1 8 6 ) améRngidtX ¢®°R187) cells, measured by
metabolomic analysis. For each anhydro-muropeptide, the mass spectrometric peak areas were

normalized against t he gmiRaells.olfie statistieal gigeifacdnce dp-valsesof
differences between conditions was assessed using atwo-s i d e d W-ekt.cnk iGdicates p-values
>0.1.
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2.5 The connection between b-lactam resistance and functional PG
recycling

2.5.1 Defects in PG recycling do not change the levels or activity of the b-lactamase
BlaA

In gammaproteobacteria, such as P. aeruginosa and C. freundii, -ldctam resistance is
established by i ncr e dastamhse aAmpCtinhtieespresence 6f excekse b
anhMurNAc-pentapeptide, mediated by the transcriptional regulator AmpR (Dietz et al., 1997;
Dik et al., 2018; Jacobs et al., 1997). Previous work has suggested that the C. crescentus b-
lactamase BlaA is constitutively active (Docquier et al., 2002; Modi et al., 2025), raising the
guestion of how its protective effect could be dependent on PG recycling. To address this
conundrum, we aimed to reinvestigate the regulon of BlaA activity at the transcriptional, protein

accumulation and activity level.

As a start, we performed total proteome analysis comparing the C. crescentus wild type grown
in rich medium versus rich medium supplemented with high concentrations (50 pg/mL) of
ampicillin (Supplementary Figure 17). Consistent with previous studies, the levels of BlaA were
unaffected by the presence of ampicillin, proving that BlaA is constitutively produced. Among
the proteins displaying the highest fold increase, we did not detect any additional b-lactamases
that might be able to take over the function of BlaA.

Interestingly, the blaA gene is located in a five-gene operon, which additionally encodes a
predicted transcriptional regulator and three proteins involved in methionine biosynthesis
(Figure 25A). To test whether the expression ofthiso per on changes -lagtamr es pon ¢
stress or disruption of the PG recycling pathway, we fused its upstream region (400 bp) to a
b-galactosidase reporter gene (lacZ) and analyzed it for pmp&mot er 8
gamiR a n d nagg backgrounds both in the absence and presence of ampicillin in the
exponential and stationary growth phases. The results showed that lacZ expression was
constant in all tested conditions (Figure 25B), indicating that the operon was not subject to
transcriptional regulation. However, it was possible that the transcriptional regulator
CCNA_02225 controlled blaA expression by acting on an internal promoter. To test this
hypothesis, we compared the whole-cell proteomes of the wild-type strain and a mutant lacking
the transcr i ptCCNANGR225)rSergisirigly, in the mutagpstrain, the methionine
biosynthetic proteins encoded by the genes flanking blaA were significantly upregulated,
whereas the levels of BlaA remained essentially unchanged (Supplementary Figure 18). This
finding may suggest that blaA is expressed from a strong and constitutive internal promoter,
so that moderate changes in the transcription of the whole operon do not markedly affect the

overall levels of the blaA transcript (Plumbridge, 1996).
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Figure 25: BlaA function is not regulated at the levels of transcriptions, protein accumulation or
enzymatic activity. (A) Organization of the putative five-gene operon containing the blaA gene. The
annotation or ORF number of the open reading frames and the predicted functions of their gene products
are indicated. (B) Activity of the promoter likely driving the expression of the blaA-containing operon in
different strain backgrounds. The C. crescentus wild-t y p ampG¢{¢PR2 0 7 amiR(@P R0 3 3 )nagZn d
(PR188) strains were transformed with a plasmid carrying a 400 bp fragment of the CCNA_02225
upstream r egi ogalactosidase epottep gerse arfil assayed for reporter activity. A strain
transformed with the empty plasmid served as negative control (NC). The bars represent the mean
(xSD) of three independent replicates (n=100 cells per replicate). The underlying data are shown as
grey dots. The statistical significance (p-value) of differences between conditions was assessed using
atwo-si ded Weebt.ondiddicates p-values > 0.1. (C) b-lactamase activity of C. crescentus wild-
ty pampGdiPR2 0 7 )amiR (pP R0 3 3 ) nagZn(PR18®) cells, as determined by monitoring the
hydrolysis of t -faetam aitracedim ¢0) &/olcaro pldts showing differential protein
abundance in C. crescentus qgampG (PR2 0 7 )amiR P R0 3 3 ) nagZn(RR188§) cells compared to
wild-type cells. Grey dots represent proteins identified by mass spectrometry. The x-axis indicates the
log2 of the average difference in the peptide counts for the two conditions (n=4 independent replicates).
The y-axis shows the -logio of the corresponding p-value. The BlaA protein is highlighted in magenta.
(E) Serial dilution spot assays investigating the growth of C. crescentus wild-t y p empG ¢PR207),
gamiR ( PRO 3 hagZ (PR188) and gblaA (CS606) cells on agar plates containing different
concentrations of aztreonam.
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Next, we tested whet-lagamase \was regulatedipost-ttanslationlly ath e

the | evel of enzyme activity. To this -lactad,

nitrocefin (O'Callaghan et al., 1972) and used its property of developing red color upon

cl eavage as aladamassactiviyintivmr We f o u n cdampGh anpR ant e

w
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gnagZ mutants showed behaviors similar to thatofthewild-t y pe st r ai blgAmutdnt | e

completely lacked activity, validating the assay (Figure 25C). Consistent with this finding, total
proteome analysis showed that cells impaired in PG recycling accumulated BlaA at levels

comparable to those of the wild-type strain (Figure 25D).

Collectively, t hese resul ts d e mo fastanr radistancet h a t

observed in PG recycling-deficient strains is not due to changes in BlaA accumulation or
activity. This conclusion is supported by the results of growth assay showing that defects in
the PG recycling pathway also reduce the resistance of cells to aztreonam (Figure 25E), a
lactam antibiotic that cannot be cleaved by metallo-b-lactamases such as BlaA (Bush et al.,
1982). Thus, the ampicillin sensitivity phenotypes observed are likely due to changes in the
susceptibility and/or activity of target proteins rather than impaired degradation of this antibiotic
in absence of PG recycling.

2.5.2 PG recycling defects sensitize the PG biosynthetic machinery to the inhibitory

effect of ampicillin

b

To shed more | ight on t he c on-aetanrdsistancebne dimed e n

to investigate the growth defects induced by the exposure of cells to ampicillin in more detail.
First, we incubated cells of C. crescentuswi | d &amp@,e agiR@ n dnagf in the presence
and absence of ampicillin and then used the dye propidium iodid (PI) to stain the cells. Pl is a
membrane-impermeable DNA-binding dye that can only enter the cells if they are lysed or cell
wall integrity is impaired (Nicoletti et al., 1991; Yakhnina & Gitai, 2013). We found only minor
changes in the proportion of Pl-positive cells between the wild type and PG recycling-deficient
gqampG, ampR a n dnagh cells when grown in medium lacking antibiotics (Supplementary
Figure 19). However, when cells were incubated in the presence of ampicillin prior to the
addition of the dye, the mutant strains showed a larger fraction of Pl-positive cells than the wild
type, although the number of stained cells generally was very low, making it difficult to see
significant differences. Nevertheless, these findings suggested that the PG recycling-deficient

strains displayed reduced cell wall integrity.

To further investigate this, we cultivated wild-t y p e a@amiRcellspn liquid medium containing
increasing concentrations of ampicillin and analyzed their morphology by light microscopy.
Wild-type cells were able to tolerate substantial concentrations of ampicillin without noticeable

changes in cell shape (Figure 26A). However, at 500 pg/mL, they developed a pronounced
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filamentous phenotype, and exposure to 5,000 pg/mL led to growth arrest and cell lysis. For
t h eamiBhmutant, similar phenotypes were observed, but cell filamentation and lysis already
occurred at the lowest antibiotic concentration tested and were more pronounced than for the
wild type across all conditions (Figure 26A and B). To better characterize the development of
the observed phenotypes, we monitored the growth behavior of the two strains following a shift
from plain PYE medium to medium supplemented with low concentrations of ampicillin
(20 pg/mL). While the wild-type strain grew normally in both conditions and continued to divide,
gamiR cells started to become filamentous, swollen and unable to divide shortly after exposure
to the antibiotic (Figure 26C).

Taken together, these results suggest that in C. crescentus ampicillin preferentially targets the
cell division machinery, although it also affects lateral growth when added at high
concentrations. Moreover, defects in PG recycling appeared to enhance the efficacy of

ampicillin by rendering the PG biosynthetic machinery more sensitive to the inhibitory effects.

To get a better understanding of the inhibitory activity of ampicillin, we aimed to identify its
target proteins. To do so, we adapted an assay enabling the visualization of PBPs in an SDS-
gel after | abel i ng-lactamn bdeilintFh Boc{FL) (Zbao etsak, 4999%). Td
ensur e tlhadt enm ibs Hlad gellsavdre dsed fapthe assay. We were able to
detect all functional TPases of C. crescentus except for PBP2 (Strobel et al., 2014; Yakhnina
& Gitai, 2013) as well as the predicted DD-CPase CrbA (Figure 26D). However, when the cells
were incubated with ampicillin prior to the addition of Boc-FL, all except for one (PbpX)
remained unlabeled, indicating that ampicillin was attached to the active site serine, thereby
preventing the subsequent binding of Boc-FL (Figure 26D). Among the identified ampicillin
targets were the essential, divisome-specific monofunctional TPase PBP3 as well as the
bifunctional PBPs, PbplA, PbpC and PbpY. Similar labeling patterns were observed upon
preincubati on wtlactam tcaespecifichlletargets PBPain B. coli (Kocaoglu &
Carlson, 2015), whereas the PBP2-s p e c i-ldctane meillinam had only minor effects on the
labeling pattern (Figure 26D). Given that PbplA, PbpC and PbpY have been shown to be
dispensable for cell division in C. crescentus (Strobel et al., 2014; Yakhnina & Gitai, 2013),
these results indicate that the cell filamentation phenotype induced by ampicillin is primarily

due to the inhibition of cell division by inactivation of PBP3 activity.
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Figure 26: PG recycling defects increase the sensitivity of the septal PG synthetic machinery to
ampicillin. (A) Phase contrast images of C. crescentus wild-t y p e amiRd(PR§33) cells, incubated
with different concentrations of ampicillin for 3 h prior to imaging. Scale bar: 5 pm. (B) Quantification of
the percentage of lysed cells in cultures of C. crescentus wild-t y p e amiRI(PRP33) cells after
incubation with different concentrations of ampicillin for 3 h. The bars represent the mean (£SD) of three
independent replicates (n=100 cells per replicate). The underlying data are shown in grey dots. The
statistical significance (p-value) of differences between conditions was assessed using a two-sided
We | c thdstsns indicates p-values > 0.1. (C) Time-lapse microscopy analysis showing C. crescentus
wild-t y p e amiRd(PR§33) cells in a microfluidic flow cell before and after treatment with ampicillin.
After 3 h of growth without antibiotic, the cells were shifted to medium containing 20 pg/mL ampicillin.
Images were taken in 5 min intervals for a total of 8 h. Shown are representative frames of the time-
lapse series. Scale bar: 5 um. (D) Image of an SDS-gel showing the labeling of PBPs with the fluorescent
b-lactam Boc-FL in the absence or presence of other b-lactams. Crude membrane fractions of C.
crescentus gblaA (CS606) cells were pre-incubated with the indicated concentrations of ampicillin
(amp), 5 pg/mL cephalexin (Cfx) or 100 pg/mL mecillinam (Mec), treated with Boc-FL and subjected to
SDS gel electrophoresis to separate the labeled PBPs prior to fluorescent imaging. A sample without
the addition of Boc-FL was used as a negative control (NC).
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2.5.3 PG recycling defect s may increase ampicillin sensitivity by limiting the supply of

PG precursors

The results obtained suggest that impaired PG recycling does not affect BlaA activity and may
rather enhance the inhibitory effect of ampicillin on PG synthesis, especially in the division
process. We hypothesized that the accumulation of unrecycled PG degradation products in
the periplasm could impair the activity of certain PG biosynthetic enzymes and thereby disrupt
PG homeostasis. However, PG sacculi isolated from wild-t y p e amniRdcellspdid not show
significant differences in their muropeptide composition (Supplementary Figure 20,
Supplementary Table 4 and Supplementary Table 5), suggesting that a defect in recycling
does not disturb the global balance of PG biosynthetic and autolytic processes. Additionally,
mutants blocked in PG recycling exhibited a cell filamentation phenotype, even in the absence
of ampicillin. Therefore, it was conceivable that their h i g h-actambsensitivity is due to a
decrease in the overall efficiency of PG biosynthesis, caused by the impaired replenishment
of PG precursors through the PG recycling pathway.

Met abol omi cs anal ysampG, sdmiRwaendd nagih rautant stfairs ingeed
displayed a significant reduction in the levels of UDP-GIcNAc and UDP-MurNAc compared to
the wild-type strain (Figure 27A). The absence of both AmpG and NagZ led to a more than
50 % decrease in the UDP-GIcNAc pool, confirming that de novo synthesis alone is not
sufficient to satisfy the cellular need for this PG sugar. By contrast, the levels of UDP-GIcNAc
remai ned un cami® oefse abnsistent with the observation that GIcNAc can still be
released from the imported anhydro-muropeptides by NagZ in the absence of amidase activity.
Even stronger effects were observed for the UDP-MurNAc pool, which was drastically reduced
in all three mutant strains (Figure 27A). Its depletion in the absence of PG recycling suggests
that the formation of UDP-MurNAc acts as a bottleneck in de novo PG synthesis, with cells
heavily relying on the recycling of anhMurNAc via the MurU pathway to maintain adequate
supply with this sugar.

Our findings suggested that the filamentation and resistance phenotypes observed for PG
recycling-defective strains resulted from a reduced availability of PG precursors. Therefore,
we asked whether when cells were grown in minimal medium, where the cell filamentation
phenotype was no longer observed, the levels of UDP-GIcNAc and UDP-MurNAc differ from
what was observed in rich medium. Therefore, we analyzed the internal PG precursor levels
of different mutant strains grown in full and minimal medium. Interestingly, for the C. crescentus
wild type as well as all deletion mutants tested, the levels of both PG precursors increased up
to 4-fold in minimal medium (Supplementary Figure 21). This could be due to the longer
doubling time in this condition combined with the increased level of glucose present in this

medium. Interestingly, although PG precursors accumulated, the ampicillin sensitivity of the
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mutants and also the wild type was more pronounced in minimal medium, suggesting the

presence of additional stress factors.
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Figure 27: Inactivation of PG recycling results in significant decreases in the UDP -sugar pools.

(A) Levels of UDP-GIcNAc and UDP-MurNAc in the cytoplasm of C. crescentus wild-t y p empG @
(PR20 a@mR ( RR 0 0 3 ) nagZn(PR18®) cells, measured by metabolomic analysis. The mass
spectrometric peak areas were normalized against the mean of the peak areas of wild type. The
statistical significance (p-value) of differences between conditions was assessed using a two-sided
We | cthedtsnd: not detectable (B) Serial dilution spot assays investigating the growth of C. crescentus
wild-t y p ampG@p P R 2 0 @niR ( RR 0 0 BapZ (PR{88) and gblaA (CS606) cells on agar plates
containing different concentrations of ampicillin in the presence and absence of 0.3 % [w/v] GIcNAc. (C)
Serial dilution spot assays investigating the growth of C. crescentus wild-t y p emiR @®R003) and
gblaA (CS606) cells on agar plates containing different concentrations of ampicillin in the presence and
absence of 100 pg/mL MurNAc. (D) Levels of UDP-GIcNAc and UDP-MurNAc in the cytoplasm of C.
crescentus wild-t y p empG@ P R2 0 7 ) amiRrfRIR00J) cells grown in PYE and PYE supplemented
with 0.3 % [w/v] GIctNAc o 100 NAg, /medsuredl byr metabolomics analysis. The mass
spectrometric peak areas were normalized against the mean of the peak areas of wild type The statistical
significance (p-value) of differences between conditions was assessed usingatwo-s i d e d Wes$t.c ho6 s
nd: not detectable.
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Collectively, these results demonstrate that PG recycling is critical to provide sufficient
activated sugars for PG precur sorampd, coagpRraridh e si s .
gnagZ mutants showed a very similar decrease in the cytoplasmic levels of UPD-MurNAc,
their morphological and resistance defects differed significantly, suggesting that the reduced
availability of UDP-sugars is hot the only reason for the phenotypes observed. Consistent with
this notion, an increase in cytoplasmic GIcNAc-P levels through supplementation of the growth
medium with GIcNAc was not sufficient to rescue the ampicillin sensitivity phenotype in the
three mutant strains (Figure 27C). Proteomics analysis revealed that growth in the presence
of GIcNAc led to the upregulation of the two nag gene clusters (Supplementary Figure 22), as
it was also previously observed in M2G medium supplemented with GIcNAc (see Figure 27D).
Metabolomic analysis revealed that wild-type cells exhibited significantly lower levels of UDP-
GlcNAc and UDP-MurNAc when grown in the presence of GIcNAc than in its absence (Figure
27D), suggesting that excess GIcNAc-6-P (resulting from the import of GIcNAc by NagE1 and
NagE2) might stimulate the production of NagB and then the degradation of GIcNAc-6-P.
I nterestingly, t he opposi anepG mitantevehich dis@dagsed a® s er ved
fold increase in UDP-GIcNAc and wild-type levels of UDP-MurNAc after growth in PYE
supplemented with the sugar (Figure 27D). These observations suggest that GIcNAc-6-P has

an important regulatory role in the cells and that it has to be present in defined concentrations.

In contrast to GIcNAc, MurNAc is a PG-specific sugar and cannot be used in energy
metabolism but only for the synthesis of PG precursors. Therefore, we wondered if providing
recycling-deficient strains with MurNAc in the growth medium might result in a different
phenotype. Performing a amip edlls od platas tconmining dahs ay wi |
ampicillin and 100 pg/mL MurNAc, we observed only a minor effect, wi t dmiRagpells growing
slightly better on low concentrations of ampicillin (Figure 27C). Analyzing the intracellular PG
precursor levels by metabolomics showed a reduction of UDP-GICNAc and UDP-MurNAc in
wild-type cells (Figure 27D ) .  bBmiR rautae¢, UDP-GIcNACc levels were also slightly reduced
in the presence of external MurNAc, while UDP-MurNAc levels were slightly increased (Figure
27D). Taken together, this suggests that the external MurNAc either cannot be taken up
efficiently or that the provided concentration is not sufficient to rescue the ampicillin sensitivity
phenotype, with an excess of this sugar even having negative effects on PG precursor

production.
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2.5.4 The cell filamentation phenotype of PG recycling -deficient mutants is a result of

inhibited cell division

It was conceivable that the limited supply of PG precursors in the absence of proper PG
recycling causes cell lysis and filamentation by reducing the level of association between PBPs
and their substrates, thereby slowing their catalytic activity.

To obtain a better understanding of this phenomenon, we wondered whether cells defective in
PG recycling only fail to undergo proper cell constriction or whether replication is generally
inhibited in the filamentous cells. To test this, we analyzed the localization of MipZ in the two
strains showing the highes amiKa nadamgioMipZ oteractsi | a me n 1
with ParB of the chromosome segregation complex (Thanbichler & Shapiro, 2006) and
therefore can be used as a measure of the number of chromosomal origin regions present in
the cell. Usually, C. crescentus initiates chromosome replication only once per division cycle
(Jensen et al., 2001) and wild-type cells display a monopolar MipZ focus in swarmer cells and
bipolar foci in stalked cells (Thanbichler & Shapiro, 2006).

| n tami® a gpdamps strains, cells with wild-type cell length (< 5 um) mostly displayed foci
at both cell poles with an occasional midcell focus appearing in predivisional cells (Figure 28A
and B, Supplementary Figure 23A). By contrast, elongated cells displayed multiple foci
distributed along the whole length of the cells. Quantification of the number of foci per cell
supported this finding, with the majority of wild-type-sized cells displaying 2 foci, while the
filamentous cells of both mutants tend to display three or more foci per cell (Figure 28C and
D), indicating that the cells continue chromosome replication without finishing cell division.

As MipZ is necessary for defining the site of cell division by positioning of the FtsZ-ring
(Thanbichler & Shapiro, 2006), we wondered if the filamentous cells displayed misplaced or
multiple Z-r i ngs. Therefore, we anal yan®Rda ntdangi tetisc al i z a't
While one midcell FtsZ focus was observed for cells with wild-t y pe cel | l ammiRyt h i n
a n dampss strains, the filamentous cells displayed inconsistent FtsZ patterns (Figure 28E and
F, Supplementary Figure 23B). While some cells displayed one FtsZ focus, which was mostly
placed off-center, other cells did not show any FtsZ foci formation. No cells with multiple FtsZ
foci were observed. Additionally, we used the fluorescent D-amino acid 7-hydroxy-coumarin-
amino-D-alanine (HADA) to label sites of active PG synthesis, which in C .crescentus is
dispersed in swarmer cells and switches to zonal mid-cell growth at the onset of cell
constriction (Aaron et al., 2007; Billini et al., 2019). Similar patterns were observed for cells
shorter than SamBamnidampd aelis.Filamdnteus gells only displayed HADA
foci co-localizing with FtsZ, whereas cells without visible Z-rings displayed dispersed a HADA

signal (Figure 28E and F).
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Figure 28: The filamentous cells of PG recycling mutants in C. crescentus carry multiple
chromosomes and grow mostly from one site. (A) Localization of MipZ-e YF P i namiRhe @
background (PR225). Scale bar: 5 pm. Localization patterns were analyzed by demographs of MipZ-

eYFP in cell < 5 pm and cells > 5 pm (n=200 cells). (B) Localization of MipZ-e Y F P i namgGh e @
background (PR226) assessed as in panel A. Scale bar: 5 um. Localization patterns were analyzed as

for panel A. (C) Number of Mi pz foci p e emiRc badkdround PR226)vThel | n
underlying data are shown as grey dots. The statistical significance (p-value) of differences between
conditions was assessed usingatwo-s i d e d Wekt.ndiddicates p-values > 0.1. (D) Number of

Mi pzZ foci per ¢ edmpG mtkgraundyRRA26)| assessdd as fappanel C. (E) Analysis

of PG incorporati on amiR badkybduhd strainsadditionallgexpressing Ftap-eYFP
(PR231). White arrowheads indicate positions of FtsZ and active PG incorporation in filamentous cells,

orange arrowheads elongated cells without FtsZ or HADA foci. Scale bar: 5 pm. (F) Analysis of PG

i ncorporation by HampGAbackgroard rstram @ddiiionally &exprgssing FtsZ-eYFP
(PR232). White arrowheads indicate positions of FtsZ and active PG incorporation in filamentous cells,

orange arrowheads elongated cells without FtsZ or HADA foci. Scale bar: 5 um.
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These findings indicate that the filamentous morphology of PG recycling-deficient mutant
strains is a result of incomplete or failed cell division, while the cells continue chromosome
replication. Occasionally, the filamentous cells might finish an off-center cell constriction,

releasing wild-type sized daughter cells that can continue normal cell growth and division.

To further test the idea that defects in PG recycling result in slowed divisome activity, we
i nvestigated i f the camiRImutdni couldsbe imnprovedeny aetificialty
increasing the activity of the septal PG biosynthetic machinery. To this end, we employed a
hyperactive (A246T) variant of the GTase FtsW (FtsW*) that leads to increased activity of the
septal FtsW-PBP3 PG biosynthetic machinery (Lariviere et al., 2019; Modell et al., 2014),
resulting in elevated cell constriction rates and shorter cells, especially in the stationary phase
(Figure 29A and B). Interestingly, introducing the ftsW* allele almost completely rescued the
cell fil ament atamiB cellsnlthe staionarymmwtiophasepalthough it had only
little effect in exponential phase (Figure 29A and B), possibly because PG precursors are more
limiting under conditions of rapid growth.
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Figure 29: The cel |l f il ament aamiRocellsiplessuedhy fiypee -activatign of the

septal FtsW -PBP3 PG biosynthetic complex. (A) Phase contrast images of C. crescentus ftsW::ftsw*
( ML 21 0 3)amiR fistlv::ftgv* (PR246) cells, harvested in the exponential and stationary growth
phase. Scale bar: 5 um. (B) Superplots showing the distribution of cell lengths in populations of C.
crescentus wild-type, ftsW::ftsw* ( ML 2 Ja@iR JPRO33pand gamiR ftsW::ftsW* (PR246) cells in
the exponential (exp) and stationary (stat) growth phase. Data (n=100 cells per replicate) are presented
as described for Figure 12B. The statistical significance (p-value) of differences between conditions was
assessed usingatwo-s i d ed Weebtondiddgates p-values > 0.1. (C) Serial dilution spot assays
investigating the growth of ftsw::ftsw* ( ML 2 BriB () P R @3 3 ) amiritsV::ftpW* (PR246) cells
on agar plates containing no or 10 pg/mL ampicillin.

Thus, hyperactivation of the FtsW-PBP3 complex can, at least partially, reverse the cell division

defect induced by defective PG recycling, suggesting that cell filamentation in the mutant
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strains is indeed caused by a reduced activity of the division complex as a result of reduced
PG precursor supply. Notably, however, the presence of ftsw* allele did not relieve the
ampicillin amRcelis{Figurd 20G), indidatingthat an increased activity of the

septal PG biosynthetic complex does not reduce its ampicillin-mediated inactivation.
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3 Discussion

PG synthesis and remodeling in bacteria have been studied intensively over the past decades.
Importantly, apart from the proper spatiotemporal control of PG incorporation and hydrolysis
during cell growth and division, the recycling of PG turnover products has emerged to play a
major role in cellular fithess and survival.

The degradation and reuse of PG fragments conserve valuable resources (Gilmore & Cava,
2025), which might be especially important in growth conditions of limited nutrient availability.
While in most species studied to date, PG recycling makes only a small contribution to cellular
fithess under laboratory conditions (Park & Uehara, 2008), it might become more important in
the environment, where nutrients are often limited.

Additionally, PG recycling plays a significant role in infection by enabling bacteria to evade the
human innate immune system. Host organisms usually carry nucleotide-binding
oligomerization domain (NOD)-like receptors, which are able to sense small microbial motifs,
endogenous byproducts of tissue injury and environmental signals, initiating signal
transduction pathways to regulate processes such as cellular death, proliferation or
inflammation (Trindade & Chen, 2020). The two NOD-like receptors NOD1 and NOD2 can
specifically recognize distinct PG fragments (Bertsche et al., 2015). NOD1 senses
muropeptides containing the D-Glu-mDAP dipeptide (Chamaillard et al., 2003; Girardin et al.,
2003), while NOD2 recognizes the intact MurNAc-ring structure attached to a dipeptide
(Grimes et al., 2012; Inohara et al., 2003). By transporting the PG turnover products back into
the cytoplasm rather than releasing them into the environment, bacteria can avoid detection
by these immune receptors, which increases their chances of survival in the host organism.
PG recycling further enhances bacterial fithess by acting as a sensory mechanism for the
pr e s e n c-lactama fantibfotics in the environment. Th e pr e s e-lactams imdfices b
AmpR-mediated production o f  t-laceamase AmpC, which can hydrolyze the antibiotics,
thereby protecting the bacteria from lysis (Dik et al., 2018). As Aactanm@asesdconfer
resistance t o dactéms,onaludingthe oligially askd céphalosporins, and their
activitycannotbe suppressed suf fi ci e nladapasainhtbitors,dheseni cal |

proteins and their mechanism of action are of considerable medical interest (Jacoby, 2009).

While PG recycling has been studied to a great extent in gammaproteobacteria over the last
decades, only a few initial studies have investigated this process in other classes of bacteria
(Gilmore & Cava, 2022; Modi et al., 2025). The diverse group of alphaproteobacteria also
includes a number of pathogens that are associated with plants, animals and humans, which
makes it important to understand processes related to cell survival and resistance such as PG

recycling in these organisms (Williams et al., 2022).
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In this study, we demonstrated that the alphaproteobacterial model organism C. crescentus

possesses a functional PG recycling pathway that includes components from both the E. coli

and P. aeruginosa systems. We showed that its function is required for maintaining an

adequate supply of PG precursors, complementing the de novo synthesis. C. crescentus cells

impaired in PG recycling showed marked defects in cell division and cell wall integrity, in

particular upon transition to stationary growth phase. Moreover, they exhibit a pronounced
decrease in dReitmam mtesiissian cle, although t-he | eve
lactamase BlaA remain unchanged, demonstrating that antibiotic resistance is not necessarily

only mediated by the activity of a single resistance determinant. Blocking critical steps in the
recycling pathway therefore emerged a-factam pr omi

resistance in pathogens.

3.1 C. crescentus has a complete and functional PG recycling pathway

Our analyses revealed that C. crescentus possesses almost all PG recycling enzymes
identified in gammaproteobacteria and that it contains a fully functional recycling pathway
(Figure 30). No sequence homologs were identified for (i) the LD-CPase LdcA that trims
tetrapeptides to tripeptides, (ii) the peptide ligase Mpl, which can attach these tripeptides to
UDP-MurNAc and (iii) the etherase MurQ, which transforms MurNAc-6-P to GIcNAc-6-P to
enable its recycling though the GIcNAc recycling/degradation pathway (Jaeger et al., 2005;
Mengin-Lecreulx et al., 1996; Templin et al., 1999). Instead, we found that C. crescentus
recycles anhMurNAc though the MurU pathway, which funnels it directly back into de novo PG
synthesis by production of UDP-MurNAc i a pathway that has been initially identified in P.
aeruginosa (Borisova et al., 2017; Fumeaux & Bernhardt, 2017; Gisin et al., 2013). These
findings indicate that C. crescentus is able to actively recycle PG turnover products and reuse
them for the de novo synthesis of PG precursors. It also demonstrates that C. crescentus uses

a combination of pathways identified in different organisms performing PG recycling.
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Figure 30: The genome of C.crescentus encodes a complete PG recycling pathway. PG fragments
released by the lytic activity of lytic transglycosylases (LTs) and endopeptidases (EPases) are imported
into the cytoplasm by the inner membrane (IM) permease AmpG or two homologs of the
phosphotransferase system (PTS) transporter NagE. In the cytoplasm, the peptide is released by AmiR
and the sugars separated by NagZ. Afterwards, two independent pathways feed the sugars back into
the de novo PG biosynthetic pathway. The enzymes are nhamed as established for E. coli and P.
aeruginosa, with the exception of the C. crescentus homolog of AmpD, which was renamed to AmiR
due to its different domain organization. The symbols are defined in the legend on top. The enzymes
analyzed in this work are marked in bold.

3.1.1 The separation of the sugar and peptide moieties is critical for further processing

of PG turnover products

For PG recycling to take place, the PG turnover products must be imported into the cytoplasm.
It has been found that different species carry multiple transporters with distinct specificities for
PG turnover products. The most common one, which recognizes muropeptides containing a
GlcNAc-anhMurNAc unit is the MFS transporter AmpG (Chang et al., 2025; Cheng & Park,
2002). The genome of C. crescentus also encodes a homolog of this transporter and we found
that AmpG is the major importer of PG turnover products as its deletion results in a strong
reduction in the cytoplasmic anhydro-muropeptide levels (see Figure 11B). Interestingly, the
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different anhMurNAc-peptide species were still detectable to a small extent in the absence of
AmpG, suggesting the presence of other transporters that are able to import larger PG turnover
products consisting of at least the anhMurNAc sugar moiety and a peptide stem. In the genetic
neighborhood of amiR, we found a gene coding for a drug/metabolite transporter (DMT) family
protein (TraX), which we initially thought could also be involved in PG recycling. Proteins of
the DMT family have been reported to be involved in different transport processes such as the
export of drugs, the uptake of nutrients or the efflux of nutrients and metabolites (Jack et al.,
2001). However, metabolomic analysis in a gamiR gtraX mutant, revealed no changes in the
intracellular anhydro-muropeptide levels, suggesting that this transporter is not involved in
importing PG degradation products (see Figure 15B). Consistent with this finding, traX found
adjacent to amiR has a limited phylogenetic distribution in Caulobacter species but not in any
other organisms, arguing for an alternative function in a pathway that is less conserved than
PG recycling.

Although AmpG is widely conserved in Gram-negative bacteria, there are alternative import
systems. In the Rhizobiales and Rhodobacterales, such as A. tumefaciens, anhydro-
muropeptides are imported by the ABC transporter YejABEF together with its substrate-binding
protein YepA (Gilmore & Cava, 2022). In contrast to AmpG, which is powered by a proton
gradient, YeJABEF uses ATP as an energy source. It can only be speculated why different
bacteria use such different transport systems to mediate the same process. A possible
explanation may be differences in the availability of different energy sources under the
conditions in which PG recycling is generally performed (Gilmore & Cava, 2022). In addition to
the main PG recycling transporter, most species possess transport systems for smaller
degradation products such as single sugar moieties or short peptides (Gilmore & Cava, 2025).
In C. crescentus, we so far only identified AmpG and the two PTS-system transporter
homologs NagE1l and NagE2, which are able to import GIcNAc. A transporter for importing
free peptide stems has not been found yet, although the existence of such a system seems

likely.

After import of the anhydro-muropeptides to the cytoplasm, the next essential steps are the
release of the peptide stem by the PG recycling amidase AmiR and the hydrolysis of the
disaccharide by the glucosaminidase NagZ. In E. coli, CPases are very active in the periplasm,
so that cells almost exclusively import murotetrapeptides, which are quickly trimmed to
tripeptides. Therefore, in an amidase-deficient strain only anhMurNAc-tripeptides accumulate
to a significant level (Jacobs et al., 1997; Simpson et al., 2023). By contrast, we observed tri-,
tetra- and pentapeptide-c ont ai ni ng mur ampiR mutantdeG crasaentua (sem
Figure 9B). The direct reincorporation of tetrapeptides strongly destabilizes PG and is highly
toxic for the cells (Hernandez et al., 2020; Templin et al., 1999). This suggests that the peptides
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released by AmiR are rather completely degraded in C. crescentus than reattached to UDP-
MurNAc directly. This is in accordance to what has been found in the alphaproteobacterium A.
tumefaciens. This organism imports a great variety in anhydro-muropeptides (Gilmore & Cava,
2022). In both organisms, the ligase Mpl, which attaches the tripeptide to UDP-MurNAc in E.
coli, is missing, making it more likely that peptides are not directly reused. In general, LdcA is
not widely conserved among Gram-negatives and completely absent in Gram-positive
bacteria, suggesting that the direct reuse of the tripeptide in E. coli is more an exception than
a common trait (Gilmore & Cava, 2025). Although our work now suggest that a YkuD domain-
containing LD-TPase takes over the CPase function in C. crescentus, potentially with relatively

low catalytic rates resulting in the accumulation of different muropeptide species.

AmpD of E. coli was shown to only hydrolyze substrates containing the anhydro-MurNAc
moiety (Holtje et al., 1994). By contrast, we found that C. crescentus AmiR can additionally
release peptide stems from MurNAc-peptides lacking the anhydro-ring (see Supplementary
Figure 2D). However, it does not show any activity against whole PG sacculi (see
Supplementary Figure 3B), suggesting that it not only recognizes the peptide stem, but also
the sugar moieties. It is essential for cell survival that AmiR is not active against the UDP-
MurNAc-peptide precursors synthesized in the cytoplasm, as otherwise newly produced
precursors would be directly degraded. It has already been shown for other amidases, such
as AmiD from E. coli, that they generally do not recognize nucleotide-activated or membrane-
bound forms such as UDP-MurNAc-pentapeptide or Lipid I/ll (Pennartz et al., 2009), and the

same is likely to be true for AmiR in C. crescentus.

It has been described before that the activities of the amidase AmpD and the glucosaminidase
NagZ in E. coli are promiscuous and their order is not important, because both enzymes show
broad substrate specificities (Gilmore & Cava, 2022; Hoéltje et al., 1994; Simpson et al., 2021,
Simpson et al., 2023; Voétsch & Templin, 2000). In our experiments, we could also demonstrate
that AmiR and NagZ can act independently of each other. The results of our enzyme assays
(see Figure 9 and Figure 10) and metabolomics analyses (Figure 11 and Supplementary
Figure 6D) show that these two reactions do not follow a defined order. Moreover, they
demonstrate that both reactions, and especially the enzymatic activity of AmiR, are essential
for PG recycling to occur. The peptide stem cannot be further degraded if it is still attached to
the sugar moiety. Furthermore, although in a gamiR mutant, GIcNAc can still be released and
processed, the two sugars must be separated so that further recycling of anhMurNAc can be

initiated.
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3.1.2 The two PG sugars are recycled by independent pathways

Once the two sugar moieties are released, they follow distinct metabolic routes to be further
processed. GIcNAc is phosphorylated to GIcNAc-6-P and then deacetylated by NagA, yielding
GlcN-6-P. This intermediate is then either used as the starting point of de novo PG biosynthesis
or, alternatively, fed into central carbon metabolism through deamination to Fru-6-P by NagB
(Figure 30). This branch point is critical since GIcNAc is not only a product released in the PG
recycling process but also acquired from the environment as a readily available carbon source,
mostly derived from the breakdown of chitin (Beier & Bertilsson, 2013).

In the presence of external GIcNAc, two related gene clusters are highly upregulated in C.
crescentus, each of them including genes for an OM TonB-dependent receptor, the PTS
permease NagE together with its cognate phosphorylation system as well as homologs of the
deacetylase NagA and the deaminase NagB (see Figure 19D and E). Additionally, the operon
e n ¢ o d eN-acatylhbxosaminidase to degrade oligosaccharides. Both clusters also contain
a gene coding for a GntR-type transcriptional regulator. This type of regulators was shown to
control transcription depending on the GIcNAc level (Di You et al., 2018). Therefore, the
regulators in these two operons may likely control the expression of the clusters by sensing
the accumulation of GIcNAc-6-P as the first common cytoplasmic intermediate of PG recycling
and external GIcNAc uptake pathways. By that it might be able to adapt the flux though the
GIcNAc recycling/utilization pathway depending on substrate availability. It has been
previously demonstrated that the TonB-dependent receptor encoded in cluster 2
(CCNA_00455) specifically transports GIcNAc (Eisenbeis et al., 2008), but it remains to be
determined whether the transport system of the other cluster shows a wider substrate range.
Overall, the GIcNAc recycling/utilization pathway of C. crescentus shows parallels to the one
identified in E. coli, with the PTS permeases NagE for the sugar transport, the deacetylase
NagA and the deaminase NagB (Plumbridge & Vimr, 1999). However, E. coli lacks a GIcNAc-
specific TonB-dependent receptor and shows a different organization and regulation of the
genes involved. E. coli also possesses another PTS system, ManXYZ , which is additionally
able to recognize and import glucosamine, glucose or mannose (Erni & Zanolari, 1985; Erni et
al., 1987; Plumbridge, 1998; Saris & Palva, 1987). In C. crescentus, the second gene cluster
identified could also be involved in the import and reuse of a wider range of GIcNAc-related
sugars. This is suggested by the fact that it not only contains homologs of all genes from cluster
2 but also genes for a mannosidase (CCNA_00567) and a mannonate dehydratase
(CCNA_00566). Interestingly, E. coli only possesses a single set of NagA and NagB proteins.
Also, the transcriptional regulators identified in the two gene clusters (CCNA_00454 and

CCNA_00570) have no homologs in E. coli. Therefore, although they both likely interact with
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GIcNAc-6-P, the precise range of conditions inducing expression of the two gene clusters

remains to be clarified.

Even more pronounced differences between E. coli and C. crescentus are observed for the
anhMurNAc recycling branch, which in both species initiates with the formation of anhMurNAc-
6-P by AnmK. In E. coli, this intermediate is converted to GIcNAc-6-P by the etherase MurQ
and thus funneled into the GIcNAc recycling pathway to be further utilized for PG biosynthesis
or in central carbon metabolism (Jaeger et al., 2005; Uehara et al., 2006). We found that C.
crescentus, by contrast, lacks this enzyme and instead uses the alternative MurU pathway, a
short-cut that transforms MurNAc-6-P to UDP-MurNAc and thus feeds it back directly into de
novo PG precursor synthesis (Figure 30). This pathway is not very common and has only been
observed in a few gammaproteobacteria, such as P. aeruginosa (Borisova et al., 2017,
Fumeaux & Bernhardt, 2017; Gisin et al., 2013), Legionella pneumophila (Ratna et al., 2025)
or the intracellular pathogen T. forsythia (Hottmann et al., 2021). Our results, together with the
ones of a previous study (Modi et al., 2025), show that the MurU pathway is more widespread
than previously anticipated and also conserved in the alphaproteobacterial lineage (3478
species identified in the alphaproteobacteria by BLAST analysis of MurU using the
refseq_select database). It has been shown that the existence of the MurU pathway reduces
the sensitivity of P. aeruginosa to the MurA-inhibiting antibiotic fosfomycin (Borisova et al.,
2014), and we could observe a similar effect for C. crescentus. As fosfomycin can naturally
occur in the environment, because it is produced by various soil actinomycetes (Hendlin et al.,
1969), possessing the MurU pathway can provide a fithess advantage compared to other

bacteria in certain environments.

3.1.3 LdtX likely acts as an LD-carboxypeptidase participating in PG recycling in C.

crescentus

In E. coli, the PG recycling LD-CPase LdcA, which trims tetrapeptides to tripeptides, is
essential for fithess, because its absence leads to incorporation of tetrapeptides into PG
precursors, thereby strongly reducing membrane integrity, as the tetrapeptides cannot be
crosslinked by PBPs (Hernandez et al., 2020; Templin et al., 1999). Our initial sequence-based
approaches did not identify a homolog of LdcA in C. crescentus. However, recently in other
gammaproteobacteria, the function of LdcA was found to be taken over by other, unrelated
peptidases. In V. cholerae, the reaction is carried out by the metallopeptidase LdcV. In A.
baumannii, by contrast, the YkuD domain-containing cysteine peptidase EIsL acts as the
tetrapeptide-trimming LD-CPase (Dai et al., 2021; Geisinger et al., 2020; Hernandez et al.,
2020).
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Here, we identified LdtX as a potential cytoplasmic LD-CPase, which has been previously
annotated as a LD-TPase due to its YkuD domain. As LdtX is localized in the cytoplasm and
its deletion leads to cell filamentation and cell lysis in the stationary growth phase (see Figure
22), itis more likely that LdtX, similar to ElsL from A. baumannii, acts in PG recycling. Initially,
it was unclear whether C. crescentus at all contained a functional analog of LdcA, because an
aamiR mutant accumulated not only anhMurNAc-tripeptides, but also penta- and
tetrapeptides. However, in a double deletion mutant additionally lacking IdtX, the levels of
tetrapeptides strongly increased, while the levels of anhMurNAc-tripeptide decreased (see
Figure 24B), suggesting that LdtX has some kind of activity against the peptide. This result
could indicate that the activity of LdtX may be very low, leading to the accumulation of various
peptide species.

Surprisingly, our in vitro PG activity assays did not show any activity of LdtX toward anhydro-
muropeptides or a synthetic free peptide. It has been demonstrated before that E. coli LdcA
specifically recognizes the mDAP-D-Ala moiety of the peptide in its active site cleft (Das et al.,
2013). However, the synthetic peptide contained a lysine instead of mDAP at the third position,
possibly explaining the lack of activity. It is also conceivable that in our in vitro assays an
additional factor required for the activity of LdtX was missing. In general, our results suggest
that in C. crescentus LdtX may function as an LD-CPase with a role in PG recycling, although
its exact mechanism of action and importance for the recycling process remains to be

elucidated.

3.2 Deficiencies in PG recycling are the cause of morphological defects

in C. crescentus

In previously studied model species, PG recycling was found to be dispensable under
laboratory conditions, and defects in this process did not lead to any obvious defects (Gilmore
& Cava, 2025; Park & Uehara, 2008), with exception of the lack of LdcA, which causes cell
rounding and lysis in stationary phase in E. coli (Templin et al., 1999). Only recently it has been
found that in the Rhizobiales A. tumefaciens and Sinorhizobium meliloti, defects in other PG
recycling steps lead to aberrant cell shapes under osmotic stress (Gilmore & Cava, 2022;
Nicoud et al., 2021).

In C. crescentus, it was also possible to introduce single deletions in all PG recycling-related
genes, indicating that the process is not essential for the cells. Interestingly, it was not possible
to create a strain lacking both homologs of the deacetylase nagA simultaneously, suggesting
that the accumulation of GIcNAc-6-P may be toxic to the cells (Plumbridge, 2009), most likely
because it allosterically activates the GIcN-6-P deaminase NagB (Alvarez-Afiorve et al., 2016)

and thus impairs de novo PG biosynthesis. Notably, however, most PG recycling-deficient
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mutants displayed cell filamentation, especially when transitioning to the stationary growth
phase. This phenotypewaspar ti cul ar |l y amp@G an damiReells, Which arese
impaired in anhydro-muropeptide uptake and peptide release, respectively (see Figure 12A
and B). By contrast, single disruptions in the sugar recycling pathways generally did not result
in cell elongation, suggesting that the observed filamentation phenotype is linked to impaired
peptide recycling. Interestingly, completely blocking sugar recycling by deletion of nagZ did not
cause any obvious morphological defects, but blocking both the GIcNAc and anhMurNAc
recycling branches by double deletion of amgK and nagK led to cell filamentation. This may
be explained by the accumulation of metabolic intermediates in the double mutant that may

cause misregulation of PG biosynthesis by affecting gene expression or enzyme activities.

The precise link between PG recycling and cell division remains to be clarified. However, we
could demonstrate that the filamentous cells formed by the PG recycling-deficient strains
continued chromosome replication but failed to divide and often displayed misplaced or no
FtsZ-rings (see Figure 28). Additionally, our analyses showed that blocking the initial steps of
PG recycling by deletion of ampG, amiR or hagZ led to a severe reduction in the levels of PG
precursors such as UDP-GIcNAc and UDP-MurNAc (see Figure 27). This effect may be even
more pronounced for the peptide-containing downstream products of the biosynthetic pathway,
which were not detectable with our methods, in particular in the gampG a n dami@ mutants,
which cannot recycle the peptide.

Interestingly, we have found that supplementing the growth medium with sugars abolished the
cel l fil ament at iamiR mytamteompletslypiedependenteof tlee kind of sugar
added (see Figure 14). The same was observed for growth in M2G minimal medium (see
Figure 13), most likely again due to its higher glucose content compared to rich medium.
Analyzing the levels of UDP-sugars in strains grown in minimal medium, we found that the wild
type as well as all tested PG recycling-deficient mutants highly accumulated UDP-GIcNAc and
UDP-MurNAc in minimal medium compared to rich medium (see Supplementary Figure 21),
most likely as a result of slower growth and increased availability of glucose for de novo PG
synthesis. C. crescentus takes up glucose from the environment via a PTS transporter system,
which is then used in the central carbon metabolism pathway known as the Entner-Doudoroff
or KDPG pathway (Hottes et al., 2004). One of the products of this pathway is glyceraldehyde-
3-phosphate, which can be transformed to Fru-6-P, the starting substrate for de novo PG
monomer production (Hottes et al., 2004; Stephens, Christen & Watanabe et al., 2007; Young
et al., 2020). The fructose bisphosphate aldolase involved in Fru-6-P production has been
shown to be upregulated in the presence of xylose (Stephens, Christen & Watanabe et al.,
2007), pointing to an increased production of Fru-6-P in the presence of excess sugars in the

environment. These observations suggest that elevated sugar levels may lead to increased
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PG monomer products by de novo synthesis, thereby decreasing the need for PG recycling
and rescuing the observed morphological defects in the PG recycling-deficient mutants.

Notably, we found that the cell division defects caused by impaired PG recycling were
alleviated by hyperactivation of the FtsW-PBP3 complex (see Figure 29). This observation
suggests that reduced PG precursor levels impair the association of divisome-associated
GTases and PBPs with their lipid Il substrates, leading to lower catalytic rates and a slowdown
of cell constriction. This is in line with recent studies suggesting that a certain threshold level
of PG precursors is necessary to initiate cell constriction (Harris & Theriot, 2016). In C.
crescentus, it has been experimentally demonstrated that the initiation of constriction is
governed by a checkpoint and that cell elongation time prior to constriction is negatively
correlated with initial cell size, while constriction time is size-dependent. In silico models as
well as initial experimental data suggest that the amount of new PG material required to trigger
constriction corresponds to the amount required to build two new cell poles, so that cells delay
the onset of septation until sufficient material is accumulated (Harris & Theriot, 2016). Because
recycling-deficient C. crescentus mutants display reduced levels of PG precursors, they may
fail to trigger the initial step of constriction and just continue lateral cell elongation. This effect
might be further aggravated in the presence of ampicillin, which we found to inhibit the cell
division-specific PBP3 as well as the bifunctional PBPs PbplA, PbpC, PbpY and PbpZ (see
Figure 26) .-lackam-mediated inhibition of the TPase domain can lead to hyperactivation of
the cognate GTase domain of bifunctional PBPs. As a consequence, they may produce high
levels of non-crosslinked glycan strands that are rapidly degraded after synthesis, thereby
leading to even more depletion of the lipid Il pool (Banzhaf et al., 2012; Cho et al., 2014;
Kohlrausch & Hdltje, 1991). Moreover, apart from decreasing PG synthase activity, defects in
PG recycling may also cause the accumulation of anhydro-muropeptides in the periplasm,
especially in the mutant strain lacking the AmpG permease. Potentially, these anhydro-
muropeptides could interfere with normal PG biosynthesis by occupying the substrate binding
sites of TPases or acting as acceptors in TPase reactions, while the presence of the anhydro-

ring prevents the GTase reaction, leading to holes in the sacculus.

Interestingly, cell elongation can still continue normally in the PG recycling-deficient strains
under the tested conditions. This is most likely because elongation requires significantly less
PG incorporation than cell wall constriction and the formation of the new cell poles. The
formation of the new cell poles requires high levels and highly localized incorporation of PG
precursors compared to the more distributed lateral PG synthesis needed for elongation
(Billaudeau et al., 2017; Gray et al., 2015). Notably, the limitation of PG precursors can be

compensated by enhancing the overall catalytic activity of the FtsW-PBP3 complex and
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thereby increasing the reaction rate under conditions of reduced precursor availability and

binding site occupancy.

33 PG recycling i s necessary f elactamt h e e

resistance in C. crescentus

It has been previously reported tldtanrresBt@cerirecycl i n
gammaproteobacteria such as P. aeruginosa or C. freundii. I'n theselacampeci es,
exposure leads to an increase in the cytoplasmic level of anhMurNAc-pentapeptide due to

blocking of PG recycling, thereby stimulating its interaction with the transcriptional regulator

AmpR and inducing expression of the ampC b-lactamase gene (Dik et al., 2018). Interestingly,

E. coli also contains a chromosomal ampC gene, buts it is expressed constitutively at low

l evel s and not i ndu c-4adammytibidtids éPetqr-Getzéait et al.e 20d), b
suggest i ng-lactam aesistanch mecHanism established by AmpC and AmpR is not

necessarily conserved in all gammaproteobacteria.

3.3.1 Enzymesinvolvedin PGr ecycl i ng c oZactamiresistance to differfent

extents

In gammaproteobacteria PG recycling is used as a sensory mechanism to activate the
production o f t h e -lAaama&se, thereby increasing the resistance of cells against the
antibiotics. Strikingly, in C. crescentus, defects in PG recycling strongly reduced the intrinsic
resistance to ampicillin. This phenomenon was most pronounced for mutants with defects in
the first PG recycling steps that completely abolished peptide and/or sugar recycling (see
Figure 12C).

We also observed a strong reduction of ampicillin tolerance in a strain lacking the periplasmic
LT SdpA, which we initially assumed to be the main producer of anhydro-muropeptides
entering the PG recycling pathway. However, metabolomic analysis revealed that the levels of
imported anhMurNAc-peptide species were not altered in a strain lacking SdpA, suggesting
that it only has a redundant role in PG recycling and that its function might be taken over by
other LTs. The observed ampicillin sensitivity phenotype might relate to a role of SdpA as a
failsafe mechanism during PG synthesis. For V. cholerae, it has been demonstrated that the
inactivation of LTs results in the accumulation of PG chains in the periplasm mostly in the
p r e s e n c-lactarosf whiéh inactivate TPase activity. These PG chains can neither be
released into the environment nor imported into the cytoplasm for degradation. This leads to
periplasmic crowding and ultimately results in osmotic stress for the cells (Cho et al., 2014;
Weaver et al., 2022).
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Analyzing the enzymes acting in the downstream steps of PG recycling, we observed only mild
effects on ampicillin resistance for mutants blocked in the MurU pathway which is required for
recycling of the anhMurNAc moiety (see Figure 20C), whereas the disruption of GICNAc
recycling did not produce any obvious ampicillin sensitivity phenotype (Figure 19C). Our results
suggest that the formation of UDP-MurNAc as the first committed step in PG biosynthesis
represents a metabolic bottleneck, making MurNAc recycling though the MurU pathway
essential for maintaining adequate PG precursor levels. UDP-GIcNAc, by contrast, which is
used in the biosynthesis of various cell envelope polysaccharides, can be more readily
replenished, because its biosynthesis is supported not only by de novo synthesis and PG
recycling but also by the uptake of external GIcNAc from the growth medium (Eisenbeis et al.,
2008). This also explains why we did not observe a further increase in ampicillin sensitivity in
t h eamgld gnagK double mutantc o mp ar e d amgK sihgle eleletion mutant. Although
the lack of NagK blocks the transformation of GIcNAc to GIcNAc-6-P, this can be bypassed by
the import of GIcNAc from the medium via the NagE1l and NagE2 PTS transporters, which

phosphorylate GIcNAc upon the transport and release GIcNAc-6-P into the cytoplasm.

While the PG recycling-deficient gampG, ampR a n dnagg strains no longer showed a cell
filamentation phenotype when grown in minimal medium, we did not observe a concomitant
increase in ampicillin resistance (see Figure 13C). On the contrary, the cells showed even
stronger growth inhibition at low concentrations of ampicillin and even wild-type cells could not
grow properly in high ampicillin concentrations, indicating that the cells in general are under
higher stress in minimal medium and therefore mo r e s e n s Hacttams. &Surgrisinglyh
deletion of nagK improved ampicillin resistance on minimal medium compared to wild-type
cells (Supplementary Figure 12). This might be a result of the deletion of nagK leading to
reduced levels of GIcNAc-6-P, which in turns results in lower NagB deacetylase activity/levels.
Therefore, de novo PG synthesis may be increased in comparison to degradation of GIcNAc.
Although we found that UDP-sugar levels were highly increased in all tested mutant strains,
they appear to be insufficient for rescuing the antibiotic resistance in these mutants.

Supplementation of the medium with additional sugars also rescued the cell filamentation
phenot ypamiRorutand completely but only had minor effects on its susceptibility to
ampicillin (see Figure 14C). Interestingly, the effects of the tested sugars on antibiotic tolerance
were not the same. While addition of xylose, and to a small extent, also arabinose improved
the growth on ampicillin to a certain degree, no effect was observed for the addition of glucose
and sucrose. The underlying mechanism remains to be elucidated, but the effect of sugars
may depend on the metabolic pathways for their utilization. In general, hexose and pentose
sugars are metabolized through different pathways. While hexoses are mostly processed

through glycolysis or the Entner-Doudoroff pathway, pentoses are usually metabolized via the
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pentose phosphate pathway (Entner & Doudoroff, 1952; Fothergill-Gilmore, 1986; Stincone et
al., 2015). C. crescentus also uses the Entner-Doudoroff pathway to metabolize glucose, but
does not contain homologs of xylose isomerase and xylulose kinase needed for the pentose
phosphate pathway (Hottes et al., 2004). C. crescentus degrades pentose sugars such as
xylose thoughap at hway yketeglutdratey gsindlenzymes encoded in the xylX operon
(Stephens, Christen & Fuchs et al., 2007). Increased levels of U-ketoglutarate may help to
overcome a limitation in amino acid supply. GImS requires glutamine for the production of
GIcN-6-P in the PG precursors synthesis. Glutamine in turn in synthesized from glutamic acid,
which is made from U-ketoglutarate (Shapiro & Stadtman, 1970). Addition of xylose may
increase the levels of U-ketoglutarate and therefore indirectly increase PG precursor synthesis
by increasing amino acid levels. This is, by contrast, not occurring with the addition of hexoses.
Due to the distinct metabolic routes of the sugars, the effects on PG biosynthesis and therefore
on cellular fitness and survival on ampicillin might differ.

Notably, even high concentrations of external GIcNAc were not sufficient to restore ampicillin
resistance in the PG recycling-d e f i camp@ t ampR a n dnagg mutants (see Figure 27B).
This was surprising as external GIcNAc was able to replenishthe UDP-s u g ar p o anipG
mutant (see Figure 27D), suggesting that increased PG precursor synthesis alone is not
sufficient to rescue the cell envelope defects caused by disruption of PG recycling in the
presence of antibiotics. Potentially because peptide synthesis is still inefficient in recycling-
deficientmutants. Thes e f i ndi n g dactanmsdnsitovity is rot causead by infadequate
supply of GIcNAc for PG precursor biosynthesis, which stands in contrast to what was shown
before (Modi et al., 2025). Also, addition of external MurNAc did not significantly change the
ampicillin t odméRr rautact e(seeoHigurea27C)p but metabolomic analysis
demonstrated that addition of MurNAc rather leads to a further decrease in the UDP-sugar
levels (see Figure 27D), possibly due to regulatory caused effects by the accumulation of

excess MurNAc.

332 The mec ha n-lagam regiftand® in alphaproteobacteria

A rol e of PG -fadamy redistamce has teen bpreviously reported for
gammaproteobacteria (Dik et al., 2018), but recent studies have suggested that the
mechanism underlying its effects on b-lactam resistance in alphaproteobacteria is different
(Gilmore & Cava, 2022; Modi et al., 2025).

Our data show that, in C. crescentus, BlaA activity indeed is constitutive and not affected by
the presence of ampicillin at the transcriptional, translational or posttranslational level (see
Figure 25B and Supplementary Figure 17). Additionally, exposure to ampicillin reduced cell

wall integrity and resulted in increased staining of cells by the membrane-impermeable dye PI
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in PG recycling-deficient mutants (see Supplementary Figure 19). These results are in line with
observations in A. tumefaciens and S. meliloti in which defective PG recycling due to deletion
of ampG was shown to result in reduced cell wall integrity, leading to a decrease in antibiotic
tolerance (Gilmore & Cava, 2022; Nicoud et al., 2021). The lower ampicillin resistance of PG
recycling-deficient strains may therefore not be due to less efficient inactivation of ampicillin by
BlaA, but rather due to an increased susceptibility of PBPs to this antibiotic. This effect could
potentially be explained by competition of ampicillin and PG precursors for the substrate-
binding site of target PBPs (Figure 31). In wild-type cells, the abundant supply of precursors
from de novo synthesis, supported by PG recycling ensures the saturation of PBPs with their
coghnat e s ubastanraatibietics entelr thebcell, most of the molecules will be cleaved
by t-ladam#&se BlaA before they manage to covalently inactivate their target proteins,
leaving the vast majority of PBPs in a functional state. However, if defects in PG recycling limit
the availability of PG precursors, the substrate-binding sites of PBPs remain unoccupied for
extended periods of time. Consequently, they become more susceptible to interact with

residual antibiotic molecules, leading to an increase in the fraction of inactivated enzymes.
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Figure 31: Model for the critical role of PG recycling in C. crescentus gr owt h -lactach
resistance. (A) PBPs mediate the incorporation of new cell wall material into the growing PG sacculus.
The PG precursors required for this process are synthesized in the cytoplasm, using building blocks that
are provided by de novo synthesis and PG recycling. (B) | f-lackams enter the periplasm, they compete
with PG precursors for binding to their PBP targets. Most antibiotic molecules are rapidly hydrolyzed by
t h elactamase BlaA. However, a minor fraction manages to interact with PBPs before they are
captured and degraded. The resulting inactivation of a small proportion of PBPs can be tolerated by the
cells, as long as they still contain sufficient active PBPs to maintain cell growth and division. (C) Upon
disruption of PG recycling, the level of PG monomers strongly decrease, leaving the substrate binding
sites of PBPs unoccupied for |l onger per i od dactanf
molecules. As a result, larger fractions of PBPs are inactivated, leading to decreased cell wall integrity
and ultimately cell lysis. This effect may be aggravated by the reduced activity of the remaining active
PBPs due to an insufficient supply of PG precursors and by the accumulation of anhydro-muropeptides
in the periplasm, which could interfere with the activities of PG biosynthetic enzymes, thereby further
decreasing the incorporation of new material into the existing sacculus.

The resulting defects in cell division and cell wall integrity may be further aggravated by the

reduced activity of the remaining PBPs due to inadequate substrate levels and the interference
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of accumulating periplasmic anhydro-muropeptides with proper PG biosynthesis. In different
PG recycling-deficient mutants, these factors may be manifested to varying degrees, which
could account for differences in the severity between the cell filamentation and ampicillin
sensitivity phenotypes in many of the mutant strains. For example, i n  anpGpmutant,
anhydro-muropeptides accumulate in the periplasm, which could erroneously be used by PBPs
and incorporated into the PG sacculus. Under this condition the PBPs are more highly
occupied with substrate, which protects them from inactivation by -labtams, thereby
increasing ampicillin tolerance. However, conversely, incorporated anhMurNAc-peptides
cannot be linked to further PG monomers by GTases, leading to impaired PG synthesis and,

thus, cell division.

3.3.3 PG recycling may be used as a target in the treatment of pathogenic
proteobacteria

Our research demonstrates t h a-tactafm resistance is not always only established by the
activity oldctamasesbptalsoicritidalty depends on the supply of PG building blocks
and the dynamics of PG biosynthesis. Our data show that inactivation of PG recycling strongly
reduces the amount of available PG precursors, resulting in failed cell division and loss of
ampicillin resistance in the alphaproteobacterium C. crescentus. This knowledge could be
used to develop new strategies for antibiotics in antimicrobial therapies. Increased numbers of
antibiotic resistant pathogens is a global health care issue becoming worse over the last
decades (Murray et al., 2022). Therefore, the identification of novel targets to treat bacterial
infections became significantly more important. Defects in PG-recycling showed to severely
reduce the cell wall integrity in alphaproteobacteria. By blocking of key PG recycling enzymes,
antibiotic treatment could become more efficient, as the cell fithess is already impaired
potentially leading to increased antibiotic susceptibility. Also, pathogens that acquired antibiotic
resistance by for example uptake of a resistance plasmid could be more efficiently treated. PG
recycling demonstrated to cr i tlactansslahdyblockingfthis
pathway may significantly improve treatment of resistant pathogens. Furthermore, PG
recycling helps bacterial cells to evade the detection of the immune system by importing PG
turnover products into the cytoplasm rather than releasing them to the environment (Trindade
& Chen, 2020). Inactivation of PG recycling might increase release of small PG degradation
products into the host cell environment, which in turn could be detected by the host immune

system triggering an immune response.

The class of alphaproteobacteria also includes a number of pathogens that are associated with
plants, animals and humans (Williams et al., 2022). One example is the Brucella genus, with

Brucella abortus and Brucella melitensis being the primary cause of human and animal
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brucellosis disease (Khurana et al., 2021). This disease has shown to be a major public health
problem in the world, because it has a tendency to be chronic and persistent (Franco et al.,
2007; Pappas et al., 2005). Although it can be treated, usually a combinatory antibiotics
therapy over a long time period is necessary, as relapse is relatively common (Alavi & Alavi,
2013; Huang et al., 2023). Therefore, it is of great interest to find ways to reduce bacterial
fitness and thus make antibiotic treatments more efficient.

It has been demonstrated that PG recycling is widespread among bacteria, and recent findings
(Gilmore & Cava, 2022; Modi et al., 2025) as well as our study have shown that especially in
alphaproteobacteria functional PG recycling is crucial for cellular fithess, growth and antibiotic
resistance. In both, B. abortus as well as B. melitensis, homologs of the key PG recycling
enzymes are conserved. Reciprocal BLAST analysis revealed sequence homologs of the PG
recycling amidase AmiR and the glucosaminidase NagZ. As Brucella is part of the Rhizobiales,
it does not possess an AmpG homolog but uses a homolog of the A. tumefaciens Ye]BEF/YepA
transporter (Gilmore & Cava, 2022). Moreover, these species do not possess a homolog of the
E. coli etherase MurQ, but proteins needed for recycling MurNAc independently of GIcNAc via
the MurU pathway, as previously described for P. aeruginosa (Fumeaux & Bernhardt, 2017).
As defects in PG recycling in the so-far studied alphaproteobacteria lead to a strong decreases
in cell wal | i ntegrity adiadiamtahtibistics, simiar effects mal/
be observed in related human pathogens such as Brucella. Targeting this pathway may
strongly improve treatment of antibiotic-resistant bacteria. Although first, it has to be clarified,
if defect in PG recycling lead to similar cell fitness reduction as it was observed for C.

crescentus or A. tumefaciens.

Collectively, our work demonstrates that PG recycling is conserved in alphaproteobacteria,
which possess all key enzymes needed for the recycling and reuse of PG turnover products.
In the alphaproteobacterium C. crescentus, it is critical for proper cell division and the
est abl i s hlaceam resistance. fhese results show that PG recycling plays a more
significant role in bacterial fithess and survival than previously appreciated. Moreover, they
support t he i dedartam resstancebisaachiewed iy a tomfilex mechanism that
not only relies on specialized resistance proteins but also more general factors such as supply
of PG building blocks and the dynamics of PG biosynthesis. Given the widespread occurrence
of PG recycling among bacteria, it will be important to determine the impact of this process to
cell viability and antibiotic resistance in other species and to evaluate its inhibition as a potential
new strategy t o pot-@camiaatibiatics in bntibacefidl thecapiesy o f
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4 Material and methods

4.1 Materials

4.1.1 Chemicals

All chemicals used in this study were obtained from Analytic Jena (Germany), Becton
Dickinson (USA), Bioline (Germany), Carl Roth (Germany), Fermentas (Germany), GE
Healthcare (Germany), Invitrogen (Germany), Macherey-Nagel (Germany), Merck (Germany),
Novagen (Germany), Peglab (USA), Roche (Switzerland), Sigma-Aldrich (Germany), Thermo
Scientific (USA), Qiagen (Germany) and VWR International (Belgium).

4.1.2 Buffers
All buffers and solution were prepared using double-distilled water (ddH.O) and filter-sterilized
(0.22 um pore-size, Sarstedt, Germany) before usage. Buffer compositions are listed in the

description of the respective applications.

4.1.3 Enzymes
Restriction enzymes used were obtained from Fermentas (Germany) and New England
Biolabs (NEB, USA). Q5 DNA Polymerase (NEB, USA) or BioMix™ Red (Bioline, Germany)

were used for polymerase chain reactions (PCR).

4.1.4 Kits
Kits for DNA preparation and purification used in this work are listed in Table 2.

Table 2: Kits used for DNA preparation and purification.

Kit Application
GenElute™ Plasmid Miniprep Kit (Sigma, USA) Extraction of plasmid DNA
Monarch Spin Plasmid Miniprep Kit (NEB, USA)
GenElute™ PCR Clean-Up Kit (Sigma, USA) Purification of DNA
GenElute™ Gel Extraction Kit (Sigma, USA) Extraction of DNA from agarose gels
NuceloSpin® Microbial DNA (Macherey-Nagel, Extraction of genomic DNA
Germany)
415 Media

Components used for media in this work are listed in Table 3. For liquid medium, all
components were dissolved in ddH.O and autoclaved at 121 °C for 20 min. M2G minimal
medium was filter-sterilized (0.22 pm pore-size, Sarstedt, Germany). For plates, 1.5 % [wi/V]

agar was added to the medium before autoclaving.
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Table 3: Media used for E. coli and C. crescentus .

Organism Medium Component
E. coli LB (Luria-Bertani; Miller, 1972) Tryptone 1 % (w/v)
Yeast extract 0.5 % (w/v)
NaCl 16.7 mM
E. coli SOB (super optimal broth; Tryptone 2 % (wiv)
Hanahan, 1983) Yeast extract 0.5 % (W/v)
NaCl 10 mM
KCI 2.5 mM
C. crescentus | PYE (peptone yeast extract; Peptone 0.2 % (wiv)
Poindexter, 1964) Yeast extract 0.1 % (W/v)
MgSOQOa4 1mM
CaCl 0.5 mM
C. crescentus | M2G (minimal medium Na;HPO4 6.1 mM
supplemented with glucose;
Hottes, 2004) KHzPO, 3.9 mM
NHsHCI 9.4 mM
MgSOa4 0.5mM
CaCl; 0.5 mM
Glucose 0.2 % (w/v)
FeSO./EDTA-solution 0.1 % (v/v)
(Sigma-Aldrich, Germany)

4.1.6 Additives and antibiotics

All additives and antibiotics and their respective concentration for liquid and solid medium are
listed in Table 4. All additives were filter-sterilized (0.22 um pore-size, Sarstedt, Germany)
before addition to the medium and stored at 4 °C or -20 °C. Autoclaved media and agar were

cooled down to approximately 60 °C, before adding the additives and antibiotics.

Table 4: Additives and antibiotics used for liquid and solid media.

Additive Organism Final concentration Dissolved in
(Stock concentration) Liquid Solid
medium medium

Ampicillin (50 mg/mL) E. coli 200 pg/mL | 200 pg/mL | ddH.O
Chloramphenicol (10 mg/mL) | E. coli 20 pg/mL 30 pg/mL | 70 % [v/v]

C. crescentus 1 pug/mL 2 pg/mL | ethanol
Kanamycin (20 mg/mL) E. coli 30 pg/mL 50 pg/mL | ddH20

C. crescentus 5 pug/mL 25 pg/mL
Sucrose C. crescentus - 3 % [wiv] -
| sopr Dy | b E. coli 1 mM - ddH>O
thiogalactopyranoside
(IPTG) (1 M)
Xylose (20 % [wi/V]) C. crescentus | 0.3 % [w/V] - ddH0
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4.2 Bacterial strains, oligonucleotides and plasmids

4.2.1 Bacterial strains

The bacterial strains used in this study are derivatives of Caulobacter crescentus NA1000
(CB15N) (Poindexter, 1964), E. coli TOP10 (Thermo Fisher Scientific, Germany) and E. coli
Rosetta(DE3)pLysS (Merck, Germany). The sequences of all genes and proteins investigated
are based on the genome sequence of C. crescentus NA1000 (Nierman et al., 2001). All
bacterial strains generated and used in this work and their respective strain construction

protocol are listed in Supplementary Table 6 in the Appendix.

4.2.2 Oligonucleotides and plasmids

Oligonucleotides used for molecular cloning were designed using SnapGene® 3.3.4 (GSL
Biotech, USA). Oligonucleotide synthesis was performed by Eurofins Genomics (Belgium). All
oligonucleotides used in this work are listed in Supplementary Table 8. Plasmids were
designed using SnapGene® 3.3.4 (GSL Biotech, USA) and are listed in Supplementary Table

7 in the appendix with their respective cloning protocol.
4.3 Microbiological methods

4.3.1 Sterilization
Media were sterilized by autoclaving at 121 °C and 1 bar pressure for 20 min. Heat-sensitive
buffers and additives were filter-sterilized using 0.22 um pore-size filters (Sarstedt, Germany).

Glassware was heat-sterilized at 180°C for 6 h.

4.3.2 Storage of bacteria
Bacteria were stored as cryo stocks for long term. For that, overnight cultures were
supplemented with 10 % [v/v] dimethyl sulfoxide (DMSO) and frozen at -80 °C.

4.3.3 Cultivation of E. coli and C. crescentus

E. coli cultures were grown under aerobic conditions in LB medium (Miller, 1972) at 37°C under
shaking at 210 revolutions per minute (rpm). For plasmid-harboring strains, the medium was
supplemented with the respective antibiotics (see Table 4).

Strains of C. crescentus and its derivatives were grown under aerobic conditions in PYE rich
medium (Poindexter, 1964) or M2G minimal medium (Hottes et al., 2004) at 28°C shaking at
210 rpm. For plasmid maintenance, medium was supplemented with antibiotics (see Table 4).
For induction of the xylX promoter, the medium was supplemented with 0.3 % [w/v] xylose and
incubated for 3 h at 28 °C.
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4.3.4 Determination of cell density

The optical density (ODesoo) Of a bacterial culture was determined using a photometer
(Ultrospec™ 10 Cell Density Meter, GE Healthcare, Germany) at a wavelength of 600 nm. For
that, 1 mL of bacterial culture was transferred into a polystyle cuvette (Sarstedt, Germany).
The respective cultivation medium was used as a reference. If the cultures exceeded an ODego

of 0.6, dilutions were made prior to analysis.

4.3.5 Preparation of chemically competent  E. coli cells

To prepare chemically competent E. coli TOP10 and Rosetta(DE3)pLysS cells, overnight
cultures of the respective strain were diluted 1:100 in 100 mL of SOB medium (Hanahan, 1983)
and grown at 22°C under shaking at 210 rpm to an ODeoo 0f 0.3 7 0.4 . The cells were harvested
by centrifugation at 4,000 xg for 10 min at 4 °C. The pellet was resuspended in 30 mL of ice-
cold CCMB-buffer (10 mM potassium acetate, pH 7.0, 80 mM CaCl;, 20 mM MnCl;, 10 mM
MgClz, 10 % [v/v] glycerol, pH 6.4) and incubated for 20 min on ice. The cells were pelleted by
centrifugation at 4,000 xg for 10 min at 4 °C and resuspended in 4 mL of CCBM-buffer.
Aliquots of 50 uL were snap-frozen in liquid nitrogen and stored at -80 °C.

4.3.6 Preparation of electro -competent C. crescentus cells

Electro-competent C. crescentus cells were prepared as described previously (Ely, 1991). In
short, 5 mL of an overnight culture of C. crescentus were transferred to 250 mL 2x PYE medium
and incubated at 28°C to an ODeoo 0f 1.0. The cells were harvested at 6,500 xg for 10 min at
4 °C, washed twice in the same volume of ice-cold 10 % [v/v] glycerol and once in 1/10 of the
volume. The cells were resuspended in 5 mL of ice-cold 10 % [v/v] glycerol, and 80 uL aliquots

were frozen at -80 °C.

4.3.7 Transformation of E. coli

To introduce plasmids in competent E. coli, cells were thawed on ice and supplemented with
10 pL of Gibson Assembly reaction or 1 pL of purified plasmid. After 10 min of incubation on
ice, the cells were heat-shocked at 42 °C for 90 s and incubated on ice for 2 min. 500 pL of LB
medium was added and the cells incubated for 1 h at 37°C shaking. Cells were pelleted
(4,000 xg, 1 min), resuspended in 100 pL of LB medium, plated on LB agar containing the

appropriate antibiotic and incubated overnight at 37 °C.

4.3.8 Transformation of C. crescentus

Electro-competent C. crescentus cells were thawed on ice and mixed with 8 pL plasmid
solution for integrative plasmids or 1 pL for replicative plasmids. The suspension was
transferred into an ice-cold sterile electroporation cuvette (0.1 cm electrode, Bio-Rad,
Germany) and pulsed with 1,500 V, 800 W, 25 pF (Gene Pulser Xcell, Bio-Rad, Germany).

Afterwards, 900 pL of ice-cold 2x PYE medium were added, followed by incubation for 3 h at
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28 °C. The cells were pelleted (7,000 xg, 1 min), plated on PYE agar supplemented with the
appropriate antibiotic and incubated at 28°C for 21 3 days until colonies arose.

4.3.9 Double homologous recombination in C. crescentus

Marker-less gene deletions as well as in-frame fusions of genes encoding tags and fluorescent
proteins was achieved by double-homologous recombination using the sacB gene for
counterselection (Thanbichler & Shapiro, 2006). In short, C. crescentus was transformed with
derivatives of the pNPTS138 plasmid containing 800 base pairs (bp) of the up- and
downstream region flanking the gene of interest and plated on PYE agar containing kanamycin
(Kan) to select for plasmid integration. Colonies were then inoculated in 3 mL PYE medium
and incubated overnight at 28°C shaking. From the stationary overnight cultures, 2 uL were
spread on PYE plates supplemented with 3 % [w/v] sucrose (Suc) and incubated for 2 days at
28°C. Clones were tested for loss of the plasmid by streaking on PYE/Kan and PYE/Suc plates.

Positive clones (Kan® and Suc®) were verified by colony PCR.

4.3.10 Determination of susceptibility against antibiotics

To determine the viability of C. crescentus mutant strains on solid medium, spot dilution assays
were performed. For that, cultures were adjusted to an ODegoo Of 0.1. After making serial
dilutions ranging from 102 to 107 3 pL of each dilution were spotted on PYE or M2G agar
supplemented with different concentrations of ampicillin or aztreonam, as indicated for the
respective experiments. Plates were incubated for 3 days at room temperature (RT) if not
stated otherwise. Afterwards, images were taken using a ChemiDocTM XRS+ Imager (Bio-
Rad Laboratories, Germany) with Image Lab™ software (version 5.0) (Bio-Rad Laboratories,
Germany). As ampicillin is not stable in agueous solution, stocks were always prepared freshly

before every experiment.

Resistance against fosfomycin (Fos) was tested with Fosfomycin MIC Test Strips (Liofilchen,
Italy). To this end, overnight cultures were diluted to a ODeoo 0f 0.1 in PYE medium and 100 pL
of the dilution were added to 20 mL of sterile liquid PYE agar that had been cooled to a
temperature slightly above gelation temperature (approximately 45°C). After solidification of
the agar, the plates were dried and the test strips applied on top. The plates were incubated
for three days at 28 °C and imaged using the ChemiDoc™ XRS+ Imager (Bio-Rad
Laboratories, Germany) with Image Lab™ software (version 5.0) (Bio-Rad Laboratories,

Germany).
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4.4 Molecular and biochemical methods

4.4.1 Preparation of plasmid DNA

Plasmid DNA was extracted from E. coli TOP10 cells using the &enElute™ Plasmid Miniprep

Kitd (Sigma, USA) o r Mortarch Spin Plasmid Mi ni prep Kitoé ( NEB, USA)
manufacturer 6s anroeetnight aulture weredusethfbr the éxtraction and elution

was performed with 30 pL of ddH»O. All centrifugation steps were carried out at 13,000 xg and

plasmids were stored at -20 °C.

4.4.2 Preparation of genomic DNA
Genomic DNA of C. crescentusand E.coli TOP 10 was extr acNuwedoSgn® usi

ng

Microbial DNAG  (Macherey-Nagel, Germany)accor ding to the manufactu

Isolated genomic DNA was stored at -20 °C.

4.4.3 Determination of DNA concentration

The concentration of DNA was measured using NanoDrop ND-1000 spectrophotometer
(Nanodrop, USA) at a wavelength of 260 nm. As a reference, ddH,O was used. The DNA
concentration was calculated as follows: dsDNA concentration (ug/mL) = 50 ug/mL * Ezeo *

dilution factor.

4.4.4 Polymerase chain reaction (PCR)

DNA fragments were amplified f r om genomi c or pl asmid DNA wus
pol ymerased (Novagene, Ger many) or 6 Q5 Hi gh
according to the maThedtaadartthermalrpi®ie uged for PORraadtiens

is listed in Table 5. The annealing temperature was chosen based on the melting temperatures

(Twm) of the oligonucleotides used in the reaction. The elongation time was adjusted to the length

of the amplified fragment. Oligonucleotides used in this work are listed in Supplementary Table

8.

Table 5: Cycling parameters for KOD and Q5 DNA polymerase.

Step Temperature (°C) Duration Cycles
Initial denaturation 98 30s 1x
Denaturation 98 30s
Annealing Twm 45 s 30x
Elongation 72 1 min/kb (KOD)

30 s/kb (Q5)
Final elongation 72 3 min 1x
Storage 20 b 1x
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4.4.5 Purification of PCR reactions

PCR products we rGenEjta™ PCRiCleah-Up Kitd(Sigga, SA) according to
t he manuf act (DNAwaddutedvetimad pll of ddH.O. All centrifugation steps were
carried out at 13,000 xg and purified DNA was stored at -20 °C.

4.4.6 Agarose gel electrophoresis

The size of DNA fragments and plasmids was determined using agarose gel electrophoresis.
DNA fragments were separated in a 1 % agarose gel made with 0.5x TAE buffer (20 mM Tris
Base, 0.175 % acetic acid, 0.5 mM EDTA) and supplemented with 1x GelRed (EMD Millipore
Corpor at i ®uick-LoakdS ARB.DNA Ladderd a Quitk-Load® 100 bp DNA Ladderd
(NEB, USA) were used as standards for size determination. Gels were run in 0.5x TAE buffer
at a constant voltage of 150 V. If necessary, 6x DNA Loading Dye (Thermo Scientific, USA)
was added to the samples before loading. Gels were imaged with a UV transilluminator (UVP-

Bio-Doc-IT™ Imaging System, UniEquip, Germany) at a wavelength of 302 nm.

4.4.7 Extraction of DNA from agarose gels
DNA was extracted from agarose gels using the @&enElute™ Gel Extraction Kitd(Sigma, USA)
according to the manufacturer 6s piOandctored at -

20 °C. All centrifugation steps were performed at 13,000 xg.

4.4.8 Restriction digestion

Plasmid restriction was performed using the FastDigest restriction enzymes from Thermo

DNA w:

scientific (USA) and the 10x FastDigest buffer

reactions were incubated for 1 h at 37°C. Successful restriction was verified by agarose gel

electrophoresis and the band containing the digested plasmid was extracted from the agarose

gel.

4.4.9 Gibson Assembly

Oligonucleotides used for cloning via Gibson Assembly were designed with SnapGene 3.2.1
(GLS biotech, USA) with a minimum of 20 bp homologous region to the designated vector
backbone. Inserts were amplified by PCR and plasmids were opened using restriction
digestion. Gibson Assembly was performed as described previously (Gibson et al., 2009). In
short, one or multiple inserts were combined with the backbone plasmid in a molar ratio of 4:1
to a final volume of 5 pL and mixed with the assembly master mix (AMM; 5 % [v/w] PEG, 100
mM Tris-HCI pH 7.5, 10 mM MgCl;, 10 mM DTT, 1 mM NAD (Sigma-Aldrich, USA), 0.2 mM of
each dNTP (Fisher Scientific, USA), 6.4 U T5 exonuclease (NEB, USA), 40 U Phusion DNA
polymerase (NEB, USA), 6,400 U Tag DNA ligase (NEB, USA)). The reaction was incubated
for 1 h at 50 °C and used for transformation of E. coli TOP10. Successful assembly was verified

by colony PCR followed by sequencing.
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4.4.10 Colony PCR

Colony PCR was performed to confirm the genotype of strains after cloning and transformation.
For E. coli, cells were directly transferred into 10 pL of reaction mix containing 5 puL 2x BioMix
Red™ (Bioline, UK), 0.5 pL PCR oligonucleotides, 10 % [v/v] DMSO and ddH:O. For C.
crescentus, the reaction volume was increased to 20 pL and template DNA was provided in
the form of cell material directly from plate or 1 uL of an overnight culture. The cycling

parameters for colony PCR for both organisms are given in Table 6.

Table 6: Cycling parameters for Colony PCR of  E. coli and C. crescentus.

Step Temperature (°C) Duration Cycles

E. coli C. crescentus
Initial denaturation 98 94 2 min 1x
Denaturation 98 94 30s
Annealing 65 63 45 s 25x
Elongation 72 72 30 s/kb
Final elongation 72 72 3 min 1x
Storage 20 20 b 1x

4.4.11 DNA sequencing
DNA sequencing was performed by Microsynth (Germany). The samples were prepared
according to the c &mndgistaigscaryingvesified plasnids wenesstored

in cryo stocks.

4.4.12 Sodium dodecyl sulfate -polyacrylamide gel electrophoresis  (SDS-PAGE)

To determine the molecular weight of proteins or separate proteins for subsequent immunoblot
analysis, SDS-PAGE was performed according to previous protocols (Laemmli, 1970). For
bacterial samples, cells were harvested and resuspended in 2x SDS sample buffer (300 mM
Tris Base, 50 % [v/v] glycerol, 5 % [w/v] SDS, 500 mM DTT, 0.05 % bromphenol blue) to a
final ODesoo Of 10. Protein samples were mixed in a 1:1 ratio with 2x SDS sample buffer.
Samples were heated for 10 min at 98°C and either used directly or stored at -20 °C until

further use. Composition of the stacking and resolving gel are listed in Table 7.

Samples were loaded onto the gel and PageRuler™ Prestained Protein Ladder (Fermentas,
Canada) was used as a marker. Separation was carried out at 35 mV for 30 i 60 min in SDS
running buffer (25 mM Tris Base, 192 mM glycine, 0.1 % [w/v] SDS). If gels were not used for
Immunoblot analysis, proteins were detected using ReadyBlue® Protein Gel Stain (Sigma-
Aldrich, USA).
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Table 7: Composition of stacking and resolving gel used for SDS -PAGE.

Component Stacking gel Resolving gel

8 % 11 % 15 %
ddH20 1.43 mL 2.4 mL 1.9mL 1.19 mL
Stacking buffer (500 mM Tris 625 uL - - -
Base, 0.4 % [w/v] SDS, pH 6.8)
Resolving buffer (1.5 M Tris - 1.25 mL 1.25 mL 1.25 mL
Base, 0.4 % [w/v] SDS, pH 8.8)
30 % Rotiphorese®NR- 417 uL 1.25 mL 1.9mL 2.5 mL
acrylamide/Bis-solution
TEMED (N,N,N',N ',- 1.9 uL 3 uL 3 uL 3 uL
tetramethylethylenediamine)
10 % [w/v] APS (ammonium 25 L 40 L 40 L 40 L
persulfate)

4.4.13 Immunoblot analysis

Immunoblot analysis was performed to detect specific proteins in whole-cell lysates. For that,
a polyvinylidene fluoride (PVDF) membrane (Immobilon™ P Transfer Membrane Merck-
Millipore, Germany) was activated for 15 s with 100 % methanol, washed for 2 min in ddH,O
and equilibrated in 1x Western blot turbo transfer buffer (300 mM Tris Base, 300 mM glycine,
0.05 % [v/v] SDS) for 5 min. The membrane and the SDS gel were layered in between three
Whatman filter papers equilibrated in Western blot turbo transfer buffer and the transfer was
carried out in a Trans-Blot® Turbo™ Semi-Dry-Electroblotter (Bio-Rad Laboratories, Hercules,
USA) at 1.3 A and 25 V for 7 min. The membrane was blocked overnight in TBST (10 mM Tris
Base, 150 mM NacCl, 0.1 % [w/v] Tween 20, pH 7.5) supplemented with 5 % [w/v] non-fat dry
milk at 4 °C and 50 rpm shaking. The primary antibody was diluted to adequate concentrations
(Table 8) in 5 % [w/v] milk powder in TBST, and added to the membrane, which was then
incubated for 2 h at RT shaking, followed by three washes in TBST for 5 min each. If necessary,
the membrane was incubated with a secondary antibody diluted to a suitable concentration
(Table 8) for 2 h at RT shaking. Washing was performed three times with TBST for 10 min.
Detection was performed using Western Lightning Plus-ECL chemiluminescence reagent
(Perkin Elmer, USA) and images were recorded with a ChemiDoc™ XRS+ Imager (Bio-Rad
Laboratories, Germany) and analyzed using Image Lab software (Bio-Rad Laboratories,
Germany).

Table 8: Antibodies used for Immunoblot Analysis. Given are the antibodies with the respective
dilutions used in this study.

Antibody Dilution
Anti-CtrA 1:10,000
Anti-FLAG-HRP 1:5,000
Anti-GFP 1:10,000
Anti-mCherry 1:10,000
Anti-rabbit-HRP 1:20,000
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4.4.14 Identification of ampicillin target proteins

The target proteins of ampicillin were identified using the fluorescent penicillin analog Bocillin-
FL (Boc-FL), using a modified version of a previously described protocol (Delaby et al., 2025;
Kocaoglu & Carlson, 2015). In short, C. crescentus strain CS606 (gblaA) was grown to
exponential phase in 100 mL PYE, harvested (10 min, 7,000 xg, 4°C), washed with 1x
phosphate buffered saline (PBS) (8 mM Na;HPO4, 2 mM KH,POQO4, 137 mM NacCl, and 2.7 mM
KCI, pH 7.4) and lysed by three passages though a French press at 10,000 psi. The pellet
fraction (containing the cell membranes) was collected by centrifugation for 15 min at
21,000 xg at 4 °C. The pellet was resuspended to a final volume of 2 mL in 1x PBS and 100
pL aliquots were incubated with 0, 1, 10 or 100 pg/mL ampicillin, 5 pg/mL cefalexin or 100
pg/mL mecillinam for 2 h at RT. The membrane fraction was pelleted again for 1 min at
13,000 xg and RT, washed twice with 1x PBS and then resuspended to a final volume of 100
pL with 1x PBS containing 5 pg/mL Boc-FL (Thermo Scientific, Germany) followed by
incubation for 10 min at RT. After two more washing steps, the samples were resuspended in
30 pL 2x SDS sample buffer, heated for 10 min at 90°C and loaded onto an 8 % SDS gel After
separation, proteins labeled with Boc-FL were detected with a ChemiDoc™ MP Imager (Bio-

Rad Laboratories, Germany) using a 526 nm short-pass filter.

4.4.15 Fractionation assay

To determine the subcellular localization of AmiR and LdtX, a fractionation assay was
performed as described previously (Chen et al., 2005; Judd et al., 2005). An 80 mL culture of
a strain in which the native amiR gene was exchanged with amiR-flag and additionally
produced a xylose-inducible mCherry fused to the TAT export sequence or a FLAG-tagged
version of LdtX under control of the xylX promoter was grown to exponential phase and
induced for 3 h with 0.3% xylose, grown to exponential phase and harvested. The cell pellet
was resuspended in 8 mL of fractionation buffer (50 mM Tris, 18% [w/v] sucrose, 1 mM CacCly,
pH 8.0). After the addition of 1 mM ethylenediaminetetraacetic acid (EDTA) and 10 mg/mL
lysozyme, the reaction was incubated for 40 min on ice. Spheroblasts (cytoplasm + inner
membrane) and periplasm were separated by stepwise centrifugation for 5 min at 3500 x g at

4°C until the supernatant was clear.

4.4.16 b-lactamase activity assay

The activity of the 3-lactamase BlaA of C. crescentus was assessed using the chromogenic
cephalosporin derivative nitrocefin (Merck, Germany) as a substrate, as described previously
(O'Callaghanetal., 197 2; Z etall, 200#s kKoahis end, cells were grown to exponential
phase in 3 mL PYE medium, harvested by centrifugation for 5 min at 7,000 xg and RT, and
resuspended in 1 mL of 1x PBS. After transfer of the suspensions into a 24-well polystyrene

microplate (Carl Roth, Germany), the reactions were started by the addition of 100 pL of
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nitrocefin (1 mg/mL). The hydrolysis of nitrocefin was then monitored by measuring the
increase in absorbance at 482 nm every 2 min over a period of 180 min at 30 °C using an

EpochE 2 microplate reader (BioTek, California, United States).

4.4.17 b-galactosidase promoter activity assay

To analyze the activity of the promoter upstream of the operon containing the blaA gene, a b-
galactosidase-based promoter activity assay was performed. Cultures were grown to
exponential or stationary phase in PYE medium containing no or 50 pg/mL of ampicillin. After
determination of the ODsoo, cells were harvested by centrifugation for 7 min at 12,000 xg and
4 °C and resuspended in 1 mL of Z-buffer (60 mM Na;POa., 40 mM NaH:PO., 10 mM KCl,
1 mM MgSOsy, 5 0 -mévcapboethanol, pH 7.0). Cells were permeabilized by incubation
with 100 pL chloroform and 0.1 % [w/v] SDS for 7 min at RT. 500-pL samples of the suspen-
sions were mixed with 500 pL of Z-buffer. Subsequently the reactions were started by the
addition of 200 pL of o-nitrophenyl-b-D-galactopyranoside (4 mg/mL), incubated at room
temperature until the mixtures turned yellow, and stopped by the addition of 500 pL of 1 M
Na.COs. Cell remnants were pelleted by centrifugation and the extinction of the supernatant
was measured photometrically at 550 n m and 4 2dalactosidase éctivities were then
calculated as follows: Activity (in Miller units) = 1000*(ODa4zol 1.75*ODss0)/(t*V*ODsoo), With t

representing the time of incubation (min) and V the culture volume used for the reaction (mL).

4.4.18 Peptidoglycan sacculi purification

To identify differences in PG composition between the C. crescentus wild type and gamiR or
gddtX mutant, PG sacculi were extracted and analyzed in collaboration with Dr. J. Biboy
(Institute for Cell and Molecular Biosciences, Newcastle University, UK) from the research
group of Prof. Dr. W. Vollmer (Institute for Molecular Bioscience, University of Queensland,
Australia). For that, 400 mL stationary cultures of C. crescentus wild-type, gamiR a n dIdtXp
cells were harvested at 16,000 xg for 20 min at 4°C. The pellets were resuspended in 6 mL of
ice-cold ddH.O and added dropwise to 6 mL of a boiling solution of 8% [w/v] SDS that was
stirred vigorously. The suspension was heated for 30 min, while ddH»O was added to maintain
a constant volume. The suspension was cooled down to room temperature and stored at 4 °C

until further use.

4.4.19 Peptidoglycan composition analysis

To analyze the composition of PG of C. crescentus, PG was isolated as described previously
(Glauner et al., 1988; Takacs et al., 2010) and digested with the muramidase cellosyl (kindly
provided by Hoechst, Frankfurt, Germany). The resulting muropeptides were reduced with
sodium borohydride and separated by high-performance liquid chromatography (HPLC) as

described previously (Takacs et al.,, 2010). The identity of eluted fragments was assigned
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based on the retention times of known muropeptides (Takacs et al., 2010). The analyses were
performed by Dr. Jacob Biboy and Prof. Dr. Waldemar Vollmer.

4.4.20 Enzymatic activity assays against peptidoglycan

To test the activity of AmiR against anhydro-muropeptides, PG from E. coli D456 was used
(Edwards & Donachie). This strain lacks three major DD-CPases and therefore has elevated
levels of pentapeptides. PG was treated with the SLT SIt70 from E. coli (Banzhaf et al., 2020;
Betzner & Keck, 1989). The products were incubated with wild-type AmiR or a catalytically
inactive AmiR derivative (AmiR*) in a total volume of 50 pl in buffer H (20 mM HEPES-NaOH,
50 mM NaCl, 1 mM MgCl,, pH 7.5) at 37 °C for 16 h in a thermal shaker set to 900 rpm. To
test the specificity of AmiR against different anhMurNAc-peptides, different concentrations
ranging from 0.1 uM to 10 puM of AmiR were used in a second experiment performed in the
same way. The reactions were stopped by incubation at 100 °C for 10 min in a dry-bed heater.
After clearance of the mixtures by centrifugation at 17,000 xg for 10 min, the supernatants
were acidified to pH 4.0 T pH 4.5 with 20% phosphoric acid. Subsequently, the reaction
products were separated by HPLC as described previously (lzquierdo-Martinez et al.,
2023).The activity of AmiR towards muropeptides with reducing ends was tested in a similar
manner. Here, peptidoglycan from E. coli D456 was treated with the muramidase cellosyl from
Streptomyces coelicolor (Brau et al., 1991). After incubation with the enzyme, followed by heat
inactivation and centrifugation, the supernatants were mixed with an equal volume of 0.5 M
sodium borate (pH 9.0) and the muropeptides were reduced with ~1 mg of sodium borohydride.
The samples were then acidified to pH 4.0 i pH 4.5 with 20% phosphoric acid and analyzed
by HPLC as described previously (Glauner et al., 1988).

The enzymatic activity of NagZ and LdtX towards anhydro-muropeptides or reducing
muropeptides was analyzed as described for AmiR, but with the following modifications.
Peptidoglycan from E. coli CS703-1 (Meberg et al., 2001), a strain lacking all major DD-
CPases, was treated with the lytic transglycosylase MItA from E. coli (Lommatzsch et al., 1997)
to produce anhydro-muropeptides or with cellosyl to produce muropeptides with reducing
ends. The lytic products were incubated with NagZ/LdtX or a catalytically inactive NagZ*/LdtX*

variant (NagZ*) (10 pM) and processed as described above.

To test the activity of AmiR and LdtX towards undigested peptidoglycan, sacculi isolated from
E. coli D456 (Glauner et al., 1988; Takacs et al., 2010) were incubated with AmiR, AmiR* or
LdtX (10 pM) in buffer H at 37 °C for 16 h in a thermal shaker set to 900 rpm. The reactions
were stopped by heating at 100 °C for 10 min in a dry-bed heater. Subsequently, the sacculi
were digested with cellosyl overnight. After heat inactivation of cellosyl at 100 °C for 10 min

and clearance of the mixtures by centrifugation, the reaction products were reduced with
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borohydride. The samples were then acidified to pH 4.0 i pH 4.5 with 20% phosphoric acid
and analyzed by HPLC as described previously (Glauner et al., 1988).

Disaccharide-containing muropeptides and anhydro-muropeptides were identified based on
their known retention times and peak patterns (Glauner et al., 1988). The identities of the
GlcNAci anhMurNAc disaccharide generated by AmiR and the anhMurNAc-peptides
generated by NagZ were determined by HPLC separation of the reaction products and mass
spectrometric analysis of the different peak fractions. The analyses were performed by Dr.
Jacob Biboy and Prof. Dr. Waldemar Vollmer.

To test the activity of AmiR against purified anhydro-murotetrapeptide, 10 uM of purified AmiR
and AmiR* were incubated with 5 uL of purified anhydro-murotetrapeptide in a total of 90 pL
reaction buffer (50 mM HEPES, 200 mM NacCl, 10 % [v/v] glycerol, pH 7.2) at 37°C for 4 h. The
same was done to test the activity of LdtX and CrbA against a synthetic pentapeptide (Sigma-
Aldrich, Germany) using 10 uM of the proteins and 500 uM of the peptide. To test, if AmIR is
also active against anhMurNAc-tetrapeptide, 5 uL of the purified anhydro-murotetrapeptide
was incubated with 10 uM of purified NagZ and NagZ* in a total of 90 pL for 16 h at 37°C. Then
10 uM of AmiR and AmiR* were added followed by incubation at 37°C for 4 h. The reactions
were acidified by adding 10 pL 10 % [v/v] formic acid and precipitated protein was removed by
centrifugation for 10 min at maximal speed. The reactions were subjected to liquid
chromatography-mass spectrometric (LC-MS) analysis for semi-quantitative determination of
the reaction products as described above. The reaction products of interest were identified
using their theoretical mass to charge ratio. The analysis was performed by Dr. Nicole Paczia
(Head of Metabolomics and small molecule mass spectrometry, MPI Marburg).

4.4.21 Protein overproductionin E. coli

Overexpression of proteins was performed using E. coli Rosetta (DE3)/pLysS (Novagen)
transformed with plasmids bearing the desired constructs. Pre-cultures were grown overnight
at 37°C in 40 mL LB supplemented with Amp and Cam, inoculated in a 1:100 dilution in a total
volume of 3 L LB supplemented with the required antibiotics and incubated until an ODggo Of
0.4 was reached. The incubator temperature was lowered to 18 °C, protein expression was
induced by addition of 1 mM IPTG and incubation continued at 18 °C overnight. Cells were
harvested at 5,000 xg for 10 min at 4 °C, pellets were once washed with buffer A (50 mM Tris-
HCI, 500 mM NaCl (AmiR) / 300 mM NaCl (NagZ and LdtX), 10 mM imidazole, 10% glycerol,
pH 7.0) and stored at -80 °C until further use.

4.4.22 Immobilized metal ion affinity  chromatography
For purification of Hiss-SUMO-tagged proteins expressed in E. coli, frozen pellets were thawed,

and the cells were resuspended in buffer Acontaining100e g/ mL phenyl|l met hyl sul f ¢
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(PMSF)and 10 ¢ g/ imhhecdld\Nvers lgsed.by three passages through a French press
at a pressure of 10,000 psi. The lysate was cleared by centrifugation (30 min, 30,000 xg, 4 °C)
and loaded onto a His-Trap HP 5 mL Ni-NTA affinity column (Cytiva, Germany) equilibrated
with buffer A. After washing of the column with buffer A for 5 column volumes (CV), the proteins
were eluted at a flow rate of 2 mL/min with a linear gradient of imidazole over 10 CV generated
by mixing buffer A and buffer B (50 mM Tris-HCI, 500 mM NacCl (AmiR) / 300 mM NaCl (NagZ
and LdtX), 250 mM imidazole, 10% glycerol, pH 7.0). The peak fractions were checked for the
presence of the desired protein by SDS-PAGE, pooled, supplemented with SUMO protease
(Hise-Ulpl) (Marblestone et al., 2006) at a molar ratio of 1:1,000 relative to the purified protein,
and dialyzed overnight at 4 °C against buffer C (50 mM Tris-HCI, 500 mM NaCl (AmiR) /
150 mM NaCl (NagZ and LdtX), 10% glycerol, 1 mM dithiothreitol, pH 7.0). The solution was
then loaded again onto a His-Trap HP 5 mL column to remove Hise-SUMO and Hiss-Ulp. Flow-
through fractions containing the protein of interest were collected, if necessary concentrated
using Amicon® Ultra centrifugation filters (10kDa MWCO; Merck, Germany), snap-frozen in

liquid nitrogen and stored at -80 °C until further use.

4.4.23 Size exclusion chromatography

As purity of AmiR and AmiR* was not high enough for follow-up experiments, size exclusion
chromatography was performed after dialysis against buffer C. For that, the protein was loaded
onto a Superdex 75 GL10/300 size-exclusion column (Cytiva, Germany) equilibrated with
buffer D (50 mM HEPES-NaOH, 500 mM NacCl, pH 7.0) and eluted at a flow rate of 1 mL/min.
Fractions containing the protein of interest at high concentration and purity were combined,

concentrated, snap-frozen in liquid nitrogen and stored at -80 °C until further use.

4.4.24 Total proteome analysis

For standard comparison of the proteome of different C. crescentus strains, cells were grown
to exponential phase in 10 mL PYE medium at 28°C. For comparing the proteome of strains
growing in medium supplemented with GIcNAc, precultures were grown in 3 mL PYE overnight
at 28°C. Then 10 mL of main cultures were inoculated 1:100 in 10 mL medium (PYE or M2G)
and medium supplemented with GIcNAc and incubated at 28°C overnight. Cells were
harvested by centrifugation (15,000 xg, 10 min, 4 °C), washed three times with ice-cold 1x PBS
and resuspended in 300 &L of saflcgswmates(SLE)ulDG neM
ammonium bicarbonate). The samples were then heated for 10 min at 90 °C, followed by
sonication with a VialTweeter Sonicator (Hielscher Ultrasonics, Germany). Proteins were
reduced with 5 mM Tris(2-carboxyethyl)phosphine (Thermo Fischer Scientific, Germany) at
90 °C for 15 min and alkylated using 10 mM iodoacetamid (Sigma Aldrich, Germany) at 20 °C
for 30 min in the dark. Subsequently, they were precipitated by the addition of a sixfold excess

of ice-cold acetone and incubation for 2 h at -20 °C, followed by two washing steps with
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methanol. After drying, the proteins were reconstituted in 0.2% SLS and their amount was
determined using a bicinchoninic acid (BCA) protein assay (Thermo Scientific, Germany). After
that, 50 pg protein were subjected to tryptic digestion by incubation with 1 pg of trypsin (Serva)
in 0.5% SLS at 30 °C overnight. After digestion, SLS was precipitated by adding a final
concentration of 1.5% trifluoroacetic acid (TFA) (Thermo Scientific, Germany). The peptides
were desalted using CHROMAFIX C18 solid phase extraction cartridges (Macherey-Nagel,
Germany), which were prepared by the addition of acetonitrile (ACN) and subsequent
equilibration with 0.1% TFA. They were then loaded on the equilibrated cartridges, washed
with a mixture of 5% ACN and 0.1% TFA, and finally eluted with a mixture of 50% ACN and
0.1% TFA. After drying, the peptides were reconstituted in 0.1% TFA and then analyzed using
liquid-chromatography-mass spectrometry on an Exploris 480 instrument connected to an
UltiMate 3000 RSLCnano HPLC system and a Nanospray Flex ion source (Thermo Scientific,
Germany). The following gradient was used for separation: 94% solvent A (0.15% formic acid)
and 6% solvent B (99.85% ACN, 0.15% formic acid) to 25% solvent B over 40 min, followed
by an increase to 35% solvent B over 20 min at a flow rate of 300 nl/min. Peptides were ionized
at a spray voltage of 2.3 kV, with the ion transfer tube temperature set at 275 °C.
445.12003 m/z was used as internal calibrant.

Mass spectrometry (MS) raw data were acquired on an Orbitrap Exploris 480 instrument
(Thermo Scientific, Germany) in data-independent acquisition (DIA) mode. The funnel RF level
was set to 40. For DIA experiments, full MS resolution was set to 120.000 at m/z 200. The
AGC target value for fragment spectra was set at 3000%. 45 windows of 14 Da were used with
an overlap of 1 Da between m/z 320-950. Resolution was set to 15,000 and IT to 22 ms. A
stepped HCD collision energy of 25, 27.5, 30 % was used. MS1 data were acquired in profile,
MS2 DIA data in centroid mode.

The analysis of DIA data was performed with DIA-NN version 1.8 (Demichev et al., 2020),
based on a protein database for Caulobacter crescentus NA100O retrieved from UniProt
(UniProt Consortium, 2025) to generate a dataset-specific spectral library. The DIA-NN suite
was used to perform noise interference correction (mass correction, RT prediction and
precursor/fragment co-elution correlation) and peptide precursor signal extraction on the DIA-
NN raw data. The following parameters were used: Full tryptic digest was allowed with two
missed cleavage sites, oxidized methionines and carbamidomethyl at ed <cystei nes.
bet ween runsé and O6Remove |ikely interferencesod
1 %. The neural network classifier was set to the single-pass mode, and protein inference was
based on genes. The quantification strategy was set to any LC (high accuracy). Cross-run
normalization was set to RT-dependent. Library generation was set to smart profiling. DIA-NN

outputs were further evaluated using the SafeQuant script (Ahrné et al., 2013; Glatter et al.,
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2012), modified to process DIA-NN outputs. The analysis was performed by Dr. Timo Glatter
(Head of Mass Spectrometry and Proteomics, MPI Marburg).

4.4.25 Metabolomics analysis
Anhydro-muropeptides were quantified essentially as described previously (Jacobs et al.,

1994; Simpson et al., 2023). In brief, cultures were grown overnight in 10 mL PYE medium
(ODeoo = 1.2) and harvested by centrifugation for 10 min at 21,000 xg and 4 °C. The pelleted
cells were washed three times with 0.9% NaCl, resuspended to a final volume of 100 uL in
0.9% NaCl and heated for 7 min at 98 °C. The suspension was cleared by centrifugation for
15 min at 21,000 xg. The supernatant was isolated, centrifuged again to remove residual cell
debris, and then subjected to liquid chromatography-mass spectrometric (LC-MS) analysis for
semi-quantitative determination of PG recycling intermediates. The chromatographic
separation was performed on an Agilent Infinity Il 1290 HPLC system using a ZicHILIC
SeQuant column (150 T 2. 1 vmanesizé) cobneaemto a ZicHILIC
guard column (20 x 2.1 mm, 5 em patrticle size) (Merck KgAA) at 25° C and at a constant flow
rate of 0.3 mL/min, with mobile phase A being 0.1% formic acid in 99:1 water:ACN (Honeywell,
Morristown, NJ, USA) and phase B being 0.1% formic acid in 99:1 ACN:water (Honeywell,
Morristown, NJ, USA). The injection volume was 5 uL. The mobile phase profile comprised the
following steps and linear gradients: 0 7 1 min constant at 80% B; 11 10 min from 80 to 10%
B; 10 7 12 min constant at 10% B; 127 12.1 min from 10 to 80% B; 12 to 14 min constant at
80% B. An Agilent 6546A QTOF mass spectrometer was used in high-resolution, positive
mode with a mass range of 70 i 1700 m/z and a scan rate of 1.5 spectra/second. An
electrospray ionization (ESI) source was used at the following conditions: ESI spray voltage
4000 V, nozzle voltage 500 V, sheath gas 250 °C at 12 I/min, nebulizer pressure 60 psig and
drying gas 100 °C at 11 L/min. Compounds were identified based on their accurate mass and
retention time, applying an extraction tolerance of 5 ppm. Chromatograms were integrated
using MassHunter software (Agilent, CA, USA). Relative abundance was determined based

on the peak area.

To determine the cytoplasmic amounts of the PG precursors UDP-GIcNAc and UDP-MurNAc,
the strains to be analyzed were cultivated overnight in PYE medium, followed by determination
of their optical densities (ODsoo). Subsequently, 1 mL samples of the cultures were mixed with
1 mL of 70% [v/v] LC-MS-Grade MeOH (Merck, Germany) and subjected to centrifugation at
13,000 xg and -9 °C for 10 min. To extract the endometabolome, the pelleted cells were mixed
with 100 pL per ODeoo unit of extraction fluid (50 % [v/v] LC-MS-Grade MeOH, 5 mM Tris Base,
0.5 mM EDTA) and the same amount of chloroform, followed by incubation at 4 °C for 2 h.
After separation of the phases by centrifugation (max. speed, -9 °C, 10 min), the upper phase

was isolated, filtered using PTFE membrane filters (0.2 um pore size) (Sartorius, Germany)
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and subjected to LC-MS analysis. The chromatographic separation was performed on an
Agilent Infinity [l 1290 HPLC system using a SeQuant ZIC-pHILIC column (150 x 2.2 mm,5 & m
particle size, peek coated, Merck) connected to a guard column of similar specificity (20 x
2.1 mm, 5 em particle size, Phenomoenex) at 40 AcC

with mobile phase A composed of 10 mM ammonium acetate in water (pH 9) supplemented

™

with medronic acid to a final ¢ B composed of B0tmMo n o f
ammonium acetate in 90:10 ACN:water (pH 9). The injection volume was 5 yL. The mobile
phase profile comprised the following steps and linear gradients: 0 i 1 min constant at 75 %
B; 17 6 min from 75 to 40% B; 6 to 9 min constant at 40% B; 91 9.1 min from 40 to 75% B;
9.1 to 20 min constant at 75% B. An Agilent 6546A QTOF mass spectrometer was used in
high-resolution, negative mode with a mass range of 50 i 1700 m/z and a scan rate of 1.5
spectra/second. An ESI source was used at the following conditions: ESI spray voltage 4000 V,
nozzle voltage 500 V, sheath gas 300 °C at 12 L/min, nebulizer pressure 20 psig and drying
gas 150 °C at 11 L/min. Compounds were identified based on their accurate mass and
retention time applying an extraction tolerance of 5 ppm. Chromatograms were integrated
using MassHunter software (Agilent, Santa Clara, CA, USA). Relative abundance was
determined based on the peak area. The analyses were performed by Dr. Nicole Paczia (Head

of Metabolomics and small molecule mass spectrometry, MPI Marburg).
4.5 Microscopy and image analysis

45.1 Live-cell imaging

For phase contrast microscopy, cultures of C. crescentus were grown to either the exponential
(ODeoo 0.6 T 0.8) or stationary growth phase (ODsgo > 1.2) in the appropriate medium. Cells
were transferred to 1 % [w/v] agarose pads and imaged with a Zeiss Axio Imager.M1
microscope equipped with a Zeiss Plan Apochromat 3 100/1.40 Oil DIC objective and a
pco.edge 3.1 sCMOS camera (PCO) or with a Zeiss Axio Imager.Z1 microscope equipped with
a 100x Plan-Apochromat Oil Ph3 M27 objective and a pco.edge 4.2 sCMOS camera (PCO,
Germany).

For epifluorescence detection, an X-Cite 120PC metal halide light source (EXFO, Canada) and
ET-YFP, ET-DAPI or ET-TexasRed filter cubes (Chroma, USA) were used. Images were
recorded with VisiView 3.3.0.6 (Visitron Systems, Germany) and processed with Fiji
(Schindelin et al., 2012) and Adobe lllustrator CS6 (Adobe Systems, USA).

4.5.2 Cell length quantification
Cell length measurements were performed using Oufti (Paintdakhi et al., 2016). Triplicates of

100 cells per strain were analyzed for the quantification. The results were plotted using the
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SuperPlotsOfData application (Goedhart, 2021). Statistical significance was determined using
a two-sided We | s tiastsas implemented in the SuperPlotsOfData application.

4.5.3 Microfluidics -based ampicillin sensitivity assay

Microfluidics-based imaging was performed using a CellASIC ONIX B04A plate for bacterial
cells (Merck, Germany) that was connected to a CellASIC® ONIX2 microfluidic system (Merck,
Germany) and imaged with an Zeiss Axio Observer.Z1 (see above) in a heatable enclosure
adjusted to 28 °C. Exponentially growing C. crescentus wild-type and gamiR cells were diluted
to an ODego 0Of 0.2 and flushed into different chambers of the microfluidic plate. They were then
first incubated for 3 h with a constant flow of PYE medium and then for 5 h with a constant flow
of PYE medium containing 20 pg/mL ampicillin at a pressure of 5 kPa. DIC images were taken

at 5-min intervals to follow cell growth and division over the course of the whole experiment.

4.5.4 HADA staining

To label zones of active PG synthesis, 7-hydroxycoumarincarbonylamino-D-alanine (HADA)
staining was performed as described previously (Kuru et al., 2012). In short, 100 pyL of
exponentially growing cultures were incubated with 1 mM HADA for 30 s at 28 °C and 300 rpm
shaking. The cells were pelleted (2 min, 9,400 xg, RT), resuspended in 1 mL of 70 % [v/v]
EtOH and incubated for 15 min at 4 °C. The cells were pelleted, washed three times in 1x PBS
and resuspended in a final volume of 10 L 1x PBS. Stained cells were directly spotted onto a

1 % [w/v] agarose pad and used for microscopy.

455 Depletion of nagA2

To analyze the effect of the absence of both NagA proteins on the cell morphology, a depletion
strain was constructed carrying deletions in nagAl and nagA2 and additionally nagA2 under
the control of a xylose-inducible promoter. To image the cells, a pre-culture in PYE medium
without the inducer was grown overnight at 28°C. Cells were washed three times in PYE
medium, the washed cells were inoculated to a starting ODeoo 0f 0.05 and incubated for 7 h at
28°C and imaged under the microscope. Afterwards, the cells were re-inoculated in fresh PYE

medium and incubated for 16 h at 28°C, followed by imaging of the cells using microscopy.

4.6 Bioinformatical methods

All DNA and protein sequences used in this work were obtained from the NCBI database
(http://www.ncbi.nlm.nih.gov). Basic Local Alignment Seach Tool (BLAST) using the BLAST
server of the National Institutes of Health (https://blast.ncbi.nlm.nih.gov/Blast.cgi) was used for
protein similarity searches (Altschul et al., 1990). Conserved functional domains of proteins
were determined using the Simple Modular Architecture Research Tool (SMART) (Schultz et
al., 1998). Signal peptide prediction was performed using SignalP 6.0 (Nielsen et al., 2024).

Protein structures were predicted with Alphafold 3 (Abramson et al., 2024) and visualized using
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PyMOL v2.6.0a0 (Schrodinger LLC). Confidence maps of the predicted structures can be
found in Supplementary Figure 24. The interaction between the PG-binding domain and its
substrate GIcNAc-anhMurNAc-tetrapeptide was predicted using Chai-1 (Boitreaud et al.,
2024). Cell length measurements were visualized using the SuperPlotsOfData application
(Goedhart, 2021) and proteomics data were visualized with VolcaNoseR (Goedhart &
Luijsterburg, 2020). To analyze the conservation of the genomic context of AmiR, webFlaGs
(Saha et al., 2021) was used with the following settings. As database the refseq_select was
used, the e-value cut-off for the BLAST search was set to 5e-2, the jackhmmer e-value to 1e-

10 and the number of jackhmmer iterations to 3. The number of BLAST hits was set to 50.
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6 Appendix

Supplementary Table 1:

Proteins

found to be

to wild -type cells. The table lists the ORF numbers and predicted functions of the numbered proteins

di fefXecelle comparad | vy

in Figure 15C.
Protein number | ORF number Predicted functions

1 CCNA_00845 Antitoxin protein relB-1
2 CCNA 02277 TonB-dependent outer membrane channel HutA
3 CCNA_00081 uncharacterized protein
4 CCNA 03558 ATP synthase epsilon chain AtpC
5 CCNA 02275 ABC transporter, periplasmic component
6 CCNA_00437 Methyl-accepting chemotaxis protein
7 CCNA 03263 TonB-dependent receptor
8 CCNA_01707 Gluconate 2-dehydrogenase subunit 3-family protein
9 CCNA 03446 Feruloyl-CoA synthetase
10 CCNA_01186 uncharacterized protein
11 CCNA_00987 Stress response protein CsbD
12 CCNA 00928 GntR family transcriptional regulator
13 CCNA_00374 ATP synthase protein |
14 CCNA 01205 ABC transporter ATP-binding protein
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Supplementary Table 2: Muropeptide composition of PG isolated from stationary

wild-t y p e dduXdcellgp The table gives the relative abundance of the indicated muropeptide

C. crescentus

species, calculated from the areas of the corresponding peaks in the HPLC chromatogram from figure

24A. Two independent replicates were analyzed per strain.

Peak Muropeptide Peak area (%)
no. Wild type gdtX
1 Tri 0.00 0.00 0.00 0.00
2 Tetra 20.77 21.39 | 11.09 11.46
3 Penta(Gly5) 7.63 7.48 7.91 7.17
unknown-possibly Di 0.00 0.00 0.60 0.23
4 Penta 12.18 12.30 | 16.29 18.58
5 TriTri(Dap) 0.00 0.00 0.00 0.00
6 TetraTri (Dap)) 0.00 0.00 0.00 0.00
7 Tri-Anh (+small amount of TetraTri (D,L)) 0.70 0.60 0.00 0.00
8 TetraTetra(Dap) 0.00 0.00 0.00 0.00
9 TetraPenta(Gly5) 6.32 6.06 7.59 7.19
10 TetraTetra 10.48 10.93 | 8.05 8.46
11 TetraPenta 7.96 8.09 11.83 13.16
12 TetraTetraTri or TetraTetraTri(Dap) 0.00 0.00 0.00 0.00
13 TetraAnh 0.00 0.00 0.18 0.00
14 TetraTetraPenta(Gly5) 2.06 2.04 1.55 1.50
15 TetraTetraTetra 2.06 2.09 1.44 1.54
16 TetraTetraPenta 1.51 1.50 2.11 2.32
17 TetraTetraTetraTetra 0.23 0.23 0.17 0.17
18 TetraTetraTetraPenta 0.19 0.73 0.24 0.26
19 Penta-Anh 0.74 2.71 0.85 0.91
20 TetraTetra-Anh 2.55 2.61 2.21 2.59
21 TetraPenta-Anh 2.77 2.71 3.40 2.00
22 TetraTetraTriAnh or TetraTetraTri(Dap)Anh 0.00 0.00 0.00 0.00
23 TetraTetraTetra-Anh 4,79 0.55 3.50 3.46
24 TetraTetraPenta-Anh 3.52 3.50 5.13 5.06
25 TetraTetraTetraPenta-Anh | 0.51 0.51 0.54 0.54
26 TetraTetraTetraPenta-Anh |l 1.20 1.16 1.51 1.45
27 TetraTetraTetra-diAnh 1.38 1.32 0.84 1.02
28 TetraTetraTetraPenta-diAnh 1.31 1.26 1.37 1.19
29 TetraTetra-diAnh 0.81 0.79 1.07 1.04
30 TetraTetraPenta-diAnh 0.72 0.70 1.00 0.97
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Supplementary Table 3: Overview of the muropeptide species identified in peptidoglycan from

stationary C. crescentus wild-t y p e

ddnXd cellgp The table gives the relative abundance of

different muropeptide species, from the values listed in Table 2. Two independent replicates per strain

were analyzed.

Muropeptide species

Peak area (%)

Wild type gddtX
All known 92.39 91.26 90.47 92.27
Monomers (total) 45.48 48.74 40.15 41.31
Dimers (total) 33.43 34.18 37.75 37.33
Trimers (total) 17.36 12.82 17.21 17.20
Tetramers (total) 3.72 4.26 4.23 3.91
Tripeptides (total) 0.76 0.66 0.00 0.00
Tetrapeptides (total) 64.09 61.63 54.42 54.26
Pentapeptides (total) 35.16 37.71 44,92 45.50
Chain ends (anhydros) 11.00 11.51 11.28 10.30
Average chain length 9.09 8.69 8.80 9.68
3-3 crosslinks 0.00 0.00 0.00 0.00
Degree of cross-linkage 31.08 28.83 33.52 33.06
% peptides in cross-links 54.52 51.26 59.85 58.69
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Supplementary Table 4: Muropeptide composition of PG isolated from stationary

wild-t y pe amiB celfs. The table gives the relative abundance of the indicated muropeptide

C. crescentus

species, calculated from the areas of the corresponding peaks in the HPLC chromatogram from

Supplementary Figure 20. Two independent replicates were analyzed per strain.

Peak Muropeptide Peak area (%)
no. Wild type gamiR
1 Tri 0.0 0.0 0.3 0.0
2 Tetra 20.2 20.1 19.2 19.3
3 Penta(Gly5) 11.7 11.6 9.7 10.9
unknown-possibly Di 0.6 0.7 04 0.7
4 Penta 9.2 9.2 8.6 9.7
5 TriTri(Dap) 0.0 0.0 0.0 0.0
6 TetraTri (Dap)) 0.2 0.2 1.0 0.2
7 Tri-Anh (+small amount of TetraTri (D,L)) 0.7 0.7 0.3 0.7
8 TetraTetra(Dap) 0.0 0.2 0.2 0.2
9 TetraPenta(Gly5) 10.8 11.0 10.5 11.2
10 TetraTetra 13.5 13.4 16.2 13.3
11 TetraPenta 7.6 8.2 8.1 8.9
12 TetraTetraTri or TetraTetraTri(Dap) 0.0 0.0 0.0 0.0
13 TetraAnh 0.5 0.0 0.2 0.0
14 TetraTetraPenta(Gly5) 2.2 2.2 2.3 2.6
15 TetraTetraTetra 2.2 2.2 4.7 2.4
16 TetraTetraPenta 1.1 1.2 1.2 1.3
17 TetraTetraTetraTetra 0.2 0.2 1.0 0.3
18 TetraTetraTetraPenta 0.3 0.3 0.3 0.3
19 Penta-Anh 0.5 0.5 0.4 0.5
20 TetraTetra-Anh 2.4 2.2 2.4 2.3
21 TetraPenta-Anh 2.4 2.4 2.1 2.3
22 TetraTetraTriAnh or TetraTetraTri(Dap)Anh 0.4 0.4 04 0.4
23 TetraTetraTetra-Anh 3.4 3.3 2.7 3.0
24 TetraTetraPenta-Anh 2.9 2.8 2.1 2.6
25 TetraTetraTetraPenta-Anh | 0.3 0.3 0.3 0.3
26 TetraTetraTetraPenta-Anh |l 0.6 0.6 0.4 0.6
27 TetraTetraTetra-diAnh 1.0 1.0 0.6 0.9
28 TetraTetraTetraPenta-diAnh 0.5 0.5 0.4 0.5
29 TetraTetra-diAnh 0.4 0.4 0.3 0.3
30 TetraTetraPenta-diAnh 0.3 0.3 0.0 0.2
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Supplementary Table 5: Overview of the muropeptide species identified in peptidoglycan from
amiB cells. The table gives the relative abundance of
different muropeptide species, from the values listed in Supplementary Table 4. Two independent

stationary C. crescentus wild-t y p e

replicates per strain were analyzed.

Peak area (%)

Muropeptide species

Wild type gamiR
All known 95.8 95.9 96.1 96.0
Monomers (total) 445 43.9 40.2 43.0
Dimers (total) 38.9 39.6 42.4 40.2
Trimers (total) 14.0 13.9 14.5 14.1
Tetramers (total) 1.9 2.0 2.5 2.0
Tripeptides (total) 0.9 1.0 1.3 1.0
Tetrapeptides (total) 62.6 62.2 65.7 61.8
Pentapeptides (total) 35.8 36.2 32.6 36.5
Chain ends (anhydros) 8.3 7.6 6.1 7.4
Average chain length 12.0 13.1 16.2 13.4
3-3 crosslinks 0.3 0.4 0.8 0.3
Degree of cross-linkage 30.2 30.5 32.7 31.0
% peptides in cross-links 55.5 56.1 59.8 57.0
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Supplementary Table 6: Strains used in this study.

Strain Genotype/Description Construction Reference/
Source
Caulobacter crescentus
CB15N Synchronizable derivative of the wild-type | - Evinger &
strain CB15 (aka NA1000) Agabian, 1977
AM399 CB 15 NdpAp - Zielinska et
al., 2017
CS606 CB 15 KlaAp - West et al.,
2002
MAB395 | E. coli Rosetta derivative for expression of | - M. Billini
LdtX (unpublished)
MKO004 CB15N amiR::amiRgr sFLAG - Kraft, 2025
ML2103 CB15N ftsZ::ftsZaza6T - Modell et al.,
2014
PR033 CB15 MmiRp In-frame deletion of amiR in This study
CB15N using pPR029
PR0O37 CB 15 MEmiRpPxyi::Pxy-amiR Transformation of PRO33 with This study
pPR033
PR151 CB15N amiR::amiR-FLAG In-frame fusion of FLAG-tag to This study
amiR in CB15N using pPR083
PR153 CB 15 NaXm In-frame deletion of traX in This study
CB15N using pPR085
PR154 CB 15 KegXp In-frame deletion of regX in This study
CB15N using pPR086
PR159 CB15N amiR::amiR-FLAG Pxyi::Pxy-TAT- | Transformation of PR151 with This study
mCherry pAI027
PR173 CB15N amiR::amiRH26a, H133A, D143A Chromosomal mutation of amiR This study
in CB15N using pPR093
PR186 CB 15 MtXp In-frame deletion of IdtX in This study
CB15N using pPR098
PR187 CB 15 MmiRp gddtX In-frame deletion of IdtX in This study
PR033 using pPR098
PR188 CB 15 Nagfp In-frame deletion of hagZ in This study
CB15N using pPR099
PR195 CB 1 5 MmiRoPxyi::Pxy-ampDe. coli Transformation of PR033 with This study
pPR103
PR196 CB15N nagZ::nagZpa2soa Chromosomal mutation of nagZ This study
in CB15N using pPR101
PR198 CB15N ldtX::ldtXH131A,c143A Chromosomal mutation of IdtX in | This study
CB15N using pPR104
PR207 CB15 Emp® In-frame deletion of ampG in This study
CB15N using pPR109
PR215 CB15N Pyias-o-lacZz Transformation of CB15N with This study
pPR110
PR216 CB 1 5 MmipPoias-o-lacZ Transformation of PR033 with This study
pPR110
PR217 CB 1 5 NagfoPoiaa-o-lacZ Transformation of PR188 with This study
pPR110
PR218 CB 15 ICCNB_02225 In-frame deletion of This study
CCNA_02225 in CB15N using
pPR111
PR221 CB 15 MmiRpgampG In-frame deletion of ampG in This study
PR033 using pPR109
PR225 CB 1 5 EmiRpPxyi::Pxy-mipZ-eYFP Transformation of PR033 with This study
pBH78
PR226 CB 15 Mmp® Pxyi::Pxy-mipZ-eYFP Transformation of PR207 with This study
pBH78
PR231 CB 1 5 MmiRpPxyi::Pxyi-ftsZ-eYFP Transformation of PR033 with This study
pMT217
PR232 CB 15 Mmp® Pxyi::Pxyi-ftsZ-eYFP Transformation of PR207 with This study
pMT217
PR236 CB 1 5 NtXdxyi::Pxy-ldCAE. coi-FLAG Transformation of PR186 with This study

pPR115
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Continuation of Supplementary Table 6: Strains used in this study

PR246 C B 1 5 MmiRpftsW::ftsWrt246a In-frame deletion of amiR in This study
ML2103 using pPR033
PR252 CB 15 Hnmip In-frame deletion of anmK in This study
CB15N using pPR116
PR255 CB 15 Nagkp In-frame deletion of nagK in This study
CB15N using pPR122
PR256 CB 15 Nagil In-frame deletion of nagAl in This study
CB15N using pPR123
PR257 CB 15 NagAz In-frame deletion of nagA2 in This study
CB15N using pPR124
PR258 CB 1 5 MmiRpgirax In-fame deletion of amiR and This study
traX in CB15N using pPR127
PR260 CB 15 MmiRpgsdpA In-frame deletion of amiR in This study
AM399 using pPR029
PR261 CB 15 Hmgé qnagK In-frame deletion of amgK in This study
PR255 using pPR128
PR262 CB 15 Mmgi In-frame deletion of amgK in This study
CB15N using pPR128
PR263 CB 15 Mmp® Poiaa-o-lacz Transformation of PR207 with This study
pPR110
PR272 CB15N amiR::amiRi224s,a2255 02265 Chromosomal mutation of amiR This study
in CB15N using pPR132
PR276 CB15N amiR::amiRy2o1s, p202s Chromosomal mutation of amiR This study
in CB15N using pPR133
PR277 CB15N amiR::amiRv201s, | Chromosomal mutation of amiR This study
D202S,1224S,A225S,D226s in CB15N using pPR135
PR282 C B 1 5 NagAl qnagA2 Pxyi::Pxy-nagA2 In-frame deletion of nagA2 in This study
PR256 and transformation of
pPR136
PR284 C B 1 5 NagfpPxyi::Pxy-nagZ Transformation of PR188 with This study
pPR137
PR285 CB 15 Mmp® Pxyi::Pxy-ampG Transformation of PR207 with This study
pPR119
Escherichia coli
TOP10 F' mcrA  ouf-hsdRMS-mcrBC) - Invitrogen
0 8 &cZ oM 1 TacXdd recAl araD139
o ra leu) 7697 galU galK rpsL (StrR)
endAl nupG
Rosetta F' ompT hsdSg(rs” ms’) gal decm (DE3) - Merck
(DE3) pLysSRARE (CamR) Millipore
pLysS
WM3064 | thrB1004 pro thi rpsL hsdS lacZqpM 1 5 - W. Metcalf
RP4i 1 3 6 OaraBAD)567 (unpublished)
grapAl1341::[erm pir(wt)]
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Supplementary Table 7: Plasmids used in this study

Name

Description

Construction/Reference

Plasmids used for cloning purposes

pNPTS138

sacB containing suicide vector for
gene replacement in C. crescentus,
KanR

M. R. K. Alley (unpublished)

pPTOTT

RK2-based replicating plasmid for
the construction of lacZ reporter
fusions, CamR, AmpR

(Santos et al., 2001)

pMT819

Vector for C-terminal FLAG tag
fusions that integrate in the xylX
locus, KanR

(Thanbichler et al., 2007)

pTB146

Vector for the overproduction of
proteins with an N-terminal Hise-
SUMO tag, AmpR

(Bendezu et al., 2009)

pXCHYC-1

Vector for C-terminal mCherry
fusions that integrate in the xyIX
locus, StrepR

Thanbichler et al. 2007

pXCHYC-2

Vector for C-terminal mCherry
fusions that integrate in the xyIX
locus, KanR

Thanbichler et al. 2007

Plasmids used in

this study

pAI027

Plasmid to integrate TAT-mCherry in
the xylX locus

A. Izquierdo Martinez (unpublished)

pBH78 Plasmid to integrate MipZ-eYFP in (Corrales-Guerrero et al., 2020)
the xylX locus
pMT217 Plasmid to integrate ftsZ-eYFP in the | Thanbichler & Shapiro, 2006

xylX locus

Plasmids constructed in this study

pPR029

pNPTS138 derivative for in-frame
deletion of amiR

a) amplification of the amiR flanking regions
from CB15N chromosomal DNA using primers
0PR016+0PR017 and oPR018+0PR019

b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly

pPR033

pXCHYC-2 derivative for integration
of amiR in the xyIX locus

a) amplification of the amiR from CB15N
chromosomal DNA using primers
0PR022+0PR023

b) insertion of both fragments into pXCHYC-2
cut with Ndel/Nhel by Gibson assembly

pPRO41

pTB146 derivative for the
overexpression of Hise-SUMO-amiR

a) amplification of amiR from CB15N
chromosomal DNA using primers
0PR045+0PR046

b) insertion of both fragments into pTB146 cut
with Sacl/BamHI by Gibson assembly

pPR083

pNPTS138 derivative for in-frame
fusion of amiR-FLAG

a) amplification of the amiR flanking regions
from CB15N chromosomal DNA using primers
0PR168+0PR178 and oPR179+0PR173

b) insertion of both fragments into pPNPTS138
cut with Hindlll/EcoRI by Gibson assembly

pPR085

pNPTS138 derivative for in-frame
deletion of traX

a) amplification of the traX flanking regions from
CB15N chromosomal DNA using primers
0PR181+0PR182 and oPR183+0PR184

b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly

pPR086

pNPTS138 derivative for in-frame
deletion of regX

a) amplification of the regX flanking regions from
CB15N chromosomal DNA using primers
0PR187+0PR188 and oPR189+0PR190

b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly
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Continuation Supplementary Table

7: Plasmids used in this study.

pPR0O91 pTB146 derivative for the Insertion of synthetic DNA fragment containing
overexpression of Hiss-SUMO- C. crescentus amiRH26a,H133a,01434 (EUrofins,
amiRH26a,H113A,D143A Germany) into pTB146 cut with Sacl/BamHI by
Gibson Assembly
pPR093 PNPTS138 derivative for the a) amplification of the amiR flanking regions
replacement of amiR with the mutant | from CB15N chromosomal DNA using primers
amiRH26a,H113A D143 allele 0PR016+0PR203 and oPR206+0PR019
b) amplification of amiRHz26a H133A,D1434 from
pPR091 using primers oPR204 and oPR205
c) insertion of the three fragments into
pNPTS138 cut with Hindlll/EcoRI by Gibson
assembly
pPR098 pNPTS138 derivative for in-frame a) amplification of the IdtX flanking regions from
deletion of IdtX CB15N chromosomal DNA using primers
0PR213+0PR214 and oPR215+0PR216
b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly
pPR099 pNPTS138 derivative for in-frame a) amplification of the nagZ flanking regions from
deletion of nagZ CB15N chromosomal DNA using primers
0PR219+0PR220 and oPR221+0PR222
b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly
pPR101 pNPTS138 derivative for the a) amplification of the nagZ flanking regions from
replacement of amiR with the mutant | CB15N chromosomal DNA using primers
nagZpzsen allele 0PR219+0PR232 and oPR231+0PR222
(introduction of the D259A mutation by the
overhangs of the primers)
b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly
pPR102 pTB146 derivative for the a) amplification of nagZ from CB15N
overexpression of Hise-SUMO- nagZ | chromosomal DNA using primers oPR229 and
0PR230
b) insertion of the fragment into pTB146 cut with
Sacl/BamHI by Gibson assembly
pPR103 pXCHYC-2 derivative for integration a) amplification of the ampD from E. coli
of ampDe. coii in the xyIX locus WM3064 chromosomal DNA using primers
0PR233+0PR234
b) insertion of both fragments into pXCHYC-2
cut with Ndel/Nhel by Gibson assembly
pPR104 pPNPTS138 derivative for the a) amplification of the IdtX flanking regions from
replacement of IdtX with the mutant CB15N chromosomal DNA using primers
IdtXH131A,c143A allElE 0PR213+0PR228 and oPR227+0PR216
(introduction of the H131A and C143A mutation
by the overhangs of the primers)
b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly
pPR106 pTB146 derivative for the a) amplification of ldtXH1s1a,c143A from pPR104
overexpression of Hise-SUMO- using primers oMAB398 and oMAP399
[dtXH131A,c143A b) insertion of the fragment into pTB146 cut with
Sacl/Xhol by Gibson assembly
pPR107 pTB146 derivative for the a) amplification of nagZozsea from pPR101 using
overexpression of Hise-SUMO- primers oPR229 and oPR230
nagZp2sea b) insertion of the fragment into pTB146 cut with
Sacl/BamHI by Gibson assembly
pPR109 pNPTS138 derivative for in-frame a) amplification of the ampG flanking regions

deletion of ampG

from CB15N chromosomal DNA using primers
0PR239+0PR240 and 0PR241+0PR242

b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly
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pPR110

pPRITT derivative including the
promoter region of the blaA operon

a) amplification of the promoter region (400 bp)
upstream of the blaA operon using primers
0PR245 and oPR246

b) insertion of the fragment into pPRITT cut with
Kpnl/Xmal by Gibson assembly

pPR111

pNPTS138 derivative for in-frame
deletion of CCNA_02225

a) amplification of the CCNA_02225 flanking
regions from CB15N chromosomal DNA using
primers oPR247+0PR248 and oPR249+0PR250
b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly

pPR115

pMT819 derivative to integrate
IdcAE.coii in the xyIX locus

a) amplification of the IdcA from E. coli WM3064
chromosomal DNA using primers
0PR262+0PR263

b) insertion of both fragments into pMT819 cut
with Ndel/EcoRI by Gibson assembly

pPR116

pNPTS138 derivative for in-frame
deletion of anmK

a) amplification of the anmK flanking regions
from CB15N chromosomal DNA using primers
0PR264+0PR265 and oPR266+0PR267

b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly

pPR119

pXCHYC-2 derivative for integration
of ampG in the xylIX locus

a) amplification of the ampG from CB15N
chromosomal DNA using primers
0PR282+0PR283

b) insertion of both fragments into pXCHYC-2
cut with Ndel/Nhel by Gibson assembly

pPR122

pNPTS138 derivative for in-frame
deletion of nagK

a) amplification of the nagK flanking regions
from CB15N chromosomal DNA using primers
0PR292+0PR293 and oPR294+0PR295

b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly

pPR123

pNPTS138 derivative for in-frame
deletion of nagAl

a) amplification of the nagA1 flanking regions
from CB15N chromosomal DNA using primers
0PR298+0PR299 and oPR300+0PR301

b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly

pPR124

pNPTS138 derivative for in-frame
deletion of nagA2

a) amplification of the nagA2 flanking regions

from CB15N chromosomal DNA using primers
0PR304 + oPR305 and oPR306 + oPR307

b) insertion of both fragments into pNPTS138

cut with HindllI/EcoRI by Gibson assembly

pPR127

pPNPTS138 derivative for in-frame
deletion of traX and amiR

a) amplification of the traX+amiR flanking
regions from CB15N chromosomal DNA using
primers oPR181+0PR316 and oPR317+0PR019
b) insertion of both fragments into pNPTS138
cut with HindllI/EcoRI by Gibson assembly

pPR128

pNPTS138 derivative for in-frame
deletion of amgK

a) amplification of the amgK flanking regions
from CB15N chromosomal DNA using primers
0PR318+0PR319 and o0PR320+0PR321

b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly

pPR132

pNPTS138 derivative for the
replacement of amiR with the mutant
amiRi224s A225s,D226s allele

a) amplification of pPR083 using primers
0PR334+0PR335 and oPR320+0PR321
(introduction of the 1224S,A225S,D226S by
mutagenesis PCR

pPR133

pNPTS138 derivative for the
replacement of amiR with the mutant
amiRy201s,p202s allele

a) amplification of the amiR flanking regions
from pPR083 using primers oPR168+0PR333
and oPR332+0PR173 (introduction of the Y201S
and D202S mutation by the overhangs of the
primers)

b) insertion of both fragments into pNPTS138
cut with Hindlll/EcoRI by Gibson assembly
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pPR135 pPNPTS138 derivative for the a) amplification of the amiR flanking regions from
replacement of amiR with the mutant | pPR132 using primers oPR168+0PR333 and
amiRy201s,0202s,12245,A2255,0226s allele 0PR332+0PR173 (introduction of the Y201S and
D202S mutation by the overhangs of the primers)
b) insertion of both fragments into pNPTS138 cut
with Hindlll/EcoRI by Gibson assembly
pPR136 pXCHYC-2 derivative for integration a) amplification of the nagA2 from CB15N
of nagA2 in the xyIX locus chromosomal DNA using primers o0PR350+0PR351
b) insertion of both fragments into pXCHYC-1 cut
with Ndel/Nhel by Gibson assembly
pPR137 pXCHYC-2 derivative for integration a) amplification of the nagZ from CB15N

of nagZ in the xylX locus chromosomal DNA using primers o0PR356+0PR357
b) insertion of both fragments into pXCHYC-2 cut
with Ndel/Nhel by Gibson assembly

Supplementary Table 8: Oligonucleotides used in this study. Mutated codons are indicated in bold.

Oligonucleotide

Sequence (5'to 3')

o0MAB398 agattggtggtagaagagcagagctcctgtttcgagcccatgctgac
oMAP399 tgcagtcacccgggctcgagctagtccgcgagaatctggacg

oPRO0O16 gaagccggctggegcecaagcttcccgegeccaaggceccacct

oPRO17 cacgaggcgattgggcgacggggcctcgatcag

oPRO0O18 cgcccaatcgcectcgtgggcctg

oPRO19 cacggccgaagctagcgaattcgcgtgacgtttgacgatctggg

0PR022 ttttggggagacgaccatatgatgagcctgtccctgatcgaggcec

oPR023 gatcccccgggctgcagctagcetcagtcggecgecgece

0PR045 ggtagaagagcagagctcatgagcctgtccctgatcgag

0PRO046 ggctttgttagcagccggatcctcagtcggcecgecgce

0PR168 attgaagccggctggcgccaagcttcetggegcetgetgggegtte
oPR173 cgtcacggccgaagctagcgaattctctcccaccccgecggce

0PR178 tcacttgtcatcgtcatccttgtagtcggaccggtgacgcgtaacgttcgaattcgcgtcggecgecgeccg
oPR179 ggatgacgatgacaagtgatgcatccggccccgge

0PR181 attgaagccggctggcgcecaagcttccttgaccttctcgggcttcttgeg
0PR182 cgtcaggatcagcaccagaaggccaaagtcgc

oPR183 ttctggtgctgatcctgacgteecctgcggagecg

oPR184 cgtcacggccgaagctagcgaattcttacataggcgtcggggecgg
0PR187 attgaagccggctggcgccaagcttctcggecgtggtggtttcgatce
oPR188 cgcgcatcagcetcgacgcggaaagecggg

0PR189 ccgcgtcgagctgatgcgcgaggtcggg

oPR190 cgtcacggccgaagctagcegaattetgttcgtcgeccatcgcaacy
0PR203 ggtctccatgccggtgtaT GCcaggatcacggtgtcggge

oPR204 cccgacaccgtgatcctgGCAtacaccggcatggagacc

0PR205 cccggTGCgatcttgcgggegggegegacgtcggaTGCgecgagaatac
0PR206 gtattctcggcGCAtccgacgtcgcgeccgeccgcaagatcGCAccggg
oPR213 tgaagccggctggcgccaagcetttgaccgggcctttttgttgatcaggg
oPR214 cgtcgecggggceggcecgtcagcatgggce
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oPR215 tgacggccgecccggegacgecgtccag

oPR216 tcacggccgaagctagcgaaticgggcgggatcggtaaagaacaacaage
oPR219 attgaagccggctggcgcecaagcttcctatacgccgectaccgacge

0PR220 aggccgcegtcggcggaaggcgegec

oPR221 gccttccgecgacgeggecttcgacgg

0PR222 tcacggccgaagctagcgaatictagatgtcctggaaggcectcgagetgg

0PR227 cattttcatgGCActggcgcgcgacggttatccgggcaccgagggcGCAgtggegcetgg
0PR228 agcgccacTGCgcecctecggtgeccggataaccgtcgegegecagTGCceatgaaaatgg
oPR229 ggtggtagaagagcagagctcgtgagccttctgatgggegeg

0PR230 cgggctttgttagcagccggatcctcaagcgtactttccgtcgaaggcec

oPR231 cttctgatgagcGCAgacctgtcgatgaaggc

0PR232 gccttcatcgacaggtcTGCgctcatcagaag

0PR233 tttggggagacgaccatatgATGTTGTTAGAACAGGGGTGGCTGGTTG
oPR234 tcceeegggcetgecagetagcTCATGTTGTCTCCTTGCTGACCAGCACAC
o0PR239 attgaagccggctggcgcecaagcttccgccagatcgaggeggce

0PR240 cctggcegggccttttccggegcecttggctte

oPR241 gccggaaaaggcccgecagggcaagac

oPR242 cgtcacggccgaagctagcgaattctgagecgecctggtgatcgteg

0PR245 agggaacaaaagctgggtaccaaggccgaggatcccaaggce

0PR246 taaaacgacgggatcccccgggtcgacaacctgtticggcgctcaatctc

0PR247 attgaagccggctggcgccaagcttggcecttttcgggcgaggcg

oPR248 gggatgccttctcgacaacctgttcggegctce

0PR249 ggttgtcgagaaggcatccctcgaaaggagcgce

0PR250 cgtcacggccgaagctagcgaattccgatcaggcggegggtctee

0PR262 gagttttggggagacgaccatatgatgtctctgtttcacttaattgccccatcgg

0PR263 ccggtgacgcgtaacgttcgaattttccattttaagaacaggatgaccgctaatcgtcaactgag
oPR264 attgaagccggctggcgcecaagcttgtagttgaactcgaggaacgtcatcggcetg
0PR265 cgatccgccccaggatcttcatgggaccgttgac

0PR266 gaagatcctggggcggatcgtcgggctg

0PR267 cgtcacggccgaagctagcgaattctcgacaaggccacccacttctggg

0PR282 gagttttggggagacgaccatatgatgtccgaagaagccaaggcgcc

oPR283 gtggatccccegggcetgcagcetagettaggaggcggegagggtettge

0PR292 attgaagccggctggcgccaagctttgacacggccaccgaactgcg

0PR293 ccagctcgcggatggcggegacgtcgtagagce

0PR294 cgccgccatccgcgagcetggctgaaaagaacgg

0PR295 cgtcacggccgaagctagcgaattcggcgaaggccccgacgcece

oPR298 gaagccggctggcgcecaagctitatgacgectcgeccaatctggagg

0PR299 gtcgggcatggacccgaccattgacgagagcg

0PR300 tggtcgggtccatgcccgacaagaggcetctge

0PR301 acggccgaagctagcgaattcctcggtgtegtactcgatcatcaggcec

oPR304 gaagccggctggcgcecaagcttgacgcectcccctaaccttgaggge

oPR305 tccaggtggcgacgeggccattgatcagagcag

0PR306 tggccgcegtcgecacctggatcgacggec
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0PR307 acggccgaagctagcgaattcggatctgagcttcgagtggtatccggac
oPR316 ccacgaggcggatcagcaccagaaggccaaag

oPR317 ggtgctgatccgcectcgtgggcectgetg

oPR318 attgaagccggctggcgccaagcttgatgatcttccccgecggacgg
oPR319 gcacatagcgggccgcctcgcegttcagaac

0PR320 cgaggcggcccgctatgtgccggtggagacg

oPR321 cgtcacggccgaagcetagcgaattcgtgcgecgggatcgaataccage
0PR332 cccagcggcaagTCATCGgaatggaccgccaccg

0PR333 cggtggcggtccattcCGATGActtgccgetggg

0PR334 gccgcettcgacgggTCATCGTCCggcgagacccgggce
0PR335 gcccgggtctcgccGGACGATGAcccgtcgaageggce
oPR350 gagttttggggagacgaccatatgatgccggctgctctgatc

0PR351 gtggatcccccgggcetgcagctagcetcagcecttcctggecgtcgate
0PR356 gagttttggggagacgaccatatggtgagccttctgatgggcgceg
0PR357 gtggatcccccgggcetgcagctagcetcaagegtactttccgtcgaaggec
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Supplementary Figure 1: Schematic representation of the domain architecture of enzymes
involved in PG recyclingin  E. coli and P. aeruginosa and their respective homologs identified in

C. crescentus . Domain prediction was performed using SMART (Schultz et al., 1998). TM:
transmembrane helix, LC: low complexity region, PTS: phosphotransferase system.
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Supplementary Figure 2: Activity of AmiR on anhMur NAc-tetrapeptide and muropeptides. (A)
Structural models of AmiR and the catalytically inactive AmiR* variant, generated with AlphaFold3
(Abramson et al., 2024). The magnified region displays the predicted catalytic side of AmiR and the
three amino acid substitutions introduced to generate AmiR*. (B) Overview of the PG digestion assay
used to analyze the hydrolytic activity of AmiR against muropeptides. (C) HPLC chromatograms showing
the products generated upon incubation of muropeptides from cellosyl-treated PG sacculi without added
protein (buffer), with AmiR or the catalytically inactive AmiR variant (AmiR*). (D) HPLC chromatograms
showing the products generated upon incubation of muropeptides from muramidase-treated PG sacculi
for 16 h without added proteins (Buffer) or with the indicated concentrations of AmiR. Reaction products
were identified based on their known retention times (Glauner et al., 1988).
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Supplementary Figure 3: Lack of AmiR activity toward intact PG sacculi. (A) Overview of the PG
digestion assay used to assess the hydrolytic activity of AmiR on intact PG. (B) HPLC chromatograms
showing the products generated upon incubation of intact PG sacculi without added proteins (Buffer),
with AmiR and the catalytically inactive AmiR variant (AmiR*) and subsequent cellosyl-mediated
cleavage of the pre-treated sacculi into muropeptides. Muropeptides were identified based on their
known retention times (Glauner et al., 1988). (C) Immunoblot analysis of the fractionation of a strain
carrying a native AmiR-FLAG fusion and an inducible mCherry fused to a TAT (Twin-Arginine
Translocation) export sequence (Pxyl::Pxyl-TAT-mCherry) (PR159). Pellet fraction (p) containing the
cytoplasm and IM and supernatant (s) containing the periplasm were applied on a membrane and
proteins were detected using anti-FLAG (detection of amiR), anti-CtrA (cytoplasmic control) and anti-
mCherry (periplasmic control) antiserum. Bands representing the proteins of interest are indicated by
asterisks. AmiR-FLAG: 28.5 kDa; CtrA: 25.8 kDa, Tat-mCherry: 26.7 kDa.
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