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ABSTRACT 

MECHANISTIC BASIS FOR THE ROLE OF RESISTANCE AND TOLERANCE 

DETERMINANTS IN ANTIBIOTIC TREATMENT FAILURE  

 

Misha Iqbal Kazi, Ph.D. 

The University of Texas at Arlington, 2022 

 

Supervising Professor: Joseph Boll 

 

Failure of antibiotics in treatment of nosocomial Gram-negative bacterial infections has 

created a substantial burden for global public health. The b-lactam class of antibiotics 

includes last resort carbapenems, which are used to combat multidrug resistant Gram-

negative bacterial infections. Production of b-lactamase enzymes that degrade these 

antibiotics is the primary mechanism b-lactam resistance in Gram-negative bacteria. 

While FDA-approved serine-b-lactamase inhibitors are co-formulated with b-lactam 

antibiotics to prevent their inactivation during treatment, no metallo-b-lactamase inhibitors 

have been approved for clinical use. The first study employs an innovative antimicrobial 

discovery platform to identify peptide inhibitors against the New Delhi metallo-b-

lactamase-1 (NDM-1), which is a concerning resistance enzyme that inactivates 

carbapenems. The activity of lead inhibitors to enhance carbapenem susceptibility was 

validated against NDM-1 encoded Enterobacteriaceae using minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) assays. Biochemical 

analysis using the chromogenic b-lactam analog nitrocefin and purified NDM-1 enzyme 



 ix 

revealed direct binding of four peptide sequences to NDM-1. Kinetic studies showed that 

three of the four lead inhibitors competitively bound NDM-1, while one peptide 

demonstrated non-competitive inhibition. The translational potential of lead peptides was 

determined using MTT and hemolysis assays where all four inhibitors showed minimal 

hemolytic and cytotoxic activity against mammalian cell lines. These studies provide a 

starting point for optimization and development of potent metallo-b-lactamase inhibitors 

with strong translational potential.  

While resistance is a major contributor to antibiotic treatment failure, growing 

evidence suggests that antibiotic tolerance also plays a significant role in bacterial 

evasion of antimicrobial therapeutics. Many clinically significant Gram-negative 

pathogens demonstrate spheroplast-mediated tolerance to carbapenems. The second 

study uses Enterobacter cloacae to identify determinants of carbapenem tolerance in 

Enterobacteriaceae. These studies highlight the importance of PhoPQ-dependent L-

Ara4N (positively charged moiety) addition to lipid A for E. cloacae carbapenem tolerance. 

Our analysis also suggests that PhoPQ-mediated lipid A modification is a highly 

conserved carbapenem tolerance mechanism across Enterobacteriaceae. This novel role 

for the highly conserved PhoPQ TCS presumably protects spheroplasts during treatment 

by increasing outer membrane stability and integrity. The third study expands my work on 

tolerance into the nosocomial Gram-negative pathogen Acinetobacter baumannii. Global 

differential gene expression profile of tolerant A. baumannii was determined by RNA-

sequencing analysis, which revealed increased expression of genes encoding efflux 

pumps, putative lipoproteins and lipoprotein transport machinery and downregulation of 

genes encoding outer membrane porins in meropenem treated versus untreated 
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samples. Tn-seq was performed to pinpoint fitness determinants contributing to 

spheroplast-mediated carbapenem tolerance in A. baumannii. Subsequent validation and 

biochemical analysis demonstrated importance of outer membrane and peptidoglycan 

maintenance in A. baumannii carbapenem tolerance. These findings further emphasize 

the importance of maintaining outer membrane rigidity and stability for carbapenem 

tolerance and specifically spheroplast formation in Gram-negative bacteria.  

The fourth study provides a detailed outline for a highly efficient Tn-seq method. 

This method relies on bacterial conjugation to generate saturated transposon insertion 

libraries and uses mechanical shearing for genomic DNA fragmentation which 

streamlines the entire method to provide robust and reproducible results. Together, these 

studies exploit innovative techniques to address important questions regarding clinical 

antibiotic treatment failure and provide novel targets for therapeutic development to 

potentially slow the spread of resistance and extend clinical efficacy of b-lactam 

antibiotics.  
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CHAPTER 1 

INTRODUCTION 

The increased prevalence of antibiotic treatment failure has posed a major crisis 

for global public health. Bacterial infections that were once easily cleared with antibiotics, 

no longer respond to classic treatment protocols1. Nosocomial-associated Gram-negative 

pathogens, including members of the Enterobacteriaceae family and Acinetobacter 

baumannii, continue to rank among urgent threats and critical targets for new antibiotic 

development both by the Center for Disease Control and Prevention (CDC) and the World 

Health Organization (WHO), respectively2,3. Due to increasing incidence of multidrug 

resistant Gram-negative pathogens associated with life-threatening nosocomial infections 

there is an urgent need to characterize new drug targets and establish novel antimicrobial 

treatment protocols to counter antibiotic treatment failure and slow the spread of 

resistance.  

β-lactams are a clinically important class of antibiotics that exert antimicrobial 

activity through perturbing cell wall biosynthesis4,5. Carbapenem β-lactams, such as 

imipenem and meropenem, are increasingly useful therapeutics because they are highly 

resistant to many of the common β-lactam resistance mechanisms and are last-resort 

therapeutics used to treat multidrug resistant Gram-negative infections6,7. Despite limiting 

carbapenem treatment to combat only multidrug resistant infections, many Gram-

negative pathogens have adapted diverse mechanisms to evade carbapenem-dependent 

killing.  

Antibiotic resistance is a major factor contributing to antibiotic treatment failure. 

The primary mechanism of β-lactam resistance in Gram-negative bacteria centers on β-
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lactamase enzymes. β-lactamases cleave the amide bond in the four-membered β-lactam 

ring to destroy the antibiotic7,8. Diverse classes of β-lactamases exist, including metallo-

β-lactamases, which are unique metal dependent β-lactamases, especially problematic 

in healthcare settings because they demonstrate an uncharacteristic broad substrate 

specificity that enables inactivation of all bicyclic β-lactams, including carbapenems. The 

New Delhi metallo-β-lactamase (NDM-1) has emerged since 2008 and is unusually 

problematic in hospitals and healthcare communities because it is plasmid encoded, 

which has facilitated rapid expansion among clinically important Gram-negative 

pathogens9,10. While serine-dependent β-lactamase inhibitors, such as clavulanic acid, 

sulbactam, and avibactam, are formulated with commonly prescribed β-lactam antibiotics 

to overcome serine-dependent drug resistance, no metallo-β-lactamase inhibitors have 

been approved for clinical use yet11.  

Antibiotic tolerance is another major factor contributing to the failure of 

antimicrobial therapy as well as recurrent bacterial infections12,13. Tolerance is described 

as the ability of susceptible bacteria to temporarily survive exposure to otherwise lethal 

concentrations of bactericidal antibiotics without altering the minimal inhibitory 

concentration12,14,15. While this mechanism directly contributes to antibiotic treatment 

failure in the short-term, it also contributes to acquisition of antibiotic resistance by 

extending pathogen survival, which increases the likelihood for resistance-conferring 

mutations or horizontal gene transfer to occur16,17. Previous studies have reported that 

several clinically important Gram-negative pathogens, including members of the 

Enterobacteriaceae family like Klebsiella spp. and Enterobacter spp. as well as 

Acinetobacter baumannii, exhibit high-levels carbapenem tolerance, mediated by 
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formation of viable, but non-dividing spheroplasts (bacteria with damaged 

peptidoglycan)15,18–21. Moreover, carbapenem-tolerant spheroplasts revert to 

characteristic wild type morphology and growth once the antibiotic is removed, suggesting 

it might pose a serious threat of relapse infections21. While mechanisms of b-lactam 

resistance have been extensively studied in various clinically relevant Gram-negative 

pathogens, factors regulating carbapenem tolerance in nosocomial-associated Gram-

negative pathogens remain largely unknown. 

Since carbapenem tolerance has previously been reported to be mediated by 

formation of spheroplast with a compromised cell-wall18–21, it suggest that carbapenem-

induced spheroplast integrity and survival is largely dependent on the outer membrane. 

The Gram-negative bacterial cell envelope is an important tripartite structure consisting 

of an outer membrane, and an inner membrane separated by the periplasm which 

contains a thin peptidoglycan layer22,23. The essential peptidoglycan cell wall provides cell 

shape and protects the bacterial cell from lysing due to internal turgor pressure21,22. The 

outer membrane of the Gram-negative cell envelope serves as a permeability barrier 

against harmful antibiotics and other hostile environments, and was recently shown to 

also serve as a load-bearing structure to counter the internal turgor21,22.  

Acinetobacter baumannii is another important gram-negative pathogen that poses 

a serious threat to the efficacy of our current β-lactam antibiotic repertoire. A. baumannii 

is an opportunistic, nosocomial pathogen that has dramatically increased in clinical 

importance over the past few decades24,25. Presently, A. baumannii is the most important 

and most challenging to treat organism associated with hospital-acquired infections due 

to its incredible ability to acquire antimicrobial resistance and high risk of epidemic26–29. 
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However, investigation into the prevalence of carbapenem tolerance and the mechanisms 

regulating this in A. baumannii is lacking. 

Here, I utilized innovative techniques to study resistance and tolerance 

mechanisms in a diverse array of Gram-negative pathogens. First, I discovered four 

potent inhibitor peptides against the NDM-1 resistance enzyme using a high-throughput 

antimicrobial discovery platform. Next, I investigated carbapenem tolerance in 

Enterobacteriaceae and discovered that the outer membrane becomes essential for 

supporting carbapenem-induced spheroplast formation in the presence of a defective cell 

wall. I also showed that spheroplast-mediated meropenem tolerance is widely observed 

in carbapenem susceptible lab-adapted A. baumannii strains as well as in recent clinical 

isolates. Tolerant A. baumannii isolates also resume growth and restore the coccobacilli 

morphology upon removal of meropenem.  

I also optimized a transposon insertion sequencing (Tn-seq) protocol by 

streamlining the generation and sequencing of A. baumannii saturating mutant libraries 

under various conditions to obtain reproducible results and robust downstream analyses. 

Development and implementation of these new methods was critical in linking 

peptidoglycan recycling to outer membrane integrity and carbapenem tolerance in A. 

baumannii. 

Together, these studies give insight into factors leading to failure of clinical 

antimicrobial therapeutics and mechanisms that regulate bacterial responses to 

antibiotics. Lastly, antibiotic tolerance is potentially a widespread cause of antimicrobial 

treatment failure and we have characterized new therapeutic targets to increase the 
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efficacy of our current b-lactam antibiotic arsenal and potentially slow the spread of 

antibiotic resistance mechanisms in clinically significant Gram-negative pathogens.  
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CHAPTER 2 

LITERATURE REVIEW 

 

History of b-lactam antibiotics 

The discovery of antibiotics dates as far back as the late 19th century when two 

German physicians, Rudolph Emmerich and Oscar Löw, found that Pseudomonas 

aeruginosa and its extracts showed therapeutic potential against various bacterial 

diseases30–32. Following these observations, Emmerich and Löw developed pyocyanase 

in 1899, which was the first antimicrobial drug used as a clinical therapeutic30,31. While 

initially thought to be an enzyme, it was later determined that the antibacterial compound 

produced by P. aeruginosa was in fact a quorum sensing molecule30,31,33. However, due 

to its inconsistent efficacy and high host toxicity, clinical use of pyocyanase as a 

therapeutic was short-lived30,31.   

The best-known account of early antibiotics is likely Alexander Fleming’s 

serendipitous discovery of penicillin, which revolutionized the use of antimicrobial agents 

as clinical therapeutics. In 1928, Fleming found that Staphylococcus aureus growth was 

inhibited by a contaminating mold; later identified as the fungus, Penicillium 

notatum30,31,34,35.  However, it was more than a decade before penicillin became available 

for clinical use30,31,34,36,37. In 1940, Howard Florey, Norman Heatley and Ernest Chain 

published a study detailing the purification and therapeutic potential of penicillin in 

experimental mice infected with various bacterial pathogens, including Streptococcus 

pyogenes, Staphylococcus aureus, and Clostridium septique30,31,36–38. It was another 3 

years before Mary Hunt isolated Penicillium chrysogenum from a moldy cantaloupe to 
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enable mass production of penicillin, which was instrumental in treating infections during 

World War II34. In 1945, Dorothy Hodgkin identified the b-lactam ring as the structure 

responsible for the antimicrobial activity of penicillin31,33,39. This was significant because 

it opened the door for development of synthetic and semi-synthetic derivatives of penicillin 

and propelled antibiotic discovery research31,33.  

 While the concept of antibiosis, where one microorganism produces a toxic 

substance to out compete another, had been previously observed, Fleming’s discovery 

of penicillin coupled with its success as an antimicrobial agent demonstrated the true 

potential of such compounds in treatment of infectious diseases33,40,41. In 1945, Giuseppe 

Brotzu isolated the second class of b-lactams after penicillin from the fungus 

Cephalosporium acremonium found in sewage water in Italy34. Brotzu observed that 

Cephalosporium acremonium exhibited growth inhibitory activity against various Gram-

negative bacteria, including Salmonella typhi, Vibrio cholerae and Staphylococcus 

aureus34,42. Later, several species of soil bacteria were also identified to produce diverse 

cephalosporin substances34. Currently the b-lactam class of antibiotics consists of 

penicillins (penams), cephalosporins (cephams), monobactams and carbapenems14,43. 

Unfortunately, penicillins have lost their clinically efficacy as monotherapy due to 

widespread b-lactamase production in nosocomial pathogens44,45. Ampicillin and 

amoxicillin are two widely known penicillins that have maintained their effectiveness 

largely due to their co-formulations with clinically approved b-lactamase inhibitors44. 

Monobactams are unique b-lactams because they only contain the characteristic four-

member b-lactam ring and are therefore monocyclic while penicillins, cephalosporins, and 
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carbapenems are bicyclic. Aztreonam is a commonly prescribed monobactam and it is 

the only monocyclic b-lactam approved for clinical use44.  

Thienamycin was the first carbapenem b-lactam discovered in 1970s but due to its 

instability it was never introduced into clinical practice44,46. However, imipenem was 

eventually derived from thienamycin by modifying its chemical structure with addition of 

N-formimidoyl group to produce a more stable compound44. Imipenem and meropenem 

are now two widely used carbapenems due to their broad-spectrum activity against Gram-

negative and Gram-positive pathogens47–49. Meropenem exhibits more potent activity 

against Gram-negative bacteria and is a more stable compound than imipenem, making 

it valuable clinical therapeutic50–52.  

 The trend of discovering new classes of antimicrobial agents continued throughout 

the mid-to-late 20th century. Since the end of the so-called golden age of antibiotics, when 

discovery of novel antibiotic classes was rampant, no major classes of antimicrobials 

have been developed. For more than 50 years now, the development of new drugs has 

relied on finding derivatives of existing antimicrobial agents. However, the rapid 

emergence of novel bacterial resistance mechanisms and the decline of our current 

antibiotic arsenal warrants discovery and development of innovative targets to combat 

the global antibiotic resistance crisis we face today. 

Failure of antimicrobial therapeutics 

The occurrence of clinical antibiotic treatment failure has exceeded the rate of new 

antibiotic development, which is causing a serious global public health crisis because we 

may not be able to treat infections that were once easily cleared53. Microbes quickly 

evolve to survive when faced with environmental threats or stressful conditions. Genomic 
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mutations conveying resistance or acquisition of resistance mechanisms through 

horizontal gene transfer enables survival54. Bacterial insensitivity to antimicrobial agents 

has been observed since development of the first antibiotics in the early 20th century. 

Resistance to b-lactam antibiotics was observed in 1940 with identification of b-lactamase 

enzymes, penicillinases, that inactivate penicillin before the drug was even commercially 

available for clinical use and reports of penicillin resistant isolates of S. aureus followed 

soon thereafter54–57. In order to overcome penicillinase-mediated inactivation of the drug, 

chemically modified penicillin derivatives were synthesized leading to the development of 

methicillin54,55,58. However, methicillin-resistant S. aureus strains (MRSA) emerged soon 

after methicillin was introduced as a clinical therapeutic54,58. In fact, Fleming, the 

discoverer of penicillin the drug that changed history, himself warned about the dangers 

of penicillin misuse giving rise to penicillin-resistant pathogens59. 

Antibiotic resistance 

Bacterial resistance to antibiotics is a major factor contributing to the failure of 

antimicrobial therapy in the clinic. The loss of the current antibiotic repertoire is 

exacerbated by a complete void in new antibiotic development over the past thirty years60–

62. Resistance is defined as the inherited ability of bacterial populations to grow in the 

presence of an antibiotic and is quantified by an increase in the minimum inhibitory 

concentration (MIC)13,63–65. There are several well-characterized resistance mechanisms, 

including reduced cell permeability, efflux, modification of the antibiotic target and 

production of antibiotic degrading enzymes (Figure 1). In Gram-negative bacteria, 

acquisition of resistance can occur through de novo mutations or through horizontal gene 

transfer to promote inactivation or degradation of the toxic compound14. While resistance 
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is a well-defined cause of antibiotic treatment failure, other less studied factors, such as 

tolerance, can also contribute to failure of clinical antimicrobial therapy and promote 

acquisition/evolution of canonical resistance. 

Figure 1: Mechanisms of antibiotic resistance in Gram-negative bacteria. Schematic showing various 
antibiotic resistance mechanisms encoded by Gram-negative bacteria. Gram-negative bacterial species 
can escape antimicrobial therapy by decreasing influx through reduced permeability, increasing efflux of 
toxic compound out of the cell, enzymatically inactivating the drug or altering the antibiotic target site.  
 

Antibiotic tolerance 

Like resistance, bacterial tolerance to antimicrobial agents was also identified 

during early decades of antibiotic discovery, not too long following the development of 

penicillin as a clinical therapeutic12–14,66–68. Tolerance is described as the ability of a 

susceptible bacterial population (no change in MIC) to temporarily survive exposure to 
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bactericidal antibiotics, such as carbapenem b-lactams, at otherwise lethal 

concentrations12,14,15. Antibiotic tolerance is usually observed with bactericidal agents 

during stationary phase of the bacterial life cycle when there are limited nutrients and 

reduced proliferation without significant alteration in MIC of the drug69–71. In 1980s, 

Alexander Tomasz and colleagues reported that many clinical isolates of Streptococcus 

pneumoniae did not lyse as excepted when exposed to high levels (20X MIC) of penicillin 

and that repeated exposure to higher than MIC penicillin levels gives rise to tolerant 

populations72. This was one of the early indications that tolerant populations likely 

promote acquisition of true resistance by increasing the probability for resistance 

mutations to occur14,72. Additionally, this was further supported by observations that 

vancomycin-tolerant S. pneumoniae exhibit increased capacity for acquisition of 

resistance genes relative to susceptible, non-tolerant isolates73. More recently studies 

have demonstrated that antibiotic tolerance is a prerequisite for the evolution of true 

resistance and that the development of antimicrobial resistance has a positive correlation 

with the level of tolerance exhibited by a bacterial population74,75. Based on growing 

evidence, antibiotic tolerance is now widely associated with the failure of antimicrobial 

therapy and regarded as a serious threat to the efficacy of clinically used antibiotics12,13,16. 

Despite also contributing to recurrent/relapse infections and posing a major risk to public 

health, little is known about mechanisms regulating antibiotic tolerance in Gram-negative 

bacteria12,13,16,17.  
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ESKAPE pathogens 

The dissemination of antimicrobial resistance has given rise to the ESKAPE 

pathogens. ESKAPE is an acronym defining a group of the six most clinically problematic 

Gram-positive and Gram-negative bacterial species, including Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and members of the Enterobacteriaceae family76,77. ESKAPE 

pathogens are a serious threat to global public health because these bacterial species 

account for the majority of nosocomial bacterial infections worldwide, especially 

endangering our most vulnerable patient populations including children, neonatal 

patients, immunocompromised individuals, as well as critically ill elderly patients76–79. As 

suggested by their acronym, these bacterial species notoriously “escape” commonly used 

clinical antimicrobial therapeutics and are characterized by exhibiting multiple 

mechanisms of multidrug resistance78,80. Additionally, ESKAPE pathogens are reported 

to cause life-threatening hospital-acquired infections and are associated with high 

morbidity and mortality rates causing a substantial financial health care burden78,79. Of 

these carbapenem-resistant Enterobacteriaceae (CRE) and carbapenem-resistant 

Acinetobacter baumannii (CRAB) are ranked as the most dangerous public health threats 

by the CDC and the WHO2,3.  

Members of the Enterobacteriaceae family, including E. cloacae and K. 

pneumoniae, are commonly associated with serious nosocomial infections, including 

urinary tract infections, bloodstream infections, as well as various types of pneumonia 

infections81. The increasing prevalence of carbapenem-resistant Enterobacteriaceae has 

greatly limited treatment options available against infections caused by 
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Enterobacteriaceae species. The main mechanisms of carbapenem resistance in 

Enterobacteriaceae bacterial populations is the acquisition and production of 

carbapenem inactivating enzymes such as K. pneumoniae carbapenemase (KPC) and 

the NDM, VIM, IMP class B metallo-b-lactamases81. This has resulted in emergence of 

multidrug resistant, extensive drug resistant, and even pan drug resistant 

Enterobacteriaceae isolates60,82. 

Acinetobacter baumannii is an opportunistic, nosocomial, Gram-negative 

pathogen that has dramatically increased in clinical importance over the past few 

decades24,25. A. baumannii has emerged as the most important organism associated with 

hospital-acquired infections throughout the world due to its capacity for acquiring 

antimicrobial resistance and high risk of epidemic26–29. Infections caused by A. baumannii 

are commonly associated with intensive care units (ICUs) and can manifest as urinary 

tract infection, bloodstream infections , wound infections and pneumonia27,83. Fifty percent 

of the 1 million cases of A. baumannii infections reported worldwide each year exhibit 

resistance to different antibiotics, including last-resort carbapenem b-lactams83,84. A. 

baumannii can evade carbapenem treatment through multiple mechanisms including 

reduced cell permeability, increased efflux and expression of various b-lactamase 

enzymes and is prone to rapid development of multidrug resistance60,83,85. Similar to 

Enterobacteriaceae, extensive drug resistant, and pan drug resistant isolates of 

Acinetobacter baumannii are now commonly reported83,85. 

b-lactam antibiotics 

b-lactams are the most commonly prescribed antibiotics in the world due to their 

broad-spectrum activity against many important Gram-positive and Gram-negative 
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bacterial species7,9,31,37,86. These clinically significant antibiotics exert antimicrobial 

activity through perturbing cell wall biosynthesis5,6. b-lactam antibiotics target and inhibit 

penicillin-binding proteins (PBPs), which are essential for synthesis of the peptidoglycan 

layer of the Gram-negative bacterial cell envelope, resulting in lysis and ultimately death 

of the bacterial cell7,87. PBPs encode an active site serine residue which catalyzes the 

transpeptidation reaction in a two-step process. First, the active site serine residue reacts 

with the D-Ala-D-Ala terminus of a pentapeptide attached to the N-acetylmuramic acid of 

the peptidoglycan polymer resulting in the formation of an acyl-enzyme intermediate88. 

Next, the carbonyl carbon of the acyl-enzyme intermediate is attacked by the m-

diaminopimelic acid (mDAP) residue of another pentapeptide to create a covalent bond 

between the peptides which serves to crosslink the peptidoglycan7. Crosslinking between 

adjacent strands creates a cage-like layer that encloses the inner (cytoplasmic) 

membrane by forming the peptidoglycan lattice, a load-bearing structural support that 

protects the cell from the internal turgor.  

The b-lactam class of antibiotics are defined by a four-membered amide-containing 

b-lactam ring, which resembles the D-Ala-D-Ala region of pentapeptides attached to N-

acetylmuramic acid. This D-Ala-D-Ala region is essential for peptidoglycan biosynthesis 

and therefore, serves as a substrate for PBP transpeptidase domain. The amide b-lactam 

ring covalently binds the active site serine residue of PBPs to form an acyl-enzyme 

intermediate that is sterically blocked from attack by the mDAP residue of another 

pentapeptide, as required for normal peptidoglycan biosynthesis7,89,90. This blocks 

peptidoglycan crosslinking by inhibiting PBP transpeptidase activity resulting in cell 

death7,89,90. Based on structure, b-lactam antibiotics have been divided into four clinically 
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relevant groups which include penams, cephams, monobactams and carbapenems43. 

Carbapenem b-lactams show broad-spectrum activity in their class which makes them 

important clinical therapeutics, especially against difficult to treat multidrug-resistant 

(MDR) Gram-negative bacterial infections31,91. Structurally similar to penicillin, 

carbapenems are bicyclic, consisting of the characteristic four-member b-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 positions8,31,92. Modification of the 

groups around the b-lactam ring allow carbapenems to possess potent broad-spectrum 

activity and effectively resist many common resistance mechanisms8,31,93. In fact 

imipenem and meropenem are two carbapenems prescribed as last-line antibiotics in 

hospitals to treat MDR Gram-negative pathogens94–98. While both carbapenems are 

active against a broad scope of Gram-positive and Gram-negative bacteria, meropenem 

is reported to be slightly more effective against Gram-negative organisms93,99. However, 

despite restricting carbapenem use to treat only multidrug resistant bacterial infections, 

resistance mechanisms have inevitably emerged.   

 Gram-negative bacterial resistance to b-lactam antibiotics (b-lactamases) 

There are several mechanisms by which bacteria can acquire resistance to 

antibiotics, including production of b-lactamase enzymes, increased efflux pump activity, 

reduced permeability and alterations in expression and/or function of porins and 

PBP/transpeptidase proteins7,8. However, acquisition of b-lactamase-encoding genes 

and subsequent production of these enzymes is the most common mechanism of 

resistance in Gram-negative bacteria7,100. Located in the periplasm, b-lactamases 

irreversibly open the b-lactam ring by hydrolyzing the amide bond, thereby inactivating 
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the drug and preventing it from reaching the PBP/transpeptidase targets7,8. These 

clinically significant enzymes have been classified into four classes (A, B, C, D) based on 

structural and sequence similarities, which can be separated into two biochemically 

distinct groups based on hydrolytic activity8,101–103. Class A, C, and D enzymes require an 

active-site serine residue to catalyze b-lactam hydrolysis; accordingly; they are labeled 

serine-b-lactamases (SbLs)8,101,104. In contrast, class B b-lactamases rely on one or two 

active site Zn2+ ions to inactivate b-lactam antibiotics and are therefore referred to as the 

metallo-b-lactamases (MbLs)101,105–107. MbLs have recently emerged in numerous 

clinically significant Gram-negative pathogens, including members of the 

Enterobacteriaceae family and Acinetobacter baumannii, causing a serious threat to our 

antibiotic repertoire100,108–113. The class B MbLs are further divided into 3 subclasses (B1, 

B2, B3) based on primary sequence homology and distinctive structural characteristics 

within the active site of these enzymes105,114,115. Mainly, B1 and B3 subclasses require 

two zinc ions in the active site to catalyze hydrolysis, while the B2 subclass enzymes are 

active with just a single zinc ion7,8. B1 subclass contains the largest number of known and 

clinically important MbLs including the imipenemase (IMP), verona integron-encoded 

metallo-b-lactamase (VIM)-type enzymes, and the New Delhi metallo-b-lactamase (NDM-

1)7,8,116.  

New Delhi metallo-b-lactamase (NDM-1) 

NDM-1 was first reported in 2008 in a Klebsiella pneumoniae isolate in a urine 

culture from a patient who had been hospitalized in India110. NDM-1 is unusually 

problematic in hospitals and healthcare settings due to its uncharacteristically broad 

substrate specificity which allows inactivation of all bicyclic b-lactam antibiotics, including 
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last-line carbapenem b-lactams. Moreover, organisms that produce NDM-1 are often 

reported to be resistant to other antimicrobial agents, which further limits therapeutic 

options101. The gene encoding NDM-1, blaNDM-1, has been found on multiple plasmids and 

is efficiently transferred horizontally among Gram-negative bacterial populations along 

with other resistant genes the donor organism might be carrying7,117. Specifically, the 

rapid distribution and expansion of NDM-1 within clinically important Gram-negative 

pathogens is attributed to conserved association with the promiscuous class 1 integron 

ISCR1, which encodes additional MDR mechanisms118,119. Gram-negative pathogens 

carrying MbLs NDM, IMP, VIM are now considered to be among the most urgent antibiotic 

resistance problems worldwide120,121.    

b-lactamase inhibitors 

b-lactam antibiotics susceptible to hydrolysis by serine-dependent b-lactamases 

are often co-administered with a b-lactamase inhibitor. For example, augmentin is a 

formulation of amoxicillin and clavulanic acid, which prevents b-lactam hydrolysis in the 

host122,123. These inhibitors tightly bind the serine-dependent b-lactamases active site to 

covalently modify the resistance enzyme with a stable intermediate. By deactivating 

hydrolysis, clavulanic acid essentially protects the b-lactam antibiotic, enabling it to exert 

its antimicrobial mechanism of action. While such inhibitors potentiate b-lactam 

treatments against some clinically relevant bacteria, the effective scope of these b-

lactamase inhibitors is quite limited because inhibition is dependent on a catalytic 

serine105,124. Despite the prevalence and the clinical impact of these enzymes on the b-

lactam repertoire, there are no MbL inhibitors approved for clinical use. However, some 

candidate MbL inhibitors are currently in development with several containing similar 
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structural motifs including zinc-binding sulfur atoms, zinc-binding dicarboxylates and 

other zinc binding moieties125. While competitive inhibitors are being characterized, the 

current MbL inhibitor repertoire represents a limited region of chemical space125–127. 

Additionally, recent high-throughput screening of small molecule libraries revealed some 

MbL inhibitory chemistries but these screens are often limited in size and performed with 

purified b-lactamases in vitro, implying that inhibition may be ineffective in cell-based 

systems, particularly against Gram-negative bacterial species113,128,129. While MbL 

inhibitor chemistries have proven difficult to target with small molecules, largely due to 

the shallow and featureless Zn-dependent active site and lack of a defining scaffold, 

peptide chemistries have shown promise130.  

Over the past few decades, there has been increased interest in developing 

antimicrobial peptides to supplement our antibiotic arsenal either for administration as 

monotherapy or combined with other currently available drugs131–133. The broad-spectrum 

activity of antimicrobial peptides, together with the potential to enhance the effect of other 

antimicrobial (mainly antibiotics) makes peptides an attractive therapeutic alternative to 

combat multidrug resistant bacterial infections132. Furthermore, acquisition of resistance 

to antimicrobial peptides is rare, largely due to the high metabolic cost to the bacterial 

cell134.  

Techniques such as phage display135,136, ribosome display137,138, and mRNA 

display139,140 have been used to selectively screen for peptides that bind a target molecule 

or inhibit an enzyme within a cell141. For example, Sanschagrin et al. used a phage display 

screen to find peptides that bind the L1 MbL and identified a nine amino acid long peptide 

(Cys-Val-His-Ser-Pro-Asn-Arg-Glu-Cys) as a promising inhibitor of the L1 enzyme 
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showing mixed inhibition130. Another group described several cysteinyl peptides as 

competitive inhibitors of Bacillus cereus zinc b-lactamase and identified N-carbobenzoxy-

D-cysteinyl-D-phenylalanine as the most potent reversible competitive inhibitor against 

this enzyme142. Yet another study identified a peptide inhibitor of class A b-lactamase 

TEM-1 that also inhibits the class A1 Bla1 b-lactamase and the class Cp99 b-

lactamase143. While these techniques promote screening for peptides with desired 

properties, they also highlight several drawbacks. First, these techniques fail to provide a 

means to directly assess the functionality and relevance of the peptides and their 

interactions141. Furthermore, MbL inhibitory peptides discovered through these 

approaches often fail to show activity in synthetic form because they cannot pass through 

the cell membrane to reach their target141. Therefore, innovative techniques are required 

to explore increased chemical spaces for discovery of effective MbL inhibitors.   

Peptide surface display system  

A recent report outlined the potential of an antimicrobial discovery platform using 

high-throughput sequencing to identify new lead antimicrobial peptides with activity 

against Gram-negative bacteria141. This platform, labeled Surface Localized Antimicrobial 

DisplaY (SLAY), exploits the massive depth of information gathered from high-throughput 

sequencing and was originally intended to advance discovery of antimicrobial peptides. 

To engineer this system, a randomly generated peptide was anchored to an outer 

membrane complex within a single Gram-negative cell to create a microenvironment 

around the bacterial cell and within the cell envelope. SLAY consists of an Lpp signal 

sequence that localizes the construct to the outer membrane, an OmpA transmembrane 

domain that anchors the surface display system to the outer membrane of the Gram-
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negative bacterial cell envelope and an unstructured, low sequence complexity protein 

that acts as a flexible tether connecting the membrane-anchoring complex to a randomly 

generated peptide. The protein tether extends up to 20nm, allowing the attached peptide 

to interact with bacterial cell surface structures, periplasmic components, including the 

peptidoglycan cell wall, and even the cytoplasmic membrane. This innovative surface 

display of peptides allows millions of randomly generated peptide sequences to be 

sampled within a single tube through interaction and disruption of essential cell structures 

to restrict growth and/or lyse the cell, eliminating the target peptide sequences from the 

population141. As previously shown, transport of the machinery utilized by this system 

ensures that the peptide construct does not interact with cellular components until it is 

surface localized, alleviating the burden of intracellular activity144. Furthermore, this 

approach is significant not only because it enables us to explore a diverse chemical space 

in a cell-based system, which is a bottleneck to discover therapeutics effective against 

Gram-negative bacteria with translational potential, but also because peptide synthesis 

with the bacterial cell eliminates the costly need for chemical synthesis while increasing 

the potential composition and complexity of peptides that can be screened. 

Transposon insertion sequencing (Tn-seq) 

Another high-throughput sequencing technique that we leveraged in studying 

mechanisms of antibiotic treatment failure in bacteria is transposon insertion sequencing 

(Tn-seq). Transposon sequencing has enabled us to study links between bacterial genetic 

factors and observed phenotypes to gain meaningful insights into bacterial fitness during 

stress, like antibiotic treatment. Tn-seq is a broadly applicable technique that combines 

traditional transposon mutagenesis with massive parallel sequencing to enable rapid 
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examination of genotype-phenotype relationships on a genome-wide scale145–147. The 

basic steps of a Tn-seq protocol include generation of a saturating gene disruption library 

through transposon mutagenesis, pooling of the individual insertion mutants, extraction 

of genomic DNA (gDNA) from the pooled mutants followed by amplification and high-

throughput sequencing of the transposon insertion junctions145–148. The mariner-family 

transposons have been particularly useful for generating saturating mutant libraries in 

diverse bacterial backgrounds149–152. Mariner-based transposons are characterized by 

their preferential insertion into thymine-adenine (“TA”) motifs which results in reduced 

insertional bias and more robust downstream statistical analysis148,149,153,154. Mariner 

transposons are also host-independent which allows for stable random insertions without 

the need for host specific factors155,156. The plasmid-encoded Himar1 mariner transposon 

system, designed specifically for efficient transposon mutagenesis, carries kanamycin 

resistance cassette, used for mutant selection in Acinetobacter baumannii, flanked by the 

mariner transposon and a transposase encoding gene that is controlled by an A. 

baumannii specific promoter157. Since the transposition machinery is generally plasmid 

encoded, it can be easily modified by replacing the transposase promoter and the 

antibiotic selection marker to be applicable in diverse bacterial backgrounds. Overall, Tn-

seq simplifies studying essential genes and pathways contributing to bacterial fitness in 

a variety of environmental conditions and stresses, such as antibiotic treatment. In the 

present work, we optimized and leveraged Tn-seq for use in A. baumannii to identify 

genetic factors required for carbapenem tolerance. 
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Bacterial tolerance to b-lactam antibiotics 

The canonical response of susceptible E. coli isolates to b-lactam antibiotics is 

defined by digestion of the peptidoglycan cell wall resulting in cell morphological changes 

that ultimately lead to bacterial cell lysis and death19,158–161. Interestingly, several clinically 

significant Gram-negative bacterial species, such as Enterobacter cloacae, P. 

aeruginosa, V. cholerae, and Burkholderia pseudomallei, have been reported to exhibit 

high levels of tolerance to call wall acting b-lactam antibiotics, including last-resort 

carbapenem b-lactams15,19,20,69. B. pseudomallei is Gram-negative aerobic pathogen that 

causes the tropical disease melioidosis in both humans and animals69,162. There is a high 

number of relapse infections associated with melioidosis and many Burkholderia isolates 

exhibit high levels of tolerance to carbapenem b-lactams, indicating that carbapenem 

tolerance may play a role in occurrence of relapse infections69,163–165.  

In susceptible E. cloacae, P. aeruginosa, and V. cholerae isolates tolerance to  b-

lactam antibiotics is mediated by the formation of non-dividing, viable, cell wall defective 

spheroplasts that are like L-form bacteria21,166,167. However, there is one significant 

difference between spheroplasts and L-form bacteria which is that unlike L-forms, 

carbapenem-induced spheroplasts do not undergo division when the drug is present19–

21,166,167. Importantly, when the antibiotic is removed, spheroplasts reportedly resume 

characteristic cell morphology and growth, providing further evidence that tolerance may 

potentially contribute to relapse/recurrent infections21. Previous studies have implicated 

components involved in peptidoglycan biosynthesis and outer membrane 

stability/integrity to be important for b-lactam tolerance in V. cholerae, which overlap with 

factors contributing to meropenem tolerance in B. pseudomallei to some degree15,69. 
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Additionally, several cell envelope stress sensing components, including the alternative 

sigma factor RpoE and the VxrAB (or WigKR) two-component system (TCS), along with 

lipopolysaccharide (LPS) and peptidoglycan metabolic factors were identified to be 

important for recovery of b-lactam-induced spheroplast in V. cholerae15,21,168. However, 

little is known regarding incidence and mechanisms of carbapenem tolerance in many 

clinically relevant Gram-negative pathogens, including E. cloacae, K. pneumoniae and A. 

baumannii, which cause some of the most problematic nosocomial infections. 

 The Gram-negative bacterial cell envelope 

The Gram-negative bacterial cell envelope is an important tripartite structure 

consisting of an outer membrane and an inner membrane separated by aqueous 

periplasmic space22,23. The inner membrane of Gram-negative bacteria is a symmetric 

bilayer composed of glycerol-based phospholipids that participates in nutrient transport, 

lipid biosynthesis and protein translocation22,23. The periplasmic space houses the 

essential peptidoglycan cell wall, which is a rigid, mesh-like polymer that maintains cell 

shape and bears the stress of cytoplasmic turgor pressure22,23,169,170. The outer 

membrane of Gram-negative bacteria is asymmetric, with an inner leaflet of 

glycerophospholipids and lipopolysaccharide (LPS) or lipooligosaccharide (LOS) (Figure 

2) in the outer leaflet22,23,171. The LPS/LOS molecules in the outer leaflet of the OM 

function as a selective permeability barrier that protects the cell from environmental toxins 

and antibiotics22,23,171.  
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Figure 2: The Gram-negative bacterial cell envelope. Gram-negative bacteria are enclosed by a tripartite 
outer barrier consisting of an outer membrane, a periplasmic space containing peptidoglycan and an inner 
membrane. 
 

Cell surface modifications 

Several Gram-negative bacterial species have previously been shown to modify 

cell surface structures as a mechanism to evade antimicrobial threats172. For example, E. 

cloacae was found to increase the net negative charge of the outer membrane through 

PhoPQ-mediated incorporation of additional moieties to the lipid A molecule in order to 

prevent colistin binding and thereby escaping killing by colistin172. The PhoPQ two-

component system (TCS) is a highly conserved cell envelope stress signaling system that 

regulates various lipid A modification enzymes in pathogenic Enterobacteriaceae172–174. 

The PhoPQ TCS is activated in conditions where divalent cations (Mg2+ and Ca2+) are 

limited or cationic antimicrobial peptides are present172,175 and directly regulates 

expression of an outer membrane acyltransferase, PagP, that adds acyl chains to the 
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lipid A moiety176 and the arn operon which is involved in the synthesis and addition of the 

positively charged 4-amino-4-deoxy-L-arabinose (L-Ara4N) modification172. Addition of 

the L-Ara4N modification to lipid A increases the net negative charge on the surface of 

the cell preventing colistin from exerting its antimicrobial activity through displacement of 

divalent cations that form electrostatic interactions between adjacent LPS molecule. Most 

Gram-negative bacterial species canonically produce a hexa-acylated lipid A molecule 

and incorporate additional acyl chains through outer membrane PagP activity to form 

hepta-acylated lipid A molecules under certain stress conditions, like in the presence of 

antimicrobial peptides23,177. PagP-mediated hepta-acylation of lipid A in turn fortifies the 

outer membrane by reducing outer membrane fluidity through tighter packing of surface 

exposed LPS molecules23. 

Interestingly, unlike Enterobacteriaceae, A. baumannii does not encode many of 

the canonical cell envelope homeostasis components like PhoPQ and PagP. Instead, A. 

baumannii encodes an unique LpxM enzyme that acts as a dual-acyltransferase177. In 

Gram-negative bacteria, LpxM usually encodes the acyltransferase involved in 

attachment of the 6th acyl chain during the final step in lipid A biosynthesis177. However, 

due to the dual-acyltransferase function of LpxM, A. baumannii constitutively produces a 

hepta-acylated lipid A molecule and thereby a more rigid outer membrane barrier23,177.    

Outer membrane porins (OMPs) 

In Gram-negative bacteria, the outer membrane is first line of defense against 

extracellular environments. For a long time, the outer membrane was only thought to be 

a protective barrier against harsh environments and toxic substances23. However, 

recently it was shown that the outer membrane also contributes to the mechanical 
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strength and stiffness of the Gram-negative bacterial cell envelope178. The outer 

membrane also provides Gram-negative bacteria intrinsic resistance to certain 

antimicrobial agents like daptomycin and vancomycin, which are unable to cross the outer 

membrane permeability barrier to reach their intracellular targets179. Along with LPS/LOS 

and phospholipids, the outer membrane also consists of lipoproteins that are embedded 

in the inner leaflet of the outer membrane and form covalent attachments with the 

periplasmic peptidoglycan layer180. In E. coli the most abundant lipoprotein is the Braun’s 

lipoprotein, Lpp and it is thought to contribute to integrity and stability of the outer 

membrane by covalently linking it to the peptidoglycan cell wall (Figure 2)23,180. Outer 

membrane porins (OMPs) are another major group of outer membrane-associated 

proteins23,181. OMPs are generally transmembrane b-barrel proteins that form aqueous 

channels allowing the passage of small hydrophilic molecules across the outer 

membrane23,182. OMPs can be monomeric or trimeric and can allow non-specific or 

specific diffusion of small compounds into the periplasm23,181,182. b-lactam antibiotics, 

including carbapenems, have previously been reported to enter the periplasm through 

non-specific OMPs (Figure 2), which likely represent a major entryway for carbapenems 

to get into the cell to reach their PBP targets180,182. Outer membrane protein A (OmpA) is 

the most abundant non-specific OMP that is conserved across diverse Gram-negative 

bacterial species23,182. While localized in the outer membrane, OmpA is also known to 

non-covalently interact with the peptidoglycan cell wall via its periplasmic domain, thereby 

linking the outer membrane to the peptidoglycan and directly contributing to outer 

membrane stability182,183. Furthermore, OmpA was found to contribute to b-lactam 

resistance in A. baumannii, as deleting ompA resulted in increased susceptibility to these 
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antibiotics. This suggests that OmpA also contributes to outer membrane stability in the 

nosocomial pathogen A. baumannii.  

Peptidoglycan maintenance and recycling 

The peptidoglycan cell wall is an essential mesh-like structure that provides the 

cell shape and protects the bacteria from lysis due to internal turgor pressure23,169,184. 

Peptidoglycan synthesis begins in the cytoplasm with synthesis of the lipid II precursor 

which is flipped by MurJ across the inner (cytoplasmic) membrane into the periplasm, 

where it assembled into a continuous peptidoglycan sacculus by class A penicillin-binding 

proteins (aPBPs)185–189. More specifically, the aPBPs glycosyltransferase domain along 

with the Shape, Elongation, Division, and Sporulation (SEDS) proteins polymerize the N-

acetylglucosamine (GlcNAc)-N-acetylmuramic acid (MurNAc) backbone of the 

peptidoglycan polymer while aPBP/bPBP transpeptidase domains and, to a lesser extent, 

LD-transpeptidases (LDTs) form crosslinks between adjacent peptide stems to form the 

complete peptidoglycan mesh sacculus185.  

Expansion of the cell wall layer is an integral part of the bacterial growth cycle. 

During cellular growth, division and separation, the peptidoglycan sacculus is cleaved and 

remodeled to accommodate incorporation of newly synthesized peptidoglycan 

material185,188. In Gram-negative bacteria, many of the peptidoglycan fragments released 

from cell wall degradation during periplasmic remodeling are transported into the 

cytoplasm to be recycled into the de novo peptidoglycan synthesis pathway190–193. 

Therefore, the peptidoglycan synthesis, remodeling, and recycling machineries must be 

highly coordinated within the bacterial cell to maintain shape and integrity of the cell 

envelope and prevent lysis due to internal turgor pressure193,194. Periplasmic 
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peptidoglycan hydrolases, also called autolysins since unchecked activity of these 

enzymes often results in autolysis, play a critical role in peptidoglycan remodeling and 

recycling185,188,195,196. Autolysins include lytic transglycosylases and low molecular weight 

penicillin binding proteins (LMW-PBPs) that are specialized for cleaving specific bonds 

within the peptidoglycan sacculus185,188,197.   

 Lytic transglucosylases facilitate peptidoglycan remodeling by cleaving glycosidic 

linkages between GlcNAc and 

MurNAc in the peptidoglycan 

backbone (Figure 3)194,198. LMW-

PBPs are generally characterized 

to have either endopeptidase 

activity hydrolyzing the crosslink 

between mDAP of one peptide 

stem and D-Ala residue of another 

stem or DD-carboxypeptidase 

activity which leads to cleavage of 

the terminal D-Ala residue from 

penta-muropeptides87,194,197,199,200. 

PBP7, encoded by pbpG, has 

previously been identified as a 

LMW-PBP with endopeptidase 

activity in E. coli and P. aeruginosa 

194,201,202. Additionally, PBP7 has 

Figure 3: Peptidoglycan metabolism and recycling in 
Gram-negative bacteria. Schematic showing the cell wall 
remodeling and recycling pathway. Peptidoglycan turnover 
begins in the periplasm with lytic transglycosylases and 
endopeptidases releasing GlcNAc 1,6-anhdro-MurNAc-
peptides which are transported into the cytoplasm by the 
AmpG permease and further processed by LD-
carboxypeptidases, NagZ and AmpD in the peptidoglycan 
recycling pathway.   
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been implicated in vivo survival of A. baumannii in ascites203. The endopeptidase activity 

of LMW-PBPs, like PBP7, cleaving crosslinks between adjacent peptidoglycan stem 

peptides aids in releasing the GlcNAc 1,6-anhdro-MurNAc-tetrapeptide intermediates 

(Figure 3)194,198.  

 These muropeptide intermediates generated by autolysins are next transported 

into the cytoplasm via the AmpG permease for further recycling (Figure 3)194,204,205. LD-

carboxypeptidases play an important role in cytoplasmic peptidoglycan processing. After 

the GlcNAc 1,6-anhdro-MurNAc-tetrapeptide intermediate is transported into the 

cytoplasm LD-carboxypeptidases are involved in cleaving the D-Ala residue in the fourth 

position of tetra-muropeptide stems to produce GlcNAc 1,6-anhdro-MurNAc-tripeptides 

which are then be cleaved by the cytoplasmic b-N-acetylglucosaminidase NagZ which 

separates GlcNAc from the 1,6-anhdro-MurNAc-tripeptide194,206–208. Following NagZ-

mediated generation of 1,6-anhdro-MurNAc-tripeptides, the cytoplasmic amidase AmpD 

separates 1,6-anhdro-MurNAc from the tripeptide stem which can serve as a source of 

nutrients or energy and releases 1,6-anhdro-MurNAc to be further processed by the 

peptidoglycan recycling pathway (Figure 3)194,206,208–212.  

Additionally, Gram-negative bacteria detect disruptions in peptidoglycan 

biosynthesis, like those resulting from inhibition of PBP transpeptidase activity by b-

lactam antibiotics and respond by activating various defense mechanism. Previous 

studies have reported that several Gram-negative pathogens induce expression of 

chromosomally encoded cryptic b-lactamases like AmpC in response to b-lactam 

antibiotics209,213. Inhibition of PBP transpeptidase activity by b-lactam antibiotics disrupts 

normal peptidoglycan biosynthesis causing increased peptidoglycan turnover by lytic 
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transglycosylases in the periplasm which results in increased levels of 

anhydromuropeptides being transported into the periplasm where they act as signal for 

AmpC b-lactamase induction190,193,213.  

The studies presented here investigate the importance of components associated 

with different subcellular compartments of the Gram-negative bacteria cell envelope in 

failure of antimicrobial therapy, starting with the contribution of periplasmic localized 

metallo-b-lactamases to carbapenem resistance in clinically significant Gram-negative 

bacterial species. 
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Abstract 

Metallo-β-lactamases (MBLs) are an emerging class of antimicrobial resistance 

enzymes that degrade β-lactam antibiotics, including last-resort carbapenems. 

Infections caused by carbapenemase-producing Enterobacteriaceae (CPE) are 

increasingly prevalent, but treatment options are limited. While several serine-dependent 

β-lactamase inhibitors are formulated with commonly prescribed β-lactams, no MBL 

inhibitors are currently approved for combinatorial therapies. New compounds that target 

MBLs to restore carbapenem activity against CPE are therefore urgently needed. Herein 

we identified and characterized novel synthetic peptide inhibitors that bound to and 

inhibited New Delhi MBL-1 (NDM-1), which is an emerging β-lactam resistance 

mechanism in CPE. We leveraged Surface Localized Antimicrobial displaY (SLAY) to 

identify and characterize peptides that inhibit NDM-1, which is a primary carbapenem 

resistance mechanism in CPE. Lead inhibitor sequences were chemically synthesized, 

and MBCs and MICs were calculated in the presence/absence of carbapenems. Kinetic 

analysis on recombinant NDM-1 and select peptides tested direct binding and supported 

NDM-1 inhibitor mechanisms of action. Inhibitors were also tested for cytotoxicity activity. 

We identified approximately 1700 sequences that potentiate carbapenem-dependent 

killing against NDM-1 Escherichia coli. Several also enhanced meropenem-dependent 

killing of other CPE. Biochemical characterization of a subset indicated the peptides 

penetrated the bacterial periplasm and directly bound NDM-1 to inhibit enzymatic 

activity. Additionally, each demonstrated minimal hemolysis and cytotoxicity against 

mammalian cell lines. Our approach advances a molecular platform for antimicrobial 

discovery, which complements the growing need for alternative antimicrobials. We also 
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discovered lead NDM-1 inhibitors, which serve as a starting point for further chemical 

optimization. 

 

Introduction 

b-lactams are an important class of antibiotics that not only possess activity toward 

Gram-positive bacteria, but also Gram-negatives, which include some of the most difficult-

to-treat pathogens9,86. The defining b-lactam ring inhibits the transpeptidase activity of 

PBPs, which are essential bacterial enzymes that polymerize the peptidoglycan cell 

wall7,87. Disruption of peptidoglycan assembly leads to rapid cell lysis.  

Carbapenems are important b-lactam therapeutics because they possess potent 

broad-spectrum activity and are not susceptible to common resistance mechanisms8,93. 

In fact, imipenem and meropenem are last-line carbapenem antibiotics used to treat 

multidrug resistant Gram-negative infections94–98. Despite restricting the use of 

carbapenems, resistance mechanisms have inevitably emerged.  

The most common b-lactam resistance mechanism in Gram-negative organisms 

is production of b-lactamase enzymes7,100. b-lactamases hydrolyze the b-lactam ring, 

which prevents the antibiotic from binding its target PBP7,8. b-lactamases are divided into 

four classes (A, B, C, D) based on structural and sequence similarities, but comprise two 

distinct groups based on hydrolytic activity8,101–103. Serine-dependent b-lactamases 

(SBLs), including class A, C, and D, rely on an active-site serine for b-lactam 

degradation8,101–104. Class B b-lactamases rely on active-site Zn2+ ions to coordinate 

hydrolysis; hence, they are designated metallo-b-lactamases (MBLs)101,105–107. MBLs 
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recently emerged, but have rapidly spread among Gram-negative pathogens, which 

threatens our current antimicrobial treatment options100,108–113.  

New Delhi metallo-b-lactamase (NDM-1) was first reported in 2009 when blaNDM-1 

was found in a Klebsiella pneumoniae isolate from a patient in Sweden who had been 

hospitalized in India110. NDM-1 is particularly concerning because it quickly spread to all 

continents, is highly associated with other antibiotic resistance mechanisms, inactivates 

all bicyclic b-lactam antibiotics, including carbapenems, and is a primary resistance 

mechanism in many ‘superbugs’7,8,116,214. Gram-negative pathogens carrying NDM and 

other MBL subclasses (i.e. IMP, VIM) are considered to be among the most urgent 

antibiotic resistance problems worldwide120,121. 

Class A, C, and D b-lactamase inhibitors were developed and include molecules 

that covalently modified the conserved serine residue (i.e. avibactam, tazobactam, 

sulbactam etc.) required for catalytic activity215–218. Administered in combination with 

prescription b-lactam antibiotics, inhibitors inactivate serine-dependent b-lactamases to 

restore antimicrobial activity. In contrast, we currently lack effective MBL inhibitors, 

including those that target the NDM subclass. ANT431 is a NDM-1 inhibitor in preclinical 

development, but does not possess broad-spectrum activity against MBLs and is not a 

candidate for further development214,219. Development of small molecule inhibitors has 

been challenging due to the flexibility of the MBL active site and challenges associated 

with metallo-enzymes. Alternatively, peptides with activity against MBLs have been 

reported220–224. 

Here, we used a cell-based high-throughput antimicrobial discovery system, 

termed Surface Localized Antimicrobial displaY (SLAY), to screen for synthetic 
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randomized peptides that potentiate carbapenem-dependent killing of NDM-1 E. coli.225 

We discovered thousands of peptides that restored NDM-1 E. coli susceptibility to 

carbapenems. A subset of leads were genetically validated and four were biochemically 

tested against recombinant NDM-1 for inhibitory activity. Kinetic analysis was performed 

to determine the inhibitory mechanism of each lead and cytotoxicity and hemolytic activity 

were assayed. Our results advanced our basic understanding of the chemical diversity of 

NDM-1 inhibition and further developed an innovative molecular platform for antimicrobial 

discovery. 

 

Materials and Methods 

Bacterial strains and antibiotics 

Strains and plasmids used in this study are listed in Table S1. Primers are listed in 

Table S2. All strains were grown aerobically from freezer stocks on LB agar at 37°C. 

Antibiotics were used at the following concentrations: 75 mg/L carbenicillin (Fisher 

Scientific), 10 mg/L tetracycline (Sigma-Aldrich), 4 or 8 mg/L meropenem (TCI America), 

and 8 mg/L imipenem (Alfa Aesar).  

Peptide library construction 

SLAY for the NDM-1 screen was constructed on the broad host plasmid 

pMMB67EHTet, which was derived from pMMB67EH, where the bla gene was 

exchanged with a tetracycline resistance gene225. Peptide sequences were randomly 

generated using 30bp NNB codons to produce ten amino acid peptides. The sequences 

were cloned into the KpnI and SalI sites of pMMB67EHTet using primers homologous to 

the tether sequence on the reverse primer. Plasmid libraries were transformed into C2987 
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competent cells (NEB). Approximately 1.20 x 106 colonies were pooled. Plasmid DNA 

was isolated from the C2987 library and re-transformed into E. coli W3110/pNDM-1 to 3 

times coverage.  

Screening and sequencing the random peptide library 

An aliquot of the frozen E. coli W3110/pNDM-1 peptide library was added to 5mL 

of LB supplemented with carbenicillin and tetracycline for growth, shaking at 37°C for 1 

hour. Duplicate cultures were backdiluted into 5mL LB with carbenicillin and tetracycline 

to OD600 0.01 supplemented with IPTG (MP Biomedicals). The remaining culture was 

used as the ‘‘input’’ sample for the peptide screen. Induced cultures were grown with 

shaking at 37°C. Cells were harvested at 4 hours, which was considered the “output” 

sample. Plasmids were isolated from “input” and “output” groups using the QIAprep Spin 

Miniprep kit. Primers with homologous regions to the plasmid were used to 

simultaneously amplify the peptide-encoding region of the plasmid and add sequencing 

adapters. Four reactions per sample were amplified for a total of 12 cycles. The reactions 

were pooled and cleaned using QIAquick PCR Purification kit. Libraries were gel purified 

using the QIAquick Gel Extraction kit. Amplicons were sequenced using 50bp single end 

reads on an Illumina HiSeq supplemented with Phi-X. DNA was sequenced at The 

University of Texas Genomic Sequencing and Analysis Facility. 

Raw read processing 

Raw Illumina reads each contained a 30bp sequence of interest (SOI) coding for 

the ten amino acid peptides, flanked on both sides by a library-specific amplicon pattern. 

For each library, we used custom scripts to identify the conserved flanking amplicon 

region sequences and raw reads without an exact match to expected flanking sequences 
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were excluded from subsequent analyses. Reads were also excluded if one or more 

nucleotides within the SOI had a Phred quality score less than 20 (i.e., 1% error rate) or 

if less than 90% of nucleotides within the SOI had a Phred score less than 30 (i.e., 0.1% 

error rate). The SOI for reads passing these filtering steps were translated into ten amino 

acid peptides. 

Differential abundance analysis 

Within each library, the number of sequences containing each unique peptide was 

tallied, and counts were normalized using trimmed mean of M-values normalization in 

edgeR to control for differences in sequencing depth between experiments226. Fisher’s 

Exact Tests were performed in edgeR to identify significantly differentially abundant 

peptides between each “input” and “output” peptide population and the corresponding no-

carbapenem control226. To control for type I errors resulting from thousands of statistical 

tests, we corrected p-values for each pairwise comparison using the independent 

hypothesis weighting (IHW) correction procedure with average normalized count per 

peptide as the covariate227. Peptides were considered NDM-1 inhibitors when the IHW p-

value between comparisons was <0.05 and when there was a log2-fold average count 

depletion in the treatment group relative to the control. Because we were interested in 

peptides that potentiate carbapenem-dependent killing, peptides depleted only when 

carbapenems were added to the growth medium were reported. Physiochemical 

properties of NDM-1 inhibiting peptides were inferred using the Peptides package in 

R228,229. Peptide sequence logos and characterization of the physiochemical properties of 

NDM-1 inhibiting peptides were visualized using pheatmap 

(https://github.com/raivokolde/pheatmap) and ggseqlogo in R230. 
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Bacterial growth curves using SLAY 

Growth curves were performed as previously described with slight 

modifications225. Briefly, strains were grown on LB agar containing carbenicillin, 

tetracycline and 0.2% glucose overnight at 37°C. The next day, cultures were grown to 

mid-logarithmic phase (OD600 0.4 – 0.6). Cultures were back diluted to OD600 0.01 in 5 

mL LB under three different conditions: (-) meropenem/ (-) IPTG, (+) meropenem/ (+) 

IPTG, and (+) meropenem/ (-) IPTG. Meropenem was used at 8 mg/L. Cultures were 

grown at 37°C with shaking and the OD600 was collected over a 4 h period using a 

Fisherbrand accuSkan GO UV/Vis Microplate Spectrophotometer with SkanIt Software 

5.0. Each experiment was done twice in triplicate and a representative assay was 

reported. NDM-1 E. coli carrying the empty SLAY vector was used as a control. 

Antimicrobial activity assays 

MBC assays were adapted from previously described methods225,231,232. A small 

number of NDM-1 bacteria from an overnight plate were resuspended in 1 mL LB for 

OD600 measurement. Cultures were backdiluted to OD600 0.05 in 5 mL LB containing 

carbenicillin and grown to logarithmic phase at 37°C with shaking. Cells were collected, 

washed twice with 5 mL 10 mM Tris (pH 7.4) + 25 mM NaCl + 0.1 % glucose and diluted 

to OD600 0.001 in 5 mL 10mM Tris (pH 7.4) + 25 mM NaCl + 0.1% glucose either with or 

without a final concentration of 4 mg/L meropenem. 50 µL of bacteria were added to each 

well in a polypropylene 96-well plate (Greiner Bio-One). Chemically synthesized peptides 

(GenScript) were diluted to 512 µM in water and serial diluted to a volume of 75 µL. 50 

µL of each peptide dilution was added to 50 µL of cells to result in final peptide 

concentration of 4, 8, 16, 32, 64, 128 and 256 µM. Plates were sealed and incubated at 
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37°C. At 24 h, each well was spotted on LB agar to assess killing (+) or (-) meropenem. 

MBCs were determined as the lowest concentration of peptide that results in at least 

99.90 % of killing of the initial inoculums. Each experiment was performed twice in 

triplicate and the representative MBC was reported. 

MIC assays were performed as previously described with slight modifications233. 

A small number of bacteria from an overnight plate were used to inoculate 5 mL LB at 

OD600 0.05 and grown to logarithmic phase. Cells were washed twice with MOPS media 

+ 0.1% glucose and diluted to OD600 0.001. 50 µL of cells were added to each well of a 

polypropylene 96-well plate. Peptides were diluted in water to 256 µM and serial diluted. 

50 µL of each peptide solution was added to 50 µL of cells at 0, 32, 64 and 128 µM. 

Increasing concentrations of meropenem (0.1 – 64 mg/L) were added to the appropriate 

well. Plates were sealed and incubated at 37°C overnight. MICs were determined by 

OD600 measurements where cell density was 0. Each experiment was performed twice in 

triplicate. A representative MIC was reported. 

Permeability assays 

Assays were performed as previously described234. A small number of bacteria 

was scraped from an overnight plate, resuspended in PBS and normalized to OD600 0.2. 

CCCP (Acros Organics) was added at 200 µM to inhibit efflux pump activity. Ethidium 

bromide (EtBr) (MP Biomedicals) was added immediately prior to measurement to final 

concentration of 1.2 µM in 200 µL total volume. Readings were taken, using a BioTek 

Synergy Neo2 multi-mode reader, every 15 s for 30 min with samples assessed in 

triplicate in Greiner bio-one 96-well flat bottom black plates. Each experiment was 

performed twice in triplicate. One representative assay was reported. 
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Kinetic assays 

NDM-1 was purified as previously described235. Kinetic assays were performed as 

previously reported with slight modifications220. NDM-1 inhibitory activity was calculated 

following hydrolysis of increasing concentrations of nitrocefin (BioVision, Inc.) (2-250 µM) 

in 10mM Tris, 50mM KCl, 5% glycerol; pH 8.0 (P6 and P9) or 10mM Tris, 50mM KCl, 5% 

glycerol 40% DMSO; pH 8.0 (P5 and P7) in the presence of (125 µM–3 mM) chemically 

synthesized peptides. Compound dilutions were performed in water (P6 and P9) or 

DMSO (P5 and P7). GraphPad Prism (8.4.1) was used to calculate the kinetic parameters 

for NDM-1 inhibition by each peptide using nonlinear regression and Michaelis-Menton 

enzyme kinetics, which determined the maximal velocity (Vmax) and the Michaelis 

constant (Km). Lineweaver-Burk plots were used to display the data where the slope = 

Km/Vmax, the y-intercept = 1/Vmax and the x-intercept = -1/Km. Ki values for NDM-1 inhibition 

were calculated using nonlinear regression with global curve fitting in Prism, where 

parameters were determined by finding the global best-fit value among all datasets for 

each inhibitor. The datasets were analyzed using the following models: Competitive 

inhibition model: KmObserved = Km x (1 + [I]/Ki), Y = Vmax x X/KmObserved + X); Noncompetitive 

inhibition model: Vmax inh = Vmax/ (1 + I/Ki), Y = Vmax inh x X/ (Km + X), where I is the inhibitor 

concentration. The global fitting function was also used to support inhibitory mechanisms 

along with Michaelis-Menton kinetic analysis and Lineweaver-Burk plot values, which 

were reported. 

MTT assays 

MTT assays were performed as previously described236. Mode-K and HEK cell 

lines were used to assess peptide cytotoxicity. Initially, standard curves were calculated 



 41 

to determine the linear range, which included a concentration of 75,000 cells for both cell 

lines. Cells were seeded in tissue culture-treated 96-well plates at a final volume of 100 

µL and incubated for 24 hours to allow attachment. After 24 hours, media containing 

increasing concentrations of purified peptide inhibitors was added. Plates were incubated 

for 24 hours. Following incubation, 10 µL of 5 mg/L MTT (Sigma-Aldrich) solution in PBS 

was added to a final concentration of 0.45 mg/L and incubated at 37°C for 4 hours. Liquid 

was removed and 100 µL of 100% DMSO was added to each well to dissolve the 

formazan crystals. The plate was incubated in the dark at room temperature with shaking 

for 1 h and the absorbance was measured at 570 nm. 

Hemolysis assays 

Hemolysis assays were performed as described previously225,237. Briefly, human 

red blood cells (hRBC) were purchased (Rockland Immunochemicals, Inc.) and 50 µM 

solutions of chemically synthesized peptides were mixed in 10mM PBS at pH 7.4 for a 

total volume of 0.5 mL. The hRBC solution was made by washing 0.4 mL of the red blood 

cells twice with 7 mL of PBS. Precipitates were resuspended in 4 mL PBS. Hemolytic 

activity was measured by mixing the 0.5 mL peptide solutions with 0.4 mL hRBC solution 

at 37°C for 1 hour. The absorbance was measured at 540 nm. Percent hemolysis was 

calculated using the equation: 

 

 

 

 

 

        absorbancesample - absorbancenegative x 100 
absorbancepositive 

 % hemolysis = 
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Results 

To screen for peptides that restore the antimicrobial activity of carbapenems 

against carbapenemase-producing Enterobacteriaceae (CPE), we generated a random 

synthetic library that encoded more than 1x 106 ten-amino acid peptides in the SLAY 

plasmid system (Figure 4A). Approximately 1700 unique sequences were identified that 

potentiate carbapenem-dependent killing of NDM-1 E. coli (Figure 4B), of which thirty-

seven peptides were found to restrict growth in the presence of both imipenem and 

meropenem (Figure 4B, orange dots). We prioritized the thirty-seven peptides for 

analysis because increased susceptibility to multiple carbapenems suggested a 

conserved mechanism of action. Interestingly, the thirty-seven peptides only modestly 

increased CPE susceptibility to both meropenem and imipenem. 

Figure 4: Self-screening of displayed peptides to discover NDM-1 inhibitors that potentiate killing 
of carbapenemase-producing E. coli. (A) Illustration of the surface localization display system (SLAY), 
including the OmpA (46–159) transmembrane protein (blue arrows), flexible tether (purple, dashed) and C-
terminal peptide (red arrow). NDM-1 is localized to the periplasm (yellow). (B) Volcano plot of library 
sequences depleted in NDM-1 E. coli after 4 h of growth in imipenem (left) or meropenem (right). Sequences 
depleted in both conditions are labelled orange. This figure appears in color in the online version of JAC 
and in black and white in the printed version of JAC. 
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We computationally analyzed the amino acid composition of the thirty-seven 

peptides at each position to determine specific amino acids overrepresented within the 

pool (Figure 5A). Our analyses indicated enrichment of proline, arginine, leucine and 

isoleucine at site-specific positions. Furthermore, the physicochemical composition of the 

peptide pool highlighted a prevalence of basic, hydrophobic, and polar amino acids 

(Figure 5B). Twenty-six of the thirty-seven sequences were genetically validated using 

the SLAY system (Figure 5C).  

Figure 5: Physicochemical properties and genetic validation of inhibitor peptides that potentiate 
killing of NDM-1 E. coli. (A) Heat map of amino acids in each position of the depleted sequences in the 
screen. (B) Depleted sequences were used to build a consensus motif. Larger letters indicate stronger 
amino acid enrichment at each position. The chemical properties of each amino acid are color coded. (C) 
Growth curves of NDM-1 E. coli containing P1 - P9 cloned into the SLAY system. Cultures were grown in 
8 mg/L meropenem (MEM) with or without 0.1 mM IPTG for 4 h. This figure appears in color in the online 
version of JAC and in black and white in the printed version of JAC. 
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The top nine validated peptides with the greatest inhibitory effect from the screen 

were chemically synthesized to measure meropenem activity against NDM-1 E. coli 

independent of SLAY localization. MBCs for each were determined when NDM-1 E. coli 

(Ec) was exposed to 4 mg/L of meropenem (Table 1), which is two-fold higher than the 

EUCAST breakpoint238. The reported MBCs represent the lowest concentration of peptide 

inhibitor that resulted in at least 99.90 % killing of the initial inoculum. MBC assays using 

increasing concentrations of synthesized peptides showed a correlative response with 

meropenem susceptibility, which indicated potentiation of meropenem-dependent killing 

independent of SLAY subcellular localization. Moreover, we tested peptide MBCs in two 

additional CPE, including NDM-1 K. pneumoniae (Kp) and Enterobacter cloacae (Ecl). 

 

Table 1: Fold change (log2) and NDM-1 inhibitor concentrations of peptides from SLAY 

 

Porins are the main entryways for carbapenems to penetrate the bacterial 

periplasm and are known to contribute to resistance239.  Therefore, we first tested if 

membrane permeability increased when cells were treated with each peptide (Figure 6). 

10 mg/L colistin, a cationic antimicrobial peptide (CAMP) known to perturb the outer 

membrane and lyse Gram-negative bacterial cells, was used as a positive control to 

indicate lysis233,240,241. Our data showed that high concentrations (256 µM) of select 
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peptides slightly increased cell permeability, whereas other peptides did not. Specifically, 

exposure to P5 and P9 marginally increased permeability. However, we reasoned the 

increased permeability was independent of meropenem-dependent killing (Table 1) 

because other peptides demonstrated a more robust increase in permeability, but the 

respective MBC values indicated less killing (i.e., P4 & P8). These data suggested an 

additional mechanism, independent of membrane permeability, to restore carbapenem 

susceptibility in NDM-1 E. coli. Therefore, we investigated how P5 and P9, which slightly 

increased permeability, and P6 and P7, which did not increase permeability, potentiate 

meropenem-dependent killing of NDM-1 E. coli.  

Figure 6: Permeability of NDM-1 E. coli when exposed to high concentrations of inhibitor peptides. 
Ethidium bromide uptake assay to measure outer membrane permeability of NDM-1 E. coli in the presence 
of 256 µM peptides. Colistin was used as a positive control at a concentration of 10 mg/L. A.U. is arbitrary 
units. This figure appears in color in the online version of JAC and in black and white in the printed version 
of JAC. 
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Next, we tested if peptides directly bound and inhibited NDM-1 activity using a 

biochemical assay to calculate NDM-1 hydrolysis of the b-lactam analog, nitrocefin. 

Hydrolysis of the amide bond in nitrocefin induces a measurable colorimetric shift (from 

386 nm to 482 nm). Recombinant NDM-1, increasing inhibitor (P5, P6, P7 and P9) 

concentrations and nitrocefin were used to calculate the Michaelis-Menton kinetics of b-

lactam hydrolysis220,242,243. NDM-1 was used at a concentration of 10 nM, nitrocefin 

concentrations were 0, 2, 10, 25, 50, 100, 200 and 250 µM, and peptide inhibitors were 

used at indicated concentrations (Figure 7). Importantly, Lineweaver-Burk plots of 

Michaelis-Menton kinetic analysis from three inhibitor peptides (P5, P6 and P9) 

suggested competitive inhibition of NDM-1, whereas P7 demonstrated non-competitive 

inhibition. We calculated the Ki of each kinetic reaction to determine inhibitor potency, 

where the lowest Ki observed was P6 (0.11 µM), followed by P9 (1.34 µM), P7 (158.60 

µM) and P5 (176.50 µM). 

 

Figure 7: Lineweaver-Burk plots showing inhibition of NDM-1-dependent nitrocefin hydrolysis 
activity by inhibitor peptides. (A) P5, (B) P6, (C) P7 and (D) P9. Recombinant NDM-1 was used at 10 
nM. Circles indicate hydrolysis without inhibitor. Squares, triangles and inverted triangles indicate 
increasing concentration of the respective inhibitor at the indicated concentrations. The position where the 
lines intersect indicates the type of inhibition, (P5, competitive; P6, competitive; P7, non-competitive; P9, 
competitive). The inhibitor constant (Ki) is indicated above each plot. 
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Meropenem MICs were calculated using increasing concentrations of the four 

NDM-1 inhibitors (Table 2). P5 and P9 strongly potentiated meropenem-dependent 

growth inhibition of NDM-1 E. coli at high and low peptide concentrations (32 µM), 

whereas P6 and P7 potentiated meropenem activity at higher concentrations (>64 µM). 

Meropenem MICs were also performed in NDM-1 K. pneumoniae and E. cloacae to 

determine if the NDM-1 inhibitors were broadly effective against CPE. While all peptides 

reduced the meropenem MIC in a concentration-dependent manner, P5 increased 

meropenem susceptibility to below the EUCAST breakpoint in all CPE tested, which 

indicated broad-spectrum activity. 

 

Table 2: Meropenem MICs (mg/L) against NDM-1 Enterobacteriaceae 

 

As with any therapeutic compound, cytotoxicity is a concern to prioritize lead 

development. Cell viability in the presence of the NDM-1 inhibitor peptides was assessed 

by MTT assay in two cell lines, MODE-K and HEK293. None of the peptides exhibited 

notable cytotoxic activity when exposed to MODE-K cells, with each demonstrating well-

below 20% lysis. The one exception was P7, when exposed at 256 µM, which was 

associated with the high concentration (9% of total concentration) of DMSO required to 

solubilize the peptide. While MODE-K cells showed minimal reduction of cell viability 

(Figure 8A), HEK293 cells showed a dose-dependent cytotoxic effect (Figure 9). 
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Figure 8: Cytotoxicity of NDM-1 inhibitor peptides against Mode-K cells. (A) MTT assays of Mode-K 
(intestinal epithelial) cells to measure viability after 24 h when exposed to increasing concentrations of 
NDM-1 inhibitor peptides. Cell viability is reported as the % of the no peptide control (-), which was 
normalized to 100. Triton X-100 was used as a positive control (+). Values with p-value > 0.05 are indicated 
by *. Dotted line indicates 80% cytotoxicity. (B) Hemolytic activity of selected peptides at 50 µM. Dotted line 
indicates 20% hemolysis. 

 

Hemolysis is a known off-target effect of antimicrobial peptides, with several 

CAMPs showing marked hemolysis at therapeutically relevant concentrations244. We 

assayed the hemolytic activities of all synthesized peptides at 50 µM. The hemolytic 

activity of each is summarized in Figure 8B. None of the peptides tested exhibited notable 

hemolytic activity, with each demonstrating below 20% lysis. 

Figure 9: Cytotoxicity of NDM-1 inhibitor peptides against HEK 293 cells. MTT assays of HEK 293 
cells to evaluate viability after 24 h when exposed to increasing concentration of NDM-1 inhibitor peptides. 
Cell viability is reported as the % of the no peptide control (-), which was normalized to 100. Triton X-100 
was used as a positive control (+). Values with p-value > 0.05 are indicated by *. 
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Discussion 

NDM-1 is a primary b-lactam resistance mechanism that has emerged in many 

Gram-negative ‘superbugs’, which threaten our antimicrobial repertoire. Here we used 

SLAY to identify and characterize peptides that restore the antimicrobial activity of 

carbapenems in NDM-1 Enterobacteriaceae. As anticipated, the vast majority of 

sequences in the random peptide screen did not restore carbapenem antimicrobial 

activity (99.99%). However, high-throughput sequencing identified approximately 1700 

candidate inhibitors that potentiated NDM-1 E. coli killing via a carbapenem-dependent 

mechanism. Of these, only thirty-seven peptides increased susceptibility to both 

meropenem and imipenem based on our cutoffs, which suggested a conserved 

mechanism of action. Interestingly, these overlapped peptides only modestly increased 

carbapenem susceptibility (Figure 4B, orange dots), where the “best” peptides for one 

carbapenem did not function as well as the other in our screen. 

Sequence analysis of the thirty-seven peptides suggested enrichment of specific 

amino acids, including enrichment of arginine, lysine and histidine residues, which contain 

positively charged side chains at pH 7.0, and proline residues. Interestingly, each 

sequence (with the exception of P6) encoded a positively charged residue at either the 2, 

3 or 4 position (or reverse sequence). The conserved site-specific charge could contribute 

to NDM-1 inhibition or peptide penetration of the periplasm. Several lytic antimicrobial 

peptides require a cationic charge, which promotes electrostatic interactions with the 

negatively charged outer membrane to displace divalent ions to perturb the membrane245–

248. In contrast, selected lead peptides in our study only slightly increased permeability, 

but strongly potentiated meropenem-dependent killing, which suggested an additional 
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membrane–independent mechanism of action. It is possible that the positive charge 

enriched NDM-1 inhibitor peptides at the negatively charged cell-surface, which distorted 

the membrane allowing periplasmic access, where the sequence bound and directly 

inhibited NDM-1. Consistent with this hypothesis, select peptides did not increase 

membrane permeability (i.e., P6 and P7) at a level we could detect (Figure 6), but 

nonetheless potentiated meropenem-dependent killing of CPE at higher concentrations 

(Table 1), likely through direct inhibition of NDM-1 (Figure 7). 

Despite reports of several small molecule MBL inhibitors, none have been 

approved for therapeutic use for various reasons, including ineffectiveness across 

Enterobacteriaceae and poor pharmacokinetics/dynamics214,249–254. Several MBL peptide 

inhibitors have also been discovered with limited therapeutic efficacy220,221,223,224,242. 

Peptides offer diverse avenues to sample chemical space and SLAY provides a valuable 

platform to optimize and quickly test new sequence pools in a high-throughput manner to 

understand inhibitory motifs. Additionally, identified inhibitor motif combinations provide 

an opportunity to explore broad or narrow-spectrum inhibitors in a more directed fashion, 

which could be useful in future development of pathogen-specific therapeutics. 
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Abstract  

Antibiotic tolerance is an understudied potential contributor to antibiotic treatment 

failure and the emergence of multidrug-resistant bacteria. The molecular mechanisms 

governing tolerance remain poorly understood. A prominent type of b-lactam tolerance 

relies on the formation of cell wall-deficient spheroplasts, which maintain structural 

integrity via their outer membrane (OM), an asymmetric lipid bilayer consisting of 

phospholipids on the inner leaflet and a lipid-linked polysaccharide (lipopolysaccharide, 

LPS) enriched in the outer monolayer on the cell surface. How a membrane structure like 

LPS, with its reliance on mere electrostatic interactions to maintain stability, is capable of 

countering internal turgor pressure is unknown. Here, we have uncovered a novel role for 

the PhoPQ two-component system in tolerance to the b-lactam antibiotic meropenem in 

Enterobacterales. We found that PhoPQ is induced by meropenem treatment and 

promotes an increase in 4-amino-4-deoxy-L-aminoarabinose [L-Ara4N] modification of 

lipid A, the membrane anchor of LPS. L-Ara4N modifications likely enhance structural 

integrity, and consequently tolerance to meropenem, in several Enterobacterales 

species. Importantly, mutational inactivation of the negative PhoPQ regulator mgrB 

(commonly selected for during clinical therapy with the last-resort antibiotic colistin, an 

antimicrobial peptide [AMP]) results in dramatically enhanced tolerance, suggesting that 

AMPs can collaterally select for meropenem tolerance via stable overactivation of PhoPQ. 

Lastly, we identify histidine kinase inhibitors (including an FDA-approved drug) that inhibit 

PhoPQ-dependent LPS modifications and consequently potentiate meropenem to 

enhance lysis of tolerant cells. In summary, our results suggest that PhoPQ-mediated 

LPS modifications play a significant role in stabilizing the OM, promoting survival when 

the primary integrity maintenance structure, the cell wall, is removed.  
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Introduction  

The rapid rise of antibiotic treatment failure threatens our ability to prevent and 

control bacterial infections. Antibiotic resistance, the continued proliferation of bacteria in 

the presence of the antibiotic, can often explain failure of clinical therapy. However, the 

response to an antibiotic is oftentimes more nuanced than a simple dichotomy of 

resistance vs. susceptibility. Bacteria can survive treatment in a non- or slowly-

proliferating state, readily reverting to healthy growth after removal of the antibiotic (such 

as the end of a treatment course), and this is typically referred to as “antibiotic 

tolerance”12,65,255. Importantly, tolerance to antibiotics has been shown to enhance the 

evolution of outright resistance mechanisms63,75,256, and can thus serve as both a direct 

and indirect contributor to treatment failure. 

b-lactams are the most widely prescribed antibiotic class used to treat bacterial 

infections. The b-lactam ring inhibits the activity of the penicillin-binding proteins (PBPs) 

through covalent modification of a catalytic residue. PBPs are enzymes that synthesize 

the cell wall, an essential structure composed mainly of the polysaccharide peptidoglycan 

(PG). In many well-studied model organisms, PBP inhibition induces cell wall degradation 

and often subsequent lysis through the action of cell wall degrading enzymes (collectively 

referred to as “autolysins”) in a poorly-understood manner65. While lysis is the canonical 

response of model organisms like Escherichia coli K12, many formally b-lactam 

susceptible clinical isolates of Gram-negative pathogens (including prominent clinical 

isolates belonging to the Enterobacterales, like Klebsiella spp. and Enterobacter spp.) 

exhibit a unique type of b-lactam tolerance19–21. Like E. coli, these cells digest their PG 

upon exposure to b-lactams. However, instead of lysing, these pathogens survive 
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antibiotic-induced cell wall degradation by forming viable, non-dividing, cell wall-deficient 

spheroplasts, which presumably rely on the outer membrane to counter their internal 

turgor. Interestingly, spheroplasts do not absolutely require osmotic stabilization and form 

in diverse types of growth media, including human serum21. This cell wall-deficient 

phenotype is reminiscent of so-called L-forms166,167,257, with the notable distinction that 

spheroplasts do not divide in the presence of the antibiotic.    

Remarkably, spheroplasts formed in response to the carbapenem antibiotic 

meropenem readily resume growth and revert to wild type rod shape when the b-lactam 

is removed from the growth medium20,21. Little is known about the molecular mechanisms 

that facilitate spheroplast formation and survival. In Vibrio cholerae, the two-component 

system (TCS) VxrAB is essential for spheroplast recovery by upregulating cell wall 

synthesis and downregulating iron uptake into the cells, mitigating toxic free iron levels 

induced by b-lactam treatment and allowing the cell to avoid damage by oxidative 

stress168,258. Many questions remain, however, as to how the cell envelope maintains its 

integrity without a cell wall, the essential structure canonically thought to protect the cell 

against immense turgor pressure.   

In this study, we used Enterobacter cloacae as a model Gram-negative pathogen 

to investigate genetic factors that contribute to bacterial tolerance to meropenem, which 

is used as a last-resort b-lactam to treat multidrug resistant bacterial infections94,96,98. We 

first show that tolerance is dependent on outer membrane modifications (specifically 4-

amino-4-deoxy-L-aminoarabinose [L-Ara4N]) induced by the PhoPQ TCS, an important 

cell envelope stress sensor that has previously been shown to respond to magnesium 

limitation, cationic antimicrobial peptide exposure, osmotic challenge, and pH changes175. 

Both PhoPQ regulon transcription and modification of the lipopolysaccharide lipid A 
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domain are induced by meropenem treatment, suggesting a specific response to 

perturbations of PG synthesis in E. cloacae. These findings represent a novel mechanism 

of b-lactam tolerance in clinically relevant Enterobacterales, as well as an expanded role 

for the PhoPQ TCS. 

 

Materials and Methods  

Bacterial strains and growth  

All strains were initially grown from freezer stocks on solid agar at 37°C. Isolated 

colonies were used to inoculate Luria-Bertani (LB), Brain heart infusion (BHI) or N-

minimal medium (0.1M Bis-Tris, pH 7.5, 5 mM KCl, 7.5 mM (NH4)2SO4, 0.5 M K2SO4, 1 

mM KH2PO4, 0.10% casamino acids 0.2% glucose, 0.0002% thiamine, 15 µM FeSO4, 10 

mM MgSO4) at 37°C. Where required, kanamycin was used at 50 µg/mL, meropenem 

was used at 10 µg/mL (300 x MIC; MICATCC13047 = 0.03 µg/mL) and colistin was used at 

20 µg/mL (1.25 x MIC; MICATCC13047 = 16 µg/mL), unless noted otherwise. K. pneumoniae 

1084 is an isolate AR0080 from the CDC AR isolate bank 

(https://wwwn.cdc.gov/arisolatebank/Search), cured of its imipenemase via spontaneous 

loss.   

Meropenem killing experiments  

Unless noted otherwise, killing experiments were conducted in 100-well 

honeycomb plates in a Bioscreen C growth curve analyzer (Growth Curves USA, 

Piscataway NJ). Overnight cultures were diluted 10-fold into fresh LB medium containing 

meropenem (10 µg/mL, 300x MIC) and transferred to honeycomb plates (200 µL 

volume/culture). OD600 was measured by plate reader; at indicated timepoints, the 

experiment was paused, and an aliquot was removed for CFU/mL determination or 



 56 

microscopy. Rilu compounds were dissolved in DMSO as 50 mM (Rilu-2) or 500 mM 

(Riluzole) stocks and added directly to the LB medium containing meropenem at the 

indicated concentrations. 

For K. pneumoniae killing experiments, we employed our standard tolerance assay 

as described previously21, but with 0.2 % arabinose present for induction of plasmid-borne 

PhoP.  

Colistin MIC experiment  

Cultures were grown overnight at 37°C shaking, then diluted 1000-fold into fresh 

LB. Subcultures were grown for 1 hour at 37°C shaking before being diluted 1000-fold 

again into fresh LB to create a “seed culture”. 100 µL of seed culture was subsequently 

diluted 2-fold into a 96-well plate containing colistin concentrations ranging 0.25 – 128 

µg/mL. Reported values are medians of 4 technical replicates.   

qRT-PCR  

Strains were grown in 5 mL LB overnight at 37°C. 500 µL of overnight cultures was 

added to 4.5 mL pre-warmed BHI broth, either water or 10 µg/mL meropenem was added 

and cultures were incubated statically at 37°C for 0 and 30 mins. Following incubation, 

cells were harvested via centrifugation and resuspended in 500 µl RNA later and stored 

in -80°C prior to RNA extraction. Relative-abundance quantitative PCR (qPCR) was 

performed as previously described259,260. In brief, the Sybr Fast One-Step qRT-PCR kit 

(Kapa Biosystems) was used with 16S rDNA as the internal reference. The PCR was 

performed using the Bio-Rad CFX Connect Real-Time PCR System. Relative expression 

levels were calculated using the ΔΔCt method261, with normalization of gene targets to 

16S rDNA signals. 
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Flow cytometry GFP measurements  

Cultures of strains harboring transcriptional ParnB:msfGFP fusions were grown 

overnight in LB supplemented with 10 mM MgSO4. Overnight cultures were then washed 

2x in fresh LB before 10-fold dilution into fresh LB medium containing MgSO4 (10 mM), 

Ethylenediaminetetraacetic acid (1 mM), or meropenem (10 µg/mL). Cultures were 

incubated statically for 3 hours at 37°C. Then, 500 µL of culture was harvested and run 

through a C6 Accuri flow cytometer (BD Biosciences) until 100,000 events (cells) had 

been analyzed.  Mean green fluorescence as measured by the FL1-A channel was used 

as a readout for GFP.     

Mutant construction  

E. cloacae subsp. cloacae 13047 mutant strains (phoPQ, arn and arnT) were 

constructed as previously described using recombineering with the plasmid 

pKOBEG172,262. Briefly, linear PCR products were amplified from pKD3 and transformed 

into E. cloacae ATCC13047/pKOBEG strain by electroporation and plated on 

chloramphenicol selective media. Selected clones were transformed with pCP20 to cure 

the antibiotic resistance cassette. All mutants were verified by PCR.   

pagP was deleted using the Wanner method as described previously172. Briefly, 

the chloramphenicol resistance cassette was amplified from pKD3 using primers 

TDP1532/TDP1533, which contain 75 bp flanking homology overhangs. The resulting 

PCR product was electroporated into E. cloacae ATCC13047 expressing lambda red 

recombinase from pACBSR-hyg263 (a hygromycin-resistant derivative of pKD46264). 

Mutants were selected on chloramphenicol (100 µg/mL) and verified by PCR.   
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Other mutants were constructed using either lambda red recombinase264 or the 

suicide vector pTox265. The mgrB gene was deleted using the suicide plasmid pTox5 as 

described in265. ~700 bp upstream and downstream flanking homology regions were 

amplified from ATCC13047 using primers TDP1767/68 and TDP1769/70, and cloned into 

pTox5 (digested with EcoRV) using isothermal assembly266. Successful pTox5∆mgrB 

were conjugated into ATCC13047 using the E. coli donor strain MFD lambda pir; 

successful recombinants were selected on plates containing 100 µg/mL chloramphenicol. 

Upon single colony purification, colonies were directly streaked out on an M9 minimal 

medium plate containing 0.2 % casamino acids and 1 % rhamnose, followed by 

incubation at 30°C for 24 – 36 hours. Mutants were tested using primers TDP1771/72.  

The K. pneumoniae ∆phoPQ mutant was constructed using pTox5. Upstream and 

downstream homology regions were amplified using primers TC120/TC344 and 

TC345/TC127. Allelic exchange was conducted as described above. Mutants were tested 

using flanking primers TC166/167. For the complementation construct, the PhoP open 

reading frame was synthesized as a gene block (gBlock TC391) with a 3x Flag tag (Twist 

Biosciences, South San Francisco, USA), and cloned into pBAD33 using isothermal 

assembly.  

Lipid A isolation and mass spectrometry  

Isolation of lipid A for analysis was performed as previously described267 with slight 

modifications. To analyze lipid A after meropenem treatment, overnight cultures grown in 

BHI broth were diluted 1:10 in pre-warmed media with or without meropenem statically 

for 3 h. To assess Rilu-dependent modification of lipid A, 12.5 mL of E. cloacae was grown 

to OD600 1.0. Rilu-2 was used at a final concentration of 200 µM. Bacteria were harvested 
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and lipid A extraction was carried out by mild-acid hydrolysis as previously described268. 

For mass spectrometry (MS), data were collected on a MALDITOF (Axima Confidence, 

Shimadzu) mass spectrometer in the negative mode, as previously done172.   

For quantification of lipid A, cultures were grown with 2.5 µCi/mL of 32P ortho-

phosphoric acid (32P) (Perkin Elmer) and lipid A was extracted. Thin layer 

chromatography was done in a pyridine, chloroform, 88% formic acid, aqueous 

(50:50:16:5 v/v) tank for 3 hours. Plates were exposed to a phosphor screen, imaged, 

and densitometry was used to calculate the percentage of each lipid species. Reported 

densitometry was calculated using 2 replicates +/- standard deviation. For lipid A 

structural comparisons, purified 32P-lipid A from E. coli W3110, WD101174 were used in 

each experiment. These structures were comparable to previously published E. cloacae 

structures269 and validated by mass spectrometry. 

 

Results  

The PhoPQ TCS system regulates carbapenem tolerance  

We previously showed that many Gram-negative pathogens are highly tolerant to 

meropenem. Upon treatment, tolerant cells do not appreciably lyse. Instead, they form 

viable, enlarged, non-replicating spheroplasts that are devoid of detectable cell wall 

material21. Meropenem-induced spheroplast formation is quantifiable as an OD600 

increase (Figure 10A) and concomitant with only a moderate decrease in survival, as 

measured by colony-forming units (CFU) (Figure 10B). In contrast, non-tolerant bacteria 

like many E. coli isolates rapidly lyse in the presence of meropenem, indicated by a 

decrease in both OD600 and survival (Figure 10AB). Since spheroplast integrity is 
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presumably maintained by the outer membrane, rather than the cell wall, we hypothesized 

that the strength of the outer membrane might correlate with tolerance. To test this, we 

repeated the killing experiments in the presence of the known outer membrane fortifying 

agents Mg2+ and Ca2+, which link adjacent lipopolysaccharide molecules by forming ionic 

bridges between phosphate groups on the lipid A domain270,271. Addition of either divalent 

cation (Mg2+ or Ca2+) supported spheroplast formation with a concomitant reduction in 

lysis during meropenem treatment in a concentration-dependent manner (Figure 11AB), 

particularly at very high concentrations. Furthermore, combinatorial addition of excess 

Ca2+ and Mg2+ completely prevented lysis (Figure 11A). Thus, divalent cations prevent 

lysis during meropenem treatment, potentially through increasing the mechanical load-

bearing capacity of the outer membrane through lipopolysaccharide crosslinking to 

protect the spheroplast structure.  
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Figure 10: Enterobacter cloacae ATCC 13047 is highly meropenem tolerant. (A) Representative 
experiment demonstrating changes in OD600 measurements following meropenem treatment in E. cloacae 
relative to E. coli. Error bars represent the average of 3 technical replicates +/- standard deviation. (B) 
Survival was calculated as CFU/mL from the experiment depicted in (A). The red line denotes the limit of 
detection. Phase images from the same experiment show cells before and after meropenem exposure to 
illustrate spheroplast formation in E. cloacae and lysis in E. coli (only cell debris is visible in phase image). 
Scale bars, 2 µm. 
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Figure 11: Addition of divalent cations prevents spheroplast lysis. Wild type (WT) (A-B) or its ∆phoPQ 
derivative (C-D) were treated as described in Figure 4.1A with addition of the indicated concentrations of 
(A,C) MgSO4 (Mg2+) or (B,D) CaCl2 (Ca2+). Data represent the average of 3 replicates +/- standard deviation. 

 

When divalent cations are limiting, many Gram-negative pathogens induce outer 

membrane modifications (hyperacylation and/or increasing the positive charge of lipid A) 

to functionally substitute for divalent ionic bridges between lipopolysaccharide 

molecules272. In many Enterobacterales, these modifications are controlled by the well-

studied PhoPQ two-component system (TCS)175. As shown in E. cloacae172 and other 

Enterobacterales173,273, the PhoPQ TCS directly regulates expression of the arn operon, 

which encodes enzymes that synthesize and transfer positively charged L-Ara4N 

moieties to lipid A, and partially regulates expression of pagP (coding for an outer 

membrane acyltransferase)176. In our strain of E. cloacae, the PhoPQ system is required 

to sustain “heteroresistance”, i.e. background resistance of a small subpopulation of cells 
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against therapeutic antimicrobial peptides like colistin172,269,274. To test whether the 

PhoPQ TCS contributes to meropenem tolerance, we measured spheroplast formation 

and stability over 24 hours in DphoPQ. Strikingly, OD600 declined sharply in ∆phoPQ 

relative to wild type, which could be fully complemented by ectopic expression of phoPQ 

(Figure 12A). The decline in spheroplast formation correlated with a robust 10-fold 

decrease in ∆phoPQ viability (measured by CFU/mL) relative to wild type (Figure 12B). 

Step-wise titration of Ca2+ and/or Mg2+ markedly enhanced ∆phoPQ tolerance (Figure 

11CD), suggesting decreased tolerance (spheroplast formation) in ∆phoPQ is due to its 

inability to crosslink adjacent lipopolysaccharide molecules in the outer membrane275. To 

corroborate the involvement of PhoPQ, we sought to either enhance or reduce its activity 

and measured the effect of such perturbations on tolerance. PhoQ is antagonized by the 

small periplasmic MgrB protein; mgrB overexpression is thus expected to result in 

suppression of PhoPQ induction276. Indeed, mgrB overexpression from a plasmid 

reduced spheroplast formation (proxied by OD600 measurements) (Figure 12C) in the wild 

type, closely resembling the ∆phoPQ phenotype (Figure 12A). We next tested a strain 

deleted in mgrB. Modified lipid A structures in ∆mgrB were confirmed using matrix-

assisted laser desorption ionization-time of flight mass spectrometry (MALDI-TOF MS) 

(Figure 14AB), and we also phenotypically validated this mutant. Since the PhoPQ 

system mediates colistin resistance and heteroresistance, the ∆mgrB mutant (where 

PhoPQ baseline levels are elevated) should be more resistant against colistin. As 

expected, colistin MIC was higher in the mutant (≥128 µg/mL) than in the wild type (16 

µg/mL). Exposing ∆mgrB to meropenem resulted in an increase in OD600 (Figure 13A) 

that coincided with an approximately 1000-fold increased survival to meropenem relative 
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to wild type (Figure 12B). Lastly, two fully colistin-susceptible (non-heteroresistant) 

clinical isolates of E. cloacae from our collection exhibited a low-tolerance phenotype 

compared to ATCC 13047 (Figure 13C), consistent with the idea that the same OM 

modifications that cause colistin resistance also contribute to meropenem tolerance. 

Collectively, these data suggest that PhoPQ-dependent OM modifications contribute to 

meropenem tolerance. 

Figure 12: The PhoPQ system promotes meropenem tolerance in E. cloacae. (A) Spheroplast 
formation in response to meropenem treatment. Overnight cultures were diluted 10-fold into fresh LB 
medium containing 10 µg/mL meropenem and OD600 was measured. (B) Fraction of population surviving 
after 24 hours of meropenem exposure from experiments as described in (A). (C) MgrB overexpression 
reduces tolerance. Cells were treated as described in (A), but with the addition of 0.2 % arabinose (inducer). 
pHERD; empty vector. (D) The arn operon is required for meropenem tolerance. Experiments were 
conducted as described in (A). Data in each graph represent the average of 3 replicates +/- standard 
deviation; additional biological replicates are shown in Figure 4.4B. Statistical significance for survival 
fraction determined by one-way ANOVA of log transformed data, followed by Tukey’s correction for multiple 
comparisons (ns, not significant; ****, p ≤ 0.0001). 
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To dissect individual contributions of PhoPQ-regulated genes to tolerance, we 

created mutants in the pagP and arn loci. Specifically, we deleted arnT, which encodes 

the L-ara4N transferase which is necessary for aminoarabinose addition to lipid A277. 

While ∆pagP displayed spheroplast formation levels similar to wild type (Figure 12D), 

∆arnT exhibited a drop in OD600 reminiscent of ∆phoPQ (Figure 12D, Figure 13B) and a 

concomitant 100-fold decrease in CFU/mL relative to wild type (Figure 12B). Notably, the 

survival defect, as measured by CFU/mL, was consistently more pronounced in ∆arnT 

vs. ∆phoPQ (Figure 12B), suggesting either that residual L-Ara4N modification is 

retained in the absence of PhoPQ through basal expression of arnT, or that phoPQ 

induction in the absence of arnT is detrimental for an unknown reason. 

Figure 13: Independent biological replicates of experiments shown in Figure 4.1. (A) An mgrB 
mutation promotes a moderate increase in mass increase during meropenem exposure. (B) Experiments 
were conducted as described in Figure 4.1A legend; each graph represents experiments conducted on a 
different day. In addition, data in each graph represent the average of 3 biological replicates +/- standard 
deviation. (C) Fraction of surviving population from colistin-susceptible E. cloacae clinical isolates after 24 
hours of meropenem exposure measured as described in Figure 4.3B. 
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Figure 14: Analysis of lipid A from DmgrB. (A) MALDI-MS analysis of lipid A isolated from E. cloacae 
DmgrB. m/z corresponding with L-Ara4N modifications are illustrated in red. Each experiment was 
independently replicated three times, and one representative data set was reported. (B) Relevant lipid A 
chemical structures are shown. 
 

Meropenem exposure induces the PhoPQ regulon 

Expression of the arn operon in E. cloacae is directly regulated by phosphorylated 

PhoP 172. Because we observed that PhoPQ was necessary for arn-mediated tolerance, 

we asked whether meropenem induced arn transcription in a PhoPQ-dependent manner. 

To test this, E. cloacae cells were exposed to meropenem for 30 minutes, after which 

arnB (the first gene in the arn operon and thus the most direct readout of promoter 

activity172,278), pagP, and phoP transcript levels were quantified (Figure 15A). Relative 

expression was calculated using 16s rRNA as an internal control. phoP, which is 

autoregulated279, showed 2.5-fold higher expression in meropenem-treated cells relative 

to untreated. Additionally, pagP expression was 5-fold higher, and arnB expression was 

6-fold higher after meropenem treatment. These results support a model where PhoPQ 

signaling, as well as transcription of its regulon, is induced in response to meropenem 

treatment. 

To corroborate the qRT-PCR findings, we also constructed a fluorescent 

transcriptional reporter, fusing the arnB promoter with msfGFP, followed by fluorescence 
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measurements upon exposure to meropenem (Figure 15B). As a control, we first 

exposed cells to EDTA, which chelates divalent cations to destabilize the outer membrane 

and consequently activates PhoPQ280. As expected, ParnB:msfGFP was induced by EDTA 

treatment in a phoPQ-dependent way (Figure 15B). Interestingly, meropenem treatment 

also robustly activated the ParnB:msfGFP reporter, where a significant 3-fold fluorescence 

increase was measured, comparable to EDTA treatment. In contrast, meropenem only 

slightly (but reproducibly) increased arnB expression in the ΔphoPQ mutant under the 

same conditions. Thus, arn transcription is induced by meropenem in a primarily PhoPQ-

dependent manner. conditions. 

Figure 15: Expression of arnB in response to meropenem treatment is dependent on PhoPQ. (A) 
Relative expression reverse-transcription quantitative PCR (qRT-PCR) of PhoPQ regulon transcripts after 
meropenem exposure. Each experiment was independently replicated three times (individual data points 
of the three experiments are reported here). (B) Strains carrying transcriptional ParnB:msGFP fusions were 
exposed to indicated conditions and analyzed on a C6 Accuri flow cytometer. Statistical difference between 
populations was determined with a one-way ANOVA followed by Tukey’s correction for multiple 
comparisons (ns, not significant; ****, p ≤ 0.0001). 
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Meropenem treatment promotes formation of L-Ara4N-modified lipid A species in a 

PhoPQ-dependent manner  

 The lipopolysaccharide lipid A domain is modified with L-Ara4N in a PhoPQ-

dependent manner when Mg2+ is limiting172. To determine if the E. cloacae lipid A 

structure is modified with L-Ara4N in response to meropenem treatment, we isolated lipid 

A from treated and untreated cultures, which we then analyzed using MS and thin-layer 

chromatography (TLC). A distinct shift in lipid A structures was evident following 3 hours 

of meropenem treatment, where an increase in L-Ara4N modified vs. unmodified forms 

was observed (Figure 16AB). Notably, the lipid A species that dominated before 

treatment (hexa-acylated, bis-phosphorylated, m/z = 1825.25) decreased in abundance 

in favor of Arn- and PagP-modified lipid A. Doubly Arn/PagP-modified lipid A (m/z = 

2114.14) was also produced following treatment. Notably, while L-Ara4N modification of 

lipid A was PhoPQ-dependent, PagP-dependent lipid A acylation was not (see below for 

discussion). Quantitative TLC supported the MS results and revealed a 12.21 (+/- 1.13)-

fold increase in single-modified L-Ara4-N lipid A in a PhoPQ-dependent manner (Figure 

16C). 
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Figure 16: Analysis of E. cloacae lipid A after meropenem treatment. (A) MALDI-TOF MS analysis of 
lipid A extracted from wild-type or ΔphoPQ E. cloacae strains. L-Ara4N modifications are illustrated in red, 
while C16:0 additions are green. Numbered labels that are both red and green contain both modifications. 
Each experiment was independently replicated three times, and one representative data set was reported. 
(B) Predicted lipid A chemical structures in wild type and ΔphoPQ E. cloacae. (C) 32P-radiolabelled lipid A 
was extracted from treated or untreated wild-type or ΔphoPQ E. cloacae. Lipids were separated based on 
hydrophobicity using thin-layer chromatography. Red circle denotes L-Ara4N modification, while the green 
line indicates C16:0 addition. 

 

E. cloacae encodes a principal putative PagP acyltransferase that we denoted as 

PagP1 (Ecl_03072). Lipid A extracted from DpagP lacked the acyl chain induced upon 

meropenem treatment (Figure 17A), suggesting that PagP removes palmitate (C16:0) 

from surface-exposed glycerophospholipids and transfers it to lipid A, as previously 

shown281,282. We also confirmed that meropenem-induced L-Ara4N modification was 

dependent on the arn operon (Figure 17B). Furthermore, MS analysis of DphoPQ DpagP 

(Figure 17C) and DarnT DpagP (Figure 17D) lipid A revealed that the mutants produced 

lipid A structures lacking all modifications following meropenem treatment, confirming that 

PagP and the arn operon products coordinate E. cloacae lipid A modifications in response 

to meropenem treatment. Interestingly, meropenem-induced hyperacylation was absent 
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in ∆mgrB cells (Figure 14A). One potential explanation is that meropenem-induced 

hyperacylation is a result of outer membrane glycerophospholipid accumulation in the 

outer leaflet of spheroplasts, a condition known to activate PagP enzymatic activity280,283. 

This model is also consistent with our observation that while PagP is partially under 

genetic control of PhoPQ172, meropenem-induced hyperacylation is independent of 

PhoPQ (Figure 16AC). The absence of PagP-dependent modification in ∆mgrB might 

indicate increased outer membrane strength (and concomitant reduction in 

glycerophospholipid accumulation in the outer leaflet of the outer membrane) in this 

background. Further analysis of spheroplast membrane composition is necessary to 

support this model.   

Figure 17: Analysis of lipid A from E. cloacae mutants. (A) MALDI-MS analysis of lipid A isolated from 
DpagP, (B) Darn (full operon deletion), (C) DphoPQ DpagP and (D) DarnT DpagP. m/z corresponding with 
L-Ara4N modifications are illustrated in red, while structures with altered acyl chain patterns are illustrated 
in green. Each experiment was independently replicated three times, and one representative data set was 
reported. 
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Based on the structural studies and our genetic evidence, we suggest PhoPQ-

dependent tolerance is primarily mediated via L-Ara4N addition to lipid A. Presumably, L-

Ara4N lipid A modification increases the structural integrity of the outer membrane 

through stabilization of lateral lipopolysaccharide interactions275, which protects 

spheroplasts from high levels of internal turgor.   

Colistin exposure primes E. cloacae for meropenem tolerance  

Cationic antimicrobial peptides (CAMPs) are known inducers of the PhoPQ 

TCS284. Since our data above suggest that PhoPQ induction promotes tolerance, we 

hypothesized that pre-exposure to the CAMP colistin “primes” E. cloacae for tolerance to 

meropenem, potentially by inducing PhoPQ or more likely by selecting for cells that have 

a higher baseline level of PhoPQ induction. To test this, we measured the extent to which 

E. cloacae was killed by meropenem with and without prior growth in medium containing 

supra-MIC colistin; this is expected to enrich specifically for the heteroresistant (more 

heavily OM modified) subpopulation in E. cloacae ATCC 13047172. Interestingly, after pre-

exposure to colistin, the fraction of cells surviving meropenem treatment was 

approximately 3.5-fold greater (Figure 18). This suggests that CAMPs have the potential 

to induce tolerance to b-lactam antibiotics, but that the temporal conditions of treatment 

may determine the extent to which this effect is significant. 
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Figure 4.9: Colistin primes E. cloacae for meropenem tolerance. Overnight cultures were grown in LB 
+/- 20 μg/mL colistin, then diluted 10-fold into LB +/- 20 μg/mL colistin. Colistin pretreatment value 
represents total time exposed to colistin before exposure to 10 μg/mL meropenem. Cultures were then 
treated like other meropenem killing experiments (see methods). Survival fraction was calculated by 
dividing CFU/mL at 3h meropenem exposure by CFU/mL prior to meropenem exposure. Each bar 
represents the mean of 9 biological replicates, error bars represent standard deviation. Statistical 
significance determined by one-way ANOVA of log transformed data, followed by Tukey’s correction for 
multiple comparisons (ns, not significant; *, p ≤ 0.05; **, p ≤ 0.01). 
 

Outer membrane modifications are conserved b-lactam tolerance determinants in 

other Enterobacterales  

We next sought to establish whether outer membrane modifications might promote 

tolerance in other Enterobacterales. We first turned to Klebsiella pneumoniae and used 

a hypertolerant clinical isolate (Kp 1084) and its ∆phoPQ derivative for killing experiments. 

We observed a striking, 10- (6 hours) to 105-fold (24 hours) decrease in viability in the 



 73 

presence of meropenem, which could be fully complemented by expressing PhoP in trans 

(Figure 19A). We also analyzed a well-characterized E. coli K12 variant, WD101, 

engineered to constitutively upregulate the PmrAB two-component system285 (which 

induces L-Ara4N modification of lipid A in E. coli) to test the hypothesis that outer 

membrane modifications increase tolerance in E. coli (Figure 19B). WD101 exhibited a 

dramatic, 10,000-fold increase in survival after 24 hours of meropenem exposure 

compared to the wild type parental strain, further supporting a role for outer membrane 

modifications in meropenem tolerance beyond E. cloacae ATCC13047.   

Figure 19: A conserved mechanism for meropenem tolerance in Enterobacterales. (A) Klebsiella 
pneumoniae 1084 carrying empty vector, and its ∆phoPQ derivative carrying either empty vector or 
pBAD33phoP (“∆phoPQ + PhoP”) was diluted 10-fold into BHI medium containing 10 µg/mL meropenem 
and 0.2 % arabinose for induction. Survival fraction is the CFU/mL after 6 hours of meropenem treatment 
divided by CFU/mL before treatment. Data represent averages of 3 replicates +/- standard deviation (B) E. 
coli strain W3110 (WT) or strain WD101, which has a constitutively active chromosomal copy of pmrA 
(pmrAC), were cultured in N-minimal medium and treated with or without meropenem. Cultures were 
incubated statically at 37°C. CFU were enumerated at 0, 3, 6, 12 and 24 hours. Error bars indicate standard 
deviation. Each experiment was independently replicated three times in triplicate, and one representative 
data set was reported. 
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A small molecule inhibitor of PhoQ synergizes with meropenem and colistin in vitro 

Tolerance is likely an under-appreciated contributor to antibiotic treatment failure. 

Antibiotic adjuvants that promote killing of tolerant cells thus have the potential to find a 

prominent place in our antibiotic armamentarium. Since histidine kinases like PhoQ are 

in principle targetable by small molecules, we tested whether his-kinase inhibitors 

synergized with meropenem. To this end, we turned to a previously developed suite of 

small molecules with potent histidine kinase inhibitory activity286 and tested them in 

combination with meropenem. The anti-Amyotrophic Lateral Sclerosis (ALS) drug 

Riluzole, as well as its derivative Rilu-2, exhibited potent, concentration-dependent 

synergy in combination with meropenem to rapidly lyse tolerant E. cloacae cells in vitro 

(Figure 20A, Figure 21A). We also verified that Rilu-2 inhibited the formation of the L-

ara4N lipid A structure using MALDI-TOF MS (Figure 20B). The peak corresponding to 

this modification (m/z 1876.29) is completely absent in Rilu-2-treated and ΔphoPQ cells. 

Since the PhoPQ system is primarily recognized for its contribution to CAMP resistance 

in many Enterobacterales, we next tested the Rilu compounds’ ability to synergize with 

colistin. As expected, Rilu-2 and Riluzole indeed potentiated colistin-mediated killing 

(Figure 21B), lending additional support to a PhoQ-inhibitory role of these compounds 

and also confirming previous results in Salmonella287. Importantly, Riluzole is an FDA-

approved treatment for ALS and could thus readily serve as an adjuvant against both 

meropenem-tolerant and colistin-resistant Enterobacterales.  
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Figure 20: Rilu compounds synergize with meropenem to expedite E. cloacae killing. (A) Rilu 
compounds potentiate meropenem-induced lysis against E. cloacae. Overnight cultures were diluted 10-
fold into fresh growth medium containing meropenem (10 µg/mL) and increasing concentrations of Riluzole 
or its derivative Rilu-2. Data represent the average of 3 technical replicates +/- standard deviation. (B) 
MALDI-MS analysis of lipid A isolated from untreated wild-type E. cloacae, cells treated with RILU-2 or 
DphoPQ. m/z corresponding with L-Ara4N modifications are illustrated in red. Relevant lipid A chemical 
structures are shown. Each experiment was independently replicated three times, and one representative 
data set is reported.  
 

Discussion  

While much work has been done in Enterobacterales to elucidate mechanisms of 

antibiotic resistance and persistence, the genetic and molecular determinants of 

tolerance, and especially spheroplast formation, have remained poorly understood. In 

contrast to resistance (continued growth) and persistence (dormancy), carbapenem-

tolerant populations are initially susceptible to treatment (i.e., lose their cell wall). This 

phenotype is reminiscent of so-called “L-forms”167, with the notable difference that 

spheroplasts do not replicate in this state, while L-forms do. This is likely a consequence 
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of L-forms being able to “escape” the outer membrane to then proliferate through 

stochastic membrane blebs288,289.   

Figure 21: Rilu synergizes with colistin to enhance killing. (A) Rilu compounds do not cause lysis, but 
(B) potentiate colistin mediate killing. Experiments were conducted as described in Fig. 1A legend. Data 
represent the average of 3 replicates +/- standard deviation. 
 

The remarkable ability of spheroplasts to survive without their PG layer lends 

support to the recent realization that the outer membrane has load-bearing capabilities178 

and prompted us to interrogate the molecular mechanism of outer membrane stabilization 

during antibiotic exposure. Our data suggest that L-Ara4N addition to lipid A is a key factor 

in spheroplast integrity. We propose that lipid A molecules with a positive charge increase 

outer membrane stability due to the enhancement of electrostatic interactions between 

adjacent lipopolysaccharide molecules on the surface-exposed face of the outer 

membrane275. Of note, the L-Ara4N modification has been previously implicated in 

resistance to CAMPs, such as colistin172. In this context, it is worrisome that colistin 

therapy can select for mgrB mutations290–292, which we demonstrate here also confers 

high meropenem tolerance in addition to colistin resistance. Thus, treatment with 

antimicrobial peptide analogs (and we speculate that this may potentially apply to innate 
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AMPs as well) can select for bacteria that are stably tolerant to subsequent therapy with 

a b-lactam. Our data also suggest that colistin (and, by extension, potentially AMPs of the 

innate immune system) can induce transient b-lactam tolerance, likely through induction 

of the PhoPQ system and perhaps other protective stress responses. 

However, the relationship between PhoPQ induction and tolerance is not absolute; 

a significant proportion of both colistin-pretreated and mgrB-deleted cells still lyse in the 

presence of meropenem. It is thus likely that colistin heteroresistant subsets are not the 

same as carbapenem tolerant cells. In our pre-treatment experiments with colistin, the 

PhoPQ system should be induced in all cells to similar degrees, yet only a fraction (0.1 

%) of these cells was also meropenem tolerant. We speculate that b-lactam tolerance 

and colistin resistance, while relying on the same basic outer membrane modification, 

may each require a specific fraction of lipopolysaccharide molecules to be modified. Thus, 

within a sample, there may be a limited subset of cells exhibiting the correct amount of 

modification to enable both colistin resistance and meropenem tolerance (or even just 

optimal meropenem tolerance). This would explain why we observe only partial overlap 

between these two phenomena.  

In summary, this work demonstrates a novel genetic determinant of carbapenem 

tolerance in clinically relevant Enterobacterales. Despite being a well-known regulator of 

polymyxin resistance, the PhoPQ two-component system was not previously known to 

respond or mediate tolerance to carbapenem treatment. As tolerance (and spheroplast 

formation in particular) is a possible culprit for antibiotic treatment failure65,255,293, our 

results suggest a potential for combination therapies with histidine kinase inhibitors to 

increase the efficacy of carbapenems.  
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Abstract  

The Gram-negative cell envelope is an essential structure that not only protects 

the cell against lysis from the internal turgor, but also forms a barrier to limit entry of 

antibiotics. Some of our most potent bactericidal antibiotics, the b-lactams, exploit the 

essentiality of the cell envelope by inhibiting its biosynthesis, typically inducing lysis and 

rapid death. However, many Gram-negative bacteria exhibit “antibiotic tolerance”, the 

ability to sustain viability in the presence of b-lactams 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. Acinetobacter baumannii is a critical-threat 

nosocomial pathogen notorious for its ability to rapidly develop multidrug resistance. 

While typically reserved to combat multidrug resistant infections, carbapenem b-lactam 

antibiotics (i.e., meropenem) are first-line prescriptions to treat A. baumannii infections. 

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 A. baumannii clinical isolates demonstrate 

high intrinsic tolerance to meropenem, form spheroplasts with the antibiotic and revert to 

normal growth after antibiotic removal. Using transcriptomics and genetics screens, we 

characterized novel tolerance factors and found that outer membrane integrity 

maintenance, drug efflux and peptidoglycan homeostasis collectively contribute to 

meropenem tolerance in A. baumannii. Furthermore, outer membrane integrity and 

peptidoglycan recycling are tightly linked in their contribution to meropenem tolerance in 

A. baumannii.   
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Introduction  

The cell envelope is a dynamic barrier composed of an inner (cytoplasmic) 

membrane, a periplasm that includes a thin peptidoglycan (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 change178. 

Perturbation of the outer membrane or PG envelope layers induces lysis, but regulated 

responses that fortify the envelope can maintain envelope homeostasis to promote 

pathogen survival during stress exposure294.  

Antibiotic treatment failure is a growing threat to public health and has primarily 

been associated with antibiotic resistance (i.e., the ability to grow in the presence of 

antibiotics). However, antibiotic tolerance, a population’s ability to survive otherwise toxic 

levels of transient antibiotic treatment for extended periods, likely acts as a stepping-stone 

to true resistance63,75,256. Antibiotic tolerance is characterized by survival of cell 

populations in a non-dividing state, where the minimal inhibitory concentration does not 

change and cells revert to normal growth when the antibiotic is removed, degraded or 

diluted12,65,255. Molecular factors that extend survival during treatment, increase the 

probability of resistance-conferring mutations or horizontal gene transfer to occur75.   

Carbapenems are important b-lactam therapeutics because they possess potent 

broad-spectrum activity and are not susceptible to common resistance mechanisms8,93. 

In fact, meropenem is a last-line carbapenem antibiotic used to treat multidrug resistant 

Gram-negative infections94,98. While meropenem treatment is typically reserved to fight 

multidrug resistant bacteria, it is a first-line prescription against the highly drug resistant 
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nosocomial pathogen, Acinetobacter baumannii295,296. Carbapenem-resistant A. 

baumannii has become commonplace among hospital acquired infections. In 2019 the 

Center for Disease Control listed carbapenem-resistant A. baumannii as one of the most 

urgent threats to public health297, and a recent report by the World Health Organization 

prioritized the pathogen as critical for new antibiotic development3, underscoring the 

severity.   

We reasoned that since tolerance is a prerequisite for true resistance, factors that 

promote carbapenem tolerance may be widespread among susceptible A. baumannii 

strains. Defining intrinsic tolerance factors in A. baumannii 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 A. baumannii strains, including laboratory-adapted 

strains 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 A. baumannii, as shown in other Gram-negative 

pathogens15,19,20. After removal of the antibiotic, cells rapidly revert to the canonical A. 

baumannii 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 
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pathway. PG recycling is also a major contributor to A. baumannii 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 LdtK enzymatic activities, which are tolerance 

determinants in A. baumannii. Together, these studies show several pathways that 

coordinate in A. baumannii 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 A. baumannii 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.  

Construction of genetic mutants  

A. baumannii pbpG, ampD, ompA mutants were constructed as described 

previously177,267, using the recombination-mediated genetic engineering (recombineering) 

method177. 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 A. baumannii strains ATCC 17978 

expressing pRECAb (pAT03). Transformants were recovered in Luria broth and plated on 
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LB agar supplemented with 7.5 mg/L kanamycin. All genetic mutants were confirmed by 

PCR.   

Following isolation of genetic mutants, the pMMB67EH::RECAb TetR plasmid was 

removed as described previously177. Isolated mutants were grown on LB agar 

supplemented with 2 mM nickel (II) chloride (NiCl2) and replica plated on LB agar 

supplemented with kanamycin or tetracycline. Loss of pMMB67EH::RECAb TetR plasmid 

in mutants susceptible to tetracycline and resistant to kanamycin were confirmed using 

PCR. To excise chromosomal insertion of the kanamycin resistance cassette, cured 

mutants were transformed with pMMB67EH carrying the FLP recombinase (pAT08) and 

plated on LB agar supplemented with tetracycline and 2mM Isopropyl β-d-

1thiogalactopyranoside (IPTG) to induce expression of FLP recombinase. Successful 

excision of the kanamycin resistance cassette was confirmed using PCR.  

pPBP7 was constructed by amplifying the pbpG (A1S_0237) coding sequence 

(encoding PBP7) with 200-bp upstream and downstream flanking regions was amplified 

from A. baumannii ATCC 17978 chromosomal DNA (cDNA) and cloned into XhoI and 

KpnI restriction sites in the pABBRknR plasmid. The resulting pPBP7 plasmid was 

transformed into A. baumannii ATCC 17978 DpbpG background for complementation 

using the native promoter.  

AmpD and OmpA complementation vectors were constructed similarly with slight 

alterations. The ampD (A1S_0045) and ompA (A1S_2840) coding sequences were 

amplified from A. baumannii ATCC 17978 cDNA and cloned into BamHI and SalI 

restriction sites in the pMMB67EHknR plasmid. The resulting pAmpD and pOmpA 
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plasmids were transformed into the respective mutant and induced with 2 mM IPTG for 

complementation.  

Fluorescent NADA staining  

Overnight cultures were grown with shaking at 37°C in 5 mL of BHI (BD Difco Bacto 

Brain Heart Infusion) broth. The following day, cultures were back diluted at 1:10 in fresh 

BHI media (total volume 5 mL) containing without or with meropenem. 2 µL of 10 mM 

NBD (linezolid-7-nitrobenz-2-oxa-1,3-diazol-4-yl)-amino-D-alanine (NADA) (Thermo 

Fisher) was added to each tube and incubated at 37°C. At noted time points 6, 12, and 

24 h, cultures (5 mL) were washed twice in BHI broth and fixed with phosphate-buffered 

saline containing a (1:10) solution of 16% paraformaldehyde. For spheroplast recovery, 

12 h treated cultures were washed 3 times in BHI to remove the excess meropenem and 

resuspended in fresh BHI. 10 mM NADA was added and incubated for 12 h at 37°C before 

fixing the cells for microscopy.  

Microscopy  

Paraformaldehyde-fixed cells 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 100x 1.45-numerical-

aperture lens objective. Phase-contrast and fluorescence images were collected with NIS 

Elements software. Green fluorescence images were taken using a Sola LED light engine 

and filter cube with 632/60 or 535/50 emission filters.   

Image analysis  

Microscopy images were processed and pseudo colored with ImageJ Fiji298. A 

cyan lookup table was applied to NADA images. Cells shape (length, area, width and 
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fluorescence intensities) were quantified in MicrobeJ299 and data were plotted in Prism 9 

(GraphPad 9.2.0). Each experiment and independently replicated three times, one 

representative data was reported in the quantification and one representative image was 

included in the figure.  

RNA-sequencing  

Transcriptome sequencing analysis was performed as described previously with 

modification260. Briefly, the Direct-Zol RNA MiniPrep kit (Zymo Research) was used to 

extract total RNA from A. baumannii ATCC 17978 cultures either treated with meropenem 

or an equivalent volume of water as blank at 0.5, 3, and 9 h at 37°C in triplicate. Turbo 

DNA-free DNA removal kit (Invitrogen) was used to remove genomic DNA contamination. 

DNase-depleted RNA was sent to the Microbial Genome Sequencing Center (MiGS) for 

Illumina NextSeq 550 sequencing. CLC genomic workbench software (Qiagen) was used 

to align the resulting sequencing data to the A. baumannii 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. 

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 9. The sequencing data has been 

deposited in the National Center for biotechnology’s Gene Expression Omnibus.   

Transposon insertion sequencing  

Transposon sequencing was performed as described previously157,260,267,300. 

Briefly, pJNW684 was conjugated into wild-type A. baumannii strain ATCC 17978 to 

generate a library of ~400,000 mutants. The transposon mutant library was pooled and 
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screened for survival with and without meropenem treatment at 6 h at 37°C. Genomic 

DNA (gDNA) from meropenem treated and untreated cultures was isolated, sheared and 

transposon junctions were amplified and sequenced. Frequency of transposon insertions 

was compared between meropenem treated and untreated conditions to determine 

fitness determinants that contribute to carbapenem tolerance in A. baumannii.   

Time-dependent killing assays  

Meropenem killing experiments were performed as previously described with slight 

alteration21. 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, 3, 6, 12, and 24 h, each sample was 

diluted 4-fold in blank BHI, and the optical density (OD600) was measured. At each time 

point, cells were serially diluted 10-fold in fresh BHI broth and either 5 µL of each serial 

dilution was spot-plated, or 100 µL of each dilution was plated on LB agar. Spot-plates 

were imaged and CFUs were calculated after 24 h at 37°C. Each experiment was 

independently replicated three times, and one representative dataset was reported.  

Construction of PBP7 and LdtK active-site mutants  

Site-directed mutagenesis was performed, as previously described with ldtK 

(A1S_2806)267. Briefly, the pbpG coding sequence was amplified from A. baumannii 

ATCC 17978 cDNA, cloned into the BamHI restriction site in pUC19 and transformed into 

E. coli C2987 chemically competent cells (New England Biolabs, Inc). pUC19::PBP7 was 

used as a template for Pfu-mediated deletion mutagenesis. DpnI-digested PCR reactions 

were transformed into E. coli C2987 chemically competent cells and plated on LB agar 
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supplemented with 75 mg/L carbenicillin. All mutants were confirmed by PCR and Sanger 

sequencing.  

Construction of PBP7 and LdtK overexpression strains  

pbpG and ldtK coding sequences were amplified from A. baumannii ATCC 17978 

cDNA and pbpGS131A and ldtKC138S were amplified from pUC19::pbpGS131A and 

pUC19::ldtKC138S plasmid DNA using primers containing his8X-tag sequence. Amplicons 

were cloned into NdeI and BamHI restriction sites in pT7-7Kn and transformed into E. coli 

C2987 chemically competent cells, resulting pT7-7Kn::pbpG, pT7-7Kn::pbpGS131A, pT7-

7Kn::ldtK and pT7-7Kn::ldtKC138S. Constructs were confirmed using Sanger sequencing 

and transformed into chemically competent E. coli C2527 (BL-21) (New England Biolabs, 

Inc) for purification, expression and western blotting.   

Purification of recombinant PBP7 and LdtK  

BL21 cells containing carrying pT7-7Kn::pbpG, pT7-7Kn::pbpGS131A, pT7-

7Kn::ldtK and pT7-7Kn::ldtKC138S were grown in 500 mL Luria broth and 1 mM IPTG at 

37°C for 7 h. Cells were collected and washed in cold 1x Phosphate-buffered saline 

(PBS), pelleted and the supernatant was removed. The dry pellet was frozen at -80°C 

overnight. The pellet was thawed on ice and resuspended in 20 mL lysis buffer (20 mM 

Tris, 300 mM NaCl, 10 mM imidazole; pH 8). Samples were sonicated for 20 s on and off 

for 10 min at 60% amplitude (Qsonica Q125 Sonicator). Cells were centrifuged at 20,000 

x g for 0.5 h at 4°C. Supernatant was incubated with lysis buffer washed HisPur Ni-NTA 

Resin (Thermo Scientific) on a rotator for 2 h at 4°C. Sample was added to a 10 mL 

protein purification column containing a porous polyethylene disk (Thermo Scientific) and 

allowed to gravity drip. The column was washed 3x with 20 mL lysis buffer and increasing 

concentrations of additional imidazole at each wash (0 mM, 15 mM, and 30 mM). 500 µl 
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of elution buffer (20 mM Tris, 300 mM NaCl, 250 mM imidazole; pH 8) was incubated with 

the column for 5 min then gravity eluted 9 times. The elution fractions containing protein, 

as determined by a protein gel, were injected into a 10 mW dialysis cassette (Thermo 

Scientific) and dialyzed over-night in dialysis buffer (10 mM Tris, 50 mM KCl, 0.1 mM 

EDTA, 5% glycerol; pH 8) at 4°C. Purified protein was collected and verified using western 

blot with an anti-his antibody.  

Isolation of outer membrane vesicles  

Outer membrane vesicles were isolated as described previously267. Briefly, 

overnight cultures were back-diluted to OD600 0.01 in 100 mL Luria broth and grown to 

stationary phase at 37°C. Cultures were then pelleted at 5000 x g for 15 min at room 

temperature and the supernatant was filtered through a 0.45 mm bottle-top filter. Filtered 

supernatant was ultracentrifuged (Sorvall WX 80+ ultracentrifuge with AH-629 swinging 

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 (50 

mM Tris, 5 mM NaCl, 1 mM MgSO4; pH 7.5). Outer membrane vesicles were repeated 

three times in duplicate, one representative data set was reported.   

Quantification of total outer membrane vesicle proteins  

Bradford assay was used to determine outer membrane vesicle protein 

concentration, as previously described267. 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 µL in reagent to a final volume of 1 mL. A microplate spectrophotometer 

(Fisherbrand AccuSkan) was used to measure the absorbance (OD595) of standard and 

samples in a 96-well plate (BrandTech). Protein concentrations were determined by 
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comparing the optical densities of samples to the standard curve plotted in Microsoft Excel 

and final quantifications were graphed in GraphPad Prism 9. Experiments were 

reproduced three times from each outer membrane vesicle isolation, and one 

representative data set was reported.  

Quantification of outer membrane vesicle 3-deoxy-D-manno-oct-2-ulosonic acid (Kdo) 

concentrations  

Kdo assays were carried out as described previously267,301. For the standard curve, 

Kdo standard (Sigma) was diluted 0 to 128 µg/mL in 50 µL of DI water. 50 µL of 0.5 M 

sulphuric acid (H2SO4) was added to 50 µL of isolated outer membrane vesicles and 

freshly prepared 50 µL dilutions of the Kdo standard. Outer membrane versicles in 0.5 M 

H2SO4 were boiled for 8 min to release the Kdo sugars. Samples were allowed to cool for 

10 min at room temperature. 50 µL of 0.1 M periodic acid was added to outer membrane 

vesicles and Kdo standards and incubated at room temperature for 10 min. Following 

incubation, 200 µL of 0.2 M sodium arsenite in 0.5 M hydrochloric acid (HCl) was added 

to outer membrane vesicles and Kdo standards followed by 800 µL of 0.6% freshly 

prepared thiobarbituric acid (TBA). All samples were boiled for 10 min and allowed to cool 

at room temperate for 30-40 min. Prior to optical density measurements, purified Kdo was 

extracted using n-butanol equilibrated with 0.5 M HCl. Optical density was measured at 

OD552 and OD509 (Fisherbrand AccuSkan microplate spectrophotometer) in disposable 

polystyrene cuvettes (Fisherbrand). A linear Kdo standard curve was generated by 

subtracting OD552 measurements from OD509 measurements in Microsoft Excel and final 

quantifications were graphed in GraphPad Prism 9. Experiments were reproduced three 

times from each outer membrane vesicle isolation, and one representative data set was 

reported.  
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Ethidium bromide permeability assay  

Permeability assays were done as previously described302, with slight 

modifications. Briefly, overnight cultures were grown in 5 mL BHI medium, normalized 

and back diluted (1:10) in BHI with and without meropenem. Cultures were withdrawn at 

0, 6 and 12 h and washed 3 times with PBS and normalized based on OD600. 180 µL of 

the cultures was added to 96 well black plate and 6 µM EtBr was added immediately 

before fluorescence measurements. 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 25°C and read at 15 s intervals for 

0.5 h. Assays were repeated three times in triplicate, one representative data set was 

reported. The mean RFU for each sample was calculated and plotted by Prism 9. 

Experiments were reproduced three times, and one representative data set was reported.  

PG isolation  

Biological replicates were grown to mid-logarithmic or stationary phase in 400 mL 

of Luria broth. Cells were centrifuged (Avanti JXN-26 Beckman Coulter Centrifuge, 

Beckman Coulter JA-10 rotor) at 7,000 x g for 0.5 h at 4°C, resuspended in chilled 6 mL 

PBS and lysed via drop-wise addition to boiling 8% sodium dodecyl sulfate (SDS). PG 

was further purified as previously described303. Briefly, muropeptides were cleaved from 

PG by Cellosyl muramidase (Hoechst, Frankfurt am Main, Germany), reduced with 

sodium borohydride and separated on a 250 x 4.6 mm 3 µm Prontosil 120-3-C18 AQ 

reversed phase column (Bischoff, Leonberg, Germany). The eluted muropeptides were 

detected by absorbance at 205 nm. Eluted peaks were designated based on known 
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published chromatograms260,267,304; new peaks analyzed by MS/MS, as previously 

done267.   

Activity Assays  

PBP7 activity assays were carried out in a final volume of 50 µl containing 20 mM 

Hepes pH 5.0, 6.0 or 7.5, 50 mM NaCl and 2 µM PBP7 or PBP7S131A. PG from E. coli 

D456 was added, and the reaction mixture was incubated at 37°C for 16 h. The reaction 

was stopped by boiling the samples for 10 min. The reaction was reduced with sodium 

borohydride and acidified to pH 4.0-4.5. E. coli D456 PG at pH 5.0 buffer conditions 

served as control. Muropeptides were analyses as previously described303.  

LdtK activity assays were carried out in a final volume of 50 µl containing 20 mM 

NaP pH 5.0 and 10 µM LdtK or LdtKC138S. PG from E. coli BW25113 (WT, tetra-

muropeptide-rich) or CS703-1 (multiple mutations in penicillin-binding proteins, penta-

muropeptide-rich) was added, and the reaction mixture was incubated at 37°C for 4 h. 

The reaction was stopped by boiling the samples for 10 min. Muropeptides were reduced 

with sodium borohydride. Muropeptides were analyses as previously described303.  

Protein Localization  

Cells were grown to mid-logarithmic or stationary phase and normalized to a 

density of OD600 0.75 in 20 mL. Cultures were washed twice with chilled 1x PBS + 0.1% 

gelatin (PBSG) and resuspended in chilled 2 mL PBSG containing 2 mg/mL Polymyxin B 

sulfate (MilliporeSigma) then agitated for 0.5 h at 4°C. Spheroplasts pelleted at 20,000 x 

g for 0.5 h at 4°C. The remaining supernatant was centrifuged at 20,000 x g for 0.5 h at 

4°C. Supernatant was collected and saved as the periplasmic fraction. Previously pelleted  

spheroplasts  were  resuspended  in  1  mL  10mM  4-(2-hydroxyethyl)-1- 
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piperazineethanesulfonic acid (HEPES) buffer solution (Gibco) and 100 µl was collected 

as whole spheroplasts. Remaining spheroplasts were sonicated 15 seconds on and 15 

seconds off 10 times at 60% amplitude (Qsonica Q125 sonicator). Lysed spheroplasts 

were pelleted at 16,000 x g for 0.5 h at 4°C. Supernatant was centrifuged another 0.5 h 

for 16,000 x g at 4°C. Insoluble pellet was saved as total membrane fraction. Soluble 

supernatant was saved as the cytoplasmic fraction. Experiments were reproduced three 

times, and one representative data set was reported.  

Immunoblots  

All western blot analysis was performed using 4-12% Bis-Tris 10-well protein gels  

(Invitrogen) and NuPage MES SDS running buffer (Novex). Gels were transferred with  

NuPage transfer buffer (Novex) to 0.45 µm polyvinylidene difluoride (PVDF) (Amersham 

Hybond) membranes. All blots were blocked in 5% milk and 1x tris-buffered saline (TBS) 

for 2 h. Primary rabbit antisera, anti-LdtK and anti-RpoA were used at 1:750 dilution. 

Antirabbit horseradish peroxidase (HRP) secondary antibody was used at 1:10,000 

(Thermo Fisher Scientific). Primary mouse antisera, 5x-His mouse anti-tag was used at 

1:500 (Invitrogen). Anti-mouse HRP secondary antibody was used at 1:10,000 

(Invitrogen). SuperSignal West Pico Plus (Thermo Fisher Scientific) was applied to detect 

relative protein concentrations.   

For localization assays: whole cell lysate, whole spheroplasts and membrane 

fractions were mixed with 1x loading dye containing 4% 2-Mercaptoethanol (Fisher 

Chemical) and boiled for 10 min. 10 µl of each sample was used. 132 µl of the periplasmic 

or cytoplasmic fractions were added to 66 µl of 3x loading buffer containing 4% 2-

Mercaptoethanol (Fisher Chemical) and boiled for 10 min. 60 µl of each sample was used. 



 93 

Each sample was loaded into 4-12% Bis-Tris 10-well protein gels (Invitrogen) for 

immunoblotting.  

For protein purification: 1 µg of purified protein was combined with 3x loading buffer 

containing 4% 2-Mercaptoethanol and boiled for 10 min. The sample was loaded into 

412% Bis-Tris 10-well protein gel (Invitrogen) for immunoblotting.  

Polyclonal antibody generation  

Peptide fragments of LdtK and RpoA was used to generate two rabbit polyclonal 

antibodies against by Life Technologies Corporation (Grand Island, NY). Collected serum 

was tested for LdtK and RpoA reactivity in an enzyme-linked immunosorbent assay 

(ELISA) with peptide fragments and via western blot against whole-cell lysates.  

Minimal inhibitory concentrations (MICs)  

MICs were determined using the Broth Microdilution (BMD) method, as previously 

outlined172. Overnight cultures were back diluted to OD600 0.01 and 100 µL 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 µL of each meropenem serial 

dilution was also added to each well. Plates were incubated overnight at 37° C and growth 

was measured by reading OD600 after 24 h of incubation. The lowest concentration of 

meropenem at which no bacterial growth was observed was determined to be the MIC. 

Assays were repeated three times in triplicate, one representative data set was reported.  

Statistical Analysis  

Tests for significance in cell morphology, fluorescence intensity, outer membrane 

vesicle production were conducted using the Student t-test (two-tailed distribution with 
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two-sample, equal variance calculations). Statistically significant differences between 

relevant strains possessed P <0.05.  

 

Results  

Meropenem susceptible A. baumannii strains are tolerant, form spheroplasts and 

resume normal morphology and growth upon removal of the bactericidal antibiotic 

It was previously shown that Vibrio cholerae15,20, Pseudomonas aeruginosa19 and 

pathogens in the Enterobacterales order21,305 form viable, non-dividing spheroplasts when 

exposed to lethal concentration of b-lactam antibiotics over several hours. Importantly, 

spheroplasts revert to normal rod-shaped growth when the antibiotic concentration is 

sufficiently reduced21, demonstrating a short-term survival mechanism that directly 

contributes to antibiotic treatment failure.  

To determine if populations of A. baumannii strains can tolerate meropenem 

treatment over time, stationary phase cultures from susceptible A. baumannii isolates, 

including recent clinical isolates, were treated with high levels (10 µg/mL; 62.5-fold MIC 

in ATCC 17978) of the antibiotic. Treated cultures demonstrated only slight depletion after 

24 h, relative to untreated (Figure 22A; Figure 23A). In contrast, meropenem treatment 

of cells in logarithmic growth phase showed rapid lysis (Figure 23B). Therefore, A. 

baumannii strains in stasis, a relevant physiological state during infection when the cell is 

known to fortify the cell envelope and slow growth/division306, are highly tolerant to lethal 

meropenem concentrations. While these data agree with current dogma that b-lactam-

dependent killing is strictly proportional with growth rate65,307,308, subsequent analysis 

revealed that stationary phase A. baumannii cells experience significant cell envelope 
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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 (Figure 22B; Figure 24). All strains showed a 

measurable increase in surface area and width of treated cells relative to untreated 

(Figure 22C; Figure 24). A significant decrease in uptake of the fluorescent D-amino 

acid, NADA, was also evident (Figure 22D; Figure 24), suggesting degradation of the 

cell wall, as previously shown in other b-lactam tolerant Gram-negative bacteria20,21. 

Thus, tolerance under stationary phase conditions is not just a simple function of lack of 

growth, but rather an active response to significant cell envelope damage.  

Figure 22: Acinetobacter baumannii strains are tolerant to meropenem. (A) Colony forming units 
(CFUs) of A. baumannii 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. Dotted black line indicates level of detection. (B) Phase and fluorescence microscopy of + or - A. 
baumannii strain AYE after 12 h. Scale bar is 10 μm. (C) Area (A), length (L) and width (W) quantitation of 
cells in panel B (n= 300). (D) Fluorescent (FL) signal intensity quantitation in percent arbitrary intensity units 
(AIU) of treated vs. untreated cells in panel B (n= 300). (E) Same as panel B, but 12 hours after meropenem 
removal showing the characteristic A. baumannii coccobacilli morphology is restored. (F) Area (A), length 
(L) and width (W) of cells in panel E (n= 300). (G) FL signal intensity in percent AIU treated vs. untreated 
in panel E (n= 300). 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 standard deviation from the mean. 
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Since we showed that A. baumannii spheroplasts were viable after plating (Figure 

22A), we also wanted to determine if the characteristic A. baumannii coccobacilli 

morphology was restored after antibiotic removal. Cells were incubated statically in fresh 

media without antibiotic. At 12 h post-treatment, no spheroplast were found (Figure 22E), 

wild type morphology was restored (Figure 22F) and the cells showed incorporation of 

NADA (Figure 22G). Fluorescence intensity measurements were equivalent in treated 

and untreated cells. Furthermore, fluorescence intensity was higher at the midcell, where 

the divisome regulates daughter cell formation, suggesting the recovered population had 

resumed division (Figure 22E). Together, these data indicate that A. baumannii resumes 

wild type morphology and growth when meropenem treatment is stopped.  

Figure 23: Tolerance in clinical A. baumannii isolates. (A) Dilution spot assays of A. baumannii strain 
ATCC 17978 and three recent clinical isolates, including a resistant (A. baumannii AR Bank #273) and two 
meropenem susceptible (A. baumannii AR Bank # 280 and # 300) strains for comparison. The calculated 
meropenem minimal inhibitory concentration (MIC) is indicated below each image. (B) Survival (CFU/mL) 
of A. baumannii strains ATCC 17978 and AYE in logarithmic phase cultures was calculated over 12 h during 
meropenem treatment. Each experiment was independently replicated two time, and one representative 
data set was reported. Dotted black line indicates level of detection. Error bars represent the average of 3 
technical replicates +/- standard deviation.  
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Transcriptome analysis highlights differentially regulated pathways important for 

A. baumannii tolerance  

Many Gram-negative pathogens form spheroplasts within 6 h to develop 

meropenem tolerance20,21; however, A. baumannii spheroplast formation is delayed. We 

first observe spheroplast formation only after 8 h, with large numbers within the population 

accumulating by 12 h (Figure 22BCD; Figure 24). 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 (Figure 25). Genes associated with efflux were increasingly 

upregulated with each timepoint (Figure 25A), suggesting the cell quickly and continually 

responds to meropenem treatment by actively expelling the toxic compound. Upregulated 

efflux genes included adeB, adeIJK and macABtolC, which have all been implicated in 

antibiotic efflux309–311; specifically, b-lactam efflux has been reported associated with the 

AdeIJK RND-type pump312,313.  
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Figure 24: Spheroplast formation in A. baumannii isolates after 12 h of meropenem treatment. Phase 
and fluorescence microscopy of treated (+) or untreated (-) A. baumannii strains after 12 h. Scale bar is 10 
µm. To the right of each image are fluorescence (FL) intensity quantifications reported in percent arbitrary 
intensity units (AIU) in treated (red, +) vs. untreated (blue, -) and cell shape quantifications including, area 
(A), length (L) and width (W) (n = 300). Significance was determined using an unpaired t-test (P < 0.05) in 
treated vs. untreated. Error bars indicate standard deviation relative to the mean. An asterisk indicates 
significant differences (P < 0.05); n.s., not significant.  

 

Porins represent the major entryway for carbapenems such as meropenem to 

enter the periplasm314, where they inhibit transpeptidation to cross-link the stem peptides 

of adjacent PG strands. Decreased expression of many porin-associated genes was 

found in treated cultures relative to untreated (Figure 25B), 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 A. baumannii315 and was 

found to be an influx channel for carbapenems316, while OprD has also been associated 

with clinical carbapenem resistance in A. baumannii317, 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 uptake318, but our understanding of its biological function or 

how it contributes to carbapenem resistance or tolerance is limited. Notably, in Vibrio 
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cholerae, decreased iron uptake regulated by the VxrAB two-component system, 

promotes spheroplast recovery by reducing oxidative stress during b-lactam  

treatment168,258.  

Figure 25: Differentially regulated genes in response to meropenem treatment in A. baumannii. 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). Pathways represented include genes associated with (A) efflux, (B) outer 
membrane porins, (C) outer membrane lipoproteins and their transporters, (D) peptidoglycan recycling, (E) 
LPS biosynthesis and (F) peptidoglycan biosynthesis. 

 

As shown in separate A. baumannii transcriptional datasets in stress260,319,320, 

meropenem treatment also induces expression of genes encoding putative outer 

membrane lipoproteins and their transporters (LolA-D) (Figure 25C). Remodeling the 

outer membrane with lipoproteins presumably fortifies the envelope by providing 

structural rigidity, where inner leaflet outer membrane lipoproteins are covalently attached 

to the underlying PG network178,321. Transcription of genes associated with PG remodeling 



 100 

were only slightly altered with the notable exception of two genes encoding putative lytic 

transglycosylases, including membrane bound, MltF, and a soluble protein, Slt, which 

were both highly upregulated (Figure 25D). Lytic transglycosylases cleave N-

acetylmuramic acid (MurNAc)-N-acetylglucosamine (GlcNAc) bonds in PG to release 

soluble 1,6anhydroMurNAc-containing muropeptides. Muropeptides excised by lytic 

transglycosylases can be secreted into the environment or imported into the cytoplasm 

and catabolized via the PG recycling pathway322. 1,6-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 b-lactamase expression209,323. Lastly, genes involved in 

lipooligosaccharide (LOS), and PG biosynthesis were slightly altered (Figure 25EF).  

 

Genes and pathways that contribute to A. baumannii 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 A. baumannii strain ATCC 17978, as previously done267,300, 

and compared recovered insertional mutants from meropenem treated and untreated 

cultures. 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. To validate our screen, we calculated survival in several mutants, 

including DompA, DlpxM, DpbpG and DldtK (also known as elsL324), in the presence and 
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absence of meropenem (Figure 26A). All mutants showed a 2-to-3-fold log depletion in 

the mutants relative to wild type at 12 h and >5-fold log depletion at 24 h. These studies 

suggest that A. baumannii fitness during meropenem treatment is dependent on outer 

membrane 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 network325. It is a highly 

abundant protein in A. baumannii326 that couples with efflux pumps and can aid in export 

of antibacterial compounds from the periplasm327,328. OmpA is known to stabilize the outer 

membrane; ompA deletion/disruption increases formation of outer membrane vesicles 

and permeability329. To test the hypothesis that ompA deletion perturbs the outer 

membrane to promote carbapenem entry in A. baumannii, we performed two assays, 

including permeability measurements (Figure 26B) and outer membrane vesicle 

quantification (Figure 26C). Consistent with other reports329, DompA showed increased 

outer membrane vesicle formation and permeability to ethidium bromide, which is similar 

in size to meropenem. We also measured ethidium bromide influx in DlpxM, DpbpG and 

DldtK (Figure 26B). Like DompA, 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 (Figure 26B), suggesting it does not directly destabilize the outer 

membrane barrier function. Since we previously reported that DldtK produces excess 

outer membrane vesicles267 and all of the mutants showed increased permeability, we 

also tested vesicle formation in DlpxM and DpbpG (Figure 26C). Unexpectedly, DpbpG 
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produced excess outer membrane vesicles relative to wild type and all other mutants. In 

contrast, DlpxM did not.   

Interestingly, DlpxM was the only strain that showed increased permeability but not 

hypervesiculation. LpxM catalyzes transfer of two lauroyl (C12:0) groups from an acyl 

carrier protein to the R-3’- and R-2-hydroxymyristate positions of lipid A during LOS 

biosynthesis177. Mutations that reduce LOS acylation are known to increase fluidity of the 

lipid bilayer and could also impact folding/function of outer membrane porins330,331. 

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.  

Figure 26: Genes encoding outer membrane integrity and peptidoglycan maintenance contribute to 
meropenem tolerance in A. baumannii. (A) Survival 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 +/- standard deviation. (B) Permeability assays using ethidium bromide 
(EtBr) over 0.5 h. A.U.; arbitrary units. Lines shown depict the mean of three technical replicates. (C) 
Relative quantification of protein (top) and Kdo (bottom) concentrations of outer membrane vesicles (OMVs) 
in wild type (WT) and mutants. Each experiment was independently replicated three times, and one 
representative dataset was reported. Error bars indicate standard deviation. An asterisk indicates significant 
differences relative to the WT strain (P <0.05). 

 

We also characterized the morphology of each mutant in growth (Figure 27). We 

found that relative to wild type, DompA cells were chained and NADA incorporation was 

reduced (Figure 27A), suggesting that OmpA is required for proper function of PG 
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enzymes (division proteins and LD-/DD-transpeptidases that incorporate NADA and/or 

increased carboxypeptidase activity). DlpxM and DpbpG showed increased NADA 

incorporation (Figure 27BC), which is consistent with increased outer membrane 

permeability. DpbpG cells were also clumped (Figure 27C), suggesting the cells could 

not properly separate during division. As previously reported267, DldtK showed rounded 

cells (Figure 5.6D). We also calculated the meropenem minimal inhibitory concentrations 

in each mutant, which did not significantly deviate from the parent strain (Figure 27E).  

Figure 27: Morphology of wild type and mutant A. baumannii strains. (A) Phase and fluorescence 
microscopy of NADA-treated wild type and DompA, (B) DlpxM, (C) DpbpG and (D) DldtK with each 
respective complementation strain. Scale bar is 10 µm. Fluorescent (FL) signal intensity quantification in 
percent arbitrary intensity units (AIU) in wild type, mutant and complementation strains are to the right of 
mutant images. Cell shape quantifications including area (A), length (L) and width (W) (n = 300) are also 
included. Significance was determined using an unpaired t-test (P < 0.05). An asterisk indicates significant 
differences between wild type and mutant (P < 0.05); n.s., not significant. Error bars indicate standard 
deviation. (E) Minimal inhibitory concentrations of wild type and mutant strains.    
 

While the contribution of the A. baumannii outer membrane proteins OmpA and 

LpxM to gate carbapenem entry to promote antibiotic tolerance is straightforward, we 

were intrigued by genetic links to PG maintenance (i.e., pbpG and ldtK). While mutation 

of pbpG and ldtK impact outer membrane integrity (Figure 26), we also wanted to define 
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their physiological role to determine specific pathways that contribute to meropenem 

tolerance.  

  

PBP7 is a DD-carboxypeptidase and endopeptidase that catalyzes formation of 

tetrapeptides  

To define the activity of A. baumannii PBP7 (encoded by pbpG), we isolated PG 

from wild type and DpbpG in growth (Figure 28A; Table 3) and stasis (Figure 28B; Table 

3). Muropeptides were generated by treatment with muramidase, separated by high-

performance liquid chromatography and uncharacterized peaks were analyzed by 

tandem mass spectrometry, as done previously260,267,304. PG composition from DpbpG in 

growth showed accumulation of two muropeptide peaks that were not present in wild type 

(Figure 28A; Table 3). 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) (Figure 28C; Figure 

29), suggesting the enriched muropeptide pools represent PBP7 substrates in growth. 

DpbpG 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 

(Figure 28BC; Table 3), consistent with PBP7 DD-carboxypeptidase and endopeptidase 

activity to form tetrapeptides, which are the most abundant peptides in the PG in A. 

baumannii260,267,304 and substrates of LD-transpeptidases. The periplasmic LD-

transpeptidase, LdtJ, transfers D-amino acid to tetrapeptides and forms 3-3 crosslinks267. 

Therefore, it is likely that PBP7 provides at least some of the periplasmic substrates for 

LdtJ-dependent transpeptidase activity in stasis.   
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Figure 28: PBP7 is active against pentapeptides and DD-crosslinks. (A) PG isolated from wild type and 
𝚫pbpG in growth phase was analyzed by HPLC. The muropeptides Penta and TetraPenta were enriched 
in 𝚫pbpG. (B) PG isolated from wild type and 𝚫pbpG in stationary phase was analyzed by HPLC. TetraTri-
D-Lys and TetraTri-D-Arg were depleted in 𝚫pbpG 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).  
 

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 (Figure 28D), a strain 

enriched with pentapeptides332 and analyzed as previously done333. 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 and both activities enrich the periplasmic pool of monomeric 

tetrapeptides.  
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Table 3: Muropeptide composition of wild type and DpbpG A. baumannii strain 
ATCC 17978. 
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LdtK is a cytoplasmic LD-carboxypeptidase active against tetrapeptides for PG 

recycling  

During b-lactam treatment, autolysins (i.e., lytic transglycosylases) are 

activated65,334, which increases the amount of PG turnover products with 1,6-anhydro-

MurNAc residues. In A. baumannii, genes encoding the autolysins, MltF and Slt, were 

upregulated during meropenem treatment (Figure 25D), 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 tripeptides206 

that are catabolized by the conserved enzymes NagZ335,336 to generate 1,6-anhMurNAc-

tripeptide and the amidase AmpD337,338 to form free tripeptides, which can be further 

broken down into individual amino acids and used as energy. Furthermore, Mpl339 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 A. baumannii.  
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Figure 29: Unidentified peaks in logarithmic growth phase of DpbpG. Peaks at (A) 42 min and (B) 72 
min were analyzed by mass spectrometry (MS). The peak in A was consistent with disaccharide 
pentapeptide (Penta, neutral mass: 1012.19 amu; theoretical: 1012.45 amu) and the peak in B was 
consistent with bis-disaccharide tetrapentapeptide (TetraPenta, neutral mass: 1935.60 amu; theoretical: 
1935.84 amu). 

 

LdtK 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 amidase that hydrolyzes bonds formed by LD-

transpeptidases294,340, suggested that LdtK may indeed have LD-carboxypeptidase 

activity, which is essential for tripeptide formation in the recycling pathway.   

First, we determined the subcellular localization of LdtK with a specific antibody 

that detects the native protein (Figure 30A). After fractionation of the subcellular 

compartments, we were only able to detect LdtK in the cytoplasmic fraction in growth and 

stasis, showing it is not exported to the periplasm.   
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Since LdtK is cytoplasmic, we sought to determine if it was active on tetra- and/or 

pentapeptide substrates. We purified recombinant LdtK and the active-site mutant, 

LdtKC138S and incubated both enzymes with muropeptides obtained from tetrapeptide-rich 

PG from E. coli BW25113 or pentapeptide-rich PG from E. coli CS7031333 (Figure 30B). 

LdtK showed activity against tetrapeptides but not pentapeptides. The muropeptide profile 

showed the formation of disaccharide tripeptide and bis-disaccharide tetratripeptide, 

showing that LdtK 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 MltF, Slt or other lytic transglycosylases, they are 

transported into the cytoplasm and into tripeptides by LdtK in the PG recycling pathway.  
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Figure 30: LdtK is active against Tetra and TetraTetra. (A) Western blot with 𝛂-LdtK and 𝛂-RpoA 
antisera. LdtK 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 LdtK or the active-site 
mutant LdtKC13S was incubated with PG isolated from E. coli strain BW25113 (top, tetrapeptide-rich) or 
strain CS703-1 (bottom, pentapeptide-rich). LdtK was active against tetrapeptides but not pentapeptides. 
(C) Meropenem tolerance assay in 𝚫ampD, which encodes a well-conserved cytoplasmic enzyme required 
for PG recycling. Error bars represent the average of 3 technical replicates +/- standard deviation. 

 

To further confirm if the cytoplasmic PG pathway contributes to meropenem 

tolerance in A. baumannii, we made an isogenic ampD mutant, which encodes N-

acetylmuramyl-L-alanine amidase that releases the tripeptide from anhMurNAc338. Like 

DpbpG and DldtK, DampD was also rapidly killed when treated with meropenem relative 

to wild type and the respective complementation strain (Figure 30C). Together, these 

studies strongly suggest that the PG recycling pathway contributes to meropenem 

tolerance in A. baumannii. Furthermore, the formation of cytoplasmic tripeptides or 

tetrapeptides appears to contribute to meropenem tolerance. Combinatorial therapies that 
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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 b-lactams, but the molecular factors that underlie cell 

survival are not understood. Significant cell envelope damage is observed during 

treatment, characterized morphologically by cell wall-depleted spheroplasts15,19–21,305. 

Here, we show meropenem treatment induces spheroplast formation in A. baumannii, 

and that cell growth resumes upon removal of the antibiotic. Transcriptome sequencing 

analysis suggests A. baumannii responds to 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 remodel the PG network, respectively. Treated cells also appear 

to limit intracellular meropenem 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, 

showed factors required for high level meropenem tolerance include genes that contribute 

to outer membrane permeability (lpxM, ompA, pbpG and ldtK) and cell envelope stability 

(ompA, pbpG and ldtK). Furthermore, genes in the cytoplasmic PG recycling pathway, 

ldtK and ampD, also answered the screen. Together the transcriptomics and genetic 

screen suggested factors that maintain cell envelope homeostasis through integrity 
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maintenance of the outer membrane and PG network contribute to meropenem tolerance 

in A. baumannii.    

While we showed several tolerance factors are transcriptionally regulated, we do 

not know what transcription factors are involved. A previous study found that PhoPQ-

dependent outer membrane modifications promoted survival in cell wall-deficient 

spheroplasts305, 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. A. baumannii does not encode PhoPQ, but analogous 

mechanisms 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 stress in A. baumannii260,319,320,341; 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 

envelope178,321. 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 
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defective. It is also possible that disruption of OmpA or LpxM has pleiotropic effects that 

reduce the barrier function to gate meropenem entry.  

Unexpectedly, our data suggest that PG maintenance enzymes contribute to A. 

baumannii survival during meropenem treatment. Tetrapeptides represent the most 

abundant PG stem peptides in A. baumannii. They are formed, in part, by the DD-

carboxypeptidase and endopeptidase activity of PBP7 from pentapeptides and DD-

crosslinked muropeptides, respectively (Figure 28A). Tetrapeptides are substrates for 

LD-transpeptidase that form a small amount of 3-3 crosslinks in A. baumannii, but are 

needed to effectively repair PG defects in stressed E. coli cells294. Furthermore, 

tetrapeptides are also necessary for LD-transpeptidase-dependent covalent attachment 

of Braun’s lipoprotein (Lpp) to meso-DAP residues in PG342, which also fortifies the 

envelope178. Our data indicate that without PBP7, LdtJ-dependent 3-3 crosslink formation 

is reduced (Figure 28A), however less than 3% of all muropeptides contain 3-3 crosslinks 

and their contribution to PG integrity maintenance remain unclear.  

The lytic transglycosylases MltF and Slt were induced in meropenem treatment 

(Figure 25), consistent with activation of autolysins in response to penicillin-binding 

protein inhibition during b-lactam treatment20,65. Lytic transglycosylase 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 LdtK-dependent LD-carboxypeptidase activity to form TriAnh. Like other 

members of the YkuD family, LdtK retains preference for tetrapeptide substrates (Figure 
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30B) but represents the first known YkuD-containing enzyme that lacks a signal sequence 

and is active in the cytoplasm. LdtK 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 LdtK in meropenem tolerance is like how cells depend on 

outer membrane integrity maintenance (OmpA, LpxM, PBP7) during spheroplast 

formation. Lastly, LdtK (and LdtJ) were shown to be essential for A. baumannii survival 

without LOS267, suggesting that PG recycling and modification of tetrapeptides are a 

general response to counter cell envelope stress in A. baumannii. 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 

sources210,212,323 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 pathway339,343. UPD-MurNAc-tripeptide is an intermediate in the 

de novo PG synthesis pathway344–346; 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 inhibited by 

meropenem. Another possibility is that accumulation of cytoplasmic 1,6-anhydroMurNAc-

containing muropeptides provide signals to induce b-lactamase expression, which could 

localize in the periplasm to reduce meropenem concentrations to survivable levels. Two 
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mechanisms have been characterized in Gram-negative bacteria, including the AmpG-

AmpR pathway and the BlrAB two-component system, which both induce b-lactamase 

expression in response to muropeptide concentrations209. Many genes in A. baumannii 

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 tolerance mechanism, which will inform more effective 

treatment strategies to combat A. baumannii infections. Furthermore, our studies also 

show that disruption of PG maintenance enzymes (i.e., PBP7, LdtK) 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 A. baumannii.  
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Abstract 

Transposon sequencing (Tn-seq) is a powerful method that combines transposon 

mutagenesis and massive parallel sequencing to identify genes and pathways that 

contribute to bacterial fitness under a wide range of environmental conditions. Tn-seq 

applications are extensive and have not only enabled examination of genotype-

phenotype relationships at an organism level but also at the population, community and 

systems levels. Gram-negative bacteria are highly associated with antimicrobial 

resistance phenotypes, which has increased incidents of antibiotic treatment failure. 

Antimicrobial resistance is defined as bacterial growth in the presence of otherwise lethal 

antibiotics. The “last-line” antimicrobial colistin is used to treat Gram-negative bacterial 

infections. However, several Gram-negative pathogens, including Acinetobacter 

baumannii can develop colistin resistance through a range of molecular mechanisms, 

some of which were characterized using Tn-seq. Furthermore, signal transduction 

pathways that regulate colistin resistance vary within Gram-negative bacteria. Here we 

propose an efficient method of transposon mutagenesis in A. baumannii that streamlines 

generation of a saturating transposon insertion library and amplicon library construction 

by eliminating the need for restriction enzymes, adapter ligation, and gel purification. The 

methods described herein will enable in-depth analysis of molecular determinants that 

contribute to A. baumannii fitness when challenged with colistin. The protocol is also 

applicable to other Gram-negative ESKAPE pathogens, which are primarily associated 

with drug resistant hospital-acquired infections. 
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Introduction 

The discovery of antibiotics is undoubtedly one of the most impactful health-related 

events of the 20th century. Not only do antibiotics quickly resolve serious bacterial 

infections, they also play a pivotal role in modern medicine. Major surgeries, transplants 

and advances in neonatal medicine and chemotherapy leave patients susceptible to life 

threatening infections and these therapies would not be possible without antibiotics1,347. 

However, rapid development and spread of antibiotic resistance among human 

pathogens has significantly decreased the efficacy of all clinically important classes of 

antibiotics2. Many bacterial infections that were once easily cleared with antibiotics 

treatment, no longer respond to classic treatment protocols, causing a serious threat to 

global public health1. Antimicrobial resistance (AMR) is where bacterial cells grow in 

otherwise lethal concentrations of antibiotics, regardless of the treatment duration12,348. 

There is an urgent need to understand molecular and biochemical factors that regulate 

AMR, which will help guide alternative antimicrobial development. Specifically, ESKAPE 

pathogens are problematic in clinical settings and associated with extensive AMR. These 

include Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 

Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp. While 

several mechanisms contribute to AMR in ESKAPE pathogens, the latter four organisms 

are Gram-negative. 

Gram-negative bacteria assemble a defining outer membrane that protects them 

from adverse environmental conditions. The outer membrane serves as a permeability 

barrier to restrict entry of toxic molecules, such as antibiotics, into the cell. Unlike other 

biological membranes, the outer membrane is asymmetrical. The outer leaflet is enriched 
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with surface-exposed lipopolysaccharide, while the inner leaflet is a mixture of 

phospholipids272. Lipopolysaccharide molecules are anchored to the outer membrane by 

a conserved lipid A moiety embedded within the lipid bilayer349. The canonical lipid A 

domain of Escherichia coli lipopolysaccharide is required for the growth of most Gram-

negative bacteria and is synthesized by a nine-step enzymatic pathway that is one of the 

most fundamental and conserved pathways in Gram-negative organisms272,349,350. 

Polymyxins are cationic antimicrobial peptides that target the lipid A domain of 

lipopolysaccharide to perturb the outer membrane and lyse the cell. The electrostatic 

interaction between positively charged residues of polymyxins and the negatively charged 

lipid A phosphate groups disrupt the bacterial cell membrane ultimately leading to cell 

death172,177,260,351,352. Colistin (polymyxin E) is a last-resort antimicrobial used to treat 

infections caused by multidrug resistant Gram-negative nosocomial pathogens, such as 

Acinetobacter baumannii353–355. First discovered in 1947, polymyxins are produced by the 

soil bacteria, Paenibacillus polymyxa356–358. Polymyxins were prescribed to treat Gram-

negative infections for years before their clinical use was limited due to reports of 

significant nephro- and neurotoxicity359,360. 

A. baumannii is a nosocomial Gram-negative pathogen that has dramatically 

increased the morbidity and mortality of patient outcomes over recent decades361. What 

was once regarded as a low-threat pathogen, now poses a significant risk for hospital-

acquired infection throughout the world due to its incredible ability to acquire AMR and 

high risk of epidemic27,362. A. baumannii accounts for more than 10% of nosocomial 

infections in the United States. Disease manifests as pneumonia, bacteremia, urinary 

tract infections, skin and soft tissue infections, meningitis, and endocarditis363. Treatment 
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options for A. baumannii infections have dwindled due to resistance against almost all 

antibiotic classes, including b-lactams, fluoroquinolones, tetracycline, and 

aminoglycosides27,362. The prevalence of multidrug resistant, extensively drug-resistant 

and pan-drug resistant A. baumannii isolates has led to a resurgence in colistin treatment, 

which was thought to be one of the few remaining therapeutic options still effective against 

multidrug resistant A. baumannii. However, increased colistin resistance among A. 

baumannii isolates has further amplified its threat to the global public 

health177,260,351,352,364–366. 

Recent advances in high-throughput sequencing technologies, such as 

transposon sequencing (Tn-seq), have provided important tools to advance our 

understanding of bacterial fitness in vitro and in vivo. Tn-seq is a powerful tool that can 

be leveraged to study genotype-phenotype interactions in bacteria. Tn-seq is broadly 

applicable across bacterial pathogens, where it combines traditional transposon 

mutagenesis with massive parallel sequencing to rapidly map insertion sites, which can 

be used to link DNA mutations to phenotypic variants on a genome-wide 

scale146,147,367,368. While transposon mutagenesis methods have been previously 

described, the general steps are similar146. First, an insertion library is generated using 

transposon mutagenesis, where each bacterial cell within a population is restricted to a 

single transposon insertion within the genomic DNA (gDNA). Following mutagenesis, 

individual mutants are pooled. gDNA is extracted from the insertion mutant pool and the 

transposon junctions are amplified and subjected to high-throughput sequencing. The 

reads represent insertion sites, which can be mapped to the genome. Transposon 

insertions that reduce fitness quickly fall out of the population, while beneficial insertions 
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are enriched. Tn-seq has been instrumental to advance our understanding of how genes 

impact bacterial fitness in stress146. 

The Himar1 mariner transposon system encoded in pJNW684 was specifically 

constructed and optimized for the purpose of transposon mutagenesis. It includes a 

mariner-family transposon flanking the kanamycin resistance gene, which is used for the 

selection of transposon insertion mutants in A. baumannii. It also encodes an A. 

baumannii specific promoter that drives expression of the transposase encoding gene157. 

The mariner-based transposon also contains two translational terminators downstream 

of the kanamycin resistance gene, which prevents read-through downstream of the 

insertion149. pJNW684 also carries a RP4/oriT/oriR6K- conditional origin of replication 

which requires the λpir gene contributed by the donor strain to replicate369. In absence of 

the λpir gene, the pJNW684 vector carrying the transposition machinery will not be able 

to replicate in the A. baumannii recipient strain157,260,369. Therefore, during bacterial 

conjugation, only the transposon is inserted into the recipient genome without background 

insertion of the plasmid, which carries the transposase gene. This is significant because 

the loss of transposase activity along with the plasmid results in single, stable 

transposition event that prevents the transposon from moving to different locations once 

it inserts into the recipient genome. 

pJNW648 has also been tested for activity in another Gram-negative organism, E. 

coli. Successful assembly of a saturating Tn-seq library in E. coli strain W3110 indicated 

the system is amenable to perform mutagenesis in a wide range of pathogens, including 

Enterobacteriaceae. Furthermore, the A. baumannii specific promoter that drives 

transposase expression can quickly be exchanged with a species-specific promoter. 
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Lastly, the kanamycin resistance gene can be exchanged for other resistance cassettes, 

depending on the AMR phenotype of the organism being studied. 

One factor that contributes to colistin resistance in A. baumannii is administration 

of insufficient doses, where bacteria are exposed to selective pressure at non-lethal 

levels370. Several reports showed that subinhibitory antimicrobial concentrations can 

induce regulated responses that alter cell physiology to reduce susceptibility of the entire 

bacterial population177,351,365,366. Using Tn-seq, we discovered factors that regulate colistin 

resistance in A. baumannii strain ATCC 17978 after exposure to inhibitory260 and 

subinhibitory concentrations of colistin. This example details a Tn-seq method that 

streamlines the construction and enrichment of a saturated transposon mutant library 

using the mariner-based family of transposons155,156. While several Tn-seq protocols 

generate 20,000 – 100,000 mutants368,371–374, the protocol described herein can rapidly 

generate a transposon library of 400,000 + mutants, which roughly equates to a 

transposon insertion every 10-base pairs in A. baumannii260. Furthermore, the library size 

can be scaled up without significant additional effort. This method also eliminates the 

requirement for restriction endonucleases, adapter ligation and gel purification, which can 

reduce final library diversity. 

Protocol 

1. Bacterial strain preparation 

1. Streak the “donor” strain (E. coli MFD DAP-/pJNW684) for isolated colonies on 

Luria-Bertani agar supplemented with 600 µM diaminopimelic acid (DAP), 100 

mg/L of ampicillin and 25 mg/L of kanamycin. Incubate overnight at 37°C. 

Using a single isolated colony, inoculate 50 mL of Luria broth (LB) 
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supplemented with 600 µM DAP, 100 mg/L of ampicillin and 25 mg/L of 

kanamycin in a 250 mL Erlenmeyer flask and label it as “donor”. 

2. Streak the “recipient” strain (A. baumannii strain ATCC 17978) for isolated 

colonies on Luria-Bertani agar. Incubate overnight at 37°C. Using a single 

isolated colony, inoculate 50 mL of LB in a 250 mL Erlenmeyer flask and label 

it as “recipient”. 

3. Incubate both cultures (“donor” and “recipient”) overnight at 37°C with shaking. 

2. Bacterial mating 

1. Transfer overnight cultures to 50 mL conical tubes. 

2. Pellet both recipient and donor cultures using centrifugation at 5,000 × g for 7 

min. 

3. Discard the supernatant and resuspend the “donor” strain pellet in 35 mL of LB 

supplemented with DAP to wash away residual antibiotics. 

4. Pellet the “donor” strain cells using centrifugation at 5,000 × g for 7 min. 

5. Discard the supernatant and resuspend the “donor” strain pellet in 4.5 mL of 

LB supplemented with DAP. Use a 10 mL serological pipette. 

6. Transfer the resuspended “donor” strain into “recipient” strain tube, which 

contains the pelleted “recipient” cells. Use the same 10 mL serological pipette 

from step 2.5 to mix the cultures. Immediately move to the next step. 

NOTE: The total volume of the final suspension should be 5 mL. 

7. Distribute the mating suspension as individual 100 µL droplets on LB agar 

plates supplemented with DAP (5–7 droplets per plate) (Figure 31A). 

8. Incubate plates at room temperature for 30 min. 
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9. Without disturbing the droplets, carefully transfer plates to a 37°C incubator 

and allow cultures to mate for 1 h. 

 

Figure 31: Schematic of transposon mutant library construction. (A) Bacterial conjugation. The “donor” 
strain, which encodes the transposition machinery, was mixed with the “recipient” strain. The mixture was 
spotted on LB agar plates and allowed to mate for 1 h. (B) Generation of transposon library. The plasmid 
carrying the transposition machinery was transferred from the “donor” strain to the “recipient” strain and the 
transposon was randomly inserted throughout the genome of the “recipient” strain. (C) Selection. Resulting 
cells were plated on agar plates supplemented with kanamycin to select for transposon insertion mutants. 
(D) Pooled library. Colonies were scraped from plates, resuspended in LB and pooled. Please click here to 
view a larger version of this figure. 

 

NOTE: Incubation periods exceeding 1 h risks generation of sister mutants. 

10. Following incubation, add 1.5 mL of LB onto each plate and harvest by 

resuspending bacteria from the plates. Use a 1 mL micropipette for 

resuspension. Final volume should be approximately 12–15 mL. 

11. Combine harvested cells in a 50 mL conical tube. 

12. Pellet the mated cells using centrifugation at 5,000 × g for 7 min. 

13. Discard the supernatant and resuspend cells in 50 mL of LB to remove residual 

DAP. 

14. Pellet the mating using centrifugation at 5,000 × g for 7 min. 

15. Repeat the wash step (steps 2.13 and 2.14). 
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16. Using a 10 mL serological pipette, resuspend the pellet in 10 mL of LB 

supplemented with 25% glycerol. 

17. Using washed cells, make five serial dilutions in LB broth (1:10, 1:100, 1:1000, 

1:10,000, 1:100,000). 

18. Spread 100 µL of each dilution on 4 different plates using sterile glass beads: 

Luria-Bertani agar supplemented with kanamycin, agar supplemented with 

ampicillin, agar supplemented with DAP and agar only. 

19. Incubate plates at 37°C overnight. 

20. Aliquot the remaining mating in 1 mL aliquots and store at-80°C. 

3. Determine the appropriate dilution of transposon library 

1. Record colony-forming units (CFU) from overnight plates. 

2. Image a plate with countable colonies for each different plate condition (Figure 

32A). 

NOTE: Both “donor” and “recipient” strains should grow on agar plates 

supplemented with DAP, so most plated dilutions will yield a lawn. Only the 

“recipient” strain can grow on agar plates. Neither the “donor” nor the 

“recipient” strain can grow on agar plates supplemented with ampicillin, so 

there should be none/minimal growth. Only target strain cells encoding the 

transposon insertion can grow on agar plates supplemented with kanamycin. 

Colonies should vary in size, indicating transposon insertions in genes that 

contribute to fitness on agar supplemented with kanamycin. 

3. Calculate the number of transposon mutants in the frozen mating by counting 

the number of colonies on LB agar plates supplemented with kanamycin. 
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NOTE: For the A. baumannii genome (approximately 4 Mbps), the goal was to 

obtain about 400,000 colonies in order to generate a high-resolution mutant 

library (approximately one transposon insertion/10 base pairs). However, this 

number should be optimized based on genome size of the target species). 

Figure 32: Representative bacterial conjugation results and a schematic of the colistin Tn-seq 
experiment. (A) Representative kanamycin selection plate. The plate is divided into five equal sections. 
Blue dots represent colony counting for estimation of A. baumannii transposon insertion mutants. At least 
three separate plates were counted to calculate the final estimation. (B) Identification of fitness factors at 
subinhibitory colistin concentrations. The pooled transposon library was grown to logarithmic growth phase 
either in the absence (control) or in the presence (experimental) of colistin. Once the cultures reached 
appropriate optical density, the cells were pelleted and gDNA was extracted from each sample. Each 
condition was tested in duplicate for a total of four samples. Please click here to view a larger version of 
this figure. 
 

4. Generation of final bacterial mutant library 

1. Thaw an aliquot of the frozen mating on ice. 

2. Plate mating on 150 mm Luria-Bertani agar plates supplemented with 

kanamycin based on CFUs calculated in step 3.1. Adjust the volume with LB 

to yield 13,333 colonies per 150 µL before plating. 

NOTE: The CFU count here was determined to be about 105 CFU/mL, so the 

mating volume was adjusted to obtain 13,333 colonies per plate as this would 



 127 

provide an optimal number of colonies on 30 plates for a high-resolution mutant 

library without overcrowding the plates. 

3. Use sterile glass beads to spread 150 µL of the dilution per plate on 30 × 150 

mm Luria-Bertani agar plates supplemented with kanamycin to obtain 400,000 

colonies (Figure 31C). 

NOTE: Sterile rods or any kind of sterile spreader tool (i.e., glass beads) may 

be used to spread the bacteria on plates. 

4. Dispose of the used tube containing excess mating. 

NOTE: Freeze/thaw cycles adds selective pressures on the bacterial culture, 

which can skew the Tn-seq experiment results. Use a fresh aliquot each time. 

5. Incubate plates at 37°C for 14 h. 

NOTE: The incubation time is optimized to prevent overgrowth (colonies 

touching). Minimizing growth by reducing the incubation time is suggested. 

5. Estimating library density and pooling for storage 

1. Count CFUs on each plate to estimate the total mutants in the transposon 

library. Count 20% of at least 3 plates to determine the colony count estimate 

for the entire group of plates (Figure 32A). Ensure that the colonies are not 

touching another colony. 

2. After calculating the estimated colony yield, add 3–5 mL of LB (or more if 

needed) to each plate and scrape off the bacteria using a sterile scraping tool. 

NOTE: Sterile inoculating loops were used to efficiently scrape plates. 

3. Pool bacterial suspensions from all plates into 50 mL conical tubes (Figure 

31D). This will require multiple 50 mL conical tubes, at least 3. 
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4. Pellet pooled bacterial suspension using centrifugation at 5,000 × g for 7 min. 

5. Discard the supernatant and resuspend pellet in 5 mL of LB supplemented with 

30% glycerol. 

6. Aliquot 1 mL of the transposon library into cryovials and store at −80°C. 

6. Identification of factors that regulate colistin resistance in A. baumannii 

1. Prepare 4 × 250 mL Erlenmeyer flasks with each containing 50 mL LB broth 

and label as (Figure 32B) 

1. A. baumannii strain ATCC 17978 Tn-seq library; (−) colistin_1 

2. A. baumannii strain ATCC 17978 Tn-seq library; (−) colistin_2 

3. A. baumannii strain ATCC 17978 Tn-seq library; (+) colistin_1 

4. A. baumannii strain ATCC 17978 Tn-seq library; (+) colistin_2 

NOTE: In the challenge growth described here, each condition, (−) 

colistin control and (+) colistin challenge, is being tested in duplicate. 

Therefore, the setup requires 4 × 250 mL Erlenmeyer flasks, two per 

condition. 

2. Add 50 µL of 0.5 mg/L colistin to (+) colistin flasks (6.1.3 and 6.1.4) and 50 µL 

water to (−) colistin flasks (6.1.1 and 6.1.2). 

3. Thaw a frozen Tn-seq library aliquot from step 5 on ice. 

4. Pipette 1 µL of the thawed library into 1 mL of PBS. 

5. Measure the optical density at 600 nm (OD600) and multiply by 1,000. 

NOTE: This determines OD6OO of 1 µL of the Tn-library. 

6. Based on the calculation in step 6.5, inoculate each flask containing 50 mL LB 

to a final OD600 0.001. 



 129 

7. Grow cultures in a shaking incubator at 37°C to OD600 0.5. 

NOTE: It is important that cultures remain in logarithmic growth phase, so if 

your strain is at a different OD600 during exponential growth, the OD600 needs 

to be adjusted to ensure the culture replicates as many times as possible within 

logarithmic growth phase. If the culture only replicates 3 times, the power to 

detect fitness defects in mutants is capped at 3-fold differences, in theory. 

Since different bacteria have different doubling times, it is important to seed 

the cultures at a fixed OD600 to normalize the starting inoculum. This ensures 

consistent representation of the entire library in all cultures. 

8. Harvest cultures using centrifugation at 5,000 × g at 4°C for 7 min. 

9. Remove the supernatant and wash with 50 mL of PBS. 

10. Pellet using centrifugation at 5,000 × g at 4°C for 7 min. 

11. Remove the supernatant and resuspend the pellet in 1 mL of PBS. Aliquot ~ 

200 µL into 5 microcentrifuge tubes. 

12. Pellet using centrifugation at 5,000 × g at 4°C for 5 min. Remove all of the 

supernatant using a pipette tip. 

13. Store pellets at −20°C or proceed with gDNA extraction. 

7. gDNA extraction 

1. Thaw one cell pellet on ice. 

2. Add 0.6 mL lysis buffer (9.34 mL TE buffer; 0.6 mL 10% SDS; 0.06 mL 

proteinase K [20 mg/L]) and vortex to completely resuspend the pellet. 

3. Incubate at 37°C for 1 h. 
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4. Add 0.6 mL of phenol/chloroform/isoamyl alcohol to the sample and vortex 

vigorously. 

5. Separate phases using centrifugation in a microcentrifuge at max speed at 

room temp for 5 min. 

6. Transfer the upper aqueous phase to a new tube. Avoid disturbing the phase 

interface during transfer. 

7. Add an equal volume of chloroform to the aqueous phase obtained above and 

vortex vigorously. 

8. Separate phases using centrifugation in microcentrifuge at max speed at room 

temp for 5 min. 

9. Transfer upper aqueous phase to a new tube. 

NOTE: Be sure to avoid disturbing the interface during transfer. 

10. Add 2.5x aqueous phase volume of cold 100% ethanol and mix gently. 

Precipitated DNA will be visible. 

11. Place tube at −80°C for at least 1 h. 

12. Pellet DNA using centrifugation at max speed at 4°C for 30 min. 

13. Carefully remove supernatant without disturbing the DNA pellet and wash with 

150 µL of 70% ethanol by pipetting. 

14. Pellet DNA using centrifugation at max speed at 4°C for 2 min. 

15. Carefully remove the supernatant. 

16. Repeat step 7.14 once. Carefully remove all remaining ethanol. 

17. Dry DNA by incubating at room temp for 5–10 min. 

18. Resuspend DNA pellet in 100 µL TE buffer by pipetting. 
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8. DNA shearing (Figure 33A) 

1. Dilute gDNA with TE buffer to a concentration of 250 hg/ mL in a total volume 

of 200 µL. 

2. Place tubes in a water bath sonicator. 

3. Sonicate DNA to yield fragments of approximately 300 nucleotides. Power: 

60%, Total Time: 20 min, Cycles: 10 s ON and 10 s OFF at 4°C (Figure 33A). 

4. Confirm DNA is sheared appropriately by separating 10 µL of unsheared DNA 

and 10 µL of sheared DNA on a 1% agarose gel. Repeat sonication or optimize 

as needed (Figure 33B). 



 132 

Figure 33: Flowchart of the DNA amplicon library build for massive parallel sequencing and 
representative sheared gDNA. (A) Tn-seq DNA library build schematic. Following extraction, gDNA was 
fragmented via mechanical shearing. Terminal deoxynucleotidyl transferase was used to add a poly-C tail 
to the 3’ end of fragmented DNA before PCR amplification of the transposon-genome junctions and barcode 
addition. (B) 1% agarose gel of unsheared and sheared A. baumannii mutant libraries following gDNA 
shearing step. 1 Kb ladder was used as a DNA marker. Sheared gDNA smear primarily ranges between ~ 
100 and 500 base pairs. Please click here to view a larger version of this figure. 
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9. Poly-C tail addition to the 3’ end (Figure 33A) 

1. Setup poly-C reaction according to the Table 4. 

2. Incubate reaction at 37°C for 1 h. 

3. Purify poly-C reaction with 40 µL of size-selection paramagnetic beads (Figure 

33A) by following the steps below. 

1. Add 40 µL of size-selection paramagnetic beads to each sample. Vortex 

~ 5 s or pipette up and down. 

2. Incubate samples at room temperature for 5 min. 

3. Briefly, centrifuge tubes to collect liquid in the bottom of the tube (~ 2 s). 

4. Transfer tubes to a magnetic rack and incubate at room temperature for 

~ 2 min until the solution is clear. 

5. With tubes on magnetic rack, carefully remove the supernatant. 

6. With tubes on magnetic rack, add 200 µL of freshly prepared 80% 

ethanol (do not disturb beads). 

7. Incubate samples for at least 30 s until solution is clear. 

8. With tubes on magnetic rack, carefully remove the supernatant. 

9. Repeat the wash step (steps 9.3.6 – 9.3.8). 

10. Collect liquid in the bottom of the tube using a brief centrifugation step 

(~ 2 s). 

11. Transfer tubes to the magnetic rack and remove any remaining liquid. 

12. Incubate at room temperature for 2–5 min to dry samples. Do not over 

dry. 
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13. Remove tubes from magnetic rack and add 25 µL of water to each. 

Vortex for ~ 5 s or pipette up and down. 

14. Briefly, centrifuge tubes to collect liquid in the bottom of the tube (~ 2 s). 

15. Transfer tubes to the magnetic rack and allow to sit for ~ 2 min until the 

solution is clear. 

16. With tubes on the magnetic rack, remove liquid without disturbing the 

beads and transfer to a new tube (~23 µL of DNA). 

Table 4: Reaction setup. Setup and conditions for poly-C, PCR 1 and PCR 2 reactions. 
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10. Transposon junction amplification (Figure 33A) 
1. Setup PCR 1 as described in Table 6.1 for the first nested PCR (Table 5). 

2. Perform PCR 1 using conditions described in Table 4. 

3. Purify PCR products with 40 µL of size-selection paramagnetic beads (steps 

9.3.1 – 9.3–12). Elute in 50 µL of water (steps 9.3.13 – 9.3.16). At this point 

the samples can be stored at −20°C. 

4. Prepare Streptavidin-coupled paramagnetic beads: 

1. Resuspend Streptavidin beads by shaking vigorously. 

2. Add 32 µL of beads per sample to a fresh microcentrifuge tube. 

NOTE: Beads for 6 + samples can be prepared in a single tube. 

3. Transfer the tube to a magnetic rack. Incubate for~ 2 min until solution 

is clear. 

4. With tube on magnetic rack, remove supernatant. 

5. Remove the tube from magnetic rack. Wash beads by resuspending in 

1 mL 1x B&W buffer by pipetting up and down. 

6. Transfer the tube to magnetic rack. Incubate for ~ 2 min until solution is 

clear. 

7. With the tube on magnetic rack, remove the supernatant. 

8. Repeat wash step with 1 mL 1x B&W buffer (steps 10.4.5 – 10.4.7) twice 

more for a total of 3 washes. 

9. Remove tube from magnetic rack and resuspend beads in 52 µL of 2x 

B&W buffer per sample. 
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5. Combine 50 µL of the prepared beads with 50 µL of purified PCR1 (from step 

10.3). Pipette to mix. 

6. Rotate at room temperature for 30 min. 

7. Wash away unbound DNA: 

1. Briefly, centrifuge to collect liquid at the bottom of the tube (~ 2 s). 

2. Transfer the tube to magnetic rack. Incubate for ~ 2 min until the solution 

is clear. 

3. With the tube on magnetic rack, remove the supernatant. 

4. Remove the tube from magnetic rack, wash beads by resuspending in 

100 µL 1x B&W buffer and pipetting up and down. 

5. Transfer tube to magnetic rack. Incubate for ~ 2 min until the solution is 

clear. 

6. With tube on magnetic rack, remove supernatant. 

7. Repeat wash steps with 100 μL LoTE (steps 10.7.4 – 10.7.6) twice more 

for a total of 3 washes. 

8. Setup PCR 2 as described in Table 4 to amplify transposon junctions 

and add a single barcode to each sample (Table 5 and Table 6). 

9. Perform PCR 2 using conditions described in Table 4. 

10. Purify with 40 µL of size-selection paramagnetic beads (steps 9.3.1 – 

9.3.12). Elute in 17 µL of water (steps 9.3.13 – 9.3.16), collect ~ 15 µL. 

11. Quantify DNA concentration using a fluorometer. The final 

concentrations should be ~ 50 to 250 hg/µL. 
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12. Assess DNA quality using chip-based capillary electrophoresis (Figure 

34A). 

Table 5: PCR amplification primers. PCR amplification primers used in the protocol to amplify the 
transposon junctions. The purpose of each is listed in the first column.  

 

Representative Results 

The outlined methods describe the generation of a high- density transposon library 

in A. baumannii strain ATCC 17978 through bacterial conjugation using E. coli MFD DAP-

, which replicates the plasmid pJNW684 (Figure 34B). The detailed protocol uses bi-

parental bacterial conjugation for transfer of pJNW684 from the E. coli λpir+ donor strain 

to the A. baumannii recipient strain. This is an efficient and inexpensive method for 

generating dense transposon mutant libraries. Bacteria were mixed at optimized ratios 

and matings were spotted on Luria-Bertani agar plates for 1 h (Figure 31A). During 

mating, the transposon was transferred from the donor to recipient strain, where it 

inserted into the gDNA (Figure 31B). Matings were collected, approximately 105 CFU/mL 

were calculated and plated on 150 mm × 15 mm agar plates supplemented with 

kanamycin. After 14 h of growth at 37°C, plates contained thousands of colonies of 

varying size (Figure 31C) indicating successful generation of a transposon mutant library. 
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The transposon insertion mutants were pooled (Figure 31D) and frozen in aliquots to 

prevent repeated freeze-thaw cycles, which could add selective pressure on the insertion 

library. 

Table 6: Barcode primers. Barcode primers are used in the second PCR step to amplify the transposon 
junctions while adding a P7 sequencing site and barcodes to the amplicon. Not all barcode primers are 
needed to generate a library. Only barcode primers for the number of samples are required. 
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The pooled A. baumannii transposon mutant library was used to identify fitness 

factors important for colistin resistance under subinhibitory concentrations of the 

antimicrobial (Figure 32B). The mutant library was grown to logarithmic phase in the 

absence/presence of 0.5 mg/L colistin in duplicate to deplete mutant cells encoding 

insertions in genes that contribute to colistin resistance. The total gDNA of the remaining 

library pool was isolated from control and experimental cultures and processed to prepare 

DNA for sequencing (Figure 33A). 

Isolated gDNA was fragmented using mechanical shearing and a poly-C tail was 

added on the DNA fragments (Figure 33A). Following the addition of poly-C tail, DNA 

was purified and the transposon-genome junctions were enriched using the poly-C 

specific primer followed by a second round of PCR using another poly-C specific primer 

that introduced the P7 sequencing site which is required for binding the lllumina flow cell 

and cluster generation, and a six-base barcode that is used to demultiplex libraries post 

sequencing149,375. DNA concentrations were calculated, and the samples were analyzed 

using chip-based capillary electrophoresis to confirm successful library builds (Figure 

34A), which are ready for high-throughput sequencing. 
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Figure 34: Representative quality control (QC) results and map of the plasmid carrying the 
transposition genes. (A) QC trace for a DNA library build. There is a peak at ~ 350 base pairs, indicating 
successful library build. If some larger DNA was detected in the QC results, the samples can be cleaned 
up further to remove large DNA fragments. (B) Plasmid pJNW684 consists of a Himar1 mariner transposon 
(green) with a kanamycin resistance cassette (purple) for mutant selection, a gene encoding the hyperactive 
mariner Himar1 C9 transposase (red) under control of an A. baumannii 17978 specific promoter (blue), an 
ampicillin resistance gene (bla, orange) and a RP4/oriT/oriR6K-conditional origin of replication (yellow). 
Please click here to view a larger version of this figure. 

 

DNA libraries were sequenced by next generation sequencing. A single-end, 50 

cycle run was performed, which yielded 30 million high-quality reads/sample providing 

62.5-fold coverage of the transposon library. Transposon junctions (reads) were mapped 

to the reference genome376, using commercially available bioinformatics analysis 

software. The number of reads at each insertion site in the input samples, (−) colistin 

control condition, were compared to the number of reads in the output samples, (+) 

colistin experimental condition, and fitness scores for each insertion site were calculated. 

The fitness scores were then grouped by gene. Genes demonstrating reduced scores 

when the library was grown in the presence of colistin relative to the input samples were 

considered fitness determinants for A. baumannii survival at subinhibitory concentrations 

of colistin. For example, transposon insertions within the PmrAB two-component system 
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were present in the input sample but were not found in the output sample. PmrAB directly 

regulates expression of pmrC, which transfers phosphoethanolamine onto lipid A to 

neutralize the charge on the cell surface351,366. Neutralization of bacterial surface charge 

is thought to reduce the electrostatic potential required for colistin-mediated killing. 

Identification of depleted genes known to contribute to the resistance phenotype validated 

the method. 

 

Discussion 

A. baumannii is an emerging threat to global public health due to the rapid 

acquisition of AMR against “last- line” therapeutics, such as colistin27,177,260,351,362,365,366. 

In recent decades, Tn-seq has played a critical role in elucidating genotype-phenotype 

interactions across numerous bacterial species and expanding our understanding of 

bacterial genetics147,368,371,372. Tn-seq protocols have been instrumental in identifying 

essential genes in diverse bacterial species such as Campylobacter jejuni, 

Staphylococcus aureus, the periodontal pathogen Porphyromonas gingivalis, and even 

Mycobacterium tuberculosis149–152. Beyond identification of essential genes, Tn-seq has 

been used to  

identify antibiotic resistance genes in Pseudomonas aeruginosa, several conditionally 

essential genes in Salmonella typhimurium, and numerous genotype-phenotype 

relationships in Streptococcus pneumoniae377–379. More recently, transposon sequencing 

of Vibrio cholerae was employed in the infant rabbit model of Cholera to identify genes 

that are important for in vivo fitness during infection375. These studies demonstrate the 

versatility of Tn-seq as it can be utilized for both in vitro and in vivo studies. 
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The main advantage of Tn-seq over other methods, such as microarray 

technologies, 2D gel electrophoresis, and qPCR, is that it does not require prior 

knowledge of the genome or genomic information380. Therefore, transposon mutagenesis 

coupled with massive-parallel sequencing enables the study of known genes and 

genomes as well as discovery of novel genetic interactions. Here we have presented a 

comprehensive method for generating a highly dense transposon mutant library in A. 

baumannii to identify factors that are essential for bacterial fitness when exposed to 

subinhibitory concentrations of colistin. The described method has also been successfully 

used in E. coli (unpublished data), demonstrating the system is amenable to perform Tn-

seq analysis in other Gram-negative pathogens, including Enterobacteriaceae. 

Using mariner transposons for insertional mutagenesis has several advantages. 

The transposon family originated from eukaryotic hosts and have been widely used to 

generate saturating mutant libraries in diverse bacterial populations. Mariner transposons 

are host-independent, which means that stable random insertions can be achieved in the 

absence of specific host factors155,156. Additionally, mariner transposons have a defined 

number of insertion events because they preferentially insert into thymine-adenine (“TA”) 

motifs, which reduces insertional bias and leads to more robust statistical 

analysis148,149,153,154. 

Several mariner-based Tn-seq methods use MmeI restriction digestion for gDNA 

fragmentation367,371,372. While enzymatic DNA fragmentation is a popular and successful 

method, it adds unnecessary steps to the procedure and increases potential bias149. Not 

only do these techniques require large quantities of starting materials, they can also 

potentially lead to unequal representation of insertion sequences in downstream 
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analyses149,381. Like some other methods that do not rely on MmeI nuclease 

activity377,382,383 the method outlined herein relies on mechanical shearing to fragment 

gDNA, and TdT to add a poly-C tail to the 3’ end of the DNA fragments. Compared to 

enzymatic DNA fragmentation and adapter ligation methods, this approach requires 

significantly smaller amounts of starting DNA while providing more consistent results, it 

also lowers the risk of DNA cross-contamination and reduces sample loss due to 

confinement in a sealed tube149,381,384. Furthermore, this method yields longer, high 

quality sequencing reads of 50 nucleotides which aid in more effective and precise 

mapping of sequences and a more robust downstream analysis149,381. The addition of a 

synthetic poly-C tail disregards potential overhangs that may result from fragmentation as 

this method relies on the exogenously added poly-C tail as a recognition site for the 

reverse primer, which contains 16 dG nucleotides at its 3’ end and a sequence specific 

to next generation sequencing (e.g., Illumina sequencing) at the 5’ end, to prime 

synthesis375,381. The use of a synthetic nucleotide tail expands the application of this 

method to many distinct genomes independent of their native content381. Subsequently, 

transposon-genome junctions are amplified using the poly-C specific primer149. This 

alternative simplifies the procedure by eliminating the need for expensive restriction 

enzymes, adapter ligation, formation of adapter dimers and gel purification steps. We 

have further optimized the protocol to efficiently generate highly saturated transposon 

insertion libraries in several Gram-negative ESKAPE pathogens, including Acinetobacter 

baumannii and can be used to study genetic interactions under diverse in vitro and in vivo 

conditions260. 
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One limitation of Tn mutagenesis is it relies on the antibiotic resistance markers 

for selection. However, many Gram-negative ESKAPE pathogens are multidrug or 

extensively drug resistant, meaning the user may need to exchange the resistance 

cassette according to the specific pathogen of interest. Furthermore, some clinical 

isolates are not amenable to transposon mutagenesis using the mariner-based 

transposon. 

A critical step of the protocol is calculating the number of Tn mutants to plate. 

Plating too many colonies will result in a lawn that can complicate downstream analysis. 

If the colonies are too close or touching, they can add unwanted selective pressure on 

the library that can result in artifacts. Ideally, colonies would be not be touching and 

spaced evenly across the plate, as demonstrated (Figure 6.2A). Conversely, if too few 

colonies are plated, it will be difficult to isolate multiple Tn insertions in each gene. 

It is also important to perform the controls listed in step 2.18. As stated in the Note 

of section of 3. 2, neither “donor” or “recipient” strain should grow on plates supplemented 

with Ampicillin. Since exogenous DAP is required for growth of the “donor” strain, any 

growth would indicate the “recipient” strain replicates pJNW684. This is a significant 

problem because if the transposon does not integrate into the gDNA, sequencing reads 

will only map to the plasmid, not an integration site. In this case the experiment will likely 

not yield useable data. 
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CHAPTER 7 

CONCLUSIONS AND RECOMMENDATIONS 

The studies herein are focused on elucidating and targeting mechanisms leading 

to antimicrobial treatment failure in clinically significant Gram-negative bacterial species 

to address the antibiotic resistance crisis. These data outline the discovery and 

characterization of synthetic peptide sequences that inhibit the NDM-1 resistance enzyme 

to prevent hydrolysis of carbapenem b-lactams. We also describe identification and 

characterization of genetic determinants important for carbapenem tolerance in two 

clinically important Gram-negative bacterial species including members of the 

Enterobacterales family and Acinetobacter baumannii. Lastly, we present a streamlined 

method for transposon insertion mutagenesis and sequencing that can be used to identify 

fitness factors in diverse Gram-negative bacteria.  

 Carbapenems are an important group of b-lactam antibiotics due to their broad-

spectrum activity and use as last-resort treatment options against multidrug resistant 

Gram-negative bacterial infections385. Additionally, carbapenems are not susceptible to 

many common b-lactam resistance mechanisms6,7. However, the emergence and rapid 

spread of MbLs, like NDM-1, throughout significant nosocomial Gram-negative pathogens 

seriously threatens the efficacy of these important clinical therapeutics. There is an urgent 

need for development of novel b-lactamase inhibitors to restore the therapeutic utility of 

these last-line antibiotics and prolong their clinical use. While several inhibitors against 

serine-dependent b-lactamases have been approved for clinical use by the Food and 

Drug Administration (FDA), none of these are active against MbLs due to dramatic 

differences in the active site structure and catalytic mechanisms between these two types 
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of b-lactamases385. As such, there are currently no MbL inhibitors approved for clinical 

use.  

 A recent report outlined the innovative antimicrobial discovery platform SLAY that 

is designed to screen for peptide sequences with activity against Gram-negative 

bacteria141. The studies in chapter 3 outline current work to build on this platform by 

adapting SLAY to search for peptide sequences that target and inhibit the NDM-1 

resistance enzyme. More than one million random ten amino acid peptide sequences 

were screened using the high-throughput cell-based SLAY system to discover thousands 

of peptide chemistries that increased susceptibility of NDM-1 encoded E. coli to the widely 

used carbapenems imipenem and meropenem. Thirty-seven of these peptides were 

found to be conserved between the imipenem and meropenem treatment conditions 

which could suggest broad-spectrum activity. Since meropenem demonstrates more 

potent activity against Gram-negative bacteria out of these two commonly used 

carbapenems, we focused primarily on characterizing peptide sequences that increased 

susceptibility of various carbapenemase-producing Enterobacterales (CPE) to 

meropenem. Molecular and biochemical validation was used to identify several peptides 

that enhanced meropenem activity against NDM-1 encoded E. coli, Klebsiella 

pneumoniae, and Enterobacter cloacae, directly bound and inhibited NDM-1 hydrolytic 

activity and demonstrated minimal cytotoxicity.  

 Antimicrobial peptides have recently gained attention as appealing alternative 

therapeutic options because they are fast acting and can be used as monotherapy or in 

combinatorial therapy131–133. Peptides demonstrate activity against resistant bacteria as 

well as dormant cells which makes them valuable candidates for development of 
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antimicrobial therapeutics386,387. Importantly, due to high metabolic expenditure, bacteria 

have a low propensity for developing resistance to antimicrobial peptides134,386,387. 

Previous work investigating peptide chemical diversity has been constrained due to 

limitation in screening and discovery of peptides such that the true therapeutic potential 

of chemistries within amino acid sequences has not been fully recognized. While high-

throughput small molecule library screening has identified competitive and non-

competitive MbL inhibitors, these screens highlight several shortcomings associated with 

previous methods113,128,129. First is that these screens were limited in size and secondly, 

they were carried out in vitro using purified b-lactamase enzymes, which fails to assess 

inhibitor efficacy in cell-based systems. The SLAY platform overcomes these limitations 

by allowing exploration of a diverse chemical space within a cell-based system, which 

has proven to be particularly challenging in discovery of effective therapeutics against 

Gram-negative bacteria.  

 The work outlined in chapter 3 further advances the SLAY drug discovery method 

to identify unique peptide sequences that specifically inhibit NDM-1-mediated hydrolysis 

of b-lactam antibiotics in carbapenemase-producing Enterobacterales (CPE). This 

demonstrates the versatility of the SLAY technology for discovering antimicrobial peptides 

with broad-spectrum activity against Gram-negative bacteria as well as sequences that 

target specific bacterial factors/resistance mechanisms. Additionally, lead NDM-1 

inhibitors identified in this work serve as a starting point for continuous optimization and 

characterization of high-potency NDM-1 inhibitor peptides. Mutational analysis of the 

NDM-1 amino acid sequence and original parent sequences of lead inhibitors presented 
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in chapter 3 can provide valuable insights into NDM-1 inhibition and aid in characterizing 

high-potency inhibitor sequences that enhance carbapenem susceptibility in CPE.  

 Three out of the four peptide sequences identified through studies in chapter 3 

demonstrated competitive inhibition of the NDM-1 enzyme. One important goal in 

combating carbapenem resistant bacteria and prolonging clinical efficacy of 

carbapenems is development of broad-spectrum inhibitors that are effective against all 

MbLs105,119. In the short-term, there is an urgent need to develop inhibitors that specifically 

inactivate the B1 subclass, since it consists of the largest number of clinically relevant 

and most worrisome MbLs105,119. Despite the low overall amino acid identities (~ 30%) 

between the three B1 subclass MbLs, all three enzymes share highly conserved features 

within their active sites, including substrate binding and catalytic mechanisms119. In fact, 

the three B1 subclass enzymes rely on H116, H118, and H196 residues to coordinate 

Zn1, while D120, C221, and H263 are used to coordinate Zn2. Based on this, it is likely 

that competitive inhibitors discovered herein will bind to the conserved zinc active site to 

inhibit MbL hydrolytic activity and therefore, serve as broad-spectrum inhibitors of the 

clinically relevant B1 subclass enzymes including New Delhi-type (NDMs), Imipenemase-

type (IMPs) and Verona integron-encoded-type (VIMs) MbLs.   

 Overall, this work addresses the increasing need for development of alternative 

antimicrobial therapeutic strategies by advancing the innovative SLAY technology to 

discover unique MbL inhibitor peptides that can serve as candidates for further 

development to restore efficacy of last-resort carbapenem b-lactams. Additionally, the 

studies outlined in chapter 3 enhance our understanding of MbL inhibition and provide a 

starting point for development and optimization of high-potency inhibitors with 
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translational potential. As with most therapeutics, evaluating the therapeutic potential of 

lead compounds will be an important step for further development. Future studies 

measuring pharmacokinetic properties of inhibitors in physiologically relevant solutions, 

such as human serum, will be necessary to quantify peptide stability in physiological 

conditions that inhibitors might encounter upon administration and will provide valuable 

information about improving inhibitor potency. Additionally, further studies using a murine 

wound infection model to test carbapenem efficacy in combination with topical application 

of inhibitor peptides directly at the site of infection would serve as a useful tool for quickly 

analyzing therapeutic value of inhibitors in vivo and would lay a foundation for improving 

peptide delivery mechanisms and tissue penetration. 

 Chapter 4 and 5 of the present work investigate bacterial tolerance as another 

major factor contributing to the failure of carbapenem therapeutics against clinically 

significant Gram-negative pathogens. Antibiotic tolerance is the ability of a susceptible 

bacterial population to transiently survive exposure to otherwise lethal concentrations of 

bactericidal antibiotics (i.e., carbapenem b-lactams)12,14,255. Unlike resistance, tolerant 

populations do not grow in the presence of antibiotics therefore no change in antibiotic 

MIC is associated with tolerance12,255. This allows tolerant bacteria to evade detection 

with commonly used clinical testing methods, presenting a serious concern in effectively 

treating these infections388. Since tolerant populations are able to withstand antibiotic 

exposure for longer periods of time, high levels of antibiotic tolerance increase the 

probability to acquire resistance-conferring mutations as well as acquisition of resistance-

conferring genes by providing a reservoir of adaptable cells for an extended period during 

the course of antimicrobial therapy14. Therefore, tolerance plays a direct and indirect role 
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in antibiotic treatment failure by contributing to high rates of recurrent/relapse infections 

and by serving as a steppingstone for evolution of true resistance12,14,69,388,389.  In vivo 

studies using animal models have further supported the role of tolerance as an important 

determinant of clinical treatment outcomes14,255,389–393. Antibiotic tolerance is, therefore, 

now widely recognized as a significant factor contributing to the failure of antimicrobial 

therapeutics. 

 Interestingly, several clinically significant Gram-negative bacteria, including E. 

cloacae, K. pneumoniae, P. aeruginosa, and V. cholerae, demonstrate a unique type of 

tolerance to cell wall acting antibiotics, like carbapenem b-lactams, that is mediated by 

spheroplast formation19,21. As suggested by their name, spheroplasts have an 

uncharacteristically rounded cell morphology and are often observed to be cell wall 

deficient which is indicative of significant cell envelope damage21. While b-lactam induced 

spheroplasts do not replicate in the presence of these cell wall acting antibiotics, they are 

able to recover to characteristic cell morphology and normal growth once the antibiotic 

threat is removed12,65,255. These observations suggest that spheroplasts are able to “wait 

out” treatment with cell wall targeting agents until the antibiotic concentration is sufficiently 

decreased to resume default bacterial growth and structure12,65,255. It is likely that the 

stress-bearing outer membrane of Gram-negative bacteria significantly contributes to the 

ability of spheroplasts to survive and remain intact without or with a severely damaged 

peptidoglycan cell wall layer178,394,395.  

The studies performed in chapter 4 of the present work aim to elucidate genetic 

and molecular factors important for spheroplast-mediated carbapenem tolerance in 

important Enterobacterales, including Enterobacter cloacae and Klebsiella pneumoniae. 
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Members of the Enterobacterales have emerged as a serious nosocomial threat that often 

exhibit multidrug resistance to common therapeutics172. The PhoPQ TCS is a highly 

conserved and well-documented stress response in pathogenic Enterobacterales172,174. 

PhoPQ is generally activated under conditions where divalent cations, Mg2+ and Ca2+, are 

limited and is known to transcriptionally regulate various lipid A modification 

determinants396–399. Gram-negative bacterial species are often reported to alter their outer 

membrane composition by addition of positively charged 4-amino-4-deoxy-L-arabinose 

(L-Ara4N)201,400–402. In Enterobacterales, expression of the arn operon, which is 

responsible for the L-Ara4N modification, is regulated by the PhoPQ TCS172,173,176. While 

the PhoPQ TCS has previously been described as a regulator of polymyxin resistance402 

and heteroresistance172 in Enterobacterales, the present work uncovers a novel role for 

PhoPQ in Enterobacterales tolerance to carbapenem treatment. More specifically, it 

reveals that the PhoPQ TCS and its regulon are induced by meropenem treatment and 

pinpoints PhoPQ-dependent L-Ara4N lipid A modification as a key factor for carbapenem 

tolerance in Enterobacterales. Furthermore, suppression of PhoPQ induction by 

overexpression of MgrB, a small periplasmic protein, or through inhibition of the PhoQ 

histidine kinase by small molecule inhibitors Riluzole and its derivative Rilu-2 resulted in 

severe defects in spheroplast formation276,286. These observations support the hypothesis 

that meropenem treatment induces PhoPQ-mediated addition of positively charged lipid 

A modifications that increase outer membrane stability by strengthening electrostatic 

interactions between the negatively charged LPS molecules on the surface of the cell. 

This, in turn, fortifies and enhances load-bearing capabilities of the outer membrane 

promoting spheroplast survival when the peptidoglycan cell wall is weakened. 
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Importantly, this work demonstrates the value of small molecule histidine kinase inhibitors 

that synergize with meropenem to decrease spheroplast-mediated carbapenem tolerance 

in Enterobacterales. This can potentially be used for further development of novel 

therapeutic strategies where histidine kinase inhibitors are co-administered with 

carbapenem b-lactams to deter emergence of tolerant populations. Moreover, libraries of 

potent small molecule histidine kinase inhibitors already available provide a starting point 

for quick and easy testing of their synergistic activity with carbapenems against 

Enterobacterales tolerance286. Future studies using murine wound infection models will 

be useful for evaluating efficacy of meropenem in combination with Rilu and its derivative 

to counter carbapenem tolerance in vivo. Future studies should also focus on testing 

additional small molecule inhibitors for synergistic activity with meropenem and 

measuring pharmacokinetic properties of lead compounds in physiologically relevant 

solutions to determine therapeutic potential. Additionally, the SLAY platform may also 

serve as a powerful tool for discovering novel synthetic peptide sequences that inhibit 

carbapenem tolerance in Enterobacterales. 

While the studies outlined in chapter 4 support the hypothesis that PhoPQ-

dependent outer membrane alterations are a conserved mechanism for carbapenem 

tolerance among different Enterobacterales, Acinetobacter baumannii does not encode 

many of the canonical outer membrane modification components (i.e., PhoPQ) found in 

Enterobacterales and carbapenem tolerance in A. baumannii has not been extensively 

investigated. While, generally carbapenem use is limited to only treating serious multidrug 

resistant bacterial infection, meropenem serves as a first-line therapeutic against 

infections caused by A. baumannii, which has emerged as one of the most difficult to 
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combat nosocomial Gram-negative pathogens295,296. However, isolation of carbapenem-

resistant A. baumannii (CRAB) has become increasingly prevalent, causing a serious 

global health concern. With the scarcity of new antimicrobial development in the pipeline 

and the rapid rise of bacterial antibiotic resistance, there is an urgent requirement for 

alternative therapeutic strategies to prolong the clinical efficacy of currently available 

antibiotics, like meropenem, against A. baumannii infections.  

Since antibiotic tolerance has been reported to serve as a precursor for the 

development of true resistance, it is likely that susceptible A. baumannii isolates exhibit 

some level of tolerance to carbapenem b-lactams73,75,255,256,393,403. The work in chapter 5 

first demonstrates that common carbapenem susceptible lab strains as well as recently 

isolated clinical A. baumannii strains are highly tolerant to meropenem. This indicates that 

carbapenem tolerance is a clinically prevalent adaptation among susceptible A. 

baumannii isolates that is not just limited to lab-adapted strains and it likely contributes to 

the failure of meropenem treatment against A. baumannii infections and promotes 

evolution of true resistance. Furthermore, A. baumannii carbapenem tolerance was found 

to be mediated by spheroplast formation and meropenem induced A. baumannii 

spheroplasts were able recover characteristic coccobacilli cell morphology and canonical 

growth upon removal of the antibiotic.  

Upon observing high propensity of susceptible A. baumannii isolates for 

spheroplast-mediated tolerance to meropenem, we reasoned that elucidating genetic and 

molecular factors underlying carbapenem tolerance in A. baumannii may provide novel 

insight into the incredible ability of this pathogen to develop multidrug resistance and help 

uncover targets for combating carbapenem tolerance in A. baumannii to slow the 
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evolution of resistance. RNA-seq analyses revealed upregulation of genes involved in 

efflux of b-lactam antibiotics and decreased expression of genes encoding outer 

membrane porins (OMPs) in meropenem-induced spheroplasts compared to untreated 

A. baumannii cells. OMPs have been described previously as the major points of 

carbapenem entry into the cell314, therefore these findings indicate that A. baumannii cells 

respond to meropenem treatment through increased efflux of the antibiotic out of the cell 

while simultaneously limiting influx of meropenem into the cell by downregulating OMPs 

to promote survival. Additionally, b-lactam antibiotics disrupt default peptidoglycan 

biosynthesis by inhibiting penicillin-binding protein (PBP) transpeptidase activity which 

indirectly induces lytic transglycosylases to increase periplasmic peptidoglycan 

turnover190. Most of these peptidoglycan turnover products released by lytic 

transglycosylases are transported back into the cytoplasm for peptidoglycan recycling 

where they can enter the de novo peptidoglycan biosynthesis pathway, serve as nutrient 

sources, or be used for induction of chromosomally encoded cryptic b-lactamase 

genes209,323. The transcriptomics data presented here also revealed increased expression 

of two genes encoding a putative membrane-associated lytic transglycosylase, MltF, as 

well as a putative soluble lytic transglycosylase, Slt, in meropenem treated versus 

untreated A. baumannii. This indicates that peptidoglycan remodeling is important for 

meropenem-induced spheroplast formation in A. baumannii as observed previously for 

spheroplast-mediated b-lactam tolerance in other Gram-negative pathogens20,21, and 

suggests a potential role for peptidoglycan recycling in A. baumannii carbapenem 

tolerance. The RNA-seq analyses outlined in chapter 5 provide novel insights into the 

global transcriptional response associated with meropenem treatment and the formation 



 155 

of meropenem-induced spheroplast formation that can be applied broadly to make 

predictions regarding carbapenem tolerance and failure of carbapenem therapy in 

numerous Gram-negative bacterial species.  

Subsequently, Tn-seq was performed to pinpoint key fitness factors involved in A. 

baumannii carbapenem tolerance by comparing insertional mutants recovered from 

cultures treated with lethal meropenem concentrations and untreated A. baumannii 

cultures. This screen identified genes contributing to outer membrane stability, ompA and 

lpxM, as well as genes involved in peptidoglycan maintenance/recycling, pbpG, ldtK and 

ampD, as key fitness factors required for meropenem tolerance in A. baumannii. OmpA 

is an abundant monomeric b-barrel protein that is highly conserved among Gram-

negative bacterial species325. OmpA is an outer membrane localized protein, but it also 

contains a periplasmic domain that non-covalently interacts with peptidoglycan, directly 

attaching the outer membrane to the cell wall and it has been shown to contribute to the 

outer membrane stability325,329. Acinetobacter baumannii encodes a unique LpxM enzyme 

that functions as a dual acyltransferase enabling A. baumannii to constitutively produce 

hepta-acylated lipid A177. Increased number of saturated acyl chains attached to the lipid 

A moiety results in tight assembly of LPS/LOS molecules exposed on the cell surface 

which contributes to outer membrane rigidity23. Based on this, the Tn-seq analysis 

supports the hypothesis that factors contributing to the structural integrity of the outer 

membrane are important for meropenem tolerance in A. baumannii like the findings with 

Enterobacterales in chapter 4. Increased outer membrane rigidity due to lipid A hepta-

acylation by LpxM and stability provided by OmpA-mediated attachments between the 

outer membrane and the peptidoglycan cell wall likely contribute to the overall structural 
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and load-bearing capability of the outer membrane and this is important for maintaining 

cell envelope homeostasis in A. baumannii to promote survival when the cell wall is 

damaged.  

 Interestingly this screen also identified factors involved in peptidoglycan 

maintenance and recycling as key genetic determinants for meropenem tolerance in A. 

baumannii. Penicillin binding protein 7 (PBP7) is a low molecular weight (LMW) PBP 

encoded by pbpG201. PBP7 is grouped with the autolysins due to its endopeptidase 

activity hydrolyzing the D-Ala-mDap bridge between adjacent peptidoglycan stem 

peptides in E. coli and other Gram-negative bacteria200,202. Data presented in chapter 5 

indicate that in A. baumannii PBP7 functions not only as an endopeptidase, but also as a 

DD-carboxypeptidase. PBP7 is responsible for generating tetra-muropeptide substrates 

through both its endopeptidase activity cleaving TetraTetra and TetraPenta cross-linked 

muropeptides and its DD-carboxypeptidase activity removing the terminal D-Ala from 

monomeric penta-muropeptides. This is significant because tetra-muropeptides are used 

as substrates by LD-transpeptidases to catalyze formation of noncanonical 3-3 

peptidoglycan crosslinks and D-amino acid addition294. In E. coli 3-3 crosslinks are mainly 

used to repair defects in peptidoglycan crosslinking during stationary phase but are also 

found to be important during cell envelope stress294,342,404,405. It might be that inhibiting 

PBP7 activity fails to provide adequate tetra-muropeptide substrates for LD-

transpeptidases to form necessary 3-3 crosslinks which makes the peptidoglycan 

sacculus more vulnerable to further attack and disruption. Additionally, tetra-

muropeptides are also required as substrates for LD-transpeptidases to covalently attach 

the major outer membrane lipoprotein Lpp, (or Braun’s lipoprotein) to the peptidoglycan 
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cell wall in E. coli342. This is important for maintaining cell wall integrity and contributes to 

stabilizing the outer membrane to increase its load bearing capacity178. Additionally, 

deletion of pbpG in A. baumannii resulted in increased permeability and hyper-production 

of outer membrane vesicles suggesting a role for PBP7 in outer membrane stabilization. 

RNA-seq analysis also revealed upregulation of putative lipoproteins in meropenem 

treated cultures relative to untreated cultures. It is possible that PBP7 functions to provide 

tetrapeptide substrates for LD-transpeptidase-mediated attachment of outer membrane 

lipoproteins to peptidoglycan in A. baumannii to fortify the cell envelope under stress. 

Further characterization of outer membrane lipoproteins in A. baumannii will be important 

to inform the specific contribution of lipoproteins to A. baumannii cell envelope 

homeostasis.  

PBP7 has also been reported to interact with the soluble lytic transglycosylase 

Slt70 in E. coli to stabilize the enzyme and stimulate its hydrolytic activity and complex 

with Slt70 and PBP3 in vitro406. Recently, PBP7 was reported to interact with the outer 

membrane localized lipoprotein NlpI to form multi-enzymatic complexes with other 

peptidoglycan hydrolases in E. coli407. Expression of genes encoding putative membrane-

bound lytic transglycosylase (MltF) and soluble lytic transglycosylase (Slt) were highly 

upregulated in the RNA-seq analysis which could suggest that PBP7 might be performing 

similar functions in A. baumannii to promote survival. This work also suggests that PBP7 

could be contributing to meropenem tolerance in A. baumannii by coordinating with MltF 

and Slt in the periplasm for the efficient release of muropeptide substrates that are 

transported into the cytoplasm for peptidoglycan recycling. Tn-seq analysis and 

subsequent validation indicate the importance of two cytoplasmic peptidoglycan recycling 
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enzymes, LdtK and AmpD, in A. baumannii tolerance to meropenem. LdtK represents the 

first known YkuD-domain containing protein that is localized in the cytoplasm rather than 

the periplasm. In the cytoplasm, LdtK uncharacteristically functions as a LD-

carboxypeptidase cleaving the terminal D-Ala in the fourth position of imported 1,6-

anhydroMurNAc tetra-muropeptides to generate 1,6-anhydroMurNAc tri-muropeptides. 

LdtK cytoplasmic LD-carboxypeptidase activity is significant because 1,6-

anhydroMurNAc tri-muropeptides are used as substrates by AmpD for separating the 

tripeptide stem from 1,6-anhydroMurNAc.  Cytoplasmic peptidoglycan muropeptide 

processing by LdtK and AmpD may be important for maintaining low-level metabolic 

activity required during A. baumannii meropenem tolerance since tripeptides generated 

from AmpD activity can be further broken down into individual amino acids for 

energy/nutrient use210,212,323. Tripeptide stems resulting from AmpD hydrolysis of 1,6-

anhydroMurNAc tri-muropeptides can also be used as precursors in the downstream 

peptidoglycan recycling pathway, however the importance of de novo peptidoglycan 

biosynthesis in A. baumannii meropenem tolerance is less straightforward. 

Overall, the studies outlined in chapter 5 of the present work first establish the 

prevalence of meropenem tolerance among susceptible Acinetobacter baumannii 

isolates and provides novel insights into the mechanisms underlying this process. It 

demonstrates a unique link between factors involved in peptidoglycan turnover/recycling 

and the maintenance of outer membrane integrity and stability that appears to be critical 

for meropenem tolerance in A. baumannii. Furthermore, this work identifies novel factors 

that can be therapeutically targeted to inhibit carbapenem tolerance and slow the spread 

of antibiotic resistance in Acinetobacter baumannii. We are currently performing Tn-seq 
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with meropenem treated and untreated A. baumannii at later timepoints which will further 

increase our understanding of the mechanisms regulating carbapenem tolerance in A. 

baumannii and allow us to more specifically identify factors that become essential for 

spheroplast integrity and survival. Future studies evaluating the contribution of 

peptidoglycan recycling in maintaining outer membrane stability and integrity as well as 

pinpointing the importance of specific autolysins will be important for further dissecting 

mechanisms underlying carbapenem tolerance in A. baumannii. Additionally, identifying 

specific PBP7 protein interactions will help expand its role in A. baumannii physiology and 

provide insights into how PBP7 contributes to outer membrane integrity maintenance and 

carbapenem tolerance. Future studies would also benefit from evaluating how cell 

envelope mechanics support spheroplast integrity and impact carbapenem tolerance.  

The present work concludes in chapter 6 with a detailed outline of the transposon 

insertion sequencing (Tn-seq) method that we have optimized for building highly 

saturated transposon mutant libraries in A. baumannii and used widely in this work. Tn-

seq has become a powerful tool for investigating essential bacteria fitness factors across 

diverse physiological conditions and innovations in high-throughput sequencing 

technologies have continued to make these techniques more accessible and more 

reliable. The Tn-seq method described in chapter 6 and used for identifying genetic 

determinants for Acinetobacter baumannii carbapenem tolerance in chapter 5 has also 

been used previously to determine genetic factors that are essential for fitness in DmrcA 

(encoding Pbp1A) background relative to wildtype A. baumannii267. This demonstrates 

the broad applicability of this technique for identifying essential fitness factors in a variety 

of stress conditions and genetic backgrounds. The method detailed in chapter 6 combines 
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standard transposon mutagenesis with massive parallel sequencing and follows the same 

basic steps as other protocols where a saturated transposon insertion library is generated 

and pooled followed by genomic DNA (gDNA) extraction and high throughput sequencing 

of transposon insertion junctions from control and experimental samples. Sequencing 

reads recovered from each condition can then be mapped to a reference genome and 

used to draw conclusions about genetic and phenotypic interactions.  

One of the advantages of the Tn-seq method outline in the present work, aside 

from its versatile application, is that it uses a host-independent family of transposons and 

because these transposons have an insertional preference for thymine-adenine (“TA”) 

motifs, they are limited to a defined number of insertions148,149,153–156. This eliminates the 

need for host-specific factors to achieve insertions that are both random and stable and 

results in reduced insertion bias leading to reproducible and robust downstream statical 

analyses148,149,153–156. While MmeI restriction digestion based enzymatic gDNA 

fragmentation is a commonly used method of building Tn-seq libraries for high-throughput 

sequencing, it does prove to be cumbersome with the addition of extra steps and has a 

potential to produce bias149. The present Tn-seq method eliminates the need for 

enzymatic DNA fragmentation by using a mechanical shearing method for fragmenting 

gDNA, and addition of a 3’ poly-C tail for amplification of transposon-genome junctions 

using poly-C specific primers which contributes to the reproducibility of this method149. 

This streamlines the process by eliminating the need for tedious restriction digestion, 

adapter ligation and gel purification steps149.  While Tn-seq protocols can generate 

libraries of 20,000 – 100,000 mutants, the protocol described here has been optimized to 

generate highly saturated libraries of + 400,000 mutants, which in A. baumannii is roughly 
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equal to an insertion every ten bases. Furthermore, the transposon mutagenesis system 

described in this work can be easily modified by replacing the antibiotic resistance gene 

cassette and the promoter regulating expression of the transposase gene for use in a 

variety of bacterial backgrounds to study genetic interactions both in vivo and in vitro.  

Taken together, this work builds on innovative high-throughput technologies to 

search for novel strategies to combat clinical antimicrobial treatment failure. The studies 

described herein provide further evidence that there is an urgent need for development 

of novel therapeutic strategies with translational potential. Additionally, it warrants 

extensive investigation into “non-traditional” mechanisms of antibiotic treatment failure, 

such as tolerance, in difficult to treat nosocomial Gram-negative bacterial pathogens. It 

also emphasizes the need to address these noncanonical factors that contribute to failure 

of antimicrobial therapy in a clinical setting to identify potential methods to slow down the 

spread of antibiotic resistance and restore the efficacy of currently available antimicrobial 

therapeutics.  
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