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ABSTRACT

MOLECULAR MECHANISMS UNDERLYING MEROPENEM TOLERANCE
IN ACINETOBACTER BAUMANNII

Nowrosh Islam,

The University of Texas at Arlington, 2023

Supervising Professor: Joseph Boll

The emergence and proliferation of Gram-negative bacterial infections has become a serious
public health concern due to their rapid rise of resistant to all the clinically available antibiotics.
The increasing incidence of bacterial infections has prioritized the invention of new therapeutics
to prevent the antibiotic treatment failure. Typically, Gram-negative bacteria use several defensive
strategies such as modification of the cell envelope to escape the lethal effects of bactericidal
antibiotics. Carbapenem beta-lactam considered last resort antibiotic to treat Gram-negative
bacteria infections, while they are considered first line prescription against nosocomial pathogen
Acinetobacter baumannii (denoted as Ab). Beside resistance, the susceptible populations of Ab
show high tolerance to carbapenem antibiotic meropenem, which is an understudied potential
contributor of treatment failure. Like Enterobacteriaceae, beta-lactam tolerance in Ab largely
relies on the formation of cell wall deficient spheroplast like structure. However, how bacteria
maintain its structural integrity without cell wall is poorly understood. Here we uncovered the
molecular determinants that drive meropenem tolerance in Ab. We showed both outer membrane
integrity and peptidoglycan (PG) maintenance genes are required for maintaining bacterial fitness
during meropenem insult. Notably, PG recycling plays critical role for this extended survival.
Additionally, we found PG recycling promotes cell elongation in Ab. Together, these finding
emphasizes that both outer membrane rigidity and PG recycling is vital for maintaining cell

homeostasis in Ab.
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CHAPTER 1: INTRODUCTION

The discovery and clinical implementation of antibiotics is an important achievement that
revolutionized medicine in the 20" century. Without antibiotic treatment, major surgeries,
transplants, and chemotherapy would not be possible. However, our antibiotic repertoire is failing
at an alarming rate. Many studies have shown that antibiotic resistance is a major determinant of
antibiotic treatment failure, but other phenomena such as tolerance, heteroresistance, and
persistence also contribute [1]-[3]. Furthermore, recent studies have shown that heteroresistance,
persistence, and tolerance are also steppingstone that promote resistance through horizontal gene
transfer or genetic mutations. [4]. Antibiotic resistant pathogens are widespread in United states
and across the world. According to Center for Disease Control, more than 2.8 million people are
infected by antimicrobial-resistant pathogen in United States every year [5]. Together with the fact
that we are not developing new antimicrobials, our pending inability to effectively treat infections
is considered a global crisis.

While resistance is the major contributor of the treatment failure, understudied mechanisms
including tolerance also contribute to pathogens acquiring the ability to overcome bactericidal
agents [6]. Antibiotic tolerance is defined as a survival of a bacterial population for prolonged
periods in the presence of an otherwise lethal antibiotic concentration [7], [8]. Prolonged survival
may directly or indirectly contribute to antibiotic treatment failure. After the antibiotic is degraded
or diluted, tolerant cells resume normal growth implying that tolerance directly contributes.
Furthermore, extended survival also increases the probability that the susceptible cell can acquire
a true resistance determinant through horizontal gene transfer, an indirect mechanism [9]. While a
plethora of comprehensive studies have uncovered various Gram-negative resistance mechanisms,

the molecular factors that lead antibiotic tolerance are not well-understood [10].



Beta-lactam antibiotics such as penicillin are the most prescribed antibiotics, and can treat
Gram-negative bacterial infections safely and effectively [11]. Beta-lactams antibiotics bind with
the conserved active-site in penicillin binding protein (PBPs) and inhibits the crosslinking between
adjacent peptidoglycan (PG) [12]. PG is an essential structure for most Gram-negative bacteria.
Perturbations induce rapid cell lysis and cell death [13], [14]. Carbapenems are also important
beta-lactam therapeutics due their broad-spectrum activity against Gram-negative bacterial
infections and the fact that they are resistant to many common resistance mechanisms [15].
Meropenem and imipenem are two clinically important carbapenem antibiotics. Both are
considered the last line prescriptions against the multidrug resistant Gram-negative bacterial
infections [16]. However, since Acinetobacter baumannii (denoted as Ab) is so highly drug
resistant, they are first line options[17]. Accordingly, carbapenem resistant Ab has also emerged
in recent years, and carbapenem-resistant Ab has been labelled a critical threat to public health
according to the Center for Disease Control [18], [19]. Ab disease manifests as urinary tract, skin,
soft tissue, bone and lung infections, primarily in immunocompromised patients and is associated
with high mortality [5], [20]. Ab can also withstand desiccative conditions and rapidly acquire
resistance to conventional antibiotics [21]. Carbapenem resistance in Ab is primarily due to
acquisition of carbapenems enzymes that hydrolyze almost all beta-lactam antibiotics [22].
However, data herein also shows that outer membrane porins, which provide the major entryways
for carbapenems, and efflux pumps also contribute to carbapenem survival during treatment. In
addition to widespread carbapenem resistance, susceptible Ab isolates also show tolerance to lethal
doses of carbapenems, which increases the probability that they will overcome treatment [23].
Despite endeavors to understand tolerance mechanisms in other Gram-negative bacteria,

carbapenem tolerance in Ab is not fully understood.



In my graduate work, | characterized the molecular factors that led meropenem tolerance
in Ab. I found that susceptible Ab isolates can survive for extended periods in high levels of
meropenem, indicative of tolerance. Like other carbapenem tolerant Gram-negative organisms,
treatment induces spheroplast formation. Antibiotic removal induced reversion to the canonical
Ab coccobacillus morphology. Transcriptome sequencing of early timepoints during treatment,
before spheroplast formation, showed differential expression of genes that likely coordinate a
regulatory response to reduce periplasmic meropenem concentrations, including decreased porin
expression and increased expression of efflux pumps. Transposon-insertion sequencing also
suggested specific genes were required for bacterial survival during treatment. Notably, PG
recycling genes were required for Ab fitness during meropenem treatment. Overall, we found Ab
coordinates several pathways to limit meropenem induced cell envelope damage. Our findings
advance our understanding of molecular factors that contribute to carbapenem treatment failure
and resistance mechanisms that regulate bacterial responses in presence of antibiotics.

Furthermore, | also found that PG recycling is required for cell elongation in Ab, which
was an unexpected finding that likely has important implications for carbapenem treatment. Cells
that were unable to elongate due to PG recycling disruption showed decreased tolerance to
meropenem. PG recycling includes several genes including, elsL, ampD, nagZ and mpL that are
required for PG turnover products during growth and cell envelope maintenance. Mutants with
defects in any single gene in the PG pathways produce spheroid cells, which appear
morphologically identical to rod-dependent PG mutants such as mreB, rodA or pbp2. The
morphological similarities of PG recycling genes with Rod-dependent mutants can be explained
in at least two ways: mutations could indirectly induce PG defects that affect Rod system function,

or PG recycling proteins could directly provide lipid Il substrate to the Rod-complex to promote



axial PG synthesis. These initial studies will serve as a starting point for a project to understand
how PG recycling contributes to Ab growth and antibiotic resistance.

Antibiotic treatment failure is a serious problem throughout healthcare settings and Ab is
one of the most difficult-to-treat Gram-negative pathogens. Since carbapenem tolerance has
recently been proposed to serve as a stepping-stone to true resistance, these studies add to the body
of knowledge to understand how true resistance emerges, while also serving to characterize
molecular factors that pathogens use to strategically survive antibiotic treatment. Together, these
studies unraveled links between tolerance and resistance evolution, which could be used for
development of new therapeutic options to slow the spread of antibiotic resistance in Ab and other

clinically significant Gram-negative pathogens.



CHAPTER 2: LITERATURE REVIEW

DISCOVERY OF BETA-LACTAM ANTIBIOTICS AND THEIR CLINICAL USE: The concept

of using chemicals to cure diseases was first introduced in the Ancient Egypt, Babylon, the Far
East, and Incas. More recently antimicrobial compounds produced by microorganisms were
discovered. In 1871, Sir John Burdon-Sanderson observed Penicillium mold was able to reduce
the turbidity of the media exposed to air [24]. During that time William Roberts, John Tyndall and
Joseph Lister also observed the same phenomena and anticipated its antimicrobial activity [25].
The most notable antibiotic discovery was by Scottish bacteriologist Alexander Fleming, who
inoculated his own nasal secretion onto an agar plate to visualize growth of his nasal flora.
Surprisingly, there was no colony growth. Initially, Fleming hypothesized there may be some
diffusible substance present in the nasal sample that affected the bacterial growth. In 1928,
Fleming was studying the relationship of Staphylococcus and its virulence based on their colony
morphology. After an experiment, he stacked the plates on the corner of the laboratory bench and
left for vacation. When he returned, he discovered some mold grew near the bacterial colonies.
The colonies directly surrounded by the mold looked transparent, indicative of lysis. This
observation led him to realize that mold has microbial antagonistic property [2], [26]. After more
than a decade, in 1939, Howard Walter Florey, head of the Sir William Dunn school of Pathology,
Oxford University, England and his recruited biochemist Ernst Chain reported that Fleming’s
penicillin useful to cure infections in mice, rats and cats. After one year, penicillin is first used in
10 human beings who were suffering from Staphylococcus infections'. During 1942-1943,
penicillin was produced in United states and England in a large scale for clinical uses and during

World War Il in 1945, benzylpenicillin was used in the treatment of allied soldiers. In 1946,



Fleming, Florey and Chain were awarded to the Noble prize for medicine for their groundbreaking
discovery of penicillin [27].

The work by the Florey’s group also revealed the production of different penicillin
compounds based on different strains, culture conditions and media. However, they all contain a
four membered beta-lactam rings [28]. Following the discovery of penicillin, the other natural
beta-lactam has been discovered such as cephalosporins, monobactams, carbacephems and
carbapenems (Figure 1) [29]. The penicillin contains a nucleus of 6-animopenicillanic acid
(lactam plus thiazolidine) ring and other ringside chains. Cephalosporin beta-lactams are
historically used for treatment against Gram-positive bacteria. They contain a 7-
aminocephalosporanic acid nucleus and side-chain containing 3,6-dihydro-2 H-1,3-thiazane rings
[30]. Monobactams are monocyclic and effectively used against aerobic Gram-negative bacteria.
In contrast to other beta-lactam antibiotics, the beta-lactam ring on monobactams is not fused with
another ring. Carbapenems are a class of beta-lactam antibiotics effective for severe, high-risk
bacterial infections. Their defining structure is a carbapenem coupled to a beta-lactam ring that
confers protection against most of the Gram-negative pathogens. Carbacephems has the similar

structure of cephalosporins except sulfur is substituted by the carbon (Figure 1).
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Figure 1: Structure of penicillin and Its derivatives as described in Chen et al (2021)[29]



BETA-LACTAM’S MECHANISMS OF ACTION:

B-Lactam antibiotics are the most widely used antibiotic to treat Gram-negative bacterial infections
due to their safety and efficacy[31]. In the United States, B-Lactams account for 65% of
prescriptions[32]. Tipper and Strominger first identified the antibacterial activity of B-lactams. The
small molecules bind and inhibit the transpeptidase activity of penicillin-binding proteins that
crosslink adjacent PG strands. These proteins are essential components of bacteria that build and
maintain PG, which protects the cell from high internal osmotic pressure. PG is composed of the
repetitive glycan strands and crosslinked by the peptide chains. The enzyme catalyzes the
crosslinking of the peptides during PG synthesis known as the penicillin-binding proteins (PBPs)
[33], [34]. Bacteria produce several PBPs which varies in terms of catalytic domains. PBPs with
glycosyltransferase domains catalyze glycosidic linkages between existing PG and lipid 11. Next,
the transpeptidase domain catalases the formation of covalent cross-links between peptide chains
on adjacent strands. The transpeptidase domain activates with the nucleophilic attack of an active-
site serine residue onto a PG pentapeptide chain at the amide bond connects the D-Ala, D-ala
amino acid residues and forms a covalent complex where a transpeptidase serine is acylated with
a tetrapeptide. Then a nucleophilic side chain on the third amino acid (L-lysin, meso-
diaminopimelic acid) of another pentapeptide attacks the ester carbonyl of the peptide—PBP
complex and create a covalent bond between called 4 — 3 peptide cross-link in which the fourth
residue of one peptide chain is covalently attached to the third residue of another peptide. This
crosslinking between the adjacent strands creates a cage-like layer and forms the PG lattice, a load-
bearing structural support that protects the cell from the internal turgor [12]. beta-lactam antibiotics
covalently inhibit the transpeptidase domains of PBPs and disrupts PG cross-linking [12]. beta-

lactams have structural similarities with the D-Ala, D-Ala residues in pentapeptides and it forms



an inhibitory complex with the transpeptidase serine that resembles the first step of the
transpeptidase mechanism which results in inhibiting the cell wall synthesis and results in cell
death [35]. However, bacteria use several mechanisms to evade the beta-lactam targets such as
production of beta-lactamases, efflux pump expression, and decreased porin expression, which
also contribute to beta-lactam treatment failure.

CARBAPENEM BETA-LACTAMS: Carbapenems are considered the most potent broad-

spectrum beta-lactams against Gram-negative bacterial infections [36]. Carbapenems are used in
monotherapy during serious conditions such as intra-abdominal infections and to treat neutropenic
patients[32]. Carbapenems typically bind multiple penicillin binding proteins in Gram-negative
bacteria, including PBP1a, 1b, 2 and 3. They are well tolerated and have stability to most beta-
lactamases[32]. Meropenem and imipenem are two carbapenems prescribed as a last-line
antibiotics against MDR Gram-negative pathogens, a broad spectrum of antimicrobial activity that
exceeds that of most other antimicrobial classes [37]. However, in some cases, it is reported than
meropenem is more effective than imipenem. For example, meropenem shows two to 16-fold more
active than imipenem against Gram-negative aerobes, Enterobacteriaceae, Haemophilus
influenzae and Neisseria gonorrhoeae [38]. Carbapenems are structurally similar to penicillin, and
are bicyclic, consisting of the characteristic four-member beta-lactam ring fused to a five-
membered pyrroline ring containing a carbon instead of the sulfur at the C1 position and a double
bond between C2 and C3 positions (Figure 1). Modification of the groups around the beta-lactam
ring allow carbapenems to possess potent broad-spectrum activity and effectively resist many
common resistance mechanisms [12]. Despite efficacy to treat multidrug resistant bacterial

infections, carbapenem resistance mechanisms have emerged.



ANTIBIOTIC TREATMENT FAILURE: Undoubtedly antibiotics are a key development to

promote many advances in modern medicine. The term antibiotic was first used by Selman
Waksman in 1941 to describe any small molecule made by the microbe that antagonizes the growth
of the other microbes [39]. After the development of penicillin in 1940-1945, the discovery of
several other antibiotics such as streptomycin, chloramphenicol, tetracycline produced from soil
bacteria was one of the most successful form of chemotherapy in the history of medicine [40].
However, the failure of antibiotic treatment has become a serious issue around the world. Every
year nearly 5 million deaths worldwide due to antimicrobial resistant (AMR) infections. More
recently, the AMR crisis is known as the slow-motion pandemic with estimated 10 million
deaths/year by 2050 [41][40]. There is a variation of the AMR patterns across the world and
different countries experience different major problems. For example, in European countries the
rate of Staphylococcus aureus infection caused by methicillin-resistant strains (MRSA) is ~10%
of the bloodstream, while in other countries resistance rate is closer to 50%. Due to overuse of
antibiotics, microbes adjust their surroundings and modify themselves so that they can replicate,
survive, and spread in the presence of stress or antibiotics. Antibiotics overuse and abuse, inexact
diagnosis and improper antibiotic prescribing, patient sensitivity, loss and self-medication, poor
personal hygiene and widespread agricultural use are the potential reasons of evolving resistant
populations and thus contributes to the treatment failure [42].

ANTIBIOTIC RESISTANCE AND REASONS BEHIND IT: Bacteria acquired a remarkable

plasticity in respond to a wide range of environmental stress including the presence of
antimicrobials and causes the failure of the treatment of antibiotics. The World Health
Organization (WHO) declared antibiotic resistance is one of the three most important public health

crisis of the 21 century [43]. According to the Center for Disease Control and Prevention, at least
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23,000 people in the USA die annually due to antibiotic resistant bacterial infections [44].
Antibiotic resistance is defined as the ability of bacterial populations to grow in the presence of
bactericidal drugs, and it is quantified by an increase in minimum inhibitory concentrations (MIC).
Generally, bacteria use two genetic strategies to escape the antibiotic attack. 1) Mutation of a
gene(s), which is often associated with the mechanisms of action or 2) horizontal gene transfer
(HGT), which is generally acquired through uptake and expression of foreign DNA encoding a
resistance mechanism [45]. For mutational resistance, a susceptible population develops
mutation(s) in genes that inhibits the antimicrobial activity, which promotes bacterial survival.
Once a resistant mutant emerges, the susceptible population is eliminated by the antibiotics, and
selection drives survival of the resistant bacterial cells. Mutations alter the antibiotic actions via
one of the following mechanisms: i) Modification of antimicrobial target which is acquired by the
destruction of antibiotics or by the chemical alternations of the antibiotics; ii) a decrease in the
drug uptake by several outer membrane porins, for example, in Pseudomonas aeruginosa,
mutation in OprD genes reduces the uptake of beta-lactam antibiotics and promotes bacterial
survival; iii) activation of efflux pumps that expel antibiotics out of the cell; and iv) global changes
in the metabolic pathway via modulation of regulatory network (Figure 2) [45], [46]. Gram-
negative bacteria mostly use all four mechanisms, while Gram-positive bacteria rarely use the
uptake of drugs and drug efflux mechanisms due to the absence of the outer membrane [42], [45].
Beside mutations, horizontal gene transfer also drives antimicrobial resistance. Bacteria share
genetic information upon their own environment niche. There are three main strategies by which
bacteria can exchange their genetic information such as, i) transformation (incorporation of the
naked DNA), this is the simplest type of HGT where bacteria able to incorporate naked DNA to

develop resistance; ii) transduction (Phage mediated)[47] and iii) conjugation (also referred as
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‘bacteria sex’). Conjugation is a very efficient method of gene transfer that involves cell to cell
contact where bacteria use mobile genetic elements (MGRs) as a vehicle to share valuable
information. The common mobile genetic elements are plasmids and transposons [48]. It is
reported that MGRs play a crucial role in disseminating the antimicrobial resistance among clinical
isolates. Overall, antibiotic resistance is a global health crisis, and it is a well-defined cause of
antibiotic treatment failure. However, very little is known about another potential phenomena of
the treatment failure called antibiotic tolerance [49], [8]. Antibiotic tolerance can directly or
indirectly contribute to treatment failure. Despite several studies focused on antibiotic tolerance

and how it contributes to treatment failure, this remains understudied and underappreciated [50].
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Figure 2: Molecular mechanisms of antibiotic resistance as described by Darby et al.,2022 [46].
Gram-negative bacterial species can evade the antimicrobial therapy by decreasing influx through
reduced permeability, increasing efflux of toxic compound out of the cell, enzymatically inactivating the

drug, or modifying the antibiotic target site.
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ANTIBIOTIC TOLERANCE: Antibiotic tolerance is another phenomenon that also leads to

antibiotic treatment failure. However, the underlying are poorly defined. Tolerance is defined as
the ability of susceptible bacterial population to remain viable for extended periods after exposure
of bactericidal drugs [49], [50]- Unlike resistance, it cannot be quantified by minimum inhibitory
concentrations (MIC) or by measuring the zone of inhibition around an antibiotic containing disk
[50]. The tolerant cells typically have a prolonged lag phase or shorten exponential phase, where
cells are not actively growing in the presence of bactericidal antibiotics [51]. In the presence of the
antibiotic action, tolerant cells slow down their metabolism so that they prevent lethal damage
caused by the antibiotic. Tolerance is considered as the steppingstone in acquisition of true
resistance. Previous studies show that in E. coli evolution of resistance is facilitated by the early
appearance of tolerance mutations [1]. The idea that tolerance leads to true resistance was first
established in 1980s, which is validated in vitro in a diverse assortment of microorganisms and a
diversity of antibiotics. Another study showed that MRSA bacteremia in which antibiotic
tolerance facilitated the development of resistance to three anti-staphylococcal therapies over a
six-week clinical course [52]. In some Gram-negative bacterial species for example, in
Enterobacteriaceae, spheroplast production has been reported after exposure to the lethal level of
cell wall synthesis inhibitors and recovery from spheroplast state requires cell envelope stress
responses, cell wall synthesis functions and a reduction in the formation of ROS [53]. In
Enterobacter cloacae, the PhoPQ two component system regulates modification of the lipid A
domain of lipopolysaccharide to promote carbapenem tolerance [54]. Overall, these studies
provide clear evidence that tolerance facilitates the development of true resistance. However, the

molecular mechanism of tolerance is understudied and not well characterized [8].
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Ab AND ITS PATHOGENICITY: Since the multidrug-resistant (MDR) pathogen has become a

serious concern throughout the world, he World Health Organization (WHO) declared
antimicrobial resistance is one of the three most important problems in human health and they
listed the most common and serious MDR pathogens named as ESKAPE standing for
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Ab, Pseudomonas
aeruginosa, Enterobacter spp. E. faecium is a Gram-positive colonize in the gastrointestinal tract
and lead several diseases such as endocarditis and neonatal meningitis. S. aureus is also a Gram-
positive colonize in skin and upper respiratory tract and involved in skin infections and pneumonia.
K. pneumoniae is a Gram-negative involved in respiratory and urinary tract infections. P.
aeruginosa is a ubiquitous Gram-negative that causes several infections including respiratory,
urinary, and skin infections and Ab is a Gram-negative causes urinary and respiratory diseases[55].

Among them, CDC listed carbapenem resistant Ab is one of the most urgent public threat
because it is resistant to nearly all conventional antibiotics and cause deadly infections, typically
in immunocompromised patients[18]. Ab is a Gram-negative, aerobic, pleomorphic, and non -
motile opportunist pathogen primarily associated with hospital acquired infections. Most notably,
it causes ventilator-associated pneumonia, blood steam infections, urinary tract infections and
meningitis [56]. It colonizes under the skin and respiratory and oropharynx secretions of the
infected individual, and it is designated as a “red alert” superbug [57]. Ab has gained been gained
attention as a “Iraqibacter” since its rapid spread among the US military during the war of Middle
Eastern in Iran, Kuwait, and Afghanistan in 2002-2004[58]. Several virulence factors have been
reported during infections caused by Ab such as outer membrane porins, phospholipases, proteases,
lipopolysaccharide, capsular polysaccharides, protein secretion systems, and iron-chelating

systems. Ab possess a remarkable capacity to survive in the desiccative conditions and
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interestingly some of the species can stay alive in the dry condition for almost 100 days [59]. It is
reported that the presence of capsular polysaccharide promotes Ab to survive during desiccation.
These polysaccharides composed of repeating carbohydrate units and function as a glycan shield
that encompasses the bacterium and protects them from external threat. It can also form robust
biofilm during skin and soft-tissue infections. Furthermore, this pathogen form biofilm on most
abiotic surfaces including health-care-associated equipment such as endotracheal tubes and
polycarbonate and stainless steels. Also, Ab has hypermotility or surface associated motility on
semi solid surfaces. Barker and Maxted in 1975 first observed this type of motility and they named
it ‘swarming’ motility and this surface motility is associated with increased virulence. Some of the
recent studies showed that Ab surface associated motility is relying on the synthesis of 1,3-
diaminopropane, quorum sensing and LOS production [59]. Carbapenem antibiotics meropenem
and Imipenem considered the last line treatment to treat multidrug resistant Gram-negative
bacterial infections, while they are considered the first resort prescription to treat Ab infections
[60]. It is thought that every year around 1 million people worldwide affected by Ab infections and
50% of them reported as carbapenem resistance. They pose several mechanisms to evade
carbapenem antibiotics such as lack or small size of porins, expression of efflux pump, expression
of beta-lactamases[61]. Most carbapenem resistant Ab isolates are called extensively drug
resistance and some are even resistant to last resort antibiotic colistin [62].

THE GRAM-NEGATIVE CELL ENVELOPE: The bacterial cell envelope is a complex structure

that surround and protect the cytoplasm from unpredictable dilute and hostile environment. To
survive and protect themselves bacteria have evolved a complex cell envelope that protects them
but allows selective passage of nutrients from outside environment to inside the cell. In Gram-

negative bacteria, the cell envelope is a complex multilayered structure consists of three distinct
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layers in the envelope: The asymmetric outer membrane, the PG cell wall and the cytoplasmic
inner membrane (Figure 3) [63]. Each envelope layer is essential for viability. The outer
membrane serves as a permeability barrier that restricts the entry of toxic compounds, the PG cell
wall provides cell shape and osmotic protection to the cell and the Inner membrane delimits the
cytoplasm and hosts many vital cellular processes including respiratory systems [64]. The outer
membrane of the Gram-negative bacteria is a unique and distinguishing feature which is absent in
Gram-positive bacteria. The outer leaflet of the outer membrane is composed of glycolipids;
principally the lipopolysaccharides (LPS); whereas the inner leaflet of the outer membrane
composed of phospholipids [65]. LPS molecules works as a barrier against small, hydrophobic
molecules making bacteria resistant to many antimicrobial compounds. In addition to this, LPS
plays a crucial role in bacteria-host interactions. It plays an important role in bacterial
pathogenicity due to the endotoxic shock modulated by the host immune system [66]. It is a
glucosamine disaccharide with six or seven acyl chains, a polysaccharide core and an extended
polysaccharide chain called the O-antigen. Typically, the outer membrane proteins can be divided
into two classes, lipoproteins and R-barrel proteins. Lipoproteins contain lipid moieties that are
attached to an amino-terminal cysteine residue. In E. coli, 100 lipoproteins have been reported but
the function is not known, whereas the 3-barrel proteins play essential role in cargo transport and
signaling and important for membrane biogenesis (Figure 3) [67], [68]. Beside the outer
membrane, the Inner membrane (IM) is a phospholipid bilayer; it basically works in energy
production, lipid biosynthesis, protein secretion and transport. The IM and outer membrane is
separated by the periplasmic space that contains the PG cell wall. PG is the major structural
polymer. In most of the bacteria, the PG cell wall consists of glycan chains of repeating N-

acetylglucosamine and N-acetylmuramic acids cross linked via peptide side. In most of the Gram-
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negative bacteria has a thin monolayered PG whereas in Gram-positive bacteria possess a thick

multilayered PG [13], [69].

OmpC or OmpF  OmpA
|

Quter membrane
)

Cytoplasmic membrane

Cytoplasm

Figure 3: The Gram-negative cell structure as described in Schwechheimer and Kuehn; 2015[69].

REGULATION OF PG SYNTHESIS AND REMODELING: Bacterial cell membrane

surrounded with a net-like structure called PG sacculus, which is important for maintaining cell
shape and protects the cell from bursting. Multiple protein complexes such as elongasome and
divisiome protein complexes are working together to build this sacculus. These complexes
comprise several PG synthases, their regulators, PG hydrolases that are essential for breaking
bonds within the wall to synthesize new material. The growth of the sacculus requires synthesis of
new PG and its incorporation into the existing layers.

Lipid Il is called the PG precursor synthesized at the inner leaflet of the cytoplasm and
flipped to the periplasm by the enzyme MurJ; and utilized by the PG synthases. The PG glycosyl
transferases (GTases) polymerize the glycan chains whereas transpeptidases (TPases) form peptide
crosslinks. Class A penicillin-binding proteins (aPBPs) such as PBP1a, 1b, and 1c; are bifunctional

(GTase/TPase); Whereas class B PBPs (bPBPs) such as PBP2 and PBP3 are monofunctional
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TPases (Figure 4). There are two types of monofunctional GTases called SEDS (shape,
elongation, division, and sporulation) proteins and monofunctional GT51 GTases. Most of the
study showed that in E. coli or other rod shape bacterium, RodA and FtsW works as a SEDS
protein which are essential for sacculus growth during elongation and division, respectively.
Generally, in rod shaped bacteria there are two machineries, the elongasome (Rod complex) which
is organized by the actin homologue MreB, that facilitates the insertion of new material during
growth along the lateral part of the cylinder. The divisome (FtsZ complex) is maintained by the
tubulin homologue FtsZ, that facilitates PG synthesis during division. MreC is essential for rod
shape, and it is a widely conserved elongasome protein. MreC interacts with MreB and PBP2.
PBP2 TPase stimulates the GTase activity of PBP1A and involve the attachment of newly
synthesized material to a PG sacculus and these two synthases function together to synthesize and
attach new PG. Whereas PBP1A localizes predominantly to the cell periphery during growth and
interacts with the class B PBP2, which is essential for elongation. Whereas during division, PBP1B
localizes at the mid cell and interacts with the divisome proteins such as ZipA, FtsW, FtsN, FtsQ-
FtsL-FtsB and class B PBP3 [70](Figure 4). In E. coli the role of PBP1A and PBP1B is semi or

partially redundant[71].



18

Outer membrane

a

Division Elongation
Peptidoglycan LpoA

— e [ =i J-, = - |
AE@@EE ‘fﬁﬂ%

Jiiss
Q/ llnteractlon / Q':'

X

C

Periplasm
P Mur]

GV

Lrp:d II

i
Inner membrane | |3
{
ZipA—
Cytoplasm :

Figure 4: Schematic representation of division and elongation complex in E. coli during PG
synthesis as described by Egan et al.,2022.

Along with PG synthases, PG hydrolases plays a crucial role in cleaving the bonds in PG
chain and side chain branches and responsible for maintaining overall PG turnover [72]. These
enzymes are also known as autolysin [73]. In Gram-negative bacteria, the fragments are released
by the autolysin are transported into the cytoplasm for recycling to build de novo PG. Autolysin
includes glycan cleaving lytic transglycolases, peptide-cleaving carboxypeptidases,
endopeptidases and N-acetylmuramyl-L-alanine amidases [73]. In E. coli the low molecular
weight (LMW) PBPs such as PBP4, PBP5, PBP6, DacD, and PBP7 are involved in endopeptidase
(hydrolyzed the crosslink between mDAP of one peptide stem and D-Ala residue of another
peptide stem) and D, D (cleaves the bond between D amino acids) or L, D (cleaves the peptide
bond between D and L amino acids) -carboxypeptidase activity. The endopeptidase activity has
space-making autolytic function that expands the sacculus during cell elongation. Without
endopeptidase activity PG synthesis results in a thicker cell wall and results in integrity failure and
lysis [74]. While the lytic transglycolases (LT) cleaves the glycosidic linkages between
disaccharide subunits within PG strands and produced anhydro-MurNAc (anhMurNAc). In E. coli

seven LTs are designated named MItA, MItB, MItC, MItD, MItE, MItF, and SIt70; the first six are
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membrane bound while SlIt70 are soluble LTs [75]. It is reported in some Gram-negative
nosocomial pathogen such as Bordatella pertussis, these anhMurNAc released by LT activity play
a role in bacterial virulence [76]. LT reactions products are either utilized for recycling activity
[74],[77] or released to the surroundings to mitigate bacterial load bearing capacities [78].

PG recycling starts typically when the LT released the anhMurNAc into the environment
and it is imported into the cytoplasm by an inner membrane permease, AmpG, and broken into
constituent sugar and peptide by the amidase, AmpD, R-hexoaminidase, NagZ, and LD-
carboxypeptidase, LdcA (Figure 5) [79]. Together these reactions yield, NAG, anhNAM and free
tripeptides in the cytoplasm [14] which serve as an energy source during stress conditions. Next,
MpL ligates tripeptides to UDP-MurNac, which is an intermediate in the de novo PG synthesis
pathway. Alternatively, in the presence of beta-lactam antibiotics, some Gram-negative bacteria
such as Pseudomonas aeruginosa, Enterobacter cloacae induce expression of AmpC beta-
lactamase. These findings suggest that accumulation of 1,6 anhMurNAC by increased LT activity
is sensed, and induces a response to beta-lactam activity by induction of the AmpC beta-lactamase

to promote antibiotic resistance [80].
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Figure 5: Schematic representation of PG recycling pathway as described by Uehara and
Park,2008[81].

TRANSPOSON INSERTION SEQUENCING (Tn-seq): Transposon insertion sequencing (Tn-

seq) is used to estimate the essentiality or fitness contribution of each genetic features in a bacterial
genome simultaneously [82], [83]. It combines the large-scale transposon mutagenesis along with
massive parallel sequencing. The main goal is to build a mutant library of bacteria where each
cells carries a single transposon insertion in the genome. This method not only detect the minor
changes in genes required for mutant fitness but also precise enough to detect intergenic regions,
promoter regions and essential protein domains with coding regions [83]. Tn-seq includes
generation of saturating gene disruption library through transposon mutagenesis, pooling of the
individual insertion mutants, extraction of genomic DNA (gDNA) from the pooled mutants and

amplification and high throughput sequencing of the transposon insertion junctions [82]. The
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mariner family transposon is useful for generating saturating mutant libraries and diverse bacterial
background. This technique is generally plasmid encoded and can easily be modified by replacing
the transposase promoter and antibiotic selection marker to be applicable in diverse bacterial
backgrounds. In my current work, we have used this Tn-seq screening to understand the fitness
factors required for carbapenem tolerance in Ab.

BETA-LACTAMASES: Production of beta-lactamase enzymes is the one of the key mechanisms

of Gram-negative bacteria to emerge and dissemination of resistance. Beta-lactamase degrade the
drug activity by irreversibly opening the beta-lactam ring by hydrolyzing the amide bond. The first
beta-lactamase that hydrolyze penicillin was reported in E. coli nearly 70 years ago [84]. Over the
time, with the explosion of the sequence information, there are over 4300 beta-lactamase enzymes
have been characterized [85], [86]. Based on the structural and sequence similarities, beta-
lactamase have been classified into four classes (A, B, C, and D) [87]. All classes are widely
distributed among nosocomial Gram-negative pathogens, including E. coli, K. pneumoniae, P.
aeruginosa and Ab.

Class A, C and D enzymes are called serine-beta-lactamases (SRBLs) because they require
an active-site serine residue to catalyze beta-lactam hydrolysis. SBLs employ an acylation-
deacylation mechanism where the nucleophilic serine attacks the carbonyl carbon of the beta-
lactam and hydrolyze the amide bond and generated acyl enzyme intermediate via a tetrahedral
oxyanion transition state [86]. Whereas class B beta-lactamases rely on one or two active site Zn%*
ions to inactivate beta-lactam antibiotics and are therefore referred to as the metallo-beta-
lactamases (MRLs). The most notable class B MRBLs include imipenemase (IMP), Verona
integron-encoded metallo-beta-lactamase (VIM), Sao Paulo metallo-beta-lactamase (SPM),

Germany imipenemase (GIM), New Delhi metallo-beta-lactamase (NDM), Florence imipenemase



22

(FIM) [88], [89]. Class D enzymes are all termed oxacillinase (OXA); particular concern surrounds
the OXA-23 and 24/40, and the OXA-48 groups, responsible for carbapenem resistance in Ab and

Enterobacteriaceae, respectively.
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Figure 6: The catalytic mechanisms of major beta-lactamases as described by He et al.,
2020[90] a) showing the catalytic activity of serine-based beta-lactamases that employ a two-step
process; b) showing the mechanisms of class B metallo-beta-lactamases.

LIPID A MODIFICATIONS: Due to the complex structure of the outer membrane, antibiotic

treatment has been increasingly challenging. The outer membrane is an asymmetric bilayer, with
the inner leaflet composed of glycerophospholipids and the outer leaflet composed of LPS. LPS
has structural role in decreasing permeability and increasing rigidity of the cell. It also called the
most potent stimulators of the host innate immune system [91]. The LPS is consists of structurally
and biologically three distinct domains: 1) The acylated lipid A that forms the outer monolayer of

the outer membrane; 2) The core oligosaccharide linked with lipid A and 3) O-antigen. LPS with
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all three domains are called smooth-form LPS, while LPS without O-antigen are named rough-
form LPS or lipooligosaccharide (LOS) [91].

The lipid A is the toxic component of lipopolysaccharide that is made up of (1 — 6)-
linked glucosamine disaccharide backbone which is mostly phosphorylated at position 1 and 4’ of
the saccharides and acylated at positions 2 and 3 of each monosaccharide portion [92]. The lipid
A biosynthesis starts in the cytoplasm with the formation of Kdoz-lipid A. Kdo stands for 3-deoxy-
D-manno-octulosonic acid or endotoxin. Nine conserved enzymes working consecutively and
produce hexa-acylated lipid A (Figure 7) [93]. The first seven enzymes produce the precursor
Kdoz-lipid IVa; while the last two enzymes LpxL and LpxM completed the synthesis of hexa-

acylated lipid A.
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Figure 7: Schematic representation of Lipid A biosynthesis by Raetz e al. Nine consecutive

enzymes working together to build hexa-acylated lipid A[94].

LpxL catalyzes transfer of laurate (C12:0) followed by LpxM-dependent myristate (C14:0)

addition in a stepwise manner to complete synthesis of the hexa-acylated and bis-phosphorylated
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Kdo2-lipid A molecule. However, many Gram-negative pathogens alter their lipid-A structure for
surviving into the host by alter their outer membrane permeability, to evade host immune detection
and promotes antibiotic resistance. One of the most common way bacteria modified their lipid A
by the production of hepta-acylated lipid A to fortify it’s outer-membrane and reduce host immune
recognition. In the presence of signal, the bacteria initiate a regulatory phosphorylation cascade
that increases the production of the outer membrane protein PagP. PagP transfers a palmitoyl
(C16:0) to the lipid A with phosphatidylethanolamine. However, the nosocomial pathogen Ab
produces the hepta-acylated lipid A in a PagP-independent fashion where the LpxMab ( Ab LpxM)
works as a dual acyltransferase that transfers two lauroyl groups onto the lipid A and produce
hepta-acylated lipid A [21]. These hepta-acylation is unique in Ab and it helps the bacteria to
survive in desiccative conditions and increases the resistance to polymyxin CAMP (Cationic
antimicrobial peptide) such as colistin which is considered as a last-resort antibiotic agent.

OUTER MEMBRANE PORINS: The outer membrane is the unique feature of Gram-negative

bacteria that serves for protections and provides nutrients for viability. It contains a several fully
integrated membrane proteins and provides essential function for the cell such as nutrient uptake,
cell adhesion, cell signaling and waste export. In the pathogenic strains, some outer membrane
proteins (OMPs) serve as a virulence factor such as nutrient scavenging and evasion of the host
defense mechanisms [68]. The OMPs are also called B-barrel proteins and has 8 to 26 strands. The
short loops are on the periplasmic side, while the large loops are between the strains on the
extracellular side. Due to this characteristic, these OMPs have a high membrane stability and they
are capable to fight against extremely harsh environment. Different types of OMPs have different
functions. In Ab the main outer membrane proteins included BamA, LptD, Omp33-36, OmpW,

CarO, OmpA and OprD. CarO and OprD involved with carbapenem resistance'’. LptD mediates
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the transportation of LPS to the outer membrane; OmpW is involved in modulating homeostasis
of iron ion in bacteria [95]. Omp33-36 is a channel for the passage of water, which can induce
apoptosis of host cells by activating caspase and regulate autophagy. Among those OMPs, OmpA
is known for its virulence factors. It regulates the adhesion, aggressiveness, and biofilm
production. OmpA was first identified in 1974 in Escherichia coli (E. coli) as a heat-modifiable
protein and it is originally purified in 1977. The molecular mass ranges is from 28 KDa to 36 KDa.
It is the surface exposed OMP and most abundant proteins in Gram-negative bacteria [96]. While
locating in the outer membrane OmpA is non covalently bind to the diaminopimelate acid of the
PG by its C-terminal domain. Overall, these data suggests that OmpA plays a key role in
maintaining bacterial surface integrity and have a role in PG maintenance. OMP also participates
in extrusion of antimicrobial compounds from periplasmic region and coupled with the efflux
system in inner membrane and that’s how involved in antibiotic resistance [97].

EFFLUX PUMPS AND IT’S FUNCTIONS: Extruding the drug actively from the cell against

their gradients to reduce the cytosolic concentration of antimicrobials is one of main reasons of
antibiotic resistance and it is mediated by several integral membrane transport proteins called
efflux pump [98].There are seven families or superfamilies of transport proteins has been reported
including ABC, ATP-binding cassette superfamily; MFS, major facilitator superfamily; RND,
resistance-nodulation-cell-division superfamily; MATE, multidrug and toxic compound extrusion
family; DMT, drug/metabolite transporter superfamily; PACE, proteobacterial antimicrobial
compound efflux family; AbgT, p- aminobenzyoyl-glutamate transporter family (Figure 8). These
distinct groups of efflux pumps can move substrates across the outer membrane. A variety of
transporter proteins that is expressed in the inner membranes that use metabolic energy to

concentrate metabolites in the cytoplasm and contributes the requirement of PG to prevent osmotic



26

lysis. Some efflux pumps contain single protein component transporters that export substrate from
the cytoplasm to periplasm or outer leaflets of the inner membrane. Whereas other efflux systems
are composed of multiple subunits such as tripartite complexes [99], where an integral inner-
membrane protein associates with periplasmic and outer-membrane proteins to move substrates
across the outer membrane. These type of efflux systems are very effective to export the drugs
such as beta-lactams from the periplasm. In E. coli the co-expression of tripartite pump with a

single component transporter shows multidrug resistance.
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Figure 8: Structure of major Ab efflux pumps[100].

Ab displays high levels of multidrug resistance to a broad range of antimicrobial agents. It
contains three RND-family efflux systems including AdeABC, AdeFGH and AdelJK (Figure 8);
two MFS system pumps and one membrane each of MATE and SMR families of efflux systems
that pump out a wide range of antimicrobial agents from the periplasm. Among the RND efflux
system, the AdeABC is known to increase aminoglycoside resistance; whereas AdelJK system in

Ab, is known to pump out a broad range of antibiotics includes beta-lactams, chloramphenicol,
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tetracyclines, and erythromycin [101], [100], [102]. However, a very little is known about

AdeFGH efflux system and how it contributes to antibiotic resistance.
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Abstract

Beta-lactam antibiotics exploit the essentiality of the bacterial cell envelope by perturbing the PG
layer, which induces rapid lysis. Many Gram-negative bacteria exhibit “tolerance”, the ability to
sustain viability in the presence of bactericidal antibiotics for extended time periods. Despite
several studies showing that antibiotic tolerance contributes directly to treatment failure, and is a
steppingstone in acquisition of true resistance, the molecular factors that promote intrinsic
tolerance are not well-understood. Ab is a critical-threat nosocomial pathogen notorious for its
ability to rapidly develop multidrug resistance. Carbapenem beta-lactam antibiotics (i.e.,
meropenem) are first-line prescriptions to treat Ab infections but treatment failure is increasingly
prevalent. Meropenem tolerance in Gram-negative pathogens is characterized by morphologically
distinct populations of spheroplasts, but the impact of spheroplast formation is not fully
understood. Here, we show that susceptible Ab clinical isolates demonstrate tolerance to high-level
meropenem treatment, form spheroplasts with the antibiotic and revert to normal growth after
antibiotic removal. Using transcriptomics and genetics screens, we show several genes associated
with outer membrane integrity maintenance and efflux limit beta-lactam entry into the periplasm.
Genes associated with PG homeostasis in the periplasm and cytoplasm also answered our screen.
Specifically, we defined the enzymatic activity of PBP7 and ElsL (also known as LdtK), which
are tolerance determinants in Ab, and disruption of these pathways also compromised the cell
envelope barrier function. These data show that outer membrane integrity and PG recycling are

tightly linked in their contribution to Ab meropenem tolerance.



30

Importance
Carbapenem treatment failure associated with “superbug” infections has rapidly increased in
prevalence, highlighting an urgent need to develop new therapeutic strategies. Antibiotic tolerance
can directly lead to treatment failure but has also been shown to promote acquisition of true resistance
within a population. While some studies have addressed mechanisms that promote tolerance,
factors that underlie Gram-negative bacterial survival during carbapenem treatment are not well-
understood. Here, we characterized a role for PG recycling in outer membrane integrity
maintenance and meropenem tolerance in Ab. These studies suggest that the pathogen limits
antibiotic concentrations in the periplasm and highlights physiological processes that could be
targeted to improve antimicrobial treatment.
Introduction
The cell envelope is a dynamic barrier composed of an inner (cytoplasmic) membrane, a periplasm
that includes a thin PG layer and an outer membrane, which is a selective barrier that restricts entry
of toxins and antibiotics. While the PG layer is known to protect against bursting due to the cell
turgor, the outer membrane also protects against lysis when external osmotic conditions change
[103]. Perturbation of the outer membrane or PG envelope layers induce lysis, but regulated
responses that fortify the envelope can maintain envelope homeostasis to promote pathogen
survival during stress exposure [104].

Antibiotic treatment failure is a growing threat to public health and has primarily been
associated with antibiotic resistance (i.e., growth in antibiotic treatment). However, antibiotic
tolerance, a population’s ability to survive otherwise toxic levels of antibiotic treatment for

extended periods, likely acts as a steppingstone to true resistance [105]-[107]. Antibiotic tolerance
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is characterized by survival of cell populations in a non-dividing state, where the MIC does not
change and cells revert to normal growth when the antibiotic is removed, degraded or diluted
[108]-[110]. Molecular factors that extend survival during treatment, increase the probability of
resistance-conferring mutations or horizontal gene transfer to occur [105].

Carbapenems are important beta-lactam therapeutics because they possess potent broad-
spectrum activity and are not susceptible to common resistance mechanisms [111], [112]. In fact,
meropenem is a last-line carbapenem antibiotic used to treat multidrug resistant Gram-negative
infections [113], [114]. While meropenem treatment is typically reserved to fight multidrug
resistant bacteria, it is a first-line prescription against the highly drug resistant nosocomial
pathogen, Ab [115], [116]. Carbapenem-resistant Ab has become commonplace among hospital
acquired infections. In 2019 the Center for Disease Control listed carbapenem-resistant Ab as one
of the most urgent threats to public health [117], and a report by the World Health Organization
prioritized the pathogen as critical for new antibiotic development [118], underscoring the severity.

We reasoned that since tolerance is a prerequisite for true resistance, tolerance factors may
be widespread among meropenem susceptible Ab strains. Defining intrinsic tolerance factors in Ab
may offer fundamental insight into how resistance mechanisms rapidly spread among populations
and provide new targets to combat tolerant pathogens. While our understanding of resistance
mechanisms that cause antibiotic treatment failure has been well-documented, tolerance factors
that precede acquisition of true resistance are limited.

Here, we show that susceptible Ab strains, including laboratory-adapted and recent clinical
isolates, survive for extended periods (>24 h) in high levels of meropenem, demonstrating
widespread tolerance. Meropenem induces cell wall-deficient spheroplast formation in Ab, as

shown in other Gram-negative pathogens [119]-[121]. After removal of the antibiotic, cells rapidly
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revert to the canonical Ab coccobacilli morphology and resume growth. Transcriptome sequencing
analysis at timepoints leading to spheroplast formation showed differential expression of genes
that coordinate a regulatory response to reduce the intracellular meropenem concentration. During
meropenem treatment, outer membrane integrity and permeability contribute to fitness, which we
show are also impacted by defects in the PG recycling pathway. PG recycling is also a major
contributor to Ab survival during meropenem treatment, where disruption of genes encoding
periplasmic and cytoplasmic PG maintenance enzymes compromise outer membrane integrity.
Lastly, we also define PBP7 (encoded by pbpG) and ElsL (also known as LdtK) enzymatic
activities, which are tolerance determinants in Ab. Together, these studies show several pathways
that coordinate in Ab to limit meropenem-induced cell envelope damage. These findings provide

new targets to direct antimicrobial therapies and prevent the spread of resistance.

Materials and Methods

Bacterial strains and growth

All Ab strains were grown aerobically from freezer stocks on Luria-Bertani (LB) agar at 37° C.
Antibiotics were used at the following concentrations unless noted otherwise: 25 mg/L kanamycin,
10 mg/L meropenem, 10 mg/L tetracycline and 75 mg/L carbenicillin.

Transposon insertion sequencing. Transposon sequencing was performed as described
previously [122]. The transposon machinery vector, pJNW684, was conjugated into wild-type Ab
strain ATCC 17978 to generate a library of ~ 400,00 mutants. The pooled transposon mutant
library was then screened for survival in meropenem tolerance conditions. At 0, 3 and 6 hours
following incubation at 37°C in stasis, genomic DNA (gDNA) from meropenem treated and

untreated cultures was isolated, sheared and transposon junctions were amplified and sequenced.
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Frequency of transposon insertions was compared between meropenem treated and untreated
conditions to determine factors important for carbapenem tolerance in Ab.

Construction of genetic mutants. Ab genetic mutants were constructed as described previously
using the recombination-mediated genetic engineering (recombineering) method [123]. Briefly, a
kanamycin resistance cassette flanked by FLP recombination target (FRT) sites was PCR
amplified from the pKD4 plasmid using primers containing 125-bp flanking regions of homology
to the gene of interest. The resulting linear PCR product was then transformed via electroporation
into Ab ATCC 17978 expressing RECas (pAT03). Transformants were recovered in Luria broth
(LB) and plated on LB agar supplemented with 7.5 mg/L kanamycin. All genetic mutants were
confirmed by PCR.

Following isolation of genetic mutants the pMMBG67EHtetR::RECas plasmid was removed as
described previously [124]. The isolated mutants were grown on LB agar supplemented with 2mM
nickel(I) chloride (NiCl2) and replica plated on LB agar supplemented with 25 mg/L kanamycin
or 10 mg/L tetracycline. Mutants that were sensitive to tetracycline and resistant to kanamycin
were confirmed loss of the pMMB67EHtetR::RECag plasmid. To excise chromosomal insertion of
the kanamycin resistance cassette, cured mutants were transformed with pMMBG67EH carrying the
FLP recombinase and plated on LB agar supplemented with 5 mg/L tetracycline and 2mM
Isopropyl pB-d-1-thiogalactopyranoside (IPTG) to induce expression of FLP recombinase.
Successful excision of the kanamycin resistance cassette was confirmed using PCR.
Construction of complementation vectors. To construct the pbpG complementation vector, the
pbpG (A1S_0237) coding sequence (encoding PBP7/8) with 200-bp upstream and downstream

flanking regions was amplified from Ab ATCC 17978 chromosomal DNA (cDNA) and cloned
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into Xhol and Kpnl restriction sites in the pABBRKn plasmid. The resulting pPBP7 plasmid was
transformed into Ab ATCC 17978 ApbpG background for complementation.

The ampD, ompA and IpxM complementation vector was constructed was constructed similarly
with slight alterations. The ampD (A1S_0045), ompA (A1S_2840) and IpxM (A1S_2609) coding
sequences was amplified from Ab ATCC 17978 cDNA and ampD was cloned into BamHI and
Sall restriction sites, ompA was cloned into Kpnl and Sall restriction sites in the pMMB67EHknR
plasmid. IpxM was cloned into Kpnl and Sall restriction sites in the pMMBG67EH plasmid. The
resulting complementation plasmids were transformed into respective Ab ATCC 17978 mutant
backgrounds and induced with 2mM IPTG for complementation.

Time-dependent killing assays. Meropenem Killing experiments were performed as previously
described with slight alteration [125]. Target strains were grown overnight in liquid LB medium
at 37°C with shaking. The following day, overnight cultures were diluted 1:10 in fresh, pre-
warmed BHI* medium (BD Difco Bacto Brain Heart Infusion) containing either meropenem at a
final concentration of 10 mg/mL or an equivalent volume of water as blank. The diluted BHI*
cultures were then incubated statically at 37°C for the duration of experiment. At 0, 3, 6, 12, and
24 hours, each sample was diluted 4-fold in blank BHI* medium and the optical density (ODs0o)
was measured. At each time point, cells were serially diluted 10-fold in fresh BHI* broth and either
5 mL of each serial dilution was spot-plated or 100 mL of each dilution was plated on LB agar
supplemented with 2% glucose for determination oof viable cell counts. Spot-plates were imaged
and colonies were counted after 20 — 24 hour incubation at 37°C.

Construction of PBP7 and LdtK active site mutants. For site-directed mutagenesis, first the
pbpG (A1S_0237) and IdtK (A1S_2806) coding sequences were amplified from Ab ATCC 17978

cDNA and cloned into the BamHI restriction site in the pUC19 plasmid and transformed into E.
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coli C2987 chemically competent cells (New England Biolabs, Inc). The QIAprep Spin Miniprep
Kit (Qiagen) was used to isolate The pUC19::pbpG and pUC19::1dtK plasmid DNA was isolated
using the QlAprep Spin Miniprep Kit (Qiagen) and used as template for Pfu-mediated deletion
mutagenesis (PCR components: 200 ng pUC19::pbpG or pUC19::IdtK plasmid DNA, 2 mL
deletion primer #1 (5 mM stock), 2 mL deletion primer #1 (5 mM stock), 4 mL dNTP mix (New
England Biolabs, Inc), 2.5 mL 10X Pfu reaction buffer AD (Agilent Technologies), 0.5 mL 10X
PfuTurbo DNA polymerase AD (2.5 U/mL; Agilent Technologies) and sterile water to 25 mL total
reaction volume; PCR cycling conditions: initial denaturation at 95°C for 3 minutes, total 30
cycles of 95°C for 15 seconds, 50°C for 1 minute, 68°C for 10.5 minutes and final extension at
68°C for 10 minutes). After thermocycling, 1 mL Dpnl (New England Biolabs, Inc) was added
directly to the PCR reactions and incubated 37°C for 1 hour. Following 1 hour of incubation,
another 1 mL Dpnl was added to the PCR reactions and the reactions were again incubated at 37°C
for 1 hour. 5 mL of the Dpnl-digested PCR reactions were then transformed into E. coli C2987
chemically competent cells and plated on LB agar supplemented with 75 mg/L carbenicillin. All
mutants were confirmed by PCR and Sanger sequencing.

Construction of PBP7 and LdtK overexpression strains. pbpG (A1S _0237) and IdtK
(A1S_2840) coding sequences were amplified from Ab ATCC 17978 cDNA and pbpGsi31a and
IdtKcizss were amplified from pUC19::pbpGsizia and pUC19::1dtKcisss plasmid DNA using
primers containing 8X histidine-tag sequence (Table SX) and cloned into Ndel and BamHI
restriction sites in the pT7-7Kn plasmid and transformed into E. coli C2987 chemically competent
cells (New England Biolabs, Inc). Resulting pT7-7Kn::pbpG, pT7-7Kn::pbpGsisia, pT7-

7Kn::ldtK and pT7-7Kn::ldtKcisss were PCR confirmed and sequence verified and transformed
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into E. coli C2527 (BL-21) chemically competent cells (New England Biolabs, Inc) for
purification, expression and western blotting.

Purification of recombinant proteins. Recombinant PBP7, PBP7s131a, LdtK, and LdtKci3ss
proteins were purified as described previously with slight modification [126]. Briefly, a single
colony of E. coli C2527 (BL-21) cells expressing PBP7, PBP7s131a, LdtK, and LdtKcisss
recombinant proteins were grown overnight in LB medium supplemented with 25 mg/mL
kanamycin and 2% glucose. The following day, overnight cultures were back-diluted in fresh LB
medium supplemented with 25 mg/mL kanamycin and grown to ODeoo 0.6. The cultures were then
induced with 0.5 mM IPTG at 16°C with shaking for 18 — 20 hours. Following induction, the cells
were harvested by centrifugation, washed with 1X phosphate buffered saline (PBS) and
resuspended in lysis buffer (20mM Tris, 300mM NaCl, 10mM imidazole; pH 8.0). Sonication was
carried out on ice at 80% power for 10 cycles of 20 seconds ON and 20 seconds OFF. The lysate
was clarified by centrifugation to remove unlysed cells and the supernatant was incubated with 0.5
mL HisPur Cobalt resin (ThermoFisher Scientific) overnight at 4°C with rocking. The lysate/resin
mixture was then applied to a flow column, washed once with lysis buffer, once with 15 mM
imidazole in lysis buffer and once with 30 mM imidazole in lysis buffer. The protein was eluted
in 250 mM imidazole in lysis buffer and further purified in dialysis buffer (10mM Tris, 50 mM
KCI, 0.1 mm ETDA, 5% glycerol; pH 8.0) overnight at 4°C.

Western blotting. Western blot analysis was performed by transferring the protein gel to
Amersham Hybond PVDF blotting membrane with a pore size of 0.45 mM (Cytive Life Sciences).
Blots were then blocked with 5% milk in 1X Tris buffered saline (TBS) for 2 hours at room
temperature. The 6X-His Tag Mouse anti-Tag (Invitrogen) primary antibody was diluted to 1:1000

in 5% milk and incubated with blots overnight at 4°C with gentle rocking. Blots were then
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incubated with 1:5000 diluted 1gG (H+L) Goat anti-Mouse HRP (Invitrogen) secondary antibody
for 1 hour at room temperature. Thermo Scientific SuperSignal West Pico PLUS
Chemiluminescent Substrate (ThermoFisher Scientific) was used for detection of tagged proteins.
Isolation of outer membrane vesicles. Outer membrane vesicles were isolated as described
previously [127]. Briefly, overnight cultures were back-diluted to ODeoo 0.01 in 100 mL LB and
grown to stationary phase at 37°C with shaking. Cultures were then pelleted through centrifugation
at 5000 x g for 15 minutes at room temperature and the supernatant was filtered through 0.45 mM
bottle-top filter (Fisherbrand). Filtered supernatant was ultracentrifuged (Sorvall WX 80+
ultracentrifuge with AH-629 swing bucket rotor) at 151,243 x g for 1h at 4°C. Following final
ultracentrifugation, outer membrane vesicle pellet was resuspended in 500 mL cold membrane
vesicle buffer (50mM Tris, 5mM NaCl, ImM MgSOs; pH 7.5). Outer membrane vesicles were
isolated three time in duplicate.

Quantification of total outer membrane vesicle proteins. Bradford assay was used to determine
outer membrane vesicle protein concentration as previously described [127]. To generate a
standard curve, bovine serum albumin (BSA) was diluted 0 to 20 mg/mL in Pierce Coomassie Plus
assay reagent (ThermoFisher) to a final volume of 1 mL. Outer membrane vesicles were diluted 2,
5, 10, 15, 20 mL in the reagent to a final volume of 1 mL. A microplate spectrophotometer
(Fisherbrand AccuSkan) was used to measure the absorbance (ODses) of standard and samples in
a 96-well plate (BrandTech). Protein concentrations were determined by comparing the optical
densities of samples to the standard curve generated in Microsoft Excel and final quantifications
were graphed in GraphPad Prism 8. Each experiment was repeated three times. One representative

data set is reported.
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Quantification of outer membrane vesicle 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo)
concentrations. Kdo assays were carried out as described previously [128]. For the standard
curve, Kdo standard (Sigma) was diluted 0 to 128 mg/mL in 50 mL of DI water. 50 mL of 0.5M
sulphuric acid (H2SO4) was added to 50 mL of isolated outer membrane vesicles and freshly
prepared 50 mL dilutions of the Kdo standard. Outer membrane versicles in 0.5M H2SO4 were
boiled for 8 mins to release the Kdo sugars. Samples were allowed to cool for 10 minutes at room
temperature. 50 mL of 0.1M periodic acid was added to outer membrane vesicles and Kdo
standards and incubated at room temperature for 10 minutes. Following incubation, 200 mL of
0.2M sodium arsenite in 0.5M hydrochloric acid (HCI) was added to outer membrane vesicles and
Kdo standards followed by 800 mL of 0.6% freshly prepared thiobarbituric acid (TBA). All
samples were boiled for 10 mins and allowed to cool at room temperate for 30-40 minutes. Prior
to optical density measurements, purified Kdo was extracted using n-butanol equilibrated with
0.5M HCI. Optical density was measured at ODss2 and ODsog (Fisherbrand AccuSkan microplate
spectrophotometer) in disposable polystyrene cuvettes (Fisherbrand). A linear Kdo standard curve
was generated by subtracting ODss2 measurements from ODsog measurements in Microsoft Excel.
Same calculations were applied to isolated OMV samples. Final Kdo concentrations were graphed
in GraphPad Prism 8. Each experiment was repeated three times. One representative data set is
reported.

Ethidium bromide permeability assay:

Overnight cultures were grown in 5ml BHI medium and normalize the cultures to ODsooto 1.5 the
following day and then subculture (1:10); and with and without meropenem (10ug/ml). Cultures
were withdrawn at several time points 0,6 and12 hour timepoints and washed the cells 3 times to

PBS (Phosphate- buffered saline) and normalized the ODeoo in PBS. 180 ml of the cultures was
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added to 96 well black plate and 20ml EtBr were added immediately before the measurement of
the fluorescence. The relative fluorescence unit was analyzed using synergy multi-mode plate
reader (530 nm excitation filter, 590 nm emission filter and 570 nm dichroic mirror). The
temperature was adjusted to room temperature 25°C for 30 minutes read and 15S interval. The
mean RFU for each sample were calculated and plotted by Prism 9 (GraphPad 9.2.0).
Fluorescent NADA staining: Overnight cultures were grown with shaking at 37°C in 5ml of BHI
liquid media. Next day, cultures were subcultures at 1:10 in fresh BHI media (total volume 5 ml)
containing with and without meropenem (10 mg/ml). 2 microliters of 270mM NBD- (linezolid-7-
nitrobenz-2-oxa-1,3-diazol-4-yl)-amino-D-alanine (NADA) (Thermo Fisher) was added to each
tube and incubated them at 37°C stationary incubator. At different time points 6,12,24-hour,
cultures (5ml) were withdrawn and washed 2 times in BHI and fixed with 1 phosphate-buffered
saline containing a (1:10) solution of 16% paraformaldehyde.

Microscopy: Cells fixed with paraformaldehyde were immobilized on 1.5% agarose pads and
imaged using an inverted Nikon Eclipse Ti-2 widefield epifluorescence microscope equipped with
a Photometrics Prime 95B camera and a Plan Apo 100 1.45-numerical-aperture lens objective.
Phase contrast and fluorescence images will be collected and analyzed using NIS Elements
software. Green fluorescence images were taken using a filter cube with 632/60 or 535/ 50
emission filters and Images were captured using NIS Elements software.

Image analysis: Images were analyzed by Image Fiji. All images were minimally processed
(substract background and brightness/contrast adjusted uniformly across all fluorescent images)
and Pseudocolored (a Cyan lookup table was chosen to NADA images). Cells shape (length, area,

width and fluorescence intensities) were quantified in MicrobeJ and data were plotted in Prism 9
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(GraphPad 9.2.0). Total 300 cells were analyzed for each experiment and independently replicated
three times and one representative data was reported in the quantification.

RNA sequencing. RNA sequencing was performed as described previously with modification.
Briefly, the Direct-Zol RNA MiniPrep kit (Zymo Research) was used to extract total RNA from
static Ab ATCC 17978 cultures either treated with 10 mg/mL meropenem or an equivalent volume
of water as blank at 0.5, 3, and 9 hours of incubation at 37°C. RNA was then treated with Turbo
DNA-free DNA removal kit (Invitrogen) to remove genomic DNA contamination. DNase-
depleted RNA was sent to the Microbial Genome Sequencing Center (MiGS) for Illumina HiSeq
sequencing. CLC genomic workbench software (Qiagen) was used to align the resulting
sequencing data to the Ab ATCC 17978 genome annotations and determine the RPKM expression
values and the weighted proportions fold change of expression values between meropenem treated
and treated samples. The Baggerley’s test on proportions was used to generate a false discovery
rate adjusted P-value. The weighted proportions fold change of expression values between samples
was used to generate pathway specific heatmaps in Prism 8 (GraphPad).

Minimum inhibitory concentration calculations. MICs were determined using the Broth
Microdilution (BMD) method as previously outlined [129]. Overnight cultures were back diluted
to ODeoo 0.01 in Mueller-Hinton broth and 100 mL of cells was added to each well of a 96-well
round-bottom polypropylene plate (Grenier Bio-One). Meropenem diluted in water was serially
diluted and 150 mL of each meropenem serial dilution was also added to each well. Plates were
incubated overnight at 37°C and growth was measured by reading ODseoo after 20-24 hours of
incubation. The lowest concentration of meropenem at which no bacterial growth was observed

was determined to be the MIC.
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Results

Meropenem susceptible Ab strains are tolerant, form spheroplasts and resume normal
morphology and growth upon removal of the bactericidal antibiotic

Previous work showed that Vibrio cholerae [119], [120], Pseudomonas aeruginosa [121] and
pathogens in the Enterobacterales order [130], [131] form viable, non-dividing spheroplasts when
exposed to lethal concentration of beta-lactam antibiotics over several hours. Importantly,
spheroplasts revert to normal rod-shaped growth when the antibiotic concentration is sufficiently
reduced [130], demonstrating a short-term survival mechanism that directly contributes to
antibiotic treatment failure.

To determine if populations of Ab strains can tolerate meropenem treatment over time,
stationary phase cultures from susceptible Ab isolates, including recent clinical isolates, were
treated with high levels (10 mg/mL; 62.5-fold MIC in strain ATCC 17978) of the antibiotic.
Treated cultures demonstrated only slight depletion after 24 h, relative to untreated (Fig 9A). In
contrast, meropenem treatment of cells in logarithmic growth phase showed rapid lysis. Therefore,
Ab strains in stasis, a relevant physiological state during infection when the cell is known to fortify
the cell envelope and slow growth/division [132], are highly tolerant to lethal meropenem
concentrations. While these data agree with current dogma that beta-lactam-dependent killing is
strictly proportional with growth rate [109], [133], [134], subsequent analysis revealed that
stationary phase Ab cells experience significant cell envelope damage upon meropenem treatment.
After 12 h, stationary phase cells treated with meropenem demonstrated notable morphological
changes typical of spheroplast formation relative to untreated cells (Fig 9B). All strains showed a
measurable increase in surface area and width of treated cells relative to untreated (Fig 9C). To

visualize changes in PG assembly, cells were treated with a fluorescent derivative of D-alanine
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(NADA), which is incorporated into the PG by PBPs and LD-transpeptidases [135]-[138]. A
significant decrease in NADA intensity was evident in meropenem treated cultures relative to
untreated at 12 h (Fig 9B &9D), suggesting degradation of the cell wall, as previously shown in
other beta-lactam tolerant Gram-negative bacteria [119], [130]. Thus, tolerance under stationary
phase conditions is not just a simple function of growth inhibition, but rather an active response to
significant cell envelope damage.

Since Ab spheroplasts were viable after plating (Fig 9A), we also wanted to determine if
the characteristic Ab coccobacilli morphology was restored after antibiotic removal. Cells treated
with meropenem for 12 h were washed and grown in fresh media without antibiotic. At 12 h post-
treatment, no spheroplast were found after antibiotic removal (Fig 9E), wild type morphology was
restored (Fig 9F) and the cells showed incorporation of NADA suggesting PG was being
synthesized and remodeled (Fig 9E). Fluorescence intensity measurements showed a stepwise
decrease in fluorescence intensity at 6 and 12 h after treatment started relative to the start of the
experiment (0 h) (Fig 9G), suggesting PG degradation during meropenem treatment. After 12 h of
meropenem treatment, cells were washed to remove the antibiotic, resuspended in fresh media,
and stained with NADA. Fluorescence intensity measurements 12 hours post meropenem
treatment showed increased NADA incorporation (Fig 9G), suggesting the cell resumed PG
remodeling and synthesis. Furthermore, fluorescence intensity appeared higher at the midcell of
some cells (Fig 9E, white arrows). Divisome components localize to the midcell where they
regulate daughter cell formation, suggesting the recovered population had resumed division.
Together, these data support a model where Ab spheroplasts revert to wild type morphology and

growth when meropenem treatment is stopped.
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Figure 9: Ab strains are tolerant to meropenem. (A) Colony-forming units (CFUSs) of Ab strains
ATCC 17978, 19606 and AYE untreated (-) or treated (+) with meropenem over 24 h. Each killing
assay was independently replicated three times, and one representative dataset was reported. Error
bars indicate SD. Dotted black line indicates level of detection. (B) Phase and fluorescence
microscopy of + or - Ab strain AYE after 12 h. Scale bar is 10 um. (C) Area (A), length (L) and
width (W) quantitation of cells in panel B (n= 300). (D) Fluorescence (FL) signal intensity
quantitation in percent arbitrary intensity units (AlU) of treated vs. untreated cells in panel B (n=
300). (E) After 12 hours of meropenem treatment, the cells were washed with fresh media without
antibiotic and stained with NADA. Cells were imaged after 12 h and showed the characteristic Ab
coccobacilli morphology is restored. White arrows indicate fluorescence intensity at the midcell.
(F) Area (A), length (L) and width (W) of cells in panel E (n= 300). (G) FL signal intensity in
percent AlU treated vs. untreated (n=300) at 0, 6 and 12 hours after meropenem treatment and 12
h after removal of the antibiotic. Significance was determined using an unpaired t-test (P < 0.05)
in treated vs. untreated. An asterisk indicates significant differences between treated and untreated;

n.s., not significant. Error bars indicate SD from the mean.
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Transcriptome analysis highlights differentially regulated pathways important for Ab tolerance
Many Gram-negative pathogens rapidly form spheroplasts to develop meropenem tolerance [119],
[130]; however, Ab spheroplast formation is delayed. We first observed spheroplast formation only
after 8 h, with large numbers within the population accumulating by 12 h (Fig 9 B & C). To define
transcriptional alterations associated with spheroplast-associated tolerance, we isolated RNA from
treated and untreated cells at 0.5, 3 and 9 h. While subtle changes in gene expression were evident
at 0.5 and 3 h, differential expression patterns were more obvious at 9 h in treated cultures relative
to untreated (Fig 10). Genes associated with efflux were increasingly upregulated with each
timepoint (Fig 10 A), suggesting the cell quickly and continually responds to meropenem treatment
by actively expelling the toxic compound. Upregulated efflux genes included adeAB, adelJK and
macABtolC, which have all been implicated in antibiotic efflux [139]-[141]; specifically, beta-
lactam efflux is associated with the AdelJK RND-type pump [142], [143]. To validate the role of
AdelJK in meropenem tolerance, we constructed a genetic knockout (DadelJK), which was
subjected to high-level meropenem treatment (Fig 10 B). At 24 h post-treatment, DadelJK was
more than 1,000-fold more susceptible to meropenem-mediated Killing relative to wild type,
showing that efflux contributes to tolerance.

Porins represent the major entryway for carbapenems such as meropenem to enter the
periplasm [144], where they inhibit transpeptidation to cross-link the stem peptides of adjacent PG
strands. Decreased expression of many porin-associated genes was evident in treated cultures
relative to untreated (Fig 10 C), suggesting the cell also limits meropenem entry by reducing porin
gene expression in response to treatment. However, temporal expression of porin-associated genes
was delayed relative to efflux, in general. Deletion of carO is associated with carbapenem

resistance in Ab [145] and was found to be an influx channel for carbapenems [146], while OprD
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has also been associated with clinical carbapenem resistance in Ab [147], suggesting reduced
expression may strategically limit meropenem entry. Interestingly, the largest reduction in gene
expression was associated with ompW, which encodes a predicted b-barrel protein (OmpW) that
supports iron uptake [148], but our understanding of its biological function or how it contributes
to carbapenem resistance or tolerance is limited. Notably, in Vibrio cholerae, decreased iron
uptake regulated by the VxrAB two-component system, promotes spheroplast recovery by
reducing oxidative stress during beta-lactam treatment [149], [150]. To further validate the RNA-
seq dataset, we analyzed DompW in a meropenem Kkilling assay, which showed approximately a
10-fold increase in survival relative to wild type (Fig 10B).

Consistent with published Ab transcriptional datasets in stress [151]-[153], meropenem
treatment also induces expression of genes encoding putative outer membrane lipoproteins and
their transporters (LolA-D) (Fig 10D). Outer membrane lipoproteins fortify the E. coli cell
envelope by providing structural rigidity, where inner leaflet outer membrane lipoproteins are
covalently attached to the underlying PG network [103], [154]. Lastly, we made an isogenic mutant
of A1S 3492. DALS 3492 showed approximately a 100-fold increase in meropenem susceptibility
relative to wild type (Fig 10B). Together, analysis of efflux, porin and lipoprotein mutants suggest
a transcriptional response that protects Ab from meropenem-dependent killing during treatment.

Transcription of genes associated with PG remodeling were only slightly altered with the
notable exception of two genes encoding putative LTs , including membrane bound, MItF, and a
soluble protein, Slt, which were both upregulated (Fig 10 E). LTs cleave N-acetylmuramic acid
(MurNAc)-N-acetylglucosamine (GIcNACc) bonds in PG to release soluble 1,6-anhydroMurNAc-
containing muropeptides. Muropeptides excised by LTs can be secreted into the environment or

imported into the cytoplasm and catabolized via the PG recycling pathway [155]. 1,6-



46

AnhydroMurNAc-containing muropeptides that feed into PG recycling can act as a source of
nutrients, but also can be re-incorporated into the PG network through de novo biosynthesis or in
some bacteria can also act as signals to induce beta-lactamase expression [156], [157]. Lastly,

genes involved in lipooligosaccharide (LOS), and PG biosynthesis were slightly altered (Fig 10
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Figure 10: Differentially regulated genes in response to meropenem treatment in Ab. Heat
map showing the fold-change in genes expressed at 0.5, 3 and 9 h meropenem treatment relative
to wild type ATCC 17978 (P <0.05). (A) Differentially regulated genes associated with efflux. (B)
Dilution spot assays (in triplicate) of wild type, AadelJK, AompW and AAL1S 3492 with (+) or
without (-) meropenem treatment. (C) Same as (A), but pathway analysis includes genes associated
with outer membrane porins, (D) outer membrane lipoproteins and their transporters, (E) PG

recycling, (F) LPS biosynthesis and (G) PG biosynthesis.
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Genes and pathways that contribute to Ab fitness during meropenem treatment

While transcriptome sequencing analyses offer insight into the stress response, one limitation of
RNA-sequencing is that differentially regulated genes oftentimes do not impact fitness due to
redundancy or pleiotropic effects. Therefore, we also performed transposon-sequencing on Ab
strain ATCC 17978. Using previously constructed high-density transposon libraries generated in
wild type Ab [158], [159], stationary phase cultures were either treated with meropenem or left
untreated during incubation at 37 degrees. After six, nine and 12 h, cells were collected, insertions
were mapped and comparisons between treated and untreated cultures were used to identify
meropenem tolerance factors. The screen was answered by several novel factors, some of which
are the subject of a separate study, but also revealed the importance for outer membrane integrity
and PG maintenance (Fig 11A). To validate our screen, we calculated survival in several mutants,
including AompA, AlpxM, ApbpG and AelsL (also known as IdtK [160]), in the presence and
absence of meropenem (Fig 11B). All mutants showed at least a 2-to-3-fold log depletion relative
to wild type at 12 h and >5-fold log depletion at 24 h. Importantly, the meropenem minimal
inhibitory concentrations did not change significantly in the mutants relative to wild type (Fig
11C). These studies suggest that Ab fitness during meropenem treatment is dependent on outer
membrane integrity and PG maintenance factors.

OmpA is a highly conserved monomeric b-barrel protein with a periplasmic domain that
noncovalently attaches the outer membrane to the PG network [161]. It is highly abundant in Ab
[162] and coordinates with efflux pumps to export antibacterial compounds from the periplasm
[163], [164]. OmpA is also known to stabilize the outer membrane; ompA deletion/disruption
induces outer membrane vesicle formation and increases permeability [165]. To test the hypothesis

that ompA deletion perturbs the outer membrane to promote meropenem entry in Ab, we performed
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two assays, including permeability measurements (Fig 11D) and quantified outer membrane
vesiculation (Fig 11E). Relative to wild type [165], AompA induced outer membrane vesicle
formation and permeability to ethidium bromide, which is similar in size to meropenem. We also
measured ethidium bromide influx in AlpxM, ApbpG and AelsL (Fig 11D). Like AompA, all
isogenic mutations increased permeability relative to wild type and the respective
complementation strain, which restored the permeability defect. Notably, meropenem treatment
did not exacerbate permeability in wild type or any of the mutants (Fig 11D), suggesting it does
not directly destabilize the outer membrane barrier function. Since we previously reported that
AelsL produces excess outer membrane vesicles [158] and all of the mutants showed increased
permeability, we also tested vesicle formation in AlpxM and ApbpG (Fig 11E). Unexpectedly,
ApbpG produced excess outer membrane vesicles relative to wild type and all other mutants. In
contrast, AlpxM did not.

Interestingly, AlpxM was the only strain that showed increased permeability but not
hypervesiculation. LpxM catalyzes transfer of two lauroyl (Ci2:0) groups from an acyl carrier
protein to the R-3 - and R-2-hydroxymyristate positions of lipid A during LOS biosynthesis [166].
Mutations that reduce LOS acylation are known to increase fluidity of the lipid bilayer and could
also impact folding/function of outer membrane porins [167], [168]. Either/both mechanisms could
increase entry of meropenem into the periplasmic space or disrupt efflux mechanisms that actively
pump the compound out of the cell.

We also characterized the morphology of each mutant in growth. We found that relative to
wild type, AompA cells were chained and NADA incorporation was reduced, suggesting that
OmpA is required for proper function of PG enzymes (division proteins and LD-/DD-

transpeptidases that incorporate NADA and/or increased carboxypeptidase activity). AlpxM and
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ApbpG showed increased NADA incorporation which is consistent with increased outer
membrane permeability. ApbpG cells were also clumped, suggesting the cells could not properly
separate during division. As previously reported [158], AelsL showed rounded cells.

While the role of OmpA and LpxM to gate meropenem entry into the Ab periplasm to
promote antibiotic tolerance is straightforward, we were intrigued by genetic links to PG
maintenance (i.e., pbpG and elsL). While mutation of pbpG and elsL impact outer membrane
integrity (Fig 11), we also wanted to define their physiological role to determine specific pathways

that contribute to meropenem tolerance.
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Fig 11: Genes encoding outer membrane integrity and PG maintenance contribute to
meropenem tolerance in Ab. (A) Tn-seq analysis of genes required for meropenem tolerance at
12 h. (B) Survival in isogenic mutants was calculated as CFU/mL over 24 h during meropenem
treatment. Data were collected from two experiments in triplicate. Error bars represent the average

of 3 technical replicates +/- SD (C) Minimal Inhibitory Concentrations (MICs) of wild type and
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isogenic Ab mutants. (D) Permeability assays using ethidium bromide (EtBr) over 0.5 h. A.U.;
arbitrary units. Lines depict the mean of three technical replicates. (E) Relative quantification of
protein (top) and Kdo (bottom) concentrations of outer membrane vesicles (OMVSs) in wild type
(WT) and mutants. Each experiment was independently replicated three times, and one
representative dataset was reported. Error bars indicate SD. An asterisk indicates significant

differences relative to the WT strain (P <0.05).

PBP7 is a DD-carboxypeptidase and endopeptidase that catalyzes formation of tetrapeptides
To define the activity of Ab PBP7 (encoded by pbpG), we isolated PG from wild type and ApbpG
in growth (Fig 12A) and stasis (Fig 12B) Muropeptides were generated by treatment with
muramidase, separated by high-performance liquid chromatography and uncharacterized peaks
were analyzed by tandem mass spectrometry as done previously [151], [158], [169]. PG
composition from ApbpG in growth showed accumulation of two muropeptide peaks that were
not present in wild type (Fig 12A). MS analysis showed these peaks were enriched with
pentapeptides and were identified as disaccharide pentapeptide (Penta, neutral mass: 1012.19 amu;
theoretical: 1012.45 amu) and bis-disaccharide tetrapentapeptide (TetraPenta, neutral mass:
1935.60 amu; theoretical: 1935.84 amu) (Fig 12), suggesting the enriched muropeptide pools
represent PBP7 substrates in growth. ApbpG PG in stasis had depleted D-amino acid-modified
muropeptide pools, including TetraTri-D-Lys- and TetraTri-D-Arg-peptides, and reduced 3-3
crosslink formation (Fig 12BC) consistent with PBP7 DD-carboxypeptidase and endopeptidase
activity to form tetrapeptides, which are the most abundant peptides in the PG in Ab [151], [158],
[169] and substrates of LD-transpeptidases. The periplasmic LD-transpeptidase, LdtJ, transfers D-

amino acid to tetrapeptides and forms 3-3 crosslinks [158]. Therefore, it is likely that PBP7
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provides at least some of the periplasmic substrates for LdtJ-dependent transpeptidase activity in
stasis.

To test the enzymatic activity, we purified recombinant PBP7)and a predicted catalytically
inactive version in which alanine replaces the active site serine (PBP7s131a). Purified proteins were
incubated with PG from E. coli D456 (Fig 12 D), a strain enriched with pentapeptides [170] and
analyzed as previously done [171]. PBP7 was active against penta-, tetratetra- and
tetrapentapeptides, where each muropeptide was trimmed to the tetrapeptide-form relative to the
no-enzyme control. As expected, PBP7s131a did not show activity against any muropeptides.
Together, these studies suggest that PBP7 not only hydrolyzes the bond between the terminal D-

Ala residues, but also showed DD-endopeptidase activity, where both activities enrich the

periplasmic pool of monomeric tetrapeptides.
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Figure 12: PBP7 is active against pentapeptides and DD-crosslinks. (A) PG isolated from wild

type and ApbpG in growth phase was analyzed by HPLC. The muropeptides Penta and TetraPenta
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were enriched in ApbpG. (B) PG isolated from wild type and ApbpG in stationary phase was
analyzed by HPLC. TetraTri-D-Lys and TetraTri-D-Arg were depleted in ApbpG relative to wild
type. (C) Muropeptide structures are illustrated and were confirmed using MS/MS. (D)
Recombinant PBP7 or the active-site mutant PBP7s131a was incubated with PG isolated from E.
coli D456 which contains Tetra, Penta, TetraTetra and TetraPenta as the main muropeptides. PBP7

was active against pentapeptides (DD-CPase) and cross-linked muropeptides (DD-EPase).

ElsL is a cytoplasmic LD-carboxypeptidase active against tetrapeptides for PG recycling
During beta-lactam treatment, autolysins (i.e., LTs ) are activated [109], [172], which increases
the amount of PG turnover products with 1,6-anhydro-MurNAc residues. In Ab, genes encoding
the autolysins, MItF and Slt, were upregulated during meropenem treatment (Fig 10E), which
likely increases periplasmic concentrations of TetraAnh, for cytoplasmic import. In E. coli,
TetraAnh are substrates for the LD-carboxypeptidase LdcA, which trims tetrapeptides to
tripeptides [173] that are catabolized by the conserved enzymes NagZ [174], [175] to generate 1,6-
anhMurNAc-tripeptide and the amidase AmpD [176], [177] to form free tripeptides, which can be
further broken down into individual amino acids and used as energy. Furthermore, Mpl [178] can
attach tripeptides to uridine diphosphate (UDP)-MurNAc to form UDP-MurNAc-tripeptide, an
intermediate in the de novo PG biosynthesis pathway. However, no apparent LD-
carboxypeptidase, orthologue to LdcA is encoded by Ab.

ElsL was one potential LD-carboxypeptidase candidate for PG recycling because it
encodes a putative LD-transpeptidase (YkuD) domain but does not encode a canonical secretion
signal needed for export, suggesting it may be active in the cytoplasm. This observation coupled

with a recent study showing that the E. coli YkuD homologue DpaA (also known as LdtF) is an
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amidase that hydrolyzes bonds formed by LD-transpeptidases [104], [179], suggested that EIsL
may indeed have LD-carboxypeptidase activity, which is essential for tripeptide formation in the
recycling pathway.

First, we determined the subcellular localization of ElsL with a specific antibody that
detects the native protein (Fig 13A). After fractionation of the subcellular compartments, we were
only able to detect EIsL in the cytoplasmic fraction in growth and stasis, showing it is not exported
to the periplasm.

Since EIsL is cytoplasmic, we sought to determine if it was active on tetra- and/or
pentapeptide substrates. We purified recombinant EIsL and the active-site mutant, EIsLcisss . Both
enzymes were incubated with muropeptides obtained from tetrapeptide-rich PG from E. coli
BW25113 or pentapeptide-rich PG from E. coli CS703-1 [171] (Fig 13B). ElsL showed activity
against tetrapeptides but not pentapeptides. The muropeptide profile showed the formation of
disaccharide tripeptide and bis-disaccharide tetratripeptide, showing that EIsL cleaves the bond
between the L-centre of mDAP and the terminal D-Ala in tetrapeptides, characteristic of LD-
carboxypeptidase activity. Our data indicate that PBP7 trims pentapeptides and cleaves crosslinked
peptides into tetrapeptides in the periplasmic PG network. Once 1,6-anhydro-MurNAc-containing
muropeptides are released from the PG network by MItF, Slt or other LTs , they are transported

into the cytoplasm and processed into tripeptides by EIsL in the PG recycling pathway.
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Figure 13: EIsL is active against tetrapeptides in Tetra and TetraTetra. (A) Western blot with
a-ElsL and a-RpoA antisera. ElsL is 18.97 kDa, while RpoA is 37.27 kDa. WCL; whole-cell
lysate, SP; spheroplast, C; cytoplasm, PP; periplasm, and TM; total membrane fractions. (B)
Recombinant EIsL or the active-site mutant ElsLciss was incubated with PG isolated from E. coli
strain BW25113 (top, tetrapeptide-rich) or strain CS703-1 (bottom, pentapeptide-rich). EIsL was
active against tetrapeptides but not pentapeptides. (C) Tn-seq analysis of ampD::Tn insertions
relative to wild type 12 h after meropenem treatment. (D) Meropenem tolerance assay in AampD,
which encodes a well-conserved cytoplasmic enzyme required for PG recycling. Error bars

represent the average of 3 technical replicates +/- SD.

To further confirm if the cytoplasmic PG pathway contributes to meropenem tolerance in

Ab, we made an isogenic ampD mutant, which encodes N-acetylmuramyl-L-alanine amidase that



55

releases the tripeptide from anhMurNAc [177]. Importantly, ampD transposon insertions were also
depleted in the meropenem tolerance screen (Fig 13C). Like ApbpG and AelsL, AampD was also
rapidly killed when treated with meropenem relative to wild type and the respective
complementation strain (Fig 13D). Together, these studies strongly suggest that the PG recycling
pathway contributes to meropenem tolerance in Ab. Furthermore, formation of cytoplasmic
tripeptides or tetrapeptides appears to contribute to meropenem tolerance. Combinatorial therapies
that inhibit enzymes in both PG biosynthesis and recycling could provide an alternative treatment

strategy.

Discussion

Many susceptible Gram-negative pathogens tolerate treatment with bactericidal antibiotics such as
carbapenem beta-lactams, but the molecular factors that underlie cell survival are not understood.
Significant cell envelope damage is observed during treatment in stasis, characterized
morphologically by cell wall-depleted spheroplasts [119]-[121], [130], [131]. Here, we show
meropenem treatment induces spheroplast formation in Ab, and that cell growth resumes upon
removal of the antibiotic. Transcriptome sequencing analysis suggested Ab responds to
meropenem treatment by fortifying the structural integrity of the cell envelope through increased
outer membrane lipoprotein and transporter gene expression and by inducing autolysins, which
likely physically reinforce the envelope by providing stiffness and remodeling the PG network,
respectively (Fig 14). Meropenem treated cells also appear to limit periplasmic concentrations
through induced expression of efflux-associated genes and downregulation of porin genes, which
both reduce periplasmic concentrations by actively pumping the antibiotic out of the cell and by

limiting entry, respectively. A separate genetic (transposon) screen to identify fitness determinants,
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showed factors required for high level meropenem tolerance include genes that contribute to outer
membrane permeability (IpxM, ompA, pbpG and elsL) and cell envelope stability (ompA, pbpG
and elsL). Furthermore, genes in the cytoplasmic PG recycling pathway, elsL and ampD, also
answered the screen. Together the transcriptomics and genetic screen suggested that factors
working to maintain cell envelope homeostasis through integrity maintenance of the outer

membrane and PG network, contribute to meropenem tolerance in Ab (Fig 14).
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Figure 14: Model showing mechanisms that promote meropenem tolerance in Ab. Based on
transcriptomic analysis, several genes are differentially expressed after treatment with high levels
of meropenem. Pathways include upregulation of the AdelJK efflux pump, lipoproteins, the
MItF/SIt autolysins, while porins, including CarO and OprD, were downregulated (green). Fitness
screens showed that several genes involved in outer membrane, periplasmic and cytoplasmic
pathways promote meropenem tolerance. Pathways include OmpA, which tethers the outer

membrane to the PG, LpxM, which increases outer membrane hydrophobic packing, the DD-
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carboxypeptidase and endopeptidase, PBP7, and cytoplasmic recycling enzymes, ElsL and AmpD
(red).

While we showed several tolerance factors are transcriptionally regulated, we do not know
what transcriptional regulators are involved. A previous study found that PhoPQ-dependent outer
membrane modifications promoted survival in cell wall-deficient spheroplasts [131], presumably
by fortifying the outer membrane to counter large loads of turgor pressure typically absorbed by
the cell wall. Specifically, PhoPQ was activated in response to meropenem treatment. Ab does not
encode PhoPQ, but analogous mechanisms are likely to contribute to cell envelope homeostasis to
counter the turgor when the cell wall is compromised. One mechanism might include fortification
of the cell envelope with lipoproteins, which occurs in Ab during stress [151]-[153], [180];
however, the underlying protective mechanism is not understood. Landmark studies in cell
envelope mechanics have shown that outer membrane lipoprotein attachment to the PG impact cell
envelope mechanics by increasing the load-bearing capacity of the cell envelope [103], [154].
Outer membrane lipoproteins, specifically those that interact with the underlying PG network,
increase outer membrane stiffness, which likely counterbalances the internal turgor. When the cell
wall is perturbed during meropenem treatment, small fluctuations in turgor may be sufficient to
induce lysis when lipoprotein-mediated attachment is absent. More studies are needed to tease
apart the contribution of specific lipoproteins and how they contribute to cell envelope mechanics
in stress. Furthermore, noncovalent attachments between the outer membrane and PG network via
OmpA and hyperacylation of lipid A via LpxM may also increase the mechanical load-bearing
capacity of the outer membrane to maintain envelope homeostasis when the cell wall is defective.
It is also possible that disruption of OmpA or LpxM induced pleiotropic effects that reduced the

barrier function to gate meropenem entry.
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Unexpectedly, our data suggest that PG maintenance enzymes contribute to Ab survival
during meropenem treatment. Tetrapeptides represent the most abundant PG stem peptides in Ab.
They are formed, in part, by the DD-carboxypeptidase and endopeptidase activity of PBP7 on
pentapeptides and DD-crosslinked muropeptides, respectively (Fig 12A). Tetrapeptides are
substrates for LD-transpeptidase that form a small amount of 3-3 crosslinks in Ab, but are needed
to effectively repair PG defects in stressed E. coli cells [104]. Furthermore, tetrapeptides are also
necessary for LD-transpeptidase-dependent covalent attachment of Braun’s lipoprotein (Lpp) to
meso-DAP residues in PG [181], which also fortifies the envelope [103]. Our data indicate that
without PBP7, LdtJ-dependent 3-3 crosslink formation is reduced (Fig 12A), however less than
3% of all muropeptides contain 3-3 crosslinks and their contribution to PG integrity maintenance
remain unclear.

The LTs MItF and Slt were induced in meropenem treatment (Fig 10 & 14), consistent
with activation of autolysins in response to penicillin-binding protein inhibition during beta-lactam
treatment [109], [119]. LT proteins cleave the glycosidic linkage between disaccharide subunits
within the PG strands and perform an intramolecular transglycosylation in MurNAc to release
soluble 1,6-anhydroMurNAc-containing muropeptides, which can be imported into the cytoplasm.
The main turnover product, TetraAnh is transported into the cytoplasm by AmpG where they
provide substrates for ElsL-dependent LD-carboxypeptidase activity to form TriAnh. Like other
members of the YkuD family, EIsL retains preference for tetrapeptide substrates (Fig 13B) but
represents the first known YkuD-containing enzyme that lacks a signal sequence and is active in
the cytoplasm, consistent with recent findings from other groups [182], [183]. ElsL is the second
member of the YkuD family, after DpaA/LdtF that has a major role in cleaving amide bonds rather

than generating them. Notably, the requirement for EIsL in meropenem tolerance is like how cells
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depend on outer membrane integrity maintenance (OmpA, LpxM, PBP7) during spheroplast
formation. Lastly, EIsL (and LdtJ) were shown to be essential for Ab survival without LOS [158],
suggesting that PG recycling and modification of tetrapeptides are a general response to counter
cell envelope stress in Ab. It is also possible that cytosolic accumulation of tetrapeptides creates
another problem in cells that are already sick and cannot be tolerated.

Hydrolysis of TriAnh by the dedicated enzymes NagZ and AmpD, which lead to the
formation of anhMurNAc-tripeptide, 1,6-anhMurNAc and tripeptides, respectively, could be
degraded into individual amino acids for utilization as nutrient or energy sources [156], [184],
[185] to promote survival during tolerance. It is reasonable to expect the cell requires some
nutrients during tolerance, and this pathway could provide energy to support basal metabolic
processes. Alternatively, Mpl could ligate tripeptides to UDP-MurNAc in the recycling pathway
[178], [186]. UPD-MurNAc-tripeptide is an intermediate in the de novo PG synthesis pathway
[187]-[189]; however, it is not obvious how de novo PG synthesis via recycling would benefit the
bacterium during treatment because periplasmic PBPs and LD-transpeptidases, which are required
for crosslinking, are both inhibited by meropenem. Another possibility is that accumulation of
cytoplasmic 1,6-anhydroMurNAc-containing muropeptides provide signals to induce beta-
lactamase expression, which could localize in the periplasm to reduce meropenem concentrations
to survivable levels. Two mechanisms have been characterized in Gram-negative bacteria,
including the AmpG-AmpR pathway and the BIrAB two-component system, which both induce
beta-lactamase expression in response to muropeptide concentrations [157]. Many genes in Ab
have not yet been characterized. Signaling pathways and potentially carbapenemases could be
induced in response to 1,6-anhydroMurNAc-containing muropeptide accumulation to promote

meropenem degradation. A more detailed analysis is needed to characterize the PG recycling
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tolerance mechanism, which will inform more effective treatment strategies to combat Ab
infections. Furthermore, our studies also show that disruption of PG maintenance enzymes (i.e.,
PBP7, EIsL) compromised outer membrane integrity. It is also possible that outer membrane
perturbations in these mutants induce unchecked antibiotic entry to impact fitness during
meropenem treatment. Notably, regulatory links between the outer membrane and PG maintenance

are not well-understood in Ab.
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Abstract:

The bacterial cell wall is a dynamic matrix constantly subjected to remodel for the growth
and division. Cell walls remodeling involved the cleavage of preexisting cell wall material by the
activity of several autolysins and subsequent insertion of new cell wall material by PG synthases.
The cell wall fragments cleaved by autolysin can be recycled and act as a messenger of diverse
cell signaling events and contributes to antibiotic resistance. Many Gram-negative pathogens use
cell wall recycling pathway as a defensive mechanism of activating beta-lactamases through the
AmpC pathway. The hospital-acquired Gram-negative nosocomial pathogen Ab shows resistance
to all the conventional drugs including beta-lactam. Along with resistance, our previous study
showed that susceptible clinical isolates of Ab show high tolerance to beta-lactam antibiotic
meropenem, and cell wall recycling promotes outer membrane integrity and enables bacteria to
survive longer. In this current study, we determined beta-lactamase expression is not important
during muropeptide recycling in the presence of meropenem. Interestingly, we found that mutation
in a single recycling gene impacts the rod/elongation activity in Ab. Here, we demonstrated that
PG recycling promotes cell elongation. Moreover, we showed overexpression of EIsL and AmpD
slightly impact cell elongation. Overall, this study emphasizes cell wall recycling is critical for

bacterial growth and maintaining cell membrane homeostasis in Ab.

Introduction:

PG is a complex polymer that helps maintain the structural integrity and the shape of the
bacterial cell[190] [190]-[192]. Along with PG, outer membrane (OM) has also a role in
determining bacterial shape[191]. Our previous characterization showed that both outer

membrane proteins and PG recycling gene products coordinate to promote bacterial survival
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during meropenem treatment. We also found that disruption of PG recycling genes affects
meropenem susceptibility. A recent study showed that PG recycling genes are important for
bacterial fitness and virulence in Ab [193]. However, how this PG recycling pathway works is yet
to be known. PG recycling genes are used by Pseudomonas aeruginosa and several Gram-negative
pathogens to induce beta-lactamase that hydrolyzes or degrade the activity of the beta-lactam
antibiotic and cause antibiotic resistance [194],[195].

In this study we explored if Ab also induces beta-lactamases since Ab universally encoded
two beta-lactamases on its chromosome, blaaoc (AmpC) and blaoxa-s1 [196]. Here we showed that
removal of either beta-lactamase does not impact bacterial fitness during meropenem treatment.
We also highlighted that deletion of PG recycling genes induced phenotypic defects that were
identical to the rod system mutants. Also, antibiotic susceptibility was altered accordingly.
Additionally, we found that overexpression of AmpD (1,6-anhydro-N-acetylmuramyl-L-alanine
amidase) or ElsL (LD-carboxypeptidase) to wild type were not sufficient to induce dramatically
elongated cells, but cell width indicated increased rod activity. These studies suggest that PG

recycling may coordinate with the rod system to induce axial PG synthesis.

Materials and Methods:

Bacterial strains and growth: All strains and plasmids used in this study were initially grown
from freezer stocks on solid agar at 37° C. Isolated colonies were used to inoculate Luria-Bertani
(LB) or Brain heart infusion (BHI) medium._Antibiotics were used at the following concentrations
unless noted otherwise: 25 mg/L kanamycin, 10 mg/L meropenem, 10 mg/L tetracycline and 75

mg/L carbenicillin.
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Fluorescent NADA staining:_Overnight cultures were back diluted to ODeoo of 0.05 and grown
at 37° C in LB media until they reached stationary or mid-logarithmic growth phase. Cells were
washed once with Luria broth and resuspended in 1 ml Luria broth. 2 pl of 10 mM of NBD-
(linezolid-7-nitrobenz-2-oxa- 1,3-diazol-4-yl)-amino-D-alanine (NADA) (ThermoFisher) was
added to the resuspension. Cells were incubated with NADA at 37° C for 30 minutes. Following
incubation, cells were washed once and fixed with 1x phosphate buffered saline containing a (1:10)
solution of 16% paraformaldehyde.

Microscopy: The microscopy was done as described previously[197]. Briefly, Fixed cells were
immobilized on agarose pads and imaged using an inverted Nikon EclipseTi-2 widefield
epifluorescence microscope equipped with a Photometrics Prime 95B camera and a Plan Apo 100
m X 1.45 numerical aperture lens objective. Green fluorescence and red fluorescence images were
taken using a filter cube with a 470/40 nm or 560/40 nm excitation filters and 632/60 or 535/50
emission filters, respectively. Images were captured using NIS Elements software.

Image analysis: Images were analyzed by Image Fiji[198]. All images were minimally processed
(substract background and brightness/contrast adjusted uniformly across all fluorescent images)
and pseudo colored (a cyan lookup table was chosen to NADA images). Cells shape (length, area,
width and fluorescence intensities) were quantified in MicrobeJ[199] and data were plotted in
Prism 9 (GraphPad 9.2.0). Total 300 cells were analyzed for each experiment and independently
replicated three times and one representative data was reported in the quantification.
Construction of genetic mutants: The nagZ, mreB, rodA ,ampD, mpL, pbp2 mutants were
constructed as, using one step recombination-mediated genetic engineering[200]. Briefly, a
kanamycin resistance cassette flanked by FLP recombination target (FRT) sites was PCR

amplified from the pKD4 plasmid using primers containing 125-bp flanking regions of homology
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to the gene of interest. The resulting linear PCR product was then transformed via electroporation
into Ab strains ATCC 17978 expressing pRECAb (pAT03). Transformants were recovered in
Luria broth and plated on LB agar supplemented with 10 mg/L kanamycin. All genetic mutants
were confirmed by PCR. Following isolation of genetic mutants, the pMMB67EH::RECAb TetR
plasmid was removed as described previously. Isolated mutants were grown on LB agar
supplemented with 2 mM nickel (11) chloride (NiCl2) and replica plated on LB agar supplemented
with kanamycin or tetracycline. Loss of pMMB67EH:RECAD TetR plasmid in mutants susceptible
to tetracycline and resistant to kanamycin were confirmed using PCR. To excise chromosomal
insertion of the kanamycin resistance cassette, cure mutants were transformed with pMMBG67EH
carrying the FLP recombinase (pAT08) and plated on LB agar supplemented with tetracycline and
2mM Isopropyl B-d-1thiogalactopyranoside (IPTG) to induce expression of FLP recombinase.
Successful excision of the kanamycin resistance cassette was confirmed using colony PCR.
Construction of AmpD, IdtK and MurA complementation vectors: AmpD and ElsL
complementation vectors were constructed similarly with slight alterations. The AmpD
(A1S_0045) and ElsL (A1S_0685) coding sequences were amplified from Ab ATCC 17978 cDNA
and cloned into BamHI and Sall restriction sites in the pMMB67EHKNR plasmid. The resulting
pAmpD and ElsL. plasmids were transformed into the respective mutant and induced with 2 mM
IPTG for complementation.

Time-dependent killing assays: Meropenem killing experiments were performed as previously
described[130]. Wild type, mutant and complementation strains were grown overnight in Luria
broth at 37°C. The following day, overnight cultures were back diluted 1:10 in fresh, prewarmed
BHI broth containing meropenem or an equivalent volume of water. Diluted BHI cultures were

then incubated at 37°C. At 0, 6, 12, and 24 h, each sample was diluted 4-fold in blank BHI, and
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the optical density (ODsoo) was measured. At each time point, cells were serially diluted 10-fold
in fresh BHI broth and 5 pL of each serial dilution was spot-plated. Spot-plates were imaged next
day. Each experiment was independently replicated three times, and one representative dataset was
reported.

Results:

Chromosomally encoded beta-lactamases do not impact Ab survival during meropenem
treatment: We previously showed that PG recycling pathway promote the bacterial fitness during
meropenem treatment. Based on studies in Pseudomonas aeruginosa it is possible that disruption
of PG recycling could directly active expression of a carbapenemase to promote survival during
treatment [201]. When LTs cleaves the glycosidic linkages between the disaccharide subunits
within PG, it yields a soluble 1,6-anhydro-N-acetyl-R-D-muramyl (anhMurNAc) product that can
be recycled to promote new PG biosynthesis, PG remodeling or catabolism [74].
Anhydromuropeptides can be transported from the periplasm to through the inner membrane via
AmpG [74],[202]. It was previously shown that Pseudomonas aeruginosa, Salmonella enterica
and other Enterobacteriaceae induce expression of a class C beta-lactamases during meropenem
treatment [203],[204]. Ab encodes two chromosomal beta-lactamases, class D OXA-51 (blaoxa-s1)
and class C ADC-26 (blaapc)[205]. blaoxa-s1 encodes a putative carbapenemase and blaaoc
encodes a putative cephalosporinase[206], [207]. Previous analysis showed that neither of these
genes were induced during meropenem treatment, so we asked if either of these beta-lactamases
promotes bacterial fitness during meropenem treatment. We constructed blaoxa-s1 (A1S_1517)
and blaapc (A1S_2367) mutants, and treated each with high levels (10 pg/mL; 62.5-fold above
MIC) of meropenem alongside wild-type. After 24 hr cells were plated on LB agar to determine

survival (Figure 15A). Wild type and both beta-lactamase mutants (Figure 15A) showed
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equivalent killing relative to wild type, suggesting there neither beta-lactamases contributes to
survival during meropenem treatment. In addition, N-acetyl-anhydromuramyl-L-alanine amidase
(AmpD) was shown to be a negative regulator of beta-lactamases expression [208]. However,
AampD was also rapidly killed during meropenem treatment relative to wild type (Figure 15B).
Together, our data suggests that chromosomally encoded blaoxa-s1 and blaapc do not promote

survival during meropenem treatment.

ABLgygsy ABLygc 6
Wt 17978 OXA-51 BL ESBL ADC-26 100

=+ Wild type (+)

— Wild type ()

- AampD (+)

— AampD (-)

== BampD/pAmpD (+)
— AampDipAmpD (-)

Figure 15: Deletion of either chromosomally encoded beta-lactamase does not impact
meropenem-dependent Ab survival. (A) Dilution spot assays of Ab strains ATCC 17978 (WT)
and two beta-lactamases mutants (BLoxa-51, BLadc-26) after 24 hours of meropenem treatment on BHI
agar medium. (B) Meropenem tolerance assay for 24 hours with (+) and without (-) meropenem
in Wt, AampD and AampD/pAmpD. Each experiment was independently replicated two times in

triplicate, one representative data set was reported.

Deletions in each PG recycling gene promote morphological defects: In E. coli, it’s been reported
that 1,6 anhydroMurNAc-tetrapeptide containing muropeptides are imported into the cytoplasm

via AmpG (transmembrane permease). 1,6 anhydroMurNAc tetrapeptide is modified by a series
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on enzymes, including the L,D-carboxypeptidase LdcA [209], [210], the beta-hexosaminidase,
NagZ [211] and 1,6-anhydro-N-acetylmuramoyl-L-alanine amidase, AmpD [193] to produce 1,6
anhydrotripeptide (TriAnh), 1,6-anhMurNAc, and tripeptides respectively. The tripeptides can be
further degraded into individual amino acids to provide nutrients or energy source for the cell.
Alternatively UDP-N-acetylmuramate—L-alanyl-y-D-glutamyl-meso-2,6-diaminoheptanedioate
ligase, MpL [175], ligated tripeptides to UDP-MurNAc in the recycling pathway to for UDP-
MurNAc-tripeptide which can act as an intermediate in the de novo PG synthesis pathway
[77],[212]. UDP-MurNAc-tripeptide acts a s a substrate for UDP-N-acetylmuramopyl-tripeptide-
D-alanyl-D-alaine ligase, MurF [213] to form lipidll. In our previous study, we found ElsL and
AmpD contributed to meropenem tolerance in Ab [49]. Deletion of either genes also showed a
morphology defect characterized by sphere/round shaped cells (Figure 16 B & C).

Next, we asked if all of the genes involved in PG recycling share the same morphological defect
when deleted. We also made isogenic mutants ampG, nagZ and mpL and found that all PG
recycling mutants were characterized by population with rounded cell morphology (Figure 16 D-
F). Furthermore, in AampG we found that some mutants had rounded cell morphologies and others
had coccobacilli morphologies (Figure 16 F). We used whole-genome sequencing to identify a
suppressor mutant in Y41 position of adeN in all the ampG mutants. AdeN is a negative regulator
of the genes encoding the AdelJK efflux system, a mechanism that actively works to efflux
antibiotics from the cell and promotes bacterial fitness [214], [101], [100]. While it isn’t obvious
how the efflux system restores the cell shape defects, it is work noting beta-lactams, which closely
mimic the D-ala, D-ala peptides, are a substrate.

We also calculated the surface area, and width of wild type and mutants (Figure 16G- H), and all

mutants showed an increased surface area and width relative to wild type. Together these data
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suggest that the PG recycling pathway is important for cell shape, where deletion of each isogenic

gene induced round-shaped cells suggesting PG recycling contributes to PG elongation.
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Figure 16: Microscopy of Ab 17978 WT and PG recycling mutants (IdtK, ampD, mpL, nagZ,
ampG) in logarithmic phase. Phase and fluorescence microscopy of wild-type (WT) 17978 (A),
A ampD (B), AelsL (C), AmpL (D), AnagZ (E) and AampG (F) cells. Cells in mid-logarithmic
growth were labeled with NADA, Scale bar 10 uM, White arrow indicates rod shaped cells. G)
Quantification of surface area of wild -type and the mutants (n=300) in logarithm phase, H)
Quantification of width of wild -type and mutants (n=300) in logarithm phase was calculated
through ImageJ. Each experiment was replicated three times and one representative data was
reported. Each dot on the graph represents one cell. Unpaired t-test was done (P value <0.05) was

done in wild -type vs PG recycling mutants for determining statistical significance.

PG recycling and rod-complex mutants are phenotypically identical: Bacterial cells continuously
undergo elongation and division to proliferate. Two distinct protein complexes coordinate either

rod-dependent PG biosynthesis (elongasome) and septal-dependent PG biosynthesis (divisome)
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[215]. The Rod complex coordinates elongation, which consists of several proteins such as MreB,
a transmembrane protein RodA, and a PG synthesis enzyme penicillin-binding protein PBP2. In
E. coli, RodA is thought to be essential [216] and both RodA and PBP2 showed septation specific
counterparts encoded by ftsW. MreB is an actin-like homolog that forms antiparallel filaments that
bind the membrane [217],[218]. It plays a critical role in determining bacterial shape[219].With
the association of MreB, the RodA-PBP2 complex insert new hoops of PG at dispersed sites
throughout the cell cylinder and promote its elongation[220]. In Ab, a conserved zinc-binding site
in PBP2 is required for elongasome-directed bacterial cell shape [221]. Although a complete
picture of other rod system core components is still lacking in Ab. To visualize the morphological
defects when Rod-dependent PG insertion is defective, | deleted rodA, pbp2 and mreB, which were
all thought to be essential in rod-shaped bacteria. Phase and fluorescence microscopy showed that
ArodA, Apbp2 and AmreB (Figure 17 D-F) produced spherical cells, suggesting elongation
defects. Interestingly, the morphology of genes associated with rod complex is identical to other
PG recycling mutants, including ampD and elsL (Figure 17 B&C). We measured the width,
length, and surface area of the all the mutants associated with PG recycling and the PG elongation.
All mutants show higher width and surface area relative to the wild type (Figure 17 G), and there
are no appreciable changes between recycling mutants and elongation mutants (elsL/ampD vs
pbp2, rodA or mreB). Overall, these data suggest a link between the PG recycling and cell

elongation. Perhaps PG recycling provides lipid Il substrates needed for cell elongation in Ab.
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Figure 17: Microscopy of Ab 17978 WT and mutants involved in PG elongation (A rodA,A
pbp2, AmreB) in logarithmic growth phase. Phase and fluorescence microscopy of wild-type
(WT) 17978 (A), AampD (B), AldtK (C) ArodA (D), Apbp2 (E) and AmreB (F) cells. Cells in
mid-logarithmic growth were labeled with NADA. G) Quantification of surface area, length and
of WT and the mutants (n=300) in logarithm phase, H) Quantification of width of WT and mutants
(n=300) in logarithm phase was calculated through ImageJ. Each experiment was replicated three
times and one representative data was reported. Each dot on the graph represents one cell.

Significance was determined using an unpaired t-test (P < 0.05) in WT vs mutants.

PG recycling is required for Rod dependent PG biosynthesis: Based on our data (Figure 17) and
other studies [210] we hypothesized that the pool of lipid Il may be limited in Ab, so competition
for the substrate pool is probably more efficiently used by the divisome, with little activity by the
Rod complex to produce the wild type coccobacilli morphology. We know from previous data that
mutations that slow division promote Rod-activity, presumably by increasing the lipid Il pool
[197], [222]. In contrast mutations in PG recycling that presumably reduce inhibit the lipid 11 pool

may not provide substrate for the Rod-complex.
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Since there is a morphological similarity between the genes associated PG recycling and cell
elongation, we reasoned that cell elongation is impacting PG recycling either directly or indirectly.
Previously it is reported the elsL contributes to rod activity and elsL mutation produces an
accumulation of tetrapeptides which is toxic [182],[49],[197].

To understand the missing link, here we overexpressed the PG recycling genes to the wild type.
We predict that if PG recycling contributes directly to elongation, overexpression of PG recycling
will produce elongated cell relative to wild type. First, we overexpressed AmpD and EIsL to the
wild type (Figure 18, A-C). While the changes were not grossly obvious, there were slight
differences, where the cells were narrow and showed reduced surface area, both indicative of
increased Rod-dependent PG activity. Together, these findings suggest that PG recycling may be

required for Rod-dependent PG biosynthesis in Ab.
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Figure 18: Microscopic observation of Ab 17978 WT, W/pAmpD, W/pLdtK, in logarithmic
growth phase. Phase and fluorescence microscopy of wild-type (WT) 17978 (A), W/pAmpD (B),

WI/pEIsL (C) cells. Cells in mid-logarithmic growth were labeled with NADA. D) Quantification
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of surface area (A), Length (L) and Width of (W) of Wt and W/pAmpD,W/pLdtK, W/pMurA
(n=300) in logarithm phase were calculated through ImageJ. Each experiment was replicated three

time and one representative data was reported. Each dot on the graph represents one cell.

Discussion:

While studying the beta-lactamase induction and PG recycling pathway during meropenem
treatment in Ab, we found that defects in PG recycling impact elongation (Figure 17). Since all
genes tested in the PG recycling pathway were required for rod-shaped morphology, it implies that
limiting the lipid Il pool inhibit Rod-dependent PG elongation in Ab.

The Rod complex and the divisome complex utilize the same lipid precursor to
polymerize PG during growth [223], [224]. Disruption to the major Ab PG synthase PBP1A delays
septation [222], [197] and produces elongated cells. PBP1A is enriched at the septum where it
could directly help recruit lipid 11 through increased affinity relative to the Rod-complex. Substrate
competition between the two synthases (Rod complex and divisome) , as previously described
[225], [226] could provide a possible explanation as to why Ab forms coccobacilli, with minimal
axial PG biosynthesis and increased septation if the divisome complex can recruit lipid 11 more
efficiently.

We hypothesized that disruption of PG recycling may limit the lipid 11 pool to reduce
substrate for Rod-complex activity, while not affecting division. Alternatively, overexpressing PG
recycling genes, appeared to increase Rod-dependent PG synthesis (cells were narrower and more
had a smaller surface area) (Fig 18E). While the mechanistic basis for competition between cell
division and elongation has not been determined, endopeptidase activation impaired the cell
division in E. coli that promotes cell elongation [220]. Another study by Lai et al., 2017 reported

that overproduction of an endopeptidase is required to enhance PG synthesis by the aPBPs [227].
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Therefore, division defects in endopeptidase overproducing cells increased competition for
substrate towards the divisome complex to promote axial PG biosynthesis. Interestingly,
unpublished work from our laboratory showed that the D,D-carboxypeptidase, PBP5, which is
likely part of the Rod-complex cleaves the terminal D-alanine on pentapeptide subunits to yield
tetrapeptides, also caused wild type coccobacilli cells to grow as spheres. Together, these studies
suggest that division may increase when cell elongation is inhibited, possibly perturbing the
competition for lipid 1l substrate between the elogasome and divisome synthases.

In addition, our results clearly demonstrated that PG recycling is critical in controlling
elongation activities in during Ab growth. Overexpression of EIsL and AmpD may help restore
Rod-dependent PG biosynthesis (Figure 18). A recent study showed that MurA-F, suppress the
toxicity in E. coli and Vibrio cholerae and help to correct both biosynthesis and cross-linking
issues [228]. Next, we need to explore the PG recycling requirement in Ab when we increase the
total pool of lipid I1. We can overexpress MurA to increase the lipid Il pool and test if PG recycling
is still important for cell elongation. Overall, our data suggests that de novo biosynthesis pathway
is critical in Ab growth, and the PG precursor composition can determine a cell’s preference for
lateral versus septal cell wall growth.

Unlike rod shaped bacteria such as E. coli and Bacillus subtilis[217], mreB, pbp2 and rodA
are found to be nonessential for viability in Ab. In the rod-shaped bacteria, RodA-PBP2 complex
forms the core PG synthase of the Rod system and activation of PBP2 suppress the growth defect
of mreC hypomorphs [217]. However, in Ab it is unclear, how the enzymatic activity of RodA-
PBP2 complex is coordinated when there is a mutation in one gene. It is also important to know if
there are any additional proteins MreC, MreD and RodZ working when RodA-PBP2 is being

affected.
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CHAPTER 5

CONCLUSION AND RECOMMENDATIONS

The principal objective of this work was to determine the mechanisms that contribute to
antimicrobial treatment failure in clinically significant Gram-negative bacterial species Ab to
prevent the spread of antimicrobial resistance crisis. While factors that precede resistance have
been already known, the key factors that led to tolerance remain understudied. In this study, we
identified the genetic determinants that are responsible for carbapenem tolerance in Ab. We also
defined the enzymatic characteristic of two PG maintenance genes, Penicillin-binding protein
PBP7 (encoded by pbpG) and ElsL (also known as LdtK), required for cell wall integrity and PG
recycling. We have also characterized how PG recycling impacted the rod/elongation activity
in Ab. Overall, these works show the mechanistic basis for envelope remodeling by the genes
associated with OM integrity and PG maintenance in response to PG defects by cell wall-acting
antibiotics. Thus, a better understanding of PG recycling and OM integrity would provide us with
grater insights into combatting to antibiotic tolerance and resistance.

Carbapenem antibiotic has a broad-spectrum activity to treat multidrug-resistant Gram-
negative bacterial infections [37], [61], [229], [230]. However, the increasing trend of carbapenem
resistance Ab (CRAB) infections has become a global health concern due to the scarcity of
antimicrobial therapeutics and the rapid rise of the resistance phenomenon [61],[18]. Along with
the resistance, tolerance also contributes to treatment failure by carrying a reservoir of adaptable
cells for an extended period during antimicrobial therapy. These tolerant populations are called the
dormant contributors to treatment failure due to no appreciable changes in MIC and their not being
detected by conventional antimicrobial susceptibility testing methods [231]. Therefore, they

directly and indirectly contribute to developing resistance by horizontal gene transfer or mutations.
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It suggests that they pose a serious concern the spread of bacterial infections. Here, in chapter 3,
we identified both susceptible lab-adapted and recently isolated clinical strains of Ab survive up
to 24 hours of lethal levels of meropenem. These indicated that susceptible strains of Ab exhibit
high tolerance to meropenem. Furthermore, we found that spheroplast production is mediated by
the tolerant cell, and upon removal of the antibiotic, these cells can revert to their normal
coccobacilli cell morphology. Prior studies on Enterobacteriaceae also showed spheroplast
production during meropenem treatment [53]; however, how bacteria survive and maintain internal
turgor pressure without a cell wall has not been characterized. In Chapter 3, we first reasoned that
elucidating genetic and molecular factors during meropenem treatment will provide novel insight
into the incredible ability of this pathogen and help uncover new targets to slow the evolution of
resistance. Based on transcriptome analysis (Rna-seq) of meropenem-induced spheroplasts
compared to untreated Ab cells, we found upregulation of genes that are associated with the efflux
system of beta-lactam suggesting bacteria continuously increased efflux to pump out the antibiotic
from the periplasm. In addition, we found downregulations of genes encoded outer membrane
porins that limit the influx of meropenem into the cell. Moreover, we found an upregulation of
several LTs during meropenem treatment that suggests that, beta-lactam inhibits the cell wall
biosynthesis by blocking the transpeptidase activity of penicillin-binding proteins (PBPs) that is
further cleaved by LTs to mitigate the periplasmic crowding and increase periplasmic PG turnover
[75], [232]. These PG turnover fragments are further transported into the cytoplasm for recycling
to build de novo PG synthesis. Overall, our transcriptome data indicates that PG remodeling plays
a crucial role during meropenem-induced spheroplast formation and suggests that induction of LTs
are critical for maintaining cell osmolarity during stress condition. Subsequently, transposon

insertion sequencing (Tn-seq) revealed the fitness factors involved in Ab by comparing insertional
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mutants recovered from treated and untreated cells. We screened genes contributing to outer
membrane stability ompA, IpxM, as well as PG recycling pbpG, elsL and ampD, which are
required for fitness during meropenem treatment. Overall, our data suggests both the outer
membrane integrity and PG recycling genes work together and maintain cell homeostasis when
the cell wall is disrupted. In addition, in this chapter, we have characterized the enzymatic
characteristics of two genetically important determinants during meropenem treatment. We
identified that PBP7, which is a penicillin-binding protein, is a low molecular weight PBP encoded
by pbpG that has both DD-carboxypeptidase and endopeptidase activity. At the same time, ElsL
represents the first known YkuD-domain-containing protein with LD-carboxypeptidase and is
located in the cytoplasm. PBP7, coupled with the LTs, produces PG turnover products that are
further processed by the cytoplasmic recycling genes elsL and ampD. Together, our data provide
evidence to identify novel factors that can be a potential target to inhibit tolerance and slow down
the spread of resistance. This study also lets us know that the outer membrane provides structural
integrity when cell wall is messed up. However, it is still unknown how PG recycling promotes
bacterial survivability during stress conditions. Moreover, our study suggests that combinatorial
therapies targeting cell wall biosynthesis and recycling pathways will be an effective treatment
option. Since Ab is intrinsically resistant to Fosfomycin (inhibits cell wall by inactivating UDP-N-
acetylglucosamine-3-o-enolpyruvultransferase) [233]. Future study is needed for the development
of new therapeutics that target the both PG synthesis and PG recycling. Also, an in vivo animal
model study with the recycling and OM integrity maintenance mutants will reveal more knowledge
to understand how this recycling pathway is critical for bacterial survival in host cells.

In Chapter 4, | investigated how PG recycling promotes bacterial fitness. Prior studies

showed that the PG recycling pathway is critical for expressing AmpC beta-lactamases in the
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presence of carbapenem in many Gram-negative pathogens [204],[80]. Since Ab encoded two
beta-lactamases on its chromosome, blaADC (AmpC) and blaOXA-51[234] in the presence of
carbapenem, here, we investigated if induction of beta-lactamases is also vital by cell wall
recycling during antibiotic tolerance in Ab. We found that beta-lactamase induction is not required
for extended survival, and the de novo recycling pathway is critical to promoting bacterial survival.
Most importantly, in Chapter 4, we found a correlation between cell elongation and PG recycling.
Deficiency in PG recycling genes produces sphere-shaped morphology, which is similar to when
the rod system has malfunctioned. Overall, our data suggests that, most likely, competition
between PG divisome and elongation complex for cell wall precursor (lipid I1), and activity of PG
recycling antagonizes cell division and promotes cell elongation. Future studies will provide us
with more evidence of how cell wall recycling is related to cell wall elongation.

In addition, overexpression of AmpD and ElsL slightly induce cell surface area and width.
Overexpression of de novo biosynthesis MurA may provide us more knowledge if PG recycling
impacts cell elongation. A more detailed oriented analysis is needed to disclose the role of the
recycling pathway in Ab.

In conclusion, this study is unique in Ab, and our findings provide evidence of how the OM
integrity and PG maintenance genes working together for maintaining cell envelope stability and
promote bacterial survivability. Here, we propose the potential targets that need to be treated in
the future to slow down the spread of resistance. Overall, it emphasizes that there is an urgent need

for the development of novel therapeutic strategies.
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