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ABSTRACT 

Gram-negative bacteria account for the majority of antibiotic resistant infections. 

Regulated modifications within the cell envelope can promote resistance to clinically important 

antibiotics. The increased prevalence of antibiotic treatment failure highlights the importance of 

investigating the underlying resistance mechanisms. Of particular concern is resistance to last-line 

antimicrobials, such as polymyxin E (colistin). Colistin is a cationic antimicrobial lipopeptide that 

binds the negatively charged lipid A domain of lipopolysaccharide, a glycolipid enriched in the 

Gram-negative outer membrane, to perturb the envelope and lyse the cell. However, several Gram-

negative pathogens have evolved intrinsic colistin resistance mechanisms. For example, many 

Enterobacteriaceae modify their LPS with amine-containing moieties to prevent colistin binding. 

Enterobacter cloacae (Ecl) exhibits colistin heteroresistance, where a subpopulation is resistant to 

the antibiotic. Here, we demonstrate that colistin heteroresistance in E. cloacae is facilitated by 4-

amino-4-deoxy-L-arabinose (L-Ara4N) addition to lipid A via regulation by the PhoPQ two-

component system. Prior to this study, there was not detailed understanding of heteroresistance 

mechanisms in Ecl. While several pathogens modify lipid A to prevent colistin binding, only 

Acinetobacter baumannii (Ab) is known to mutationally inactivate lipid A biosynthesis to develop 

colistin resistance. Notably, LOS was considered essential for viability in Gram-negatives; 

however, the mechanism that enables Ab to survive without LOS (LOS-) is unknown. We found 

that two LD-transpeptidases, LdtJ and LdtK, were essential for LOS- survival in Ab. Furthermore, 

we characterized their biochemical activities and showed they are important for mechanical 

stability during cell envelope stress. Lastly, we found that the PG synthase PBP1A in Ab is 

necessary for productive division in Ab. PBP1A and is required for rapid growth, which may be 

detrimental for LOS- cells to assemble an outer membrane. 
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CHAPTER 1: INTRODUCTION 

Despite infection control efforts, antibiotic-resistant nosocomial pathogens permeate 

healthcare facilities globally. Healthcare-associated infections (HAIs) are thought to be the leading 

cause of adverse safety events for patients and result in undue mortality and morbidity1–6. HAIs 

are frequently caused by drug-resistant Gram-negative pathogens, where failure of front-line 

therapeutics are increasingly commonplace7. When standard of care options become ineffective, 

clinicians turn to “last-resort” antimicrobials, like colistin sulfate (Polymyxin E)8 which targets the 

ubiquitous outer membrane glycolipid, lipid A9–11, which was thought to be essential for Gram-

negative bacterial viability. Alarmingly, colistin-resistant HAIs are also increasing.  

 Further complicating efforts to address antibiotic-resistant HAIs, colistin-heteroresistance 

was identified in some Enterobacter cloacae complex (ECC) clusters, including the nosocomial 

pathogen, Enterobacter cloacae12,13. Evidence is accumulating that heteroresistance is an 

underappreciated cause of antibiotic treatment failure13–15 and colistin resistant subpopulations go 

undetected in clinical antibiotic susceptibility panels. The first study herein, defined the regulatory 

mechanisms required for colistin heteroresistance in E. cloacae. My work found that only one two-

component system (TCS), PhoPQ, regulates colistin heteroresistance in Enterobacter cloacae 

Colony-forming unit (CFU) survival assay identified only PhoPQ as essential for survival in the 

presence of colistin at concentrations above the clinical breakpoint. Next, we confirmed the 

heteroresistance phenotype in wild type E. cloacae in ΔphoPQ using the gold standard for 

antimicrobial susceptibility testing (AST), population analysis profiles (PAP). We further tested 

for heteroresistance using routine clinical ASTs, microdilution and E-strip assays. The ASTs 

demonstrated PhoPQ activity was not only necessary but also sufficient for colistin-

heteroresistance. These studies are significant because other well-studied models of colistin 
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resistant Enterobacterales rely on a second TCS, PmrAB, which contributes to colistin resistance 

but not heteroresistance. Therefore, the unique PhoPQ signaling pathway in E. cloacae likely 

contributes to colistin heteroresistance. 

In other Enteroabcterales, PhoPQ and PmrAB regulate chemical modification of the lipid 

A domain of lipopolysaccharide16. To determine the structure of lipid A in colistin heteroresistant 

E. cloacae, we extracted lipid A from cells grown with and without colistin selective pressure. 

Additionally, lipid A was isolated from ΔphoPQ grown without colistin. Samples were analyzed 

using direct infusion nano-ESI-MS/MS, revealing three distinct lipid A modifications. Two 

modifications, palmitoylation and hydroxylation, were conserved between wild type and ΔphoPQ, 

suggesting E. cloacae produces hepta-acylated and hydroxylated lipid A independently of colistin 

selection. Importantly, the MS spectra also revealed addition of 4-amino-4-deoxy-l-arabinose (L-

Ara4N) to lipid A in wild type and colistin treated cells, but not ΔphoPQ. Taken together, MS/MS 

spectra and PAP data suggest colistin heteroresistance in E. cloacae is dependent upon PhoPQ-

regulated L-Ara4N lipid A modification.  

We next investigated how PhoPQ regulates the arn operon, which encodes genes that 

synthesize and transfer L-Ara4N to lipid A. RNA-sequencing libraries were constructed in wild 

type, ΔphoPQ and ΔpmrAB E. cloacae to compare regulatory products. Previous work in other 

Enterobacteriaceae have shown that both TCSs, PhoPQ and PmrAB, engage in crosstalk through 

a linker protein called PmrD, which is required for transcriptional activation of arn. Surprisingly, 

our transcriptomics revealed arnBCADTEF genes were downregulated in ΔphoPQ compared to 

wild type, but not in ΔpmrAB. Reduced expression of arnBCADTEF in ΔphoPQ further supported 

a model where PhoPQ is the sole factor that regulates the arn operon in E. cloacae. 
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Next, we asked if PhoP directly regulates transcription of arnB, the first gene in the arn 

operon. Here, we performed an electrophoretic mobility shift assay (EMSA) and found that PhoP 

directly bound arnB DNA, which is included a predicted PhoP-box. Importantly, the synthetic 

DNA polymer (poly(dI-dC)) did not compete with E. cloacae ParnB for PhoP binding, 

highlighting the substrate specificity of the PhoP ParnB interaction.  

Finally, we sought to determine if PhoPQ-dependent L-Ara4N lipid A modifications 

reduced innate immune reactivity. We tested the antagonistic properties of native and L-Ara4N-

modified lipid A to human Toll-like receptor 4 (TLR4). TLR4 responds robustly to hexa-acylated, 

bis-phosphorylated lipid A through pro-inflammatory signaling cascades to clear the pathogen. 

While both E. cloacae wild type lipid A and E. cloacae L-Ara4N-lipid A stimulated TLR4 to a 

lesser degree than the canonical lipid A structure from wild type E. coli, the presence of L-Ara4N 

did not further reduce TLR4 response. These findings show PhoPQ-dependent modifications yield 

resistance to colistin but do not contribute to diminished innate immune response compared to 

wild type E. cloacae lipid A.  

 Prior to this study, there was not detailed understanding of heteroresistance in E. cloacae. 

Our data shows E. cloacae lipid A Ara4N modifications are PhoPQ-dependent and PmrAB-

independent, where PhoP directly activates the transcription of the arn operon. This pathway is 

unique in that it uncouples the PhoPQ and PmrAB TCSs that are known to work synergistically in 

some γ-Proteobacteria. This uncoupling is thought to allow colistin-resistant subpopulations to 

emerge due to loosened regulation of the arn operon. Our study provides insights into the origins 

of colistin heteroresistant subpopulations in E. cloacae, which is information necessary for 

informed therapeutic regimes. 
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While our previous study on colistin heteroresistance in E. cloacae focused on lipid A 

modifications, the next collection of studies describes fitness requirements for colistin resistance 

as mediated by complete loss of lipooligosaccharide (LOS-) in the outer membrane (OM) of the 

nosocomial pathogen Acinetobacter baumannii. To date, A. baumannii is one of only three Gram-

negative bacteria known to survive depletion of LOS17.  Despite the importance of the LOS-

enriched OM in cell viability, intrinsic and adaptive resistance to antibiotics, protective responses 

to LOS depletion are poorly understood. Our studies offer mechanistic insights into the 

physiological requirements for LOS- Gram-negative viability. Moreover, they provide a better 

understanding of how Gram-negative cells withstand severe envelope defects, which is broadly 

relevant for cellular response to several classes of envelope-targeting antibiotics, including the 

polymyxin colistin.  

Here we asked the question, what are the physiological requirements of LOS- viability, 

which leads to colistin resistance. We performed a transposon mutagenesis screen in A. baumannii 

Δpbp1A, which contains the pbp1A compensatory mutation required for colistin selection of LOS- 

mutants, as described below. The screen identified two putative LD-transpeptidases (Ldts), LdtJ 

and LdtK, as synthetically lethal in Δpbp1A. Accordingly, we were unable to recover ΔldtJ and 

ΔldtK LOS- populations following colistin selection.  

Ldts are a class of envelope remodeling enzymes with three disparate activities18. To 

characterize LdtJ and LdtK activity, we analyzed peptidoglycan (PG) composition with high-

performance liquid chromatography (HPLC) and MS/MS analysis of ΔldtJ and ΔldtK compared 

to wild type. Here, we identified attenuation of alternative, 3-3 crosslinking between PG peptide 

stems in ΔldtJ PG. Moreover, there was significant loss of D-amino acid incorporation in ΔldtJ 

PG. These findings were supported by our fluorescent microscopy data which revealed LdtJ 
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activity was required for PG incorporation of a D-alanine fluorophore conjugate (NADA). Lastly, 

osmotic stress assays found ΔldtJ was hypersensitive to osmotic shock, consistent with data 

showing D-amino acid incorporation facilitates resistance to osmotic stress and increased turgor 

pressure. These data point to a role for LdtJ in PG remodeling and structural support through 

alternative crosslinking and D-amino acid incorporation and are consistent with Ldts characterized 

in other bacteria19–21. 

Our MS/MS analysis of ΔldtK PG revealed increases in tetra peaks and alternative 3-3 

crosslinks compared to wild type. However, tetrapeptide accumulation and increased abundance 

of 3-3 crosslinking was not characteristic of Ldt mutants. We next sought to identify LdtK activity 

via enzyme homology. Through homology prediction, we hypothesized LdtK might function to 

tether the OM to the PG via lipoprotein or β-barrel protein attachment. Consistent with this 

hypothesis, we observed hypervesiculation in ΔldtK compared to wild type through quantification 

of the 3‑deoxy-α-D-manno-octulosonic acid (Kdo) moiety in outer membrane vesicles (OMVs). 

Hypervesiculation is indicative of OM instability or stress, demonstrating LdtK is important for 

envelope stability.  

While analyzing LdtK domain predictions, we observed LdtK does not contain a signal 

sequence or transmembrane helix, surprisingly suggesting LdtK is cytoplasmic. Thus, we next 

determined LdtK cellular compartmental localization. Localization assays using wild type cell 

fractions were analyzed with western blotting and protein-specific anti-sera. We found LdtK 

exclusively localized in the cytoplasmic compartment, positioning it as the first known 

cytoplasmic member of the Ldt enzymatic family.  

Having established LdtK as cytoplasmic, we hypothesized it was important for modifying 

peptide stems within the PG recycling pathway. PG fragments imported into the cytoplasm enter 
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recycling as N-Acetylmuramic acid (MurNAc) tetrapeptides. We suspected LdtK would cleave 

tetrapeptides, providing the tripeptide substrate for which early recycling enzymes have high 

specificity. As such, we purified recombinant wild type and catalytically inactive LdtK and 

incubated each with purified MurNAc tetrapeptide stems. MS/MS analysis revealed LdtK amidase 

activity on tetrapeptides, thereby fulfilling a necessary role in PG recycling.  

The next study builds on previous findings from our laboratory showing activity of the 

bifunctional class A penicillin-binding-protein (aPBP) cell wall synthase, PBP1A, is deleterious 

in A. baumannii LOS-. Literature precedent from studies in E. coli consider PBP1A primarily 

involved in elongation; however, we show it is important for division in A. baumannii. Conversely, 

we found PBP1B, a semi-redundant class A PBP thought to be involved in division in E. coli, did 

not affect LOS- viability or wild type fitness under standard laboratory conditions. CFU growth 

curves showed pbp1A alone impaired growth rate compared to wild type. Over expression of 

PBP1B did not change wild type morphology, whereas over expression of PBP1A produced 

shortened cells with blunted septal sites indicative of increased activity in the divisome complex. 

Moreover, we found protein levels of each aPBP were not increased when the other was deleted. 

Taken together, these data suggest PBP1A and 1B are not semi-redundant in A. baumannii as 

expected based on studies in other bacteria22. The independent nature of these aPBPs lead us to 

hypothesize Δpbp1A and Δpbp1B would have disparate β-lactam minimum inhibitory 

concentrations (MICs). Indeed, Δpbp1A demonstrated significantly higher resistances to clinically 

important penicillin and cephalosporin derivatives compared to Δpbp1B and wild type. 

Interestingly, PBP1A is not transcribed in all A. baumannii clinical isolates17. In such 

PBP1A-deficient isolates, we recovered LOS- subpopulations at frequencies between 1.47E-7 and 

8.09E-8 following colistin selection. Additionally, we identified native and induced expression of 
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PBP1A prevented recovery of LOS- subpopulations. Further colistin selection experiments showed 

a point mutation in the glycosyltransferase (GTase) but not the transpeptidase domain (TPase) was 

sufficient to attenuate PBP1A toxicity. Our findings support previous evidence for pbp1A as a 

necessary, compensatory mutation in LOS- viability.  

To better understand cell wall biogenesis in PBP1A-deficient wild type strains, fluorescent 

PG precursor stains were adapted for use in six clinical isolates. PBP1A-expressing isolates had 

the characteristic cocco-bacilli morphology of A. baumannii. In contrast, PBP1A-deficient isolates 

formed multi-septal phenotypes. We next sought to establish PBP1A colocalization to sites of 

septal-PG biogenesis. PBP1A was fused to the red fluorescent protein, mCherry, and expressed 

under a native promoter in A. baumannii. Furthermore, pPBP1AΔGTase-mCherry and 

pPBP1AΔTPase-mCherry constructs were also made. Here, we found wild type PBP1A and 

pPBP1AΔTPase diffuse throughout the cell but importantly, also concentrated at the septa. However, 

pPBP1AΔGTase remained diffuse and did not readily localize to the site of septal synthesis. 

Importantly, only pPBP1AΔGTase and not pPBP1AΔTPase demonstrated a division defect. Further 

examination identified similar septation defects leading to cell chaining in LOS- strains, suggesting 

slowed division rate was a factor in LOS- fitness. 

Given the strong correlation between full abrogation of PBP1A toxicity by Δpbp1A and 

pPBP1AΔGTase and the conserved septation defects in Δpbp1A, pPBP1AΔGTase and LOS- cells, we 

hypothesized that division perturbation was sufficient for LOS- viability. To test this hypothesis, 

we incubated wild type A. baumannii expressing native PBP1A with half MIC of individual β-

lactam antibiotics known to induce filamentation and prevent division. Filamentation phenotype 

was confirmed with microscopy and treated cells were plated onto colistin agar plates. Contrary to 

expectations, we were unable to recover LOS- cells despite disruption to division. These data 
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suggest division defects alone are not sufficient to prime cells for survival without LOS and 

PBP1A-toxicity is more complex than just its role in proper septation. 

To further investigate PBP1A interaction with the divisome and elongasome, we used a 

co-immunoprecipitation assay. Whole cells expressing Flag-tagged PBP1A were fixed with 

Lomant’s reagent, a primary amine crosslinker. The cells were lysed and PBP1A-Flag was 

immunoprecipitated with anti-Flag affinity resin. Proteins constituting the crosslinked PBP1A-

Flag complex were interrogated with anti-sera raised against PBP3, PBP2, and PBP1A. Here, we 

found PBP1A formed a complex with PBP3, a PBP synthase restricted to the divisome, but not 

PBP2, an elongasome homolog. This is notable as PBP1A is not known to interact with PBP3 in 

other Gram-negative bacteria. 

While PBP1A activity has been well characterized in E. coli, it is not well understood in A. 

baumannii. Moreover, there is a paucity of studies considering PBP1A activity in division. By 

adapting fluorescent microscopy techniques to several lineages of clinical isolates and creating 

fluorescent protein fusions for localization studies, we have shown wild type PBP1A is both 

diffuse within the cell and concentrated at the divisome where it is required for proper septal site 

formation. Additonally, our microscopy has shown an interesting correlation between defective 

division in LOS-, Δpbp1A, pPBP1AΔGTase strains. Further, biochemical evidence directly associates 

PBP1A with PBP3. Lastly, our data show PBP1A and 1B are not semi-redundant in A. baumannii 

where PBP1A is the primary driver of both lateral and septal PG biogenesis.  

Collectively, these studies in two Gram-negative pathogens of concern will inform better 

anti-microbial stewardship practices for treating nosocomial infections with the valuable last line 

of defense antibiotic, colistin, and combat the growing threat of antibiotic resistance in healthcare 

facilities. First, we identified the previously unknown mechanism behind colistin heteroresistance 
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in E. cloacae. Next, we studied the requirements for viability during the extreme OM defect of 

LOS depletion. We identified and characterized two previously unknown A. baumannii Ldts, LdtJ 

and LdtK, that are required for LOS- viability. Importantly, our characterization of LdtK revealed 

a previously unknown role for Ldts in early-phase PG recycling. Lastly, this work found PBP1A 

plays a more prominent role in division than previously appreciated. We have established PBP1A 

as the primary aPBP PG synthase in A. baumannii where 1A and 1B are not semi-redundant. Loss 

of only PBP1A increased resistances to β-lactam antibiotics compared to wild type. As some 

clinical isolates do not express PBP1A, these findings have concerning implications for drug 

susceptibility in these strains. This dissertation is expected to be useful to advance three areas of 

knowledge: (1) Regulation of envelope remodeling that enables Gram-negative pathogens to 

develop clinically relevant antimicrobial resistances. (2) Informing better antimicrobial therapeutic 

strategies to combat increasing antimicrobial resistance. (3) The basic science of Gram-negative 

envelope assembly and minimal requirements for viability.  

   

CHAPTER 2: LITERATURE REVIEW 
 
The global burden of anti-microbial resistance 

One of the most critical challenges to global public health is the emergence and rapid spread 

of antibiotic-resistance. Healthcare facilities are a concerning reservoir for pathogens primed to 

acquire drug resistance1. Despite stringent infection prevention and control measures, healthcare-

associated infections (HAIs) remain the leading cause of adverse safety events for hospitalized 

patients internationally, with consequences including financial burden, delayed convalescence, 

morbidity and mortality1–6. The burden of drug-resistant HAIs in the United States alone is 
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substantial, with an estimated 2.8 million resistant infections yearly5 - an estimate that has 

increased 140% from a report published 6 years prior4. 

The increased infection estimates reflect rapid expansion of multi and extensively-drug 

resistant (MDR and XDR, respectively) HAIs. MDR is characterized in the medical literature as 

resistance to more than one class of antibiotic whereas XDR is considered as resistant to all but 

two empirical treatment classes23. The first line of defense against MDR infections is the β-lactam 

derivative, carbapenem24. However, carbapenem efficacy is declining7 with the emergence of 

carbapenem-resistant pathogens. There are no established, effective practices to address XDR 

currently. Of particular concern for MDR and XDR are Gram-negative bacteria, as their robust 

cellular envelopes provide intrinsic resistance to many antimicrobials25. As a graduate student, I 

have uncovered many factors involved in Gram-negative cell envelope assembly and remodeling 

that contribute to antibiotic treatment failure, which are detailed below.  

The Centers for Disease Control designated Gram-negative, carbapenem-resistant 

Enterobacteriaceae (CRE) and Acinetobacter baumannii (CRAB) among the most urgent threats 

to public health in the United States5. Furthermore, the World Health Organization identified 

treatment failure in CRE and CRAB as concerning with the potential for extensive spread26,27. The 

increased threat posed by failing carbapenem efficacy due to CRE and CRAB are driving demand 

for novel antimicrobial development to replace failed treatment options. Concerningly, the rapid 

spread of antimicrobial resistance is outpacing new drug development28. A detailed understanding 

of how bacteria acquire resistance to current therapeutics will inform new antimicrobial drug 

development and inform appropriate empirical treatment choices to keep our current antibiotic 

arsenal potent for as long as possible.  
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Biogenesis and structural function of the Gram-negative envelope 

Gram-negative (diderm) bacteria are defined by their multi-layered cell envelope, which 

includes three distinct layers: an inner membrane (IM) lipid bilayer, the periplasmic space 

containing peptidoglycan (PG) and an asymmetric outer membrane (OM), enriched with surface-

exposed lipopolysaccharide (LPS) or lipooligosaccharide (LOS). The tripartite structure defines 

cellular shape91,92, supports internal and external mechanical loads91,93,94 and defends against 

environmental insults95, including antibiotics96,97. Gram-negative bacteria must tightly coordinate 

the assembly of each cell envelope layer during growth to maintain cellular integrity98–101. 

 

The inner membrane bilayer 

The IM is a symmetrical phospholipid bilayer, typical of biological membranes. Here, the 

major glycerophospholipid species are phosphatidylethanolamine (PE), phosphatidylglycerol (PG) 

and cardiolipin (CL)102. The IM is a semi-permeable barrier that delimits the cytoplasmic and 

periplasmic space. Additionally, this barrier is the site of electrochemical gradients that provide 

potential cellular energy. It also serves as scaffolding for critical, multiprotein machines that work 

to protect the cell. These include integral IM sensors which detect envelope disturbances via their 

periplasmic domains35 and the synthases responsible for polymerizing PG which shields the IM 

from immense cytoplasmic turgor105–107 and external stress. 

 

The peptidoglycan layer 

PG is an elastic yet rigid mesh103 that is assembled by multiprotein complexes and is 

ubiquitous in nearly all bacteria98,103,104.  PG consists of alternating N-acetylglucosamine (GlcNAc) 

and N-acetylmuramic acid (MurNAc) glycan chains. In nascent PG, each MurNAc residue is 
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conjugated to a pentapeptide stem. The peptide stem amino acids are largely conserved between 

species with some variation at the third amino acid. The amino acids, proximal to distal, include: 

L-ala, D-glu, meso-2,6-diaminopimelic acid (DAP) or L-lys, D-ala and D-ala109. Peptide stems are 

crosslinked between opposite, parallel glycan chains. The majority (90-98%) of crosslinks in E. 

coli are catalyzed by penicillin binding proteins (PBPs) and occur between the fourth D-ala and 

DAP (4-3 crosslink)98. The rigid glycan chains and elastic peptide stems contribute to the 

anisotropic nature of PG94,98 and allow the PG to expand to 300% above resting size without 

rupture110. The porous, flexible architecture permits large trans-envelope complexes111–113 to span 

the wall without weakening the structural support needed to resist considerable turgor stress. 

Cytoplasmic turgor is thought to be between 3-6 atm in Gram-negative bacteria and 20-25 atm in 

Gram-positive species105–107. Intriguingly, only one PG layer is sufficient to withstand turgor in a 

Gram-negative cell98,108. The PG sacculus is thought to be one continuous macromolecule with 

synthesis beginning in the cytoplasm and remodeling continuing in the periplasm114. 

 

The key enzymes of de novo peptidoglycan biogenesis 

The GlcNAc and MurNAc glycan subunits and the pentapeptide stem are synthesized in 

the cytoplasm. GlcNAc is synthesized from fructose-6-phosphate by GlmSMU in four enzymatic 

steps115. Following GlcNAc synthesis, GlmU catalyzes uridylyltransfer of uridine diphosphate 

(UDP), a nucleotide carrier, to GlcNAc116. UDP-GlcNAc is a precursor in UDP-MurNAc synthesis 

by MurAB. In parallel, the pentapeptide stem is assembled from the essential ligases, MurCDEF115. 

Nascent PG pentapeptide contains two noncanonical D-amino acid species: D-glu and D-ala. D-

glu is synthesized by MurI117 and the terminal D-ala peptides are synthesized by D-ala racemases 

encoded by alr and dadX118,119. At the inner leaflet of the IM, UDP-GlcNAc and UDP-MurNAc-
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pentapeptide are conjugated to the C55 undecaprenyl phosphate lipid carrier, creating the PG 

precursor termed “lipid II”29. Early models suggested FtsW and RodA, glycosyltransferase (GTase) 

enzymes of the divisome and elongasome, respectively, were lipid II flippases30,31. Furthermore, 

in vitro data suggested the bifunctional cell wall synthase PBP1A may also have flippase activity32. 

However, recent work has established MurJ as the sole lipid II flippase30. Once in the periplasm, 

lipid II is integrated into the PG by DD-transpeptidases (DD-TPases) and GTases of the divisome 

and elongasome33,34.  

 

Elongation and division 

Coordination of growth and division involves all layers of the tripartite envelope and is 

required to maintain cellular integrity35. A constellation of proteins regulate elongation and 

division, including several functionally homologous proteins that retain specificity for either the 

elongasome or the divisome33. Complex feedback networks underlie protein recruitment and 

activation and the tradeoff between elongation and division37.  

Based on studies largely in E. coli, it is generally accepted there are three main synthase 

categories within Gram-negative bacteria: monofunctional TPases (PBP2 in elongation and its 

division paralog PBP3/FtsI), monofunctional GTases (RodA in elongation and its division paralog 

FtsW) and bifunctional GTase-TPases (PBP1A, PBP1B and PBP1C)38. In vitro data of 

bifunctional PBPs (aPBPs) showed transpeptidation depends on functional GTase activity32,39. 

Conversely, the opposite may be true for the monofunctional PBPs, PBP2 and RodA40. Each of 

are integral membrane proteins34, and with the exception of aPBPs, are restricted to their respective 

elongation or division complexes41.  
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The biological implications of aPBP activity are not fully understood. Though they catalyze 

the same molecular reactions, the aPBPs likely serve independent roles. PBP1C is thought to be 

important for virulence. In E. coli, PBP1A and PBP1B are thought to be primarily involved in 

elongation34,42 and division34,35,43,44, respectively. PBP1A and PBP2 may interact at the 

elongasome42, while PBP1B and PBP3 are enriched at divisome44. Intriguingly, neither aPBP is 

required for elongation41 or division45. PBP1A and PBP1B are considered semi-redundant as only 

one is essential for growth22. For example, the overlapping activity of PBP1A and PBP1B allows 

E. coli to grow at different ends of the pH scale. In this instance, PBP1A is important for growth 

in alkaline conditions and PBP1B activity tolerates acidic pH46. 

Interestingly, PBP1B has unique activities outside of division in PG repair, including along 

the lateral wall20,47. Recent work revealed PBP1B forms a repair complex with a monofunctional, 

3-3 crosslinking LD-transpeptidase to repair PG holes left behind after the disassembly of a large 

transenvelope complex20. The repair complex prevents lysis during incubation with otherwise 

lethal ampicillin concentrations48. Additionally, PBP1B is important for extending cellular 

viability in DAP auxotrophs47 and when lipid II is limited49. PBP1B, but not PBP1A, is required 

for PG reassembly after β-lactam stress-induced spheroplast formation45. PBP1B as repair 

machinery is supported by earlier work showing cells without PBP1B have reduced cylindrical 

wall stiffness and greater plasticity50.  

 To date, PBP1A remains enigmatic. Studies in E. coli showed that PBP1A localizes along 

the lateral cell wall in distinct foci42, but it is not required for elongation41. PBP1A is not thought 

to interact with the divisome complex and PBP3 does not have an affinity for immobilized PBP1A 

in E. coli42. However, because either PBP1A or PBP1B are required viability22, it may contribute 

to division if PBP1B is defective. However, previous work from our laboratory demonstrated 
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PBP1A and PBP1B are not semi-redundant in all bacteria. In A. baumannii, PBP1A but not PBP1B 

promotes cell lysis when lipid A biosynthesis is mutationally inactivated17. Other studies have 

tested PBP1A for PG repair activity20,45,48, but reported it does not contribute to maintenance. A 

role unique for PBP1A outside of cell wall biogenesis remains unresolved.  

 

LD-transpeptidases are agents of peptidoglycan repair, remodeling and recycling 

LD-transpeptidases (Ldts) are a family of monofunctional enzymes containing a YkuD PG-

binding domain with a conserved active-site cysteine. The domain was named for the first 

characterized enzyme of this class, YkuD51. Several Ldt orthologs have since been identified52–54. 

Ldts are ubiquitous in Gram-negative and Gram-positive bacteria, with some species encoding up 

to twenty Ldts18,55. In general, Ldts increase cellular fitness and defend against lysis via envelope 

modification. Ldts catalyze four distinct chemical reactions: covalent attachment of lipoprotein56 

or β-barrel proteins57,58 to PG, amidase cleavage of PG-attached proteins54, LD-carboxypeptidase 

amidation of tetrapeptides stems in PG recycling59–61 and 3-3 crosslink formation between adjacent 

stem peptides52,53 or D-amino acid incorporation62 into tetrapeptide stems.  

The only known covalent attachment between PG and the OM is catalyzed by Ldts. Other 

PG-associated proteins like OmpA and Tol-Pal are noncovalently attached63. Several redundant 

Ldts in E. coli conjugate the lipoprotein, Lpp (Braun’s lipoprotein), to the m-DAP residue of 

PG56,64. Recently, Ldts were demonstrated to attach β-barrel proteins in bacteria not encoding 

Lpp57,58. While lipoprotein and β-barrel linkages are not mutually exclusive, Ldts have substrate 

specificity for one protein species58. Presumably, strong OM-PG covalent linkage increases fitness 

during extreme environmental fluctuations between pH, osmolarity and temperature65.  
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In E. coli, Lpp contributes robustly to OM stability and stiffness56; however, extensive Lpp 

crosslinking would presumably decrease cellular fitness in some environments. However, LdtF, 

cleaves Lpp-PG crosslinks, a reverse reaction that is also important for fitness adaptations66,67. 

Interestingly, LdtF also stimulates the 3-3 crosslinking activities of other Ldt paralogs in E. coli20. 

This suggests lipoprotein binding and alternative crosslinking provide disparate fitness benefits to 

the cell, despite both being linked to increased envelope stiffness.  

Although E. coli Ldts are not essential in standard laboratory conditions, Ldts that catalyze 

3-3 crosslinking become essential in bacteria with severe envelope defects20,48, allowing for growth 

under otherwise lethal conditions. Alternative 3-3 crosslinking is resistant to lysozyme19 and β-

lactam disruption52,53. 3-3 crosslinked PG is thought to prevent envelope failure68 and is increased 

in cells with severe OM defects20. Additionally, this category of Ldt mediates PG remodeling via 

noncanonical D-amino acid incorporation. D-amino acid incorporation is implicated in resistance 

to bacterial warfare agents where they obscure effector protein targets and prevent type six 

secretion (T6SS) dependent killing69. Moreover, D-amino acids increase resistance against lysis 

from osmotic stress70,71. In addition to passive fortification of PG, D-amino acids regulate cell wall 

biogenesis. A reconstituted mixture of D-amino acids excreted in stationary phase supernatant was 

demonstrated to plateau PG biosynthesis in logarithmically growing bacteria71. Likewise, D-amino 

acids broadly inhibit bacterial growth and are being investigated as antimicrobial agents72.  

Recently, a noncanonical cytoplasmic LD-carboxypeptidase Ldt, LdtK or ElsL, was 

characterized in A. baumannaii59–61. LdtK is thought to be involved in early steps of PG recycling 

due to its cytoplasmic subcellular localization and preferential specificity for tetra-muropeptides60. 

Transposon sequencing data revealing disruption to later steps of the recycling pathway decreased 

fitness in ΔelsL (ΔldtK)59, contributing to further evidence for LdtK in the PG recycling. LdtK is 
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required for viability in A. baumannii under severe envelope stress, including meropenem 

tolerance and loss of OM asymmetry60,73.  

 

The detailed complexity of PG biogenesis gives rise to species specific differences 

Our understanding PG biogenesis and synthase regulation in Gram-negative bacteria is 

largely built upon studies in the model organism E. coli. However, the established E. coli literature 

does not always translate to other, lesser studied organisms. Functional distinctions are becoming 

especially evident in the nosocomial pathogen Acinetobacter baumannii, a γ-Proteobacteria 

relative of E. coli. PBP1A and PBP1B in A. baumannii contain low (40%) homology to their aPBP 

orthologs in E. coli. Several lines of evidence, including Chapter 5 of this dissertation, suggest 

PBP1A and PBP1B activities are not functionally redundant in A. baumannii as they are thought 

to be in E. coli17,73,74. Our studies73 and others found PBP1A but not PBP1B is important for 

cellular fitness in A. baumannii. Our findings further show PBP1A, unexpectedly, associates with 

the divisome and directly interacts with PBP3. To the author’s knowledge, this has not been 

demonstrated before in other Gram-negative bacteria.  

Regulation of aPBPs in A. baumannii differs from literature precedent. In γ-Proteobacteria 

like E. coli, PBP1A and PBP1B are regulated by specific OM lipoproteins33,34,75. While A. 

baumannii does encode for an ortholog of LpoP, the PBP1B regulator initially discovered in 

Pseudomonas aeruginosa76, it is not known to encode for an orthologous PBP1A lipoprotein 

regulator. Interestingly, A. baumannii also does not encode for hydrolytic PG enzymes important 

for septation77,78 including the PG hydrolase activator EnvC, the amidases AmiA, AmiB, AmiC 

and AmiD or their lipoprotein regulator NlpD. Moreover, A. baumannii does not encode for 

FtsEX79 which are key division enzymes in several Gram-negative bacteria80. This suggests there 
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are significant knowledge gaps pertaining to PG biosynthesis and specifically division in A. 

baumannii. 

There is clinical importance in delineating these differences between E. coli and other 

Gram-negative organisms. Bactericidal literature on PBP-targeting β-lactams is largely based on 

E. coli81; however, recent studies show this killing model does not directly apply to other Gram-

negative pathogens that form spheroplasts and tolerate β-lactam exposure82, including A. 

baumannii60. This highlights the necessity of detailing PG biogenesis and maintenance in 

pathogens other than the model organism E. coli to understand antibiotic resistance mechanisms.   

 

Biogenesis of an asymmetric outer membrane layer 

The OM is a protective barrier that is highly conserved, yet dynamic. It is an asymmetric 

glycolipid bilayer wherein the dominate glycerophospholipid species of the inner leaflet is 

phosphatidylethanolamine, followed by phosphatidylglycerol then cardiolipin83. The outer leaflet 

is enriched with LPS or LOS, depending on species. LPS contains three domains: the membrane 

anchor lipid A, the core oligosaccharide, and the O-antigen84,85. In contrast, LOS contains only the 

former two86 and is the primary glycolipid encoded by mucosal organisms87. The glycolipid-

enriched OM of Gram-negative bacteria prevents envelope translocation of large, lipophilic 

macromolecules including potentially useful antibiotics. 

The membrane anchor of LPS/LOS, Kdo2-lipid A, is assembled at the IM via the highly 

conserved Raetz pathway85,88. The Raetz pathway consists of nine constitutively expressed, 

essential enzymes (LpxACDHBKLM and KdtA) and is one of the most fundamental pathways in 

Gram-negative bacteria85,88,89. Kdo2-lipid A is essential for viability in Gram-negative bacteria, 

with few notable exceptions90–92. LPS/LOS-deficient (LOS-) Gram-negative bacteria contain 
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mutations in one of the first three enzymatic steps of the Raetz pathway, LpxACD90–93. However, 

to date, these genes remain essential in all other Gram-negative species that encode them94. This 

rationale makes LpxC, the first committed step in lipid A biogenesis85,95, an attractive potential 

target for antibiotics. LpxC inhibitors are currently in development and being patented96.  

Distal to Kdo2 in mature LPS/LOS is the core oligosaccharide, which is synthesized in 

parallel in the cytoplasm97. The core oligosaccharide is conjugated to Kdo2-lipid A, forming the 

LOS unit. Following assembly, LOS is flipped across the IM into the periplasm by MsbA 

flippase98,99. Here, LOS can be either be transported across the periplasm via the essential Lpt 

bridge (LptA-LptG)100–102 for insertion into the outer leaflet of the OM103, or it can be conjugated 

to the O-antigen moiety to form LPS prior to localization85,101. Transport occurs at a rate of 103 

molecules s⁻¹ to ensure coverage of the cell surface during growth104,105. 

 

The outer membrane is a load-bearing structure 

Previously, PG was considered sufficient for reinforcing cellular structure; however, 

pivotal research redefined the Gram-negative OM as an equal load-bearing element106. Bis-

phosphorylated lipid A is negatively charged and will therefore repel adjacent lipid A moieties107. 

To overcome electrostatic repulsion, divalent cations intercalate between phosphate groups thus 

electrostatically linking lipid A across the surface of the cell106,107. It was recently hypothesized 

that these tight parallel associations between lipid A moieties contribute significantly to envelope 

stiffness106. The study further investigated OM stiffness through cellular envelope contraction 

during hyperosmotic shock and depletion of cellular turgor106. Importantly, when the OM was 

removed, the cell contracted the same distance in both width and length, suggesting the OM 

stabilizes PG and maintains it above its resting length106. Thus, PG and the OM contribute equally 
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as load-bearing structures that sustain turgor pressure and provide mechanical envelope stability. 

Accordingly, it is thought lipid A perturbations pose extreme biophysical stress for the cell. 

 

Defensive lipid A remodeling 

While the canonical lipid A structure is conserved among Gram-negative bacteria, some 

organisms, including many associated with human disease can modify the lipid A structure to 

increase environment-specific fitness16,85,108. For example, deacylation of the canonical hexa-

acylated lipid A structure allows evasion of host recognition109. Hexa-acylated lipid A is a potent 

agonist of toll-like receptor 4 (TLR4)110,111; hence, pathogens displaying penta- or tetra-acylated 

lipid A may increase avoidance of innate defenses and persist within the host112,113. Conversely, 

acylation of lipid A prevents desiccation and increases OM hydrophobicity which is thought to 

reduce translocation of harmful charged molecules into the cell, including cationic antibiotics114. 

Polymyxins are last-line antimicrobials prescribed when carbapenem treatment fails, oftentimes to 

combat CRE and CRAB8. Polymyxin resistance in Gram-negative bacteria involves IM sensor 

kinase signaling cascades that detect periplasmic perturbations and upregulate the synthesis and 

transport of protective, charge neutralizing moieties to prevent electrostatic interactions between 

lipid A and the cationic polymyxin antibiotic9–11. Intriguingly, polymyxin-resistance in A. 

baumannii can further manifest from mutational inactivation of the Raetz pathway, resulting in 

LOS- cells.17. These resistance mechanisms are detailed below. 
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The resurgent interest in polymyxin antimicrobials provided short-lived hope for 

addressing CRE and CRAB infections 

The failure of front-line therapeutics to prevent HAI following crucial, invasive procedures is 

an increasing problem. Consequently, antibiotic resistance sets back the progress of modern 

healthcare. The standard of care for MDR HAI, carbapenem, is becoming increasingly ineffective 

and clinicians are turning to “last-resort” antimicrobials, like polymyxins115. Polymyxins are 

antimicrobial peptides that were first discovered in Bacillus polymyxa in 1947. The polymyxin 

derivatives, polymyxins A-E, are effective antibiotics, but are not widely used as therapeutics in 

humans due to acute nephrotoxicity and neurotoxicity116. Currently, two polymyxins are 

commercially available, polymyxin B (Neosporin®) and polymyxin E (colistin). Polymyxin B is 

approved for use in humans as a topical antibiotic for dermal, ocular or ear infections. Colistin is 

approved for the treatment of bacteriemia. Colistin fell out of common use due to the availability 

of effective, comparably less toxic antibiotic options. Thus, the renewed interest in colistin is due 

to unfortunate necessity.  

Colistin is a nonribosomal polypeptide consisting of a decapeptide ring and a terminal fatty 

acid moiety117. It includes the noncanonical amino acid, 2,4-diaminobutyric acid (DAB), which is 

cationic under physiological conditions117. Colistin is a cationic detergent that robustly disrupts 

both the OM and IM118–120 of Gram-negative bacteria. It electrostatically binds to anionic 

phosphate groups of lipid A and perturbs the lipid bilayers117,121. After binding, colistin promotes 

transmembrane pore formation through its amphipathic, detergent properties and is thought to form 

micellular aggregates by insertion of the lipophilic acyl moiety into the lipid bilayer121,122.  

Compromising the load-bearing potential of OM was thought to be sufficient for cell death117; 

however, recent studies show additional mechanisms of action at the IM118–120. E. coli spheroplasts, 
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cells without the LPS-enriched OM, were used to demonstrate colistin interaction with LPS at the 

IM. The authors hypothesized that this interaction with LPS at the IM could lead to lysis120. 

Furthermore, secondary colistin mechanisms have been linked with the formation of hydroxy 

radicals123 and NADH quinone reductase toxicity124 leading to pH imbalance and proton motive 

force disruption. Despite recent dependence on colistin for addressing CRE and CRAB infections8, 

colistin resistance quickly emerged125–128.  

 

Mutational inactivation of lipid A biosynthesis contributes to colistin resistance and 

challenges our understanding of factors essential for Gram-negative viability  

Lipid A is essential for viability in Gram-negative bacteria, with few notable exceptions90–92.  

LOS- Neisseria90 and Moraxella92 strains were successfully engineered in vitro, with limited CFU 

viability being reported for LOS- Neisseria129. Intriguingly, depletion of lipid A as a colistin 

resistance mechanism is unique to select strains of A. baumannii and represents the first known 

spontaneously occurring instance of lipid A loss17.  

LOS/LPS transport to the outer leaflet of the OM occurs via the seven essential Lpt proteins 

that constitute the Lpt translocation machinery, LptA102,130, LptBFG101,102,131, LptC130,131 and 

LptDE130,131, as detailed above. Disruption of the LOS/LPS transport apparatus is thought to lead 

to the toxic accumulation of LOS/LPS in the outer leaflet of the IM. Consistent with this hypothesis, 

Neisseria90 and Moraxella92 LOS- strains were engineered with kanamycin cassette disruptions in 

the first gene of the Raetz pathway, lpxA. Point mutations or varying insertion sequences (IS) in 

the first three genes of the Raetz pathway, lpxA, lpxC and lpxD, were documented in clinical 

isolates of LOS- A. baumannii91. Further studies attributed disruption of lpxACD to the IS element 
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ISAba11, specifically, in the same clinical isolates93. These studies suggest that IS elements have 

a central role in lipid A biogenesis disruption and colistin resistance in A. baumannii.  

In contrast to engineered LOS- Neisseria90 and Moraxella92, disruption of lipid A biosynthesis 

at early steps in the Raetz pathway is not typically sufficient to produce viable LOS- A. baumannii. 

Previously, our laboratory screened fifteen A. baumannii laboratory-adapted and clinical isolates 

under colistin selective pressure for lipid A depletion17. Here, we identified a conserved pbp1A 

compensatory mutation in viable LOS- isolates17. Our study further found the original LOS- 

isolate91, ATCC 19606, did not transcribe PBP1A at levels detectible by western blot132.  

Two independent transcriptomic studies in LOS- isolates, from our laboratory132 and others133, 

demonstrated increased expression of proteins associated with Mla-retrograde phospholipid 

transport, lipoprotein synthesis and Lol-dependent transport compared to a colistin-sensitive 

isolate. These data suggest LOS- cells may densely pack lipoproteins into the OM to compensate 

for the loss of lipid A and LOS.  

 

Heteroresistance challenges clinical antimicrobial susceptibility testing methods 

Further complicating efforts to address the global challenge of antibiotic resistance, 

heteroresistant clinical isolates have been identified12,128,134. Broadly, heteroresistance is defined 

as a drug-susceptible clonal population containing a drug-resistant subpopulation135. Enrichment 

of the resistant subpopulation under antibiotic selection through growth, defines heteroresistance 

relative to f persister cells, which do not grow. This definition of heteroresistance includes 

resistances that arise from spontaneous, stable mutations during treatment and from variation in 

gene expression. Stable heteroresistant populations will not readily revert to a drug-susceptible 
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phenotype. In contrast, heteroresistance manifesting from transcriptional regulation or mutations 

with fitness costs are unstable if the antibiotic selective pressure is removed12,136. 

In both instances, the resistant subpopulation can remain undetected during standard 

antimicrobial susceptibility testing (AST), leading to treatment failure13–15. Even with AST best 

practices, results are expected to lead to treatment failure in 10% of all clinical applications or 60% 

if the therapeutic is suboptimal137. These expected treatment failures are thought to be a result of 

undetected heteroresistance. Unstable heteroresistance is thought to contribute significantly to 

false-negative AST results due to drug-susceptible phenotype reversion135.  

The reliability of heteroresistance detection with clinical ASTs vary based on method. 

Gradient diffusion methods138, including Etest and disk diffusion, may show colonies growing in 

the zone of inhibition; however, these methods frequently fail to detect resistant subpopulations135. 

In contrast, population analysis profiling (PAP) is the gold standard method for identifying 

heteroresistant cells135,139. In PAP, a standard dilution of a genetically homologous population is 

incubated with microdilutions of increasing antibiotic concentration, often in a 96-well plate. The 

individual wells are then collected and plated onto solid media to quantify colony forming units 

(CFUs). With this method, the lower limit for detection is near 1e-7135. Despite being the gold 

standard method, PAP assays are time and labor-intensive, making them subpar for clinical use135.  

Heteroresistance to several classes of clinically important antibiotics has been detected, 

including sulfonamides140, aminoglycosides141, tetracycline142, penicillins and penicillin-

derivatives143–146 and polymyxins including colistin13,128,147,148. As a last-resort therapeutic, 

heteroresistance to colistin further complicates the struggle to treat carbapenem-resistant infections. 

Concerningly, a PAP screen of clinical CRE isolates uncovered severe colistin-sensitivity 
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misclassification where identification of colistin heteroresistance was higher than double the 

original detection rate13.  

 
 
Two-Component Systems PhoPQ and PmrAB promote colistin heteroresistance in 

Enterobacteriaceae 

Colistin heteroresistance readily manifests in Enterobacteriaceae, which includes the 

common CRE pathogens Escherichia coli, Klebsiella pneumoniae, Salmonella enterica serovar 

Typhimurium and Enterobacter spp., through varied alterations to the PhoPQ and PmrAB two-

component regulatory systems (TCSs). PhoPQ and PmrAB are extensively studied phospho-relay 

transcriptional regulators of lipid A modifying enzymes11,149,150. PhoPQ and PmrAB are highly 

conserved in Enterobacteriaceae but are variable in respect to gene regulation between species16.  

PhoQ and PmrB are integral IM sensor kinases that detect envelope disturbances through 

their periplasmic domains. Following signal detection, the kinases autophosphorylate and 

phosphotransfer to the cognate cytosolic response regulators, PhoP and PmrA, respectively149. 

PhoQ is stimulated by low pH151, depletion of divalent cations (Mg2+ and Ca2+) critical to OM 

stability152 and cationic antimicrobial peptide OM perturbations 9,153. Phospho-PhoP upregulates 

genes encoding virulence factors, acid resistance and structural lipid A modifications154. PmrAB 

detects and responds to iron (Fe3+) stress155 and other OM perturbations indirectly via cross-

regulatory interaction with PhoPQ. PhoPQ and PmrAB systems are coupled in some 

Enterobacteriaceae where lipid A modification involves indirect activation of PmrAB through 

PhoPQ9,150. The PhoPQ signal-transduction cascade activates pmrD transcription which binds and 

stabilized phospho-PmrA156. PmrA induces the transcription of the arn operon (arnBCADTEF)156. 

These gene products are enzymes that synthesize and conjugate L-Ara4N (4-amino-4-deoxy-L-
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arabinose) moieties to lipid A and reduce the electrostatic attraction to colistin. Moreover, the 

PmrAB regulon activates pmrC and cptA, which encode phosphoethanolamine (pEtN) transferases, 

for pEtN addition to lipid A157. However, L-Ara4N lipid A modifications are known to contribute 

more substantially to colistin resistance than pEtN157, placing a greater importance on the 

arnBCADTEF operon over pmrCAB. 

The tight cross-regulatory interactions of PhoPQ and PmrAB may reduce the response 

sensitivity for lipid A modifications necessary for survival. Mutations in the PhoPQ-PmrAB TCSs 

can cause constitutive expression of the arnBCADTEF and pmrCAB operons10,158–162, priming a 

subpopulation for survival. Similarly, CRE K. pneumoniae inserts a stop codon into MgrB, a 

negative regulator of PhoPQ, to develop colistin heteroresistance163. Another adaptive mechanism, 

spontaneous gene duplication, leads to tandem gene amplifications that typically do not incur 

fitness cost for the cell164. Resistance via tandem gene amplification in clinical isolates is not 

uncommon. In a study of heteroresistant Enterobacteriaceae and A. baumannii clinical isolates, the 

authors attributed half of the resistance mechanisms to tandem amplification of known antibiotic 

resistant gene pathway135. In particular, colistin heteroresistance has been attributed to 

amplification of pmrD in S. enterica165. Lastly, our lab described a colistin heteroresistance 

mechanism in E. cloacae wherein crosstalk between PhoPQ and PmrAB is not necessary for L-

Ara4N lipid A modification166. We found E. cloacae encodes a PhoP binding site upstream of 

arnB, allowing PhoPQ signal cascades to directly upregulate and conjugate L-Ara4N to lipid A166. 

 

 

 

 



  27  
 

CHAPTER 3: Colistin heteroresistance in Enterobacter cloacae is 
regulated by PhoPQ-dependent 4-amino-4-deoxy-L-arabinose addition 

to lipid A 
 
Katie N. Kanga, Dustin R. Kleinb, Misha I. Kazia, François Guérinc, Vincent Cattoird, Jennifer S. 

Brodbeltb, and Joseph M. Bolla,# 

 

Affiliations: 

aDepartment of Biology, University of Texas at Arlington, Arlington, TX, USA 

bDepartment of Chemistry, University of Texas at Austin, Austin, TX, USA 

cDepartment of Clinical Microbiology, Caen University Hospital, Caen, France; EA4655, 

University of Caen Normandie, Caen, France 

dDepartment of Clinical Microbiology and National Reference Center for Antimicrobial 

Resistance (Lab Enterococci), Rennes University Hospital, Rennes, France; Inserm Unit U1230, 

University of Rennes 1, Rennes, France 

 

#Correspondence: 

Joseph M. Boll 

The University of Texas at Arlington 

Arlington TX, 76010 

Phone (817) 272-4045 

Email: joseph.boll@uta.edu 

 

K.N.K. and D.R.K contributed equally to this work. 



  28  
 

** Published as: Kang KN, Klein DR, et al. Colistin heteroresistance in Enterobacter cloacae is 

regulated by PhoPQ-dependent 4-amino-4-deoxy-L-arabinose addition to lipid A. Mol 

Microbiol. 2019 Jun;111(6):1604-1616. doi:10.1111/mmi.14240 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



  29  
 

ABSTRACT 

The Enterobacter cloacae complex (ECC) consists of closely-related bacteria commonly 

associated with the human microbiota. ECC are increasingly isolated from healthcare-associated 

infections, demonstrating that these Enterobacteriaceae are emerging nosocomial pathogens. ECC 

can rapidly acquire multidrug resistance to conventional antibiotics. Cationic antimicrobial 

peptides (CAMPs) have served as therapeutic alternatives because they target the highly conserved 

lipid A component of the Gram-negative outer membrane. Many Enterobacteriaceae fortify their 

outer membrane with cationic amine-containing moieties to prevent CAMP binding, which can 

lead to cell lysis. The PmrAB two-component system (TCS) directly activates 4-amino-4-deoxy-

L-arabinose (L-Ara4N) biosynthesis to result in cationic amine moiety addition to lipid A in many 

Enterobacteriaceae such as E. coli and Salmonella. In contrast, PmrAB is dispensable for CAMP 

resistance in E. cloacae. Interestingly, some ECC clusters exhibit colistin heteroresistance, where 

a subpopulation of cells exhibit clinically significant resistance levels compared to the majority 

population. We demonstrate that E. cloacae lipid A is modified with L-Ara4N to induce CAMP 

heteroresistance and the regulatory mechanism is independent of the PmrABEcl TCS. Instead, 

PhoPEcl binds to the arnBEcl promoter to induce L-Ara4N biosynthesis and PmrAB-independent 

addition to the lipid A disaccharolipid. Therefore, PhoPQEcl contributes to regulation of colistin 

heteroresistance in some ECC clusters. 
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INTRODUCTION 

Gram-negative bacteria assemble a highly conserved outer membrane (OM) barrier. 

Glycerophospholipids comprise the periplasmic monolayer of the asymmetric lipid bilayer, while 

the surface-exposed monolayer is enriched with lipopolysaccharide (LPS). The LPS glycolipid is 

organized into three domains; an O-antigen carbohydrate repeat, core oligosaccharide, and the 

membrane anchor, lipid89. The lipid A domain is initially synthesized as a β-1’,6-linked 

glucosamine disaccharide that is both phosphorylated and fatty acylated. Lipid A is the bioactive 

portion of LPS and robustly activates the human Toll-like receptor 4 (TLR-4) and myeloid 

differentiation factor 2 (MD-2) immune complex to induce immune reactivity17,89,114,167. Gram-

negative pathogens encode highly conserved regulatory mechanisms that modify lipid A to prevent 

TLR-4/MD-2 recognition and to fortify the OM against immune effectors and antimicrobials, 

which promotes survival in the host168. 

Lipid A modification enzymes are transcriptionally regulated by two-component systems 

(TCS)11,149. The PmrAB and PhoPQ TCSs are well-studied phosphorelay signaling systems that 

regulate lipid A modifications in response to specific environmental signal152,153,169. PmrAB and 

PhoPQ are highly conserved among pathogenic Enterobacteriaceae16. PmrAB responds to high 

Fe3+ concentrations, cationic antimicrobial peptides (CAMPs), and slightly acidic pH to directly 

activate eptA (also known as pmrC) and arn operon expression155,170,171, which encode 

phosphoethanolamine (pEtN) and 4-amino-4-deoxy-L-arabinose (L-Ara4N) transferases, 

respectively157,160,172. Cationic amine addition to the lipid A domain of LPS neutralizes the surface 

charge to protect the cell from CAMP-mediated lysis160,172. 

PhoPQ is activated in response to depletion of divalent cations such as Mg2+ and Ca2+ and 

the presence of CAMPs152,153,169. PhoPQ phosphotransfer directly activates transcription of genes 
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encoding PagL (only in Salmonella168) and PagP, which add or remove acyl chains from lipid A, 

respectively9,152,173,174. Additionally, it directly activates arn expression in Klebsiella and Yersinia 

spcs.175,176. While the PmrAB and PhoPQ TCSs each regulate distinct subsets of genes, the 

independent signaling pathways also converge through the connector protein, PmrD161,177,178. 

PmrD binds phospho-PmrA, which prevents PmrB-mediated dephosphorylation156,177,179,180. 

Constitutive PmrA-dependent gene expression increases pEtN and L-Ara4N lipid A modifications. 

The Enterobacter cloacae complex (ECC) is composed of thirteen closely-related Gram-negative 

bacterial clusters (designated C-I to C-XIII)181. ECC are typically associated with the host 

microbiota. However, many clusters have been associated with hospital-acquired infections, 

especially in immunocompromised patients182. Infections manifest in a wide range of host tissues 

with symptoms including skin, respiratory tract, urinary tract, wound and blood infections183. ECC 

have increasingly emerged in nosocomial settings and are problematic because they harbor 

multidrug resistance (MDR) mechanisms, which limit treatment options82,182,184,185. Alternative 

last-line therapeutics used to treat MDR Gram-negative infections include the CAMP, colistin 

(polymyxin E), which binds the lipid A portion of LPS to perturb the outer membrane and lyse the 

bacterial cell. Despite success as a last-line therapeutic186,187, many ECC clusters demonstrate 

heteroresistance, where a subset of the clonal population is colistin resistant12,137,184,188. We do not 

fully understand the underlying molecular mechanism(s) that regulate colistin heteroresistance in 

ECC; further characterization will advance our understanding of antimicrobial resistance and could 

help inform new treatment strategies. 

A previous report showed that colistin heteroresistance naturally occurs within clonal ECC 

clusters184. Moreover, colistin heteroresistance in E. cloacae was induced by innate immune 

defenses within a murine infection model, which led to treatment failure188. Transcriptional 
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analysis of susceptible and resistant populations suggested that pEtN and L-Ara4N lipid A 

modifications contribute to heteroresistance188 and PhoPQ contributed to regulation184,188, as 

described in other Enterobacteriaceae16. However, it was not established that the lipid A 

modifications actually occur, nor has PhoPQ-dependent, PmrAB-independent regulation of 

colistin heteroresistance been fully described in E. cloacae or other ECC isolates. 

Herein, we demonstrate that E. cloacae colistin heteroresistance involves PhoPQEcl, which 

regulates L-Ara4N modification of lipid A. The PhoPEcl response regulator directly binds to the 

promoter region of arnBEcl, which is the first gene of a seven-gene operon (arnBCADTEFEcl). 

Transcriptomics analysis supports a model of PhoPQ-dependent, PmrAB-independent arnEcl 

regulation. Furthermore, L-Ara4N modification of lipid A increased in response to growth in 

limiting Mg2+, which amplified colistin resistance in a PhoPQEcl-dependent manner. Lastly, 

sequencing of twelve ECC colistin-susceptible isolates pinpointed mutations within the PhoPQ-

dependent lipid A modification pathway that promoted colistin susceptibility. This study advances 

our understanding of the molecular mechanisms that mediate colistin heteroresistance in ECC. 

 

RESULTS 

Colistin heteroresistance in E. cloacae is regulated by PhoPQEcl, but not PmrABEcl.  

To elucidate the underlying mechanisms that regulate colistin heteroresistance in ECC, we 

analyzed a collection of E. cloacae subsp. cloacae strain ATCC 13047 genetic mutants by 

calculating the colony forming units (CFUs) during exponential growth in the absence and 

presence of colistin (Fig 1A). While wild type and all mutant E. cloacae strains grew in standard 

growth media, ∆phoPQEcl was not viable when 10 µg/ml of colistin was added to the media. 

Clinical resistance to colistin is defined as >4 µg/ml189. The decrease in ∆phoPQEcl cell viability 
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suggested that PhoPQEcl contributes to colistin heteroresistance. Furthermore, wild type E. cloacae 

grown in colistin demonstrated approximately ten-fold less CFUs at hour two (P value <0.05), 

suggesting a survival defect in early logarithmic growth phase. However, the fitness defect was no 

longer significant at hour three. By hour four, CFUs were equivalent to growth without colistin 

(Figure 1A).  

 
Figure 1: Survival of colistin heteroresistant E. cloacae is dependent on PhoPQEcl, but not PmrABEcl-regulated 
lipid A modifications. (A) E. cloacae logarithmic phase growth over time as measured by CFUs. At 2 h, the growth 
rate between wild type grown in LB was significantly (*) different from cells grown in LB + colistin (P value < 0.05). 
(B) 32P-radiolabeled lipid A was isolated from wild type and mutant E. cloacae strains and separated based on 
hydrophobicity using thin layer chromatography. Lipid A species are labeled as unmodified or modified as determined 
by E. coli W3110 (lane 1) and WD101 (lane 9) lipid A, respectively. 
 

Due to reports of colistin heteroresistance in E. cloacae and other ECC strains (34, 39), we 

subjected wild type, ∆phoPQEcl, ∆phoPQEcl/pPhoPQEcl, and ∆pmrABEcl E. cloacae to colistin E-

test strip analysis, which provides a convenient method to observe heteroresistance. Squatter 

colonies within the zone of inhibition indicated colistin heteroresistance in wild type, 
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∆phoPQEcl/pPhoPQEcl, and ∆pmrABEcl strains, but not ∆phoPQEcl. We confirmed colistin 

heteroresistance by population analysis profiling (PAP) (Table 1)134. Minimal inhibitory 

concentration (MIC) values were calculated using the broth microdilution (BMD) method (Table 

1). Wild type, ∆phoPQEcl/pPhoPQEcl, and ∆pmrABEcl E. cloacae all demonstrated MICs >256 

µg/ml, while the ∆phoPQEcl, ∆phoPQEcl/pPhoPQH277A, ∆phoPQEcl/pPhoPD56AQ and ∆arnEcl 

(arnBCADTEFEcl) MIC was 0.5 µg/ml. Together, these studies confirm that PhoPQEcl signal 

transduction and the arnEcl biosynthetic operon (L-Ara4N) contribute to colistin heteroresistance 

in E. cloacae. 

 

Since lipid A modifications induce colistin resistance in pathogenic Enterobacteriaceae16, 

we analyzed wild type and mutant E. cloacae lipid A for modifications. 32P-radiolabelled lipid A 

was isolated and chromatographically separated based on hydrophobicity. As controls, we also 

analyzed lipid A from E. coli strain W3110 (Figure 1B, lane 1), which does not significantly 

modify its lipid A, and E. coli strain WD101 (Figure 1B, lane 9), which constitutively expresses 

pmrA to produce modified lipid A172. Thin layer chromatography (TLC) analysis indicated that 

wild type E. cloacae produced a mixture of lipid A consistent with modified and unmodified 

species (Figure 1B, lane 2). ∆phoPQEcl and the ∆arnEcl strains did not produce modified lipid A 

(Figure 1B, lanes 3 and 8). PhoPQ complementation fully restored production of modified lipid 

Table 1 
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A in the phoPQ mutant (Figure 1B, lane 4). Furthermore, site-directed mutagenesis to substitute 

H277 in PhoQEcl or D57 in PhoPEcl with alanine limited lipid A assembly to only unmodified 

species (Figure 1B lanes 5 and 6). These results confirm that PhoPQEcl phosphotransfer and L-

Ara4N biosynthesis are essential for lipid A modification in E. cloacae. Interestingly, the pmrABEcl 

mutant assembled a modified lipid A, similar to wild type (Figure 1B, lane 7), and exhibited 

colistin heteroresistance (Figure 1A, Table 1, Figure 2A), suggesting that PmrABEcl does not 

regulate colistin heteroresistance in E. cloacae.  

 
Figure 2: (A) E-test strips illustrate E. cloacae squatter colonies within the zone of inhibition, indicative of 
heteroresistance. Red arrows highlight colistin resistant colonies. (B) Stimulation of human TRL-4/MD-2 complex 
following incubation with bacterial cells (CFU/mL). 

 

The lipid A anchor of LPS is a pathogen associated molecular pattern (PAMP) that is bound 

with high affinity by the mammalian host TLR-4/MD-2 complex190, which activates a 

proinflammatory response to clear the bacterial infection191. Structural alterations to lipid A can 

dramatically alter TLR-4/MD-2-dependent host immune activation167  and a previous report nicely 

demonstrated that E. cloacae colistin heteroresistance was induced by innate immune effectors188. 

Therefore, we examined if E. cloacae containing modified or unmodified lipid A would 

differentially activate TLR-4/MD-2 in a human embryonic kidney reporter cell line (HEK-blue)167. 

Wild type and phoPQEcl mutant strains stimulated TLR-4/MD-2-dependent activation equally 
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(Figure 2B), suggesting that lipid A modifications do not significantly alter host immune 

recognition. Reporter activation by E. cloacae lipid A was attenuated compared to E. coli lipid A 

at higher cell densities, suggesting differential recognition by the human TLR-4/MD-2 complex. 

The Gram-positive Staphylococcus aureus, which does not produce lipid A, did not stimulate the 

TLR-4/MD-2 complex (Figure 2B). Thus, while PhoPQEcl-dependent lipid A modifications 

contribute to CAMP resistance in E. cloacae, they do not significantly affect innate immune 

recognition and reactivity. 

 

Determination of E. cloacae lipid A modifications.   

In order to define outer membrane modifications, we isolated lipid A from wild type E. 

cloacae grown in media supplemented with 10 µg/ml of colistin and from ∆phoPQEcl, which was 

grown without colistin. Purified lipid A was analyzed by direct infusion nanoESI. The MS1 spectra 

with a range of m/z 750-2000 are shown in online supplement The expanded MS1 spectrum (m/z 

850-1200) of lipid A isolated from wild type E. cloacae demonstrated three distinct modifications: 

(i) addition of either one or two L-Ara4N moieties (red), (ii) palmitate (C16:0) addition (green), and 

(iii) hydroxylation (Figure 3A) The MS1 spectrum of lipid A isolated from ∆phoPQEcl did not 

produce L-Ara4N modified lipid A (Figure 3B). Hydroxyl addition was not labeled for simplicity, 

but correlates with a m/z shift of 8 of the doubly-charged molecular ions. Higher-energy collisional 

dissociation (HCD) and ultraviolet photodissociation (UVPD) MS/MS spectra were obtained for 

the ions of m/z 1042.68 and 1161.79 from wild type and the ions of m/z 911.62 and 1030.73 from 

∆phoPQ E. cloacae. Analysis of the MS/MS spectra from wild type (m/z 1042.68) indicated 

PhoPQEcl-dependent addition of L-Ara4N at both the 1- and 4’-phosphates. The MS/MS spectra 

for the ion of m/z 1161.79 (wild type E. cloacae) showed addition of L-Ara4N at both the 1- and 
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4’-phosphates and palmitate addition to the R-2-hydroxymyristate. Analysis of lipid A from the 

phoPQEcl mutant (m/z 911.62) completely lacked L-Ara4N modified lipid A and analysis of the 

m/z 1030.73 ion from the phoPQEcl mutant demonstrated that palmitate addition at the R-2-

hydroxymyristate position of lipid A occurred independent of PhoPQEcl.  

 
Figure 3: Expanded MS1 spectra of lipid A isolated from (A) wild type E. cloacae grown in media supplemented 
with 10 µg/ml colistin and (B) ∆phoPQEcl, which was grown in media without antibiotics. The chemical structures 
associated with the MS1 spectra are illustrated on the right. The presence of aminoarabinose groups are denoted by 
L-Ara4N (red), while addition of palmitoyl groups are denoted by + C16:0 (green). Hydroxylation is not illustrated 
but is indicated by an m/z shift of eight relative to doubly charged lipid A ions in the spectra. 
 

 
Based on transcriptomics studies, a previous report suggested that E. cloacae adds pEtN 

and L-Ara4N to lipid A to develop colistin heteroresistance188. However, our genetic and high-

resolution mass spectrometry analysis demonstrate that only L-Ara4N modifies the 1- and 4’-

phosphates of lipid A in a PhoPQEcl-dependent manner (Figure 3A and B) and this amine-

containing modification correlates with colistin heteroresistance (Figure 1A and Table 1).  

 

L-Ara4N lipid A modifications are dependent on PhoPQEcl, but not PmrABEcl. 

To further characterize lipid A modifications in the ∆pmrABEcl mutant, we analyzed 

OH

O
O

NH
O

O
O

O
O

O
O

NH
O

O O

OHO
O

HO

P
O
O

OH

P
O

O
HO

O
O

O

O

OH
HO

NH2

O

OH
OH

NH2

0

100 1042.682-

1096.272-

+C16:0

1050.682-
1028.672-

911.622-

+L-Ara4N 
977.152-

963.132-

+L-Ara4N 

+C16:0

1148.282-1161.80
2-

1169.792-1104.772-

A

50

0

100 911.622-

1030.732-

919.622- 1016.722- 1038.732-
897.602-

905.602-
1024.712-

+C16:0

m/z
850 900 950 1000 1050 1100 1150 1200

B

50R
el

at
iv

e 
A

bu
nd

an
ce

OH

O
O

NH
O

O
O

O
O

O
O

NH
O

O O

OHO
O

HO

P
O
OH

OH

P
O

HO
HO

O
O

O

Exact Mass: 2063.48

14
14 1414

14
14

14
14

14

14 14 14

16

16

Figure	2 



  38  
 

purified lipid A from wild type and mutant E. cloacae using MALDI-TOF mass spectrometry. 

Wild type produced a lipid A mixture, which included L-Ara4N modified lipids (Figure 4A and 

B). In contrast, analysis of ∆phoPQEcl and ∆arnEcl lipid A indicated that L-Ara4N modified lipids 

were not present. Expression of PhoPQEcl in trans from an IPTG-inducible promoter restored L-

Ara4N modified lipid A in the phoPQEcl mutant. Furthermore, ∆pmrABEcl produced the L-Ara4N 

modification, similar to wild type (Figure 4A). The m/z of each prominent peak in our MALDI-

MS analysis corresponded with the exact mass of an expected structure with only the L-Ara4N-

containing structures demonstrating colistin resistance (Figure 4B). Here, we confirmed that L-

Ara4N modification of lipid A in E. cloacae is not dependent on PmrABEcl.  

 
Figure 4: Analysis of E. cloacae lipid A. (A) MALDI-TOF MS analysis of lipid A isolated from wild type or mutant 
E. cloacae strains. l-Ara4N modifications are illustrated in red, while C16:0 additions are illustrated in green. 
Numbered labels that are both red and green contain both modifications. (B) lipid A chemical structures found in wild 
type and mutant E. cloacae. 
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PhoPEcl directly binds to the arnBEcl promoter. 

The arn operon is composed of seven genes and expression is driven by a promoter 

upstream of arnB (16). This genetic organization is conserved in E. cloacae as illustrated in Fig 

3A. phoP expression is autoregulated in Enterobacteriaceae, where PhoP binds to the PhoP box to 

interact with RNA polymerase, which induces transcription192. The putative PhoP box in the phoP 

promoter region (PphoP) is conserved in E. coli, Salmonella, and E. cloacae (Figure 5B).  

Alignment of the E. cloacae arnB promoter region (ParnB) with E. coli, Salmonella, and E. cloacae 

PphoP suggested a putative PhoP box region. Importantly, E. cloacae ParnB, which contains a 

putative PhoP box, is highly conserved among ECC. However, this feature was not conserved 

within E. coli ParnB, suggesting regulatory mechanisms that control promoter activation are 

different (Figure 5B).  

We performed electrophoretic mobility shifts (EMSAs) using E. cloacae ParnB to determine 

if PhoPEcl directly binds the promoter to activate arnEcl transcription. Increasing concentrations of 

purified PhoPEcl (Figure 6) induced a shift of the biotinylated arnBEcl promoter fragment, which 

contains the putative PhoP box binding motif (Figure 5C). Importantly, PhoPEcl does not bind to 

E. coli ParnB, which does not encode the PhoP box motif (Figure 5C). Furthermore, the PhoPEcl-

arnBEcl promoter interaction was abrogated when unlabeled E. cloacae ParnB was added in 

increasing amounts, as a competitive inhibitor. We also show that the interaction is specific 

because addition of noncompetitive DNA (poly(dI-dC)) did not reduce the PhoPEcl and E. cloacae 

ParnB interaction (Figure 5D). Lastly, PhoPEcl bound E. cloacae and E. coli PphoP, which both 

encode the nucleotide sequence specific to the PhoP box (Figure 5E). Together, these findings 

suggest that E. cloacae encodes a mechanism that enables L-Ara4N biosynthesis to respond 

directly to PhoPQEcl.  
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Figure 5: PhoPEcl binds to the arnB promoter of E. cloacae (Ecl), but not E. coli (Ec). (A) Illustration of the arn 
operon organization. (B) Sequence alignment of the phoP promoter (PphoP) region in Ec, Salmonella (St), and Ecl, 
which each contain a PhoP box. The arnB promoter (ParnB) of Ecl contains a putative PhoP box binding site that is 
not present in Ec. The putative PhoP boxes have been boxed, while the −10 region is underlined. There were no 
putative PmrA boxes in the Ecl arnB or phoP promoter regions, so they were not included for simplicity. (C) 
Electrophoretic mobility shift assay (EMSA) of Ecl ParnB with increasing concentrations of PhoPEcl. PhoPEcl was 
used at concentrations of 0, 0.1, 1.0, 5.0 and 10.0 µM. EMSA using Ec ParnB in the absence or presence of PhoPEcl 

respectively. (D) EMSA competition experiments where increasing concentrations (1:1, 2:1, 5:1) of unlabeled ParnB 
competes with biotin-labeled ParnB, but nonspecific unlabeled poly(dI-dC) (2:1, 5:1) does not. E. PhoPEcl binds to 
both the Ecl and Ec phoP promoters. 
 

 
Figure 6: Purification of PhoPEcl. The PhoPEcl-His8 construct was expressed in E. coli BL21 (DE3) using an inducible 
pT7 construct. A band at 26.64 kDa, the size of the predicted protein, was present upon induction. The protein was 
purified by affinity chromatography. An anti-penta histidine antibody was used to detect the purified protein. 

1. Crude Extract-uninduced 
2. Crude Extract-induced 
3. Purified PhoPEcl-His8 
4. Detection using an anti-histidine antibody 
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Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
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cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
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ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
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tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
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RNA-sequencing analysis of the phoPQEcl and pmrABEcl mutants. 

To better understand PhoPQEcl and PmrABEcl transcriptional regulation, we isolated and 

sequenced total RNA from wild type and mutant E. cloacae strains. A heat map illustrates the fold 

change of arnEcl, phoPQEcl, and pmrABEcl gene expression in the TCS mutants relative to wild type 

(Figure 7). Expression of the arnEcl genes were significantly down regulated in ∆phoPQEcl 

compared to wild type, suggesting that activation of the pathway is dependent on PhoPQEcl. In 

contrast, arnEcl gene expression was not significantly altered in the ∆pmrABEcl mutant relative to 

wild type.  

 

 
Figure 7: RNA-sequencing analysis of E. cloacae genes. Heat map illustrating the altered expression of select 
operons in ∆phoPQEcl and ∆pmrABEcl mutants. Expression is shown as a ratio of mutant to wild type expression (P < 
0.05). 
 

E. cloacae colistin resistance is amplified in response to limiting Mg2+. 

Together, these analyses indicate colistin heteroresistance in wild type E. cloacae (Figure 

1A and Table 1) is mediated by L-Ara4N modification of lipid A, which is regulated in a 
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PhoPQEcl-dependent manner under standard growth conditions. In E. coli and Salmonella, PhoPQ 

is activated by various signals, including low Mg2+ and CAMPs9,152,153. Here we analyzed if 

PhoPQEcl responds to similar physiological cues to induce colistin resistance in E. cloacae. Wild 

type and mutant E. cloacae were grown in N minimal medium with high (10 mM) or low (10 µM) 

Mg2+ levels. All cultures were exposed to colistin at mid-logarithmic growth. Wild type and 

complemented phoPQEcl mutant strains grown in high Mg2+ demonstrated some susceptibility to 5 

and 10 µg/ml of colistin (Figure 8A, High Mg2+), suggesting colistin-susceptible and -resistant 

populations were present, which is indicative of heteroresistance. When grown under limiting 

Mg2+ conditions, E. cloacae cells were more resistant (Figure 8A, Low Mg2+). In contrast, 

phoPQEcl demonstrated a fitness defect in either Mg2+ concentration when exposed to colistin 

(Figure 8A). These data suggest that E. cloacae PhoPQEcl amplifies colistin resistance in response 

to limiting Mg2+ growth conditions. 

 
Figure 8: PhoPQEcl-dependent activation of L-Ara4N addition induces colistin resistance in low Mg2+.  (A) Wild 
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type and mutant E. cloacae strains were grown in N minimal medium with high (10mM, top) or low (10 μM, bottom) 
Mg2+. Strains were challenged with 0, 5 or 10 μg/ml of colistin for 1 h and plated for survival. Two biological 
replicates were each analyzed in triplicate with data from one representative set reported. P value < .05.  (B) 32P-
radiolabeled lipid A was isolated from wild type and mutant E. cloacae strains and separated based on hydrophobicity 
using thin layer chromatography. The associated lipid A structures (right) are illustrated (black circles indicating L-
Ara4N addition). Lipid A species were labeled as determined by E. coli W3110 (unmodified) and WD101 (modified) 
lipid A. 
 

PhoPQEcl responds to limiting Mg2+ conditions by inducing L-Ara4N lipid A 

modification. 

To determine if increased colistin resistance was dependent on L-Ara4N modification of 

lipid A, we isolated lipid A after growth in either low or high Mg2+. TLC analysis demonstrated 

that wild type and the complemented phoPQEcl mutant primarily produced L-Ara4N-modified 

lipid A when Mg2+ concentrations were limiting (Figure 8B, Low Mg2+). In contrast, the same 

strains grown in excess Mg2+, produced a mixture of modified and unmodified lipid A, which is 

indicative of heteroresistance (Figure 8B, High Mg2+). Interestingly, growth in excess Mg2+ does 

not completely shut-off production of PhoPQEcl-dependent lipid A modification in E. cloacae, as 

was previously shown in E. coli177. Together, these studies suggest that a subset of the clonal E. 

cloacae population activates PhoPQEcl-dependent L-Ara4N modification of lipid A under standard 

growth conditions to promote heteroresistance. However, depletion of Mg2+ amplifies L-Ara4N 

modification (Figure 8B) and colistin resistance (Figure 8A) throughout the population. 

 

Inactivation of colistin heteroresistance in ECC clinical isolates. 

A previous report showed that while many ECC clinical isolates were colistin 

heteroresistant, some were susceptible to colistin–mediated lysis. Interestingly, ECC colistin 

heteroresistance was cluster dependent184. To determine the genetic basis for colistin sensitivity in 

ECC clusters, we examined twelve colistin susceptible clinical isolates (CI) and compared them 
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to heteroresistant wild type ATCC 13047. We confirmed colistin susceptibility in all isolates using 

the BMD method to determine MICs and sequenced each genome. We obtained ~70 X 106 reads 

for each susceptible isolate and the wild type strain, which were mapped to the annotated ATCC 

13047 genome193. The coverage region of each isolate varied between 82% to 99%, where most 

coverage variation occurred in plasmid DNA regions. Initial analysis of our wild type strain 

confirmed it did not encode mutations in the phoPQEcl, pmrABEcl, or the arnEcl coding sequences, 

consistent with the published annotation. In contrast, multiple mutations were found in the 

phoPQEcl and arnEcl operons of the colistin-susceptible isolates. Interestingly, ten of the twelve 

isolates encoded single nucleotide polymorphisms (SNPs) in the phoPQEcl promoter sequence 

immediately upstream of the phoPEcl translational start codon (within 8 nucleotides), which 

indicated the SNPs likely disrupted the ribosome binding site (Figure 9A). To determine if the 

SNPs attenuated PhoPQ-dependent colistin resistance, CI-3 (cluster III), which did not encode 

amino acid changes in the phoPQEcl or arnEcl genetic coding regions, was transformed with 

pPhoPQEcl. Complementation restored colistin resistance, where the MIC increased from 0.5 in 

CI-3 to >256 µg/ml after PhoPQEcl signaling was restored (Figure 9B). Complementation 

suggested that SNPs in the phoPQEcl ribosome binding sites contributed to colistin susceptibility. 

SNP mutations, which abrogate translation of PhoPQEcl, support a model where colistin 

heteroresistance is dependent on PhoPQEcl in diverse ECC isolates.  
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Figure 9: PhoPEcl single-nucleotide polymorphisms that attenuate colistin heteroresistance in ECC clinical 
isolates. (A) Sequence alignment of E. cloacae and other ECC phoP promoter (PphoP) regions. The region includes 
25 nucleotides upstream of the start codon (boxed). Gray boxes indicate single-nucleotide replacement mutations, 
while gray triangles indicate single-nucleotide insertion mutations. (B) E-test strips of CI-3 and CI-3/pPhoPQEcl to 
visualize heteroresistant colonies. The black arrow indicates colistin-resistant colonies. 
 
 
DISCUSSION 

E. cloacae and other ECC members encode PmrABEcl and PhoPQEcl homologs. We 

hypothesized these TCS regulatory systems functioned together in a pathway to control L-Ara4N 

and pEtN modification of lipid A, based on previous transcriptomics analysis of resistant and 

susceptible populations188 and because these lipid A modifications are highly conserved among 

Enterobacteriaceae16. However, our genetic and high-resolution mass spectrometry analysis of E. 

cloacae lipid A determined that colistin heteroresistance in E. cloacae was mediated by PhoPQEcl-

dependent, PmrABEcl-independent L-Ara4N lipid A modification. Therefore, we identified a 

mechanism of ECC colistin heteroresistance that involves the PhoPQ system. 

E. cloacae and other ECC members do not encode a PmrD homolog, which couples PhoPQ 

signal transduction to regulation of PmrA-dependent genes in many Enterobacteriaceae16. 

Moreover, PmrAEcl shares only 52% identity with E. coli PmrA and PmrBEcl shares only 57% 

identity with E. coli PmrB, suggesting the L-Ara4N lipid A modification pathway in E. cloacae 
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Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
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Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 

Ecl	ATCC	13047	PphoP	 ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 

Ecl	ATCC	13047	ParnB	 cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

Ec	W3110	ParnB	 agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 

Kp		  

	
	
	
	
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
Agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
 
cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
ctttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 

agttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	
	

ctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 
atttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
tttttccccggtttactcaatgtttatccccacaacaacataatcagcgttaaactattcatactattaattctgggagaaagatgatg 
cttgatatgagtttatgaaccgttgaaataaacggtccgctaattggttaatatcaaaagcagccattcttattgcaaggaaattaatg 
gttaatattctatccttaaaatttcgctccaaatggcaaaatatacacaacactctttatagcaaatataagtggacaggtattcaatg 
	

	
Ec	W3110	PphoP	 cctccccgctggtttatttaatgtttacccccataaccacataatcgcgttacactattttaataattaagacagggagaaataaaaatg 

St	LT-2	PphoP	 ctatttgtcggtttattaactgtttatccccaaagcaccataatcaacgctagactgttcttattgttaacacaagggagaagagatgatg 
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diverged from E. coli and Salmonella. We confirmed direct binding of PhoPEcl to the arnBEcl 

promoter, which supports a model where L-Ara4N addition to lipid A and colistin heteroresistance 

in E. cloacae is dependent on PhoPQEcl, but not PmrABEcl.  

Research from other groups has outlined a complex regulatory network in E. coli and 

Salmonella that tightly regulates lipid A L-Ara4N and EptA modifications157,160,172,177,194. We 

hypothesize that uncoupling PmrABEcl regulation from L-Ara4N modification bypasses an 

important regulatory checkpoint, which likely promotes misregulated PhoPQEcl-dependent arnEcl 

expression. Furthermore, colistin heteroresistance has also been associated with Klebsiella 

pneumoniae195, another Enterobacteriaceae family member that activates arn expression 

independently of PmrAB175. Since selection has driven ECC and other opportunistic pathogens to 

maintain an altered lipid A modification signaling network, we predict that it is advantageous to 

maintain a CAMP resistant subpopulation in some environments. Presumably, the alternative 

regulatory mechanism promotes bacterial fitness in environments specific to their commensal and 

pathogenic niches.  

Colistin heteroresistance is not well-understood at the molecular level in 

Enterobacteriaceae. Our study indicates that PhoPQEcl signal transduction contributes to 

heteroresistance in ECC. However, additional studies are necessary to understand143,196 if there is 

a genetic determinant within the heteroresistant subpopulation that promotes resistance. 

Alternatively, colistin heteroresistance could be a byproduct of promoter noise-induced bimodality, 

which has been linked to heteroresistance in other bacteria. Despite these two possibilities, our 

studies demonstrated that PhoPQEcl phosphotransfer (PhoQH227 and PhoPD56) is required for 

colistin heteroresistance (Table 1), suggesting the phenotype is regulated by PhoPQEcl. 
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MATERIALS AND METHODS 

Bacterial Strains and Growth 

E. cloacae subsp. cloacae ATCC 13047 and ECC strains were initially grown from freezer 

stocks on Luria-Bertani (LB) agar. Isolated colonies were used to inoculate LB broth or N minimal 

medium (0.1M Bis-Tris, pH 7.5 or 5.8, 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 µM or 10 

mM MgSO4) at 37° C. Strains were grown into mid-logarithmic growth (OD600 = 0.6) before 

analysis. Kanamycin was used at 25 µg/ml for selection and colistin was used at 5 µg/ml or 10 

µg/ml where indicated. 

All strains and plasmids used in this study are listed in Table S1 online. Briefly, E. cloacae 

subsp. cloacae 13047 mutant strains were constructed as previously described using 

recombineering with the plasmid pKOBEG197.  Linear PCR products were introduced in to the E. 

cloacae ATCC 13047/pKOBEG strain by electroporation and plated on selective media.  Selected 

clones were transformed with pCP20 to cure the antibiotic resistance cassette. 

To complement E. cloacae mutants, the coding sequence from phoPQEcl was cloned into 

the SalI and KpnI sites in pMMBKn17. To generate point mutants in PhoQH277A and PhoQD56A, site 

directed mutagenesis was performed using Pfu Turbo using primers that incorporated the 

associated alanine-encoded nucleotide replacements. All constructs were validated using Sanger 

sequencing. IPTG inducible constructs were transformed into the phoPQ mutant and grown in 2.0 

mM IPTG to induce expression. 

Broth Microdilution assays 

MICs of colistin were determined in triplicate by the broth microdilution (BMD) method. 

Briefly strains were inoculated from overnight cultures when OD600 = 0.1. Various concentrations 
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(0 - 256 µg/ml) of colistin were added to each well and cultures were incubated overnight.  Growth 

was measured by reading the OD600. The lowest concentration at which growth was inhibited was 

recorded as the MIC. E. coli W3110 and WD101 were used as control strains. In some cases, ‘skip 

wells’ were observed suggesting a heteroresistance phenomenon and the MIC was determined 

disregarding the clear wells184. 

Population Analysis 

Population analysis profiling was performed by plating 1 X 1010 CFU onto LB agar 

containing 1 to 64 µg/ml colistin (in 2-fold increments). Plates were incubated overnight at 37° C 

and frequency of the subpopulation was determined by dividing by the total number of cells134. 

Isolation of Lipid A 

Isolation of lipid A for TLC analysis involved 32P-radiolabeling of whole cells was 

performed as previously described with slight modifications198. In brief, 12.5 ml of E. cloacae was 

grown at 37° C to OD600 = 1.0. Bacteria were harvested by centrifugation at 10,000 X g for 10 min. 

Lipid A extraction was carried out by mild-acid hydrolysis as previously described199. 

Mass Spectrometry 

MS1 spectra of lipid A in Figure 3 were collected on a MALDI-TOF/TOF (Axima 

Performance, Shimadzu) mass spectrometer in the negative mode. All other spectra were collected 

in the negative mode on a Thermo Scientific Orbitrap Fusion Lumos mass spectrometer (San Jose, 

CA, USA) modified with a Coherent ExciStar XS ArF excimer laser (Santa Clara, CA), as 

previously described200. HCD was performed with the normalized collision energy (NCE) of 25%. 

UVPD was performed with the laser emitting 193 nm photons at 5 mJ per laser pulse with 5 pulses 

per scan. The laser pulse repetition rate was 500 Hz. The instrument was operated at 120000 

resolving power with a precursor isolation window of 3 m/z. All samples were dissolved in 50:50 
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MeOH:CHCl3 and directly infused into the mass spectrometer via a static nano-electrospray 

ionization source. The presented spectra are an average of 50 scans. 

TLR-4 Signaling Assays 

HEK-Blue hTLR4, cell line was maintained according to the manufacturer specifications 

(Invivogen). Overnight bacterial cultures in stationary phase were serial diluted for assays as 

previously described17,167. At least two biological replicates were each done in triplicate and one 

representative set was shown. 

Colony Forming Unit Counts and Colistin Survival Assays 

For colony forming unit counts (CFUs), E. cloacae subsp. cloacae 13047 and mutant 

strains were initially grown from freezer stocks on Luria-Bertani (LB) agar. Isolated colonies were 

resuspended and used to inoculate LB broth with 10 µg/ml or without colistin at an OD600 = 0.01. 

Cells were plated at designated time points on LB agar.  Plates were grown overnight at 37° C and 

colony forming units (CFU) were counted and reported. 

Colistin survival assays were performed as previously described with slight 

modifications177. Briefly, wild type and mutant E. cloacae strains were grown overnight on LB 

agar.  The following day, N minimal media pH = 7.5 containing either 10 µM MgSO4 (low Mg2+) 

or 10 mM MgSO4 (high Mg2+) were inoculated at OD600 = 0.05 with bacteria from overnight 

cultures after cells were washed with N minimal media without Mg2+. Cultures were grown until 

OD600 = 0.6, when they were split and treated with 0, 5 or 10 µg/ml of colistin (Polymyxin E). 

Cultures were incubated for 1 h at 37° C and then colony-forming units were plated on LB, grown, 

and calculated. Percent survival was calculated by dividing the number of bacteria after treatment 

with colistin relative to those incubated in the absence of colistin and then multiplied by 100. 

Protein Purification 
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To purify the PhoPEcl protein, the coding sequence was cloned into pT7-7Kn, as previously 

described201.  Briefly, the phoPEcl coding sequence was amplified from E. cloacae cDNA with 

primers that added a C-terminal His8X tag. From an overnight starter culture, 1 Liter of LB broth 

containing 25 µg/ml of kanamycin was inoculated at 1:50 and grown at 37° C until the OD600 = 

0.5. IPTG was added to a final concentration of 1mM, and the culture was incubated at 37° C for 

an additional 4 h. Bacteria were recovered by centrifugation at 10,000 x g for 10 min, and the 

bacteria were resuspended in lysis buffer. Bacteria were lysed using sonication and the soluble 

fraction was recovered by centrifugation at 10,000 x g for 30 min. PhoPEcl-His8X was purified on 

a Ni-nitrilotriacetic acid (NTA) beads according to the manufactures instructions (Qiagen).  

Electrophoretic Mobility Shift Assay 

PhoPEcl-His8X proteins were purified as described above. EMSAs were performed based 

on a modified protocol202. 250-bp DNA fragments of phoPEcl and arnBEcl spanning −230 to +20 

relative to the translational start site were amplified from E. cloacae or E. coli cDNA using 5’-

biotinylated primers. PhoPEcl-His8X proteins were incubated with biotinylated DNA at 25° C for 

20 min. For competition experiments, unlabeled E. cloacae ParnB and poly(dI-dC) were added at 

1:1, 2:1, or 5:1 ratios relative to biotin-labeled ParnB DNA. 0.1 - 10 μM of PhoPEcl-His8X proteins 

were used. After electrophoresis at 4° C, protein/DNA was transferred onto a positively charged 

nylon membrane. Blots were blocked in 5% milk in TBS for 20 min and streptavidin conjugated 

HRP was used at a 1:300 dilution. 

Nucleic Acid Extraction 

Total RNA was extracted using the Direct-Zol RNA MiniPrep Kit (Zymo Research) from 

E. cloacae grown to a final OD600 = 0.6. Isolated RNA was treated with DNA-free DNA removal 
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kit (Thermo-Fisher Scientific) to eliminate genomic DNA contamination. DNase-depleted RNA 

was used for qRT-PCR and RNA-seq. 

RNA-sequencing 

RNA-sequencing was performed as previously described203. Briefly, DNA-depleted RNA 

was processed for Illumina sequencing using the NEB Next Ultra Directional RNA Library Prep 

kit for Illumina as described by the manufacturer (NEB). Sequencing was performed using 

Illumina HiSeq. Sequencing data was aligned to the E. cloacae subs. cloacae ATCC 13047 

published genome annotations193 using CLC genomic workbench software (Qiagen) and RPKM 

expression values were determined. The weighted proportions fold change of expression values 

between samples was determined and a Baggerley’s test on proportions was used to generate a 

false discovery rate corrected P-value.  We then used a cut-off of 2-fold weighted proportions 

absolute change with a false-discovery rate corrected P-value of ≤ 0.05 to identify significantly 

differentially regulated genes between samples. The sequencing data for the clinical isolates has 

been deposited in the Nation Center for Biotechnology’s Gene Expression Omnibus (GSE127802). 

Genomic-sequencing 

Genomic sequences were analyzed as previously done17. Briefly, samples were processed 

for Illumina sequencing using the NEB Next Ultra DNA Library Prep kit (NEB). Sequencing was 

performed using Illumina HiSeq. Reads were aligned to E. cloacae strain ATCC 13047 published 

genome annotations using CLC genomic workbench software (Qiagen) with 90% length fraction 

and 90% similarities parameters. Mapped reads were locally realigned and fixed ploidy detection 

identified low and high frequency variants. E. cloacae variant tracks were compared to identify 

mutations. Mutations not present in strain ATCC 13047 were called if 95% of aligned reads 
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contained the variant. The sequence data have been submitted to the GenBank under accession 

number SUB4176618. 
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ABSTRACT 

Despite dogma suggesting lipopolysaccharide/lipooligosaccharide (LOS) was essential 

for viability of Gram-negative bacteria, several Acinetobacter baumannii clinical isolates 

produced LOS- colonies after colistin selection. Inactivation of the conserved class A penicillin-

binding protein, PBP1A, was a compensatory mutation that supported isolation of LOS- A. 

baumannii, but the impact of PBP1A mutation was not characterized. Here, we show that the 

absence of PBP1A causes septation defects and that these, together with LD-transpeptidase activity, 

support isolation of LOS- A. baumannii. PBP1A contributes to proper cell division in A. baumannii, 

and its absence induced multiple septa and cell filamentation and/or chaining. Only isolates 

producing three or more septa supported selection of colistin resistant LOS- A. baumannii. PBP1A 

was enriched at the midcell, where the divisome complex facilitates daughter cell formation, and its 

localization was dependent on glycosyltransferase activity. Transposon mutagenesis showed that 

genes encoding two putative LD-transpeptidases (LdtJ and LdtK) became essential in the PBP1A 

mutant. Both LdtJ and LdtK were required for selection of LOS- A. baumannii, but each had 

distinct enzymatic activities in the cell. Together, these findings demonstrate that defective 

septation and LD-transpeptidase activity remodel the cell envelope to support selection of colistin 

resistant LOS- A. baumannii. 
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INTRODUCTION 

The Gram-negative cell envelope is tripartite with an inner (cytoplasmic) membrane, a 

periplasm that includes a thin peptidoglycan layer and an outer membrane, which is enriched with 

surface-exposed lipopolysaccharide (LPS) or lipooligosaccharide (LOS). The cell envelope 

maintains cell shape204,205, supports the mechanical load caused by the turgor106 and enables the 

cell to rapidly adapt to environmental challenges. Specialized macromolecular complexes span the 

cell envelope and coordinate peptidoglycan biosynthesis and LPS/LOS localization. 

LPS/LOS is assembled at the inner membrane85,98,99 and transported to the outer membrane 

via LptA-G, which bridges the periplasm and peptidoglycan cell wall100–103,206. LPS/LOS 

glycolipids are based on a highly conserved lipid A moiety that anchors them on the surface-

exposed face of the outer membrane. LPS/LOS disruption leads to rapid lysis and death; therefore, 

it has been targeted with antimicrobials25. For example, colistin (polymyxin E) is a last resort 

antimicrobial used to treat multidrug resistant bacteria, including the ESKAPE pathogen 

Acinetobacter baumannii207,208. Colistin binds the lipid A phosphate groups to perturb the outer 

membrane barrier, which rapidly kills the bacterium209,210. Surprisingly, several A. baumannii 

clinical isolates inactivate LOS biosynthesis and rapidly establish resistance to otherwise toxic 

colistin concentrations17,91. However, certain A. baumannii clinical isolates could not develop such 

resistance. Previous work showed that inactivation of PBP1A (encoded by mrcA) is a 

compensatory mutation that supports colistin selection of LOS- A. baumannii17, but the role of 

PBP1A in A. baumannii physiology and how PBP1A mutation alters the cell envelope, have not 

been reported. 

In Escherichia coli, PBP1A and PBP1B (encoded by mrcB) are semi-redundant class A 

penicillin-binding proteins (aPBPs). aPBPs are bifunctional enzymes, catalyzing both 
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polymerization of glycans via glycosyltransferase (GTase) activity and crosslinking of stem 

peptides by DD-transpeptidase (DD-TPase) activity. The DD-TPase activity of aPBPs depends on 

ongoing GTase reactions39 and in E. coli aPBP activity contributes to a substantial amount of the 

peptidoglycan synthesized per generation41. PBP1B not only contributes to peptidoglycan 

maintenance47, but also interacts with the divisome complex35,44, which forms the septum and 

constricts the cell envelope at the midcell35,211. PBP1A interacts with PBP2, which suggests it has 

a role in cell elongation during growth42. While PBP1A and PBP1B have distinct roles in growth, 

only one enzyme is required for growth because the other can compensate38,42,212. Specifically, in 

the absence of PBP1B, PBP1A was enriched at the midcell42, which implies PBP1A compensates 

to rescue cell division defects. 

In E. coli, the majority of transpeptidation reactions in peptidoglycan are catalyzed by PBPs 

to result in 4-3 crosslinks. However, LD-transpeptidases (LD-TPases) such as LdtD and 

presumably LdtE and LdtF, form 3-3 crosslinks20,67,213. 3-3 crosslinking becomes essential for E. 

coli survival when LPS transport or biosynthesis is disrupted, presumably because LdtDEF repair 

peptidoglycan defects together with the GTase function of PBP1B and the DD-carboxypeptidase 

PBP6a20. In contrast, LdtA, LdtB and LdtC attach the outer membrane-anchored Braun’s 

lipoprotein (Lpp) to peptidoglycan, which stabilizes the cell envelope64. 

A. baumannii encodes two aPBPs, PBP1A and PBP1B, and two putative LD-TPases (LdtJ 

and LdtK), but their roles in growth and division have not been characterized. Here, we show that 

only multiseptated A. baumannii strains can support LOS- colony formation. In contrast to E. coli42, 

A. baumannii PBP1A is required for proper cell division and PBP1B is unable to compensate in 

its absence, which enables PBP1A mutants to assemble multiple septal sites. Specifically, 

disruption of PBP1A GTase activity produces the septation defect, which is also characteristic of 
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LOS- A. baumannii. PBP1A-mCherry and PBP1AS459A-mCherry (DD-TPase mutant) localize at 

the midcell during growth, where PBP1A potentially interacts with divisome components to 

synthesize septal peptidoglycan during division. In contrast, PBP1AE92Q-mCherry (GTase mutant) 

did not localize at the midcell, suggesting GTase activity is required for septal localization. In 

addition to a role in cell division, the PBP1A mutant was resistant to several β-lactam antibiotics 

relative to wild type and the PBP1B mutant, indicating PBP1A contributes to intrinsic β-lactam 

susceptibility. Furthermore, ldtJ and ldtK gene deletions were synthetically lethal in DmrcA and 

were essential for selection of colistin resistant LOS- A. baumannii. LdtJ forms 3-3 crosslinks and 

incorporates D-amino acids onto peptidoglycan stem peptides, while LdtK stabilizes the outer 

membrane. Together, slowed septation, alternative crosslinking and outer membrane stabilization 

supported colistin selection of LOS- A. baumannii. 

 

RESULTS 

Isolation of colistin resistant LOS- A. baumannii is dependent on defective septation.  

We examined A. baumannii clinical isolates and found morphological differences between 

strain ATCC 19606, which produces LOS- populations after colistin selection, relative to strain 

ATCC 17978, which cannot17. Cells in logarithmic growth phase were treated with a fluorescent 

derivative of D-alanine (NADA)214, which is incorporated into the peptidoglycan cell wall by PBPs 

and LDTs215–218. Wild type 17978 cells were coccobacilli with septal assembly localized at the 

midcell (Figure 10A), where septal peptidoglycan synthesis produced two daughter cells during 

division. In contrast, wild type 19606, which demonstrated an 80-fold reduction in PBP1A 

expression during mid-logarithmic growth17, were bacilli containing multiple septal sites (Figure 

10B). LOS- cells derived from 19606 also contained multiple septal sites (Figure 10C). Unlike 



  58  
 

17978, 19606 and LOS- subpopulations contained three or more septa (Figure 10D), indicating a 

septation defect. Consistent with previous findings17, 19606 produced LOS- colonies after colistin 

selection, whereas 17978 did not (Figure 10E, Table 2). The average lengths and widths of 17978, 

19606 and 19606 LOS- were also calculated (Figure 11A) and showed that defective septation in 

wild type 19606 and 19606-derived LOS- A. baumannii resulted in subsets of elongated cells 

within the population. 

 
Figure 10: Microscopy of A. baumannii 17978 and 19606 in logarithmic growth phase. (A to C) Phase and 
fluorescence microscopy of wild type (WT) 17978 (A), 19606 (reduced levels of PBP1A expression relative to 17978) 
(B), and 19606 LOS- (C) cells. Cells in mid-logarithmic growth were labeled with NADA. (D) Septa were quantified 
using ImageJ software (n= 300) and reported as a percentage of the whole. Data were collected from three experiments, 
and one representative image and dataset were reported. (E) Percentage of LOS- A. baumannii recovered after colistin 
selection using 109 CFU in logarithmic growth phase. 
 
 

To determine if the septation defect was conserved among isolates that support LOS--

mediated colistin resistance, we analyzed several additional A. baumannii clinical isolates. 

Consistent with strain 19606, Ab 5075 (Figure 11C) and Ab AYE (Figure 11D) also produced 

multiseptated bacilli and yielded LOS- colistin resistant isolates (Figure 11B). In contrast, Ab 
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ACICU (Figure 11E) and Ab SDF (Figure 11F) assembled a single septum at the midcell. Like 

17978, we could not recover LOS- isolates from either ACICU or SDF parent strains (Figure 11B, 

Table 2). Septal quantification showed that Ab 5075 and Ab AYE had subpopulations that 

produced three or more septa, while Ab ACICU and Ab SDF did not (Figure 11G). The average 

length and width of each clinical isolate was reported (Figure 11H). Strains that assembled three 

or more septa also produced elongated cell subpopulations. 

 
Figure 11: Quantification of A. baumannii cell morphology. (A) Wild type (WT) 17978, 19606 and LOS- isolates 
derived from 19606. (B) A. baumannii clinical isolates. (A, H) Cell lengths (L) and widths (W) were calculated using 
ImageJ software (n = 300). Each dot on the graph represents one cell. (G) Septa were quantified using ImageJ software 
(n = 300) and reported as a percentage of the whole. 
 
 

To determine if elongated cell morphologies were consistent in growth phases, we also 

analyzed stationary phase cultures. Only 19606 (Figure 12A), 5075 (Figure 12B) and AYE 

(Figure 12C) formed filamented populations and yielded colistin resistant LOS- isolates in 

stationary phase (Figure 12G, Table 2). 17978 (Figure 12D), ACICU (Figure 12E) and SDF 

(Figure 12F) maintained a coccobacilli morphology and failed to produce a single LOS- isolate 
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after colistin selection (Figure 12G, Table 2). The length and width of each isolate in stationary 

phase were calculated (Figure 12H). Strains 19606, Ab 5075, and Ab SDF were elongated relative 

to 17978, Ab ACICU and Ab AYE. While it was previously shown that only select strains 

supported isolation of LOS- A. baumannii after colistin selection17, here we show a correlation 

between strains with defective septation and selection of colistin resistant LOS- isolates.  

 
Figure 12: Microscopy of A. baumannii clinical isolates in logarithmic growth phase. NADA stained (A) Ab 5075, 
(B) Ab AYE, (C) Ab ACICU and (D) Ab SDF were visualized using phase and fluorescent microscopy. (E) Percent 
of recovered LOS- A.baumannii after colistin selection using CFU in logarithmic growth phase (F) Septa were 
quantified using ImageJ software (n = 300) and reported as a percentage of the whole. 

 

Table 2:  A. baumannii develops colistin resistance through inactivation 
of lipooligosaccharide (LOS) biosynthesis 

Ab Strain Recovery Frequency of LOS- 
Ab 

Logarithmic Growth Phase  
Ab 5075 2.33E-08 
Ab 5075 𝚫ldtJ::Tn N/Aa 
Ab 5075 𝚫ldtK::Tn N/A 
Ab ACICU N/A 
Ab AYE 8.09E-08 
Ab SDF N/A 
ATCC 17978 N/A 
ATCC 17978 𝚫mrcA  9.19E-08 
ATCC 17978 𝚫mrcA/pPBP1A N/A 
ATCC 17978 𝚫mrcA/pPBP1AS459A N/A 
ATCC 17978 𝚫mrcA/pPBP1AE92Q 9.19E-08 
ATCC 17978 𝚫mrcB N/A 
ATCC 19606 1.47E-07 
ATCC 19606 𝚫ldtJ  N/A 
ATCC 19606 𝚫ldtJ /pLdtJ 8.99E-06 
ATCC 19606 𝚫ldtK N/A 
ATCC 19606 𝚫ldtK/pLdtK 2.11E-07 
Stationary Phase   
Ab 5075 1.93E-07 
Ab ACICU N/A 
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Ab AYE 9.59E-07 
Ab SDF N/A 
ATCC 17978 N/A 
ATCC 17978 𝚫mrcA  1.06E-08 
ATCC 17978 𝚫mrcA/pPBP1A N/A 
ATCC 17978 𝚫mrcA/pPBP1AS459A N/A 
ATCC 17978 𝚫mrcA/pPBP1AE92Q 2.01E-08 
ATCC 17978 𝚫mrcB N/A 
ATCC 17978 + 8 g/L Amoxicillin N/A 
ATCC 17978 + 64 g/L Ampicillin N/A 
ATCC 17978 + 4 g/L Carbenicillin N/A 
ATCC 17978 + 32 g/L Mecillinam N/A 
ATCC 17978 + 16 g/L Mezlocillin N/A 
ATCC 17978 + 256 g/L Cefoxitin N/A 
ATCC 17978 + 64 g/L Cefoperazone N/A 
ATCC 17978 + 8 g/L Cefotaxime N/A 
ATCC 17978 + 8 g/L Aztreonam N/A 
ATCC 17978 + 8 g/L Moenomycin N/A 
ATCC 19606 2.13E-07 
aN/A indicates no LOS- isolates were recovered 

PBP1A mutation induced septal defects to support isolation of colistin resistant 

LOS- A. baumannii.  

Inactivation of the gene encoding PBP1A, DmrcA, is a compensatory mutation that enables 

colistin selection of LOS- 17978 (19). Relative to wild type and two complementation strains with 

different promoter comstructs, 17978 ∆mrcA produced multiseptated cell populations in mid-

logarithmic growth phase (Figure 13A-13D), resembling 19606, 5075 and AYE morphotypes. 

Consistent with previous analysis showing that PBP1A GTase activity inhibited colistin selection 

of LOS- colonies17, ∆mrcA/pPBP1AE92Q also produced elongated multiseptated cells (Figure 13E), 

similar to ∆mrcA LOS- (Figure 13F). In contrast, point mutation of S459A, a residue essential for 

PBP1A DD-TPase activity (Figure 13G), and ∆mrcB (encoding PBP1B) (Figure 13H) produced 

septal patterns indistinguishable from wild type 17978, ACICU and SDF. Only PBP1A mutations 

that induced three or more septal sites (i.e., ∆mrcA and ∆mrcA/pPBP1AE92Q) (Figure 13I) were 

sufficient to produce colistin resistant LOS- isolates (Figure 13J, Table 2). We also measured the 

lengths and widths of each mutant (Figure 13K). Only strains with cell populations containing 
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three or more septal sites were elongated. Relative to wild type, ∆mrcA had a growth defect in 

logarithmic phase (Fig 13L) when grown in Luria broth at 37° C. 

 

 

 
FIGURE 13: Microscopy of A. baumannii strain 17978 mutants in logarithmic growth phase. (A to H) Phase 
and fluorescence microscopy of NADA-treated wild type (WT) (A) mrcA (B), mrcA/pPBP1A (C), mrcA/pPBP1A OE 
(over expression) (D), mrcA/pPBP1AE92Q (E), mrcA LOS- (F), mrcA/pPBP1AS459A (G), and mrcB (H) cells. (I) Septa 
were quantified using ImageJ software (n= 300) and reported as a percentage of the whole. Each experiment was 
independently replicated three times, and one representative data set was reported. (J) Percentage of recovered LOS- 
A. baumannii after colistin selection using CFU in logarithmic growth phase. (K) Quantification of length (L) and 
width (W) of each cell population (n= 300) was calculated using ImageJ software. Each experiment was independently 
replicated three times, and one representative data set was reported. Each dot on the graph represents one cell. (L) 
CFU/ml of wild type and aPBP mutants in rich medium at 37°C. 

 

Unlike wild type 17978, ∆mrcA/pPBP1AS459A and ∆mrcB (Figure 14A-C), ∆mrcA and 

∆mrcA/pPBP1AE92Q demonstrated a filamentous morphology in stationary phase (Figure 14D-E) 

that resembled ∆mrcA LOS- (Figure 14F) and supported recovery of LOS- colistin resistant 

isolates (Figure 14G, Table 2). The cell lengths, which indicate defective septation, and widths 

of stationary phase cultures were measured (Figure 14H). Consistent with our initial observation 
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that only A. baumannii clinical isolates producing cell populations with three or more septal sites 

support LOS- selection, PBP1A mutations that induced multiseptate cell morphotypes also 

supported LOS- isolation. Together, these data indicate that septal defects correlate with isolation 

of colistin resistant LOS- A. baumannii. 

 
Figure 14: Microscopy of A. baumannii clinical isolates in stationary phase. NADA stained (A) 19606, (B) Ab 
5075, (C) Ab AYE, (D) 17978, (E) Ab ACICU and (F) Ab SDF were visualized using phase and fluorescent 
microscopy. (G) Quantification of length (L) and width (W) of each cell population (n = 300) was calculated using 
ImageJ software. Each dot on the graph represents one cell. (H) Percent of recovered LOS- A. baumannii after colistin 
selection using 10

9 
CFU in stationary phase.  

 

PBP1A localizes to the division site in A. baumannii.  

Due to the septation defect in ∆mrcA and ∆mrcA/pPBP1AE92Q, we hypothesized that 

PBP1A contributes to daughter cell formation in A. baumannii. To determine PBP1A localization, 

we fused mCherry to the C-terminus of PBP1A (PBP1A-mCherry) and expressed in ∆mrcA. 

Expression of each PBP1A-mCherry fusion protein in ∆mrcA was equivalent and PBP1A was 

required for mCherry signal. While mCherry fluorescent signal was observed throughout cells 

when pPBP1A (Figure 15A) or pPBP1AS459A (Figure 15B) fusion proteins were expressed, 

increased intensity was evident at the midcell, where the septum forms. These findings indicate 
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that PBP1A localizes at the septal site and potentially interacts with the divisome complex in A. 

baumannii. Phase microscopy showed pPBP1A-mCherry and pPBP1AS459A-mCherry expression 

fully complemented the ∆mrcA-induced division defect to restore the signature A. baumannii 

coccobacilli morphology. In contrast, pPBP1AE92Q-mCherry (Figure 15C) did not localize at the 

midcell and cells contained multiple septal sites, showing that GTase-defective PBP1A was not 

sufficient to complement ∆mrcA. 

We also treated cells expressing PBP1A-mCherry proteins with NADA, which is 

incorporated into the peptidoglycan. pPBP1A-mCherry and pPBP1AS459A-mCherry co-localized 

with septal peptidoglycan at the midcell, but pPBP1AE92Q-mCherry did not (Figure 15A-C). To 

quantify, intensity localization was graphed along the cell axis (Figure 15D-E). PBP1A and 

PBP1AS459A co-localized with septal peptidoglycan, whereas PBP1AE92Q did not. These analyses 

not only show the GTase activity of PBP1A is required for proper division in A. baumannii, but 

also that enzyme activity is required for PBP1A septal site localization. 

 
FIGURE 15: Localization of PBP1A in A. baumannii. (A to C) Phase and fluorescence microscopy of 17978 mrcA 
expressing PBP1A (A), PBP1AS459A (B), or PBP1AE92Q (C) fused to a C-terminal mCherry protein. Cells were labeled 
with NADA. Merged images are color composites of mCherry and NADA images. (D and E) Localization intensity 
of NADA (D) and PBP1A-mCherry (E) in cells. Shading indicates standard deviation. Intensity localization graphs 
generated using ImageJ software with MicrobeJ plugin (n = 50). Each experiment was independently replicated three 
times, and one representative data set was reported. Fluorescence localization intensity within cells is illustrated at the 
bottom. 
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Antimicrobial susceptibility in A. baumannii aPBP mutants.  

To determine the impact of aPBP deletions on antimicrobial susceptibility, minimal 

inhibitory concentrations (MIC) were calculated after wild type and the aPBP mutants were treated 

with several antimicrobials (Table 3). Relative to wild type, ∆mrcA showed increased resistance 

all β-lactam antibiotics tested except for carbapenems, which not only target DD-TPase, but also 

LD-TPase219. These data suggest that PBP1A DD-TPase activity is an intrinsic target that 

contributes to β-lactam susceptibility. Both aPBP mutants showed increased susceptibility to 

moenomycin, which inhibits GTase activity. No differences in MIC were observed when strains 

were treated with colistin. Lastly, both aPBP mutants demonstrated increased susceptibility to 

vancomycin. 

Table 3: A. baumannii MICs (mg/L) 
Antimicrobial WT 𝚫mrcA 𝚫mrcB 𝚫ldtJ 𝚫ldtK 

β-lactams      
Penicillin Derivatives      

Amoxicillin 16.0 >512.0 <8.0 128.0 128.0 

Ampicillin 128.0 >1024.0 128.0 16.0 16.0 

Carbenicillin 8.0 >64.0 8.0 4.0 4.0 

Mecillinam/Amdinocillin 64.0 >512.0 64.0 16.0 16.0 

Mezlocillin 32.0 >256.0 32.0 128.0 128.0 

      
Cephalosporin Derivatives      

Cefoxitin >512.0 64.0 16.0 128.0 128.0 

Cefoperazone 128.0 >512.0 128.0 >512.0 >512.0 

Cefotaxime 8.0 32.0 4.0 16.0 8.0 

      
Carbapenems      

Imipenem 0.3 0.3 0.3 <0.01 <0.01 

Meropenem 0.1 0.1 0.1 <0.01 <0.01 

      
Monobactam      

Aztreonam 16.0 2.0 2.0 8.0 8.0 

      
Phosphoglycolipid      
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Moenomycin 16.0 2.0 2.0 4.0 4.0 

      
Lipopeptide      

Colistin 1.0 1.0 1.0 1.0 1.0 

      
Glycopeptide      

Vancomycin >512.0 64.0 64.0 64.0 64.0 

      
Metal (mM)      

Copper chloride 5.0 4.5 4.0 3.5 3.0 

 

 
Filamentation is not sufficient for isolation of colistin resistant LOS- A. baumannii.  

While PBP1A GTase activity is required for proper A. baumannii division, septation is also 

correlated with isolation of colistin resistant LOS- A. baumannii. We next tested if filamentation 

was sufficient to recover colistin resistant LOS- A. baumannii. Previous studies showed that 

treatment with DD-TPase-targeting β-lactams induced filamentation in Gram-negative bacteria33,75. 

Therefore, we treated wild type 17978 with several β-lactams and moenomycin (Table 3). Wild 

type 17978 was grown overnight in 0.5 X MIC concentrations of each antibiotic and cultures were 

treated with NADA to visualize morphological changes (Figure 16A-J). Amoxicillin, 

cefoperazone, and cefotaxime, aztreonam, moenomycin and cefoxitin treatment induced 

filamentation (Figure 16K), likely because they inhibit DD-TPase or glycosyltransferase activity 

required for cell division. In contrast, cells treated with ampicillin, carbenicillin, mecillinam, and 

mezlocillin formed spheres (Figure 16K), suggesting the β-lactams target primarily DD-TPases 

associated with cell elongation. We next performed colistin selection on treated cells to isolate 

LOS- A. baumannii; however, we were unable to recover LOS- isolates from all treated cultures 

(Figure 16L, Table 3), indicating that filamentation/elongation alone is not sufficient for colistin 

selection of LOS- A. baumannii. 



  67  
 

 
Figure 16: Quantification of A. baumannii cell morphology at sub-MIC antibiotic treatment. Cell lengths (L) 
and widths (W) were calculated using ImageJ software (n = 300). Each dot on the graph represents one cell. 
Amoxicillin (Amx), cefoperazone (Cfp), cefotaxime (Ctx), aztreonam (Azt), moenomycin (Mm), cefoxitin (Fox), 
ampicillin (Amp), carbenicillin (Cb), mecillinam/amdinocillin (Amd), mezlocillin (Mz). 
 
Peptidoglycan modifications resulting from PBP1A mutation.  

Since we found that ∆mrcA showed increased resistance against several DD-TPase-

targeting β-lactam antibiotics, we next sought to determine if the mutation altered the muropeptide 

composition in logarithmic and stationary phase. Muropeptide compositions of both wild type and 

∆mrcA were analyzed and showed modifications increased in stationary phase relative to 

logarithmic growth phase. Specifically, 3-3 crosslinking and D-amino acid modification of 

peptidoglycan were increased (Figure 17A-B). Both modifications are characteristic of increased 

LD-TPase activity, which is growth phase dependent in E. coli69. We also found that relative to 

wild type, ∆mrcA generated 2-fold more 3-3 crosslinks in logarithmic growth phase (Fig 17A). 
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FIGURE 17: LD-Transpeptidase activity is required for cell envelope modifications in A. baumannii. (A to C) 
Percentage of total muropeptide content with 3-3 crosslinks (A), D-amino acid addition (B), and muro-tripeptide 
formation (C). L, logarithmic growth phase; S, stationary phase. Error bars indicate variation of two biological 
replicates. An asterisk indicates significant differences relative to the corresponding wild type (WT) strain (P<0.05). 
(D) Chromatogram of the muropeptide content of stationary-phase 17978 ldtK. The muropeptides are labeled. (E and 
F) Relative quantification of E. coli and A. baumannii total protein (E) and Kdo (F) concentrations of outer membrane 
vesicles (OMVs) in ldtJ and ldtK strains relative to wild type (WT) A. baumannii and E. coli. WT E. coli was 
normalized to 1. Each experiment was independently replicated three times, and one representative data set was 
reported. Error bars indicate standard deviations. An asterisk indicates significant differences relative to the 
corresponding WT strain (P<0.05).  
 

LD-TPases are essential for selection of colistin resistant LOS- A. baumannii.  

Next, we performed transposon-sequencing in ∆mrcA to determine genes that contribute 

to fitness relative to wild type. We discovered that two genes encoding putative LD-TPases (LdtJ 

and LdtK) were essential in ∆mrcA, but not in wild type (Figure 17A). As a control, we also show 

that mutations in mrcB were also synthetically lethal in A. baumannii, as previously reported in E. 

coli220,221. Since PBP1A inactivation supports colistin selection of LOS- A. baumannii17, and 

mutation of ldtJ and ldtK are synthetically lethal in ∆mrcA, we hypothesized that LD-TPase 

activity could support viability of LOS- A. baumannii. LdtJ and LdtK both encode YkuD domains, 

which rely on essential cysteine residues to catalyze LD-TPase reactions (Figure 17B). To test if 

LdtJ and LdtK contribute to selection of colistin resistant LOS- A. baumannii, we engineered ldtJ 
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and ldtK mutations in strain 19606, which produced LOS- isolates without compensatory mrcA 

mutations17,91. Colistin selection of each mutant failed to recover LOS- A. baumannii after multiple 

attempts (Figure 17C, Table 2), showing each putative LD-TPase gene is required for LOS- 

viability. Complementation fully restored production of LOS- A. baumannii to wild type levels. 

Furthermore, we also performed colistin selection experiments using ldtJ and ldtK mutants in 

strain Ab 5075. These data showed Ab 5075 LD-TPase mutants were also unable to produce LOS- 

isolates relative to wild type (Figure 17C, Table 2), which suggests a conserved role for LD-

TPases in viability of LOS- A. baumannii.  

To determine the LD-TPase activities of LdtJ and LdtK, mutants were first treated with 

NADA and visualized. ∆ldtJ (Figure 17E) and ∆ldtJ/pLdtJC390 (Figure 17F) showed a severe 

defect in NADA incorporation relative to wild type (Figure 17D) and the mutant complemented 

with a wild type allele (Figure 17G), suggesting LdtJ is an LD-TPase that modifies peptidoglycan 

with D-amino acids. ∆ldtK (Figure 17H) and ∆ldtK/pLdtKC138S (Figure 17I) showed a slight 

reduction in NADA incorporation relative to wild type (Figure 17D) and the complemented strain 

(Figure 17J). More strikingly, ∆ldtK had a rounded cell morphology, suggesting a role for LdtK 

in elongation. Fluorescence intensity (Figure 17K) and cell shape from NADA-treated cultures 

were quantified. The LD-TPase mutants were also defective in growth in Luria broth at 37° C 

relative to the wild type and complemented strains. 

 

LdtJ forms 3-3 crosslinks and incorporates D-amino acids into peptidoglycan.  

To define LD-TPase-dependent peptidoglycan modifications, we isolated peptidoglycan 

from strains 17978 and 19606. Muropeptides were generated by treatment with muramidase, 

separated by high-performance liquid chromatography and, if necessary, analyzed by MS/MS17,69. 
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Peptidoglycan composition from ∆ldtJ showed it was unable to generate 3-3 crosslinks (Figure 

18A) or incorporate D-amino acids (Figure 18B). ∆ldtJ also had reduced pools of tripeptides 

(Figure 18C) with a concomitant increase in tetrapeptide abundance. Peptidoglycan isolated from 

stationary phase ∆ldtJ showed similar structures, where 3-3 crosslinking, D-amino acid 

incorporation and tripeptide pools were significantly reduced relative to wild type (Figure 18A-

D). Similar trends were also found in 19606. These studies indicate that LdtJ is an LD-TPase 

required for 3-3 crosslink formation and D-amino acid incorporation in A. baumannii, while its 

presence also promotes LD-carboxypeptidase activity. While a previous report showed that D-Lys 

is incorporated into some strains of A. baumannii peptidoglycan during stationary phase to protect 

the cell from effector proteins69, here we confirmed via MS/MS that D-Asn, D-Arg and D-Met are 

also used to modify A. baumannii peptidoglycan via LdtJ activity in stationary phase.  

 

FIGURE 18: LD-Transpeptidases are required for isolation of LOS- A. baumannii. (A) Transposon sequencing 
analysis of ldtJ, ldtK, and mrcB in wild type (WT) and mrcA 17978 A. baumannii. Yellow-highlighted areas indicate 
genes of interest. Black lines indicate transposon insertion sites and abundance. (B) Schematic of domain organization 
of LdtJ and LdtK. (C) Percentage of recovered LOS- colonies after colistin selection of wild type and mutant 19606 
and Ab5075 strains in logarithmic phase. (D to J) Phase and fluorescence microscopy of NADA-treated wild type and 
ldtJ (D to G) and ldtK (H to J) 17978. Each experiment was independently replicated three times, and one 
representative data set was reported. (K) Quantification of fluorescent signal intensity in arbitrary intensity units (AIU) 
(n= 300). Error bars indicate standard deviations. An asterisk indicates significant differences relative to WT (P<0.05).  44 
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LdtK regulates outer membrane vesiculation.  

In contrast to ∆ldtJ, the muropeptide composition of ∆ldtK showed slight increases of D-

amino acid modification, 3-3 crosslinking and tripeptide pools relative to wild type in logarithmic 

growth phase (Figure 18A-D), indicating that LdtJ activity may increase in the absence of LdtK. 

We did not observe direct changes to LOS or lipid A structures in either ∆ldtJ or ∆ldtK. However, 

we found that ∆ldtK formed significantly more outer membrane vesicles relative to wild type when 

total outer membrane vesicle protein content (Figure 18E) or 3-deoxy-D-manno-oct-2-ulosonic 

acid (Kdo) concentrations (Figure 18F) were quantified from outer membrane vesicles. In E. coli, 

LdtABC catalyzes transpeptidation between the outer membrane-anchored Braun’s lipoprotein 

(Lpp) to peptidoglycan stem peptides, which stabilize the outer membrane lipid bilayer64. We 

found that deletion of Lpp in E. coli resulted in hypervesiculation of the outer membrane, similar 

to ∆ldtK A. baumannii (Figure 18E-F). These studies suggest that LdtK functions to stabilize the 

outer membrane, possibly by linking it to other structures within the cell envelope. Interestingly, 

LOS- A. baumannii also produced significantly more outer membrane vesicles relative to wild type 

(Figure 18E), suggesting the LOS-deficient outer membrane is unstable. Therefore, mechanisms 

that stabilize the outer membrane and cell envelope likely contribute to LOS- viability. 

 

DISCUSSION 

The molecular factors that support A. baumannii survival without LOS are not well 

understood. LOS- A. baumannii assemble multiple septal sites to produce cell chains or filaments. 

A previous study found that PBP1A GTase activity inhibited isolation of colistin resistant LOS- A. 

baumannii17. Here, we showed that PBP1A GTase activity, which is presumably also required for 

its TPase activity, is required for proper cell division in A. baumannii. GTase inactivation resulted 
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in septal accumulation that correlated with selection of LOS- A. baumannii. E. coli cells are also 

known to form multiseptated chains upon LptC depletion or treatment with the LpxC inhibitor, 

LPC-058, which compromised LPS transport and biosynthesis, respectively20. Together, these 

studies support a model where defective septation supports Gram-negative survival when 

LPS/LOS assembly and/or localization are compromised. Since we know outer membrane 

biogenesis limits the rate of LOS- A. baumannii growth220, slowed septation via PBP1A mutation 

could reduce the growth rate enough to support LOS- outer membrane biogenesis. Even more 

intriguing is the idea that increased formation of septal sites supports LOS- A. baumannii growth 

through outer membrane stabilization. In E. coli, transenvelope complexes with the Tol system 

and CpoB promote outer membrane constriction and septum PG cleavage35,221,222. While LPS/LOS 

is the major stabilizing factor in the outer membrane25, we do not understand how the lipid bilayer 

remains intact when LPS/LOS is compromised. However, increasing outer membrane attachment 

sites via septal site accumulation could increase LOS- outer membrane stability by directly linking 

it to other components within the cell envelope. 

Cell division in E. coli is facilitated by the divisome complex, which includes more than 

twenty essential and accessory proteins that facilitate and regulate septal peptidoglycan synthesis, 

constrict the cell envelope and separate the daughter cells. Divisome assembly is an ordered 

process where the Z-ring initially recruits class A PBPs via the FtsZ membrane anchors, FtsA-

FtsN and ZipA for a preseptal phase of PG synthesis223. Only after some delay, the next cell 

division proteins are recruited, including FtsQLB, FtsW-PBP3 and FtsN, which are required for 

constriction and daughter cell separation224,225. PBP1B associates with ZipA and FtsN (the latter 

interacts with FtsA) during the preseptal phase and later with FtsW/PBP3 and PBP335,44  and both 

its GTase and DD-TPase activities are stimulated by LpoB221,226,227 and FtsN43,228. 
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Cell division in A. baumannii has not been well studied; however, we showed the GTase 

activity of PBP1A is required for daughter cell formation. In E. coli, PBP1A localizes at the 

midcell in the absence of PBP1B, where it seems to compensate during division42. Therefore, it is 

not unreasonable to suggest a primary role for PBP1A in septation in A. baumannii. Based on the 

formation of viable, but chained A. baumannii in the mrcA mutant, PBP1A GTase activity likely 

plays an accessory role to FtsW-PBP3 in septal peptidoglycan synthesis. Since the PBP1AE92Q 

mutant forms a septum and constricts, but daughter cell separation is delayed, the GTase activity 

likely contributes a terminal step in division. PBP1A-mediated de novo PG synthesis could be 

required for sealing the new pole at the septum. Furthermore, PBP1A is known to complex with 

hydrolases229, which could couple daughter cell separation with septal resolution. Moreover, it 

appears as if GTase activity is required for PBP1A localization at the midcell in A. baumannii. 

PBP1A interaction with the FtsW/PBP3 could be disrupted in the mutant, inhibiting septal 

localization. In E. coli, PBP1B GTase activity is regulated by many proteins (LpoB, FtsN, 

FtsW/PBP3, FtsQLB and PgpB230) so PBP1A mutations that disrupt GTase activity may result in 

mislocalization because it cannot associate with a specific regulatory factor. Further investigation 

is needed to understand if PBP1A directly contributes to septation via interactions with divisome 

components. 

Since PBP1A inactivation supports colistin selection of LOS- A. baumannii17, and ldtJ and 

ldtK are synthetically lethal in ∆mrcA, each LD-TPase activity likely fortifies the cell envelope to 

support LOS- A. baumannii growth. Furthermore,  DmrcA demonstrated a significant increase in 

3-3 crosslinking relative to wild type (Fig 18A). We showed that LdtJ is required for incorporation 

of D-amino acids, 3-3 crosslinking and increased carboxypeptidase activity, while ldtK mutation 

decreased outer membrane stability. These distinct phenotypes indicate separate LD-TPase 



  74  
 

activities coordinate to stabilize the cell envelope. LdtJ and LdtK have homology to E. coli LdtD 

and LdtB, respectively. LdtD works in complex with PBP1B and a D-alanyl-D-alanine 

carboxypeptidase (PBP6a) to increase the ratio of 3-3 to 4-3 crosslinks, a mechanism that fortifies 

the cell envelope to enable E. coli survival when LPS transport is disrupted20. LdtB catalyzes 

covalent linkage of outer membrane-anchored Braun’s lipoprotein (Lpp) to peptidoglycan64, which 

stabilizes the cell envelope. Our data indicate that LdtJ and LdtK could contribute to comparable 

enzymatic activities in A. baumannii. Together, inactivation of PBP1A could support LOS- A. 

baumannii growth by inducing a septation defect, peptidoglycan remodeling and outer membrane 

lipoprotein to peptidoglycan crosslinking to collectively stabilize the cell envelope when the major 

outer membrane stabilizing factor, LPS/LOS, is compromised. 

Intrinsic antimicrobial resistance is not well-understood in A. baumannii, but our analysis 

indicates that PBP1A is an important component for β-lactam susceptibility. Our antimicrobial 

susceptibility studies suggest PBP1A DD-TPase activity contributes to 4-3 crosslinks in both the 

Rod-complex and divisome, where ∆mrcA showed increased susceptibility to Rod-complex- and 

divisome-targeting β-lactams. This is further supported by our PBP1A localization studies, where 

PBP1A is enriched at the midcell, where the divisome assembles, but also localizes along the 

lateral cell wall (Figure 15), where the Rod-complex regulates peptidoglycan insertion to elongate 

rod shaped bacteria. However, further studies are necessary to determine PBP1A contributions to 

both division and elongation in A. baumannii. 

LD-TPases are targeted by carbapenems217 and copper chloride231 and we observed altered 

susceptibility to both in the ldtJ and ldtK mutants (Table 3). While we performed these studies in 

the single LD-TPase mutants, we were not able to engineer a ldtJ ldtK double mutant after several 

attempts, indicating that one of the genes may be required for A. baumannii survival. A more 
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detailed analysis is needed to characterize the LdtJ and LdtK proteins to understand their 

contribution to resistance against clinically important antimicrobial compounds, which will inform 

more effective treatment strategies to combat A. baumannii infections. 

 

MATERIALS AND METHODS 

Bacterial Strains and Growth 

All strains and plasmids used in this study are listed in Table S3 online. All A. baumannii 

strains were grown from freezer stocks initially on Luria-Bertani (LB) agar at 37° C. For selection, 

7.5 µg/ml of kanamycin, or 10 µg/ml of colistin were used when appropriate. Strains that harbored 

the pABBRKn plasmid for complementation or over expression were supplemented with 30 µg/ml 

of kanamycin. 

Construction of PBP1A-mCherry fusions and over expression vector  

Primers used in this study are listed in Table S4 online. The mCherry2B gene was amplified 

from pMV261232, purified and cloned into the KpnI and SacI sites of pABBRKn17 to generate 

pABBRKn::mCherry. The mrcA coding sequence (encoding PBP1A) from A. baumannii strain 

ATCC 17978 was amplified from plasmids pPBP1A, pPBP1AE92Q, pPBP1AS459A17, purified and 

cloned into the XhoI and SacI sites in pABBRKn::mCherry, to create pPBP1A-mCherry, 

pPBP1AE92Q-mCherry and pPBP1AS459A-mCherry, respectively. Plasmids were transformed into 

ΔmrcA for localization studies.  

 To construct the IPTG-inducible pPBP1A vector, the mrcA coding sequence (encoding 

PBP1A) was amplified from A. baumannii strain ATCC 17978 cDNA, digested with KpnI and 

SalI restriction enzymes and cloned into pMMB67EHKn. The plasmid was transformed into 

ΔmrcA and induced with 2 mM IPTG for over expression studies. 
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Construction of LD-TPase genetic mutants 

All A. baumannii mutations were isolated as previously described233. Briefly, RECAb 

(pAT03) was expressed in A. baumannii ATCC 17978 or 19606. A linear PCR product containing 

the FRT-flanked kanamycin resistance cassette with flanking 125 bp regions of homology to either 

ldtJ or ldtK was transformed. Transformants were recovered in Luria broth, collected via 

centrifugation and plated on LB supplemented with kanamycin. PCR and Sanger sequencing 

verified all genetic mutations. 

Removal of the pMMB67EH::RECAb TetR plasmid following isolation of mutants was 

performed as previously described114. pMMB67EH carrying the FLP recombinase was 

transformed into cured mutants. Cells were recovered in Luria broth and plated on LB agar 

supplemented with IPTG to induce expression of the FLP recombinase. PCR was used to confirm 

excision of the kanamycin cassette.  

For complementation, ldtJ or ldtK coding sequences were cloned into the XhoI and KpnI 

sites in pMMB67EHKn17. Plasmids were transformed into the respective mutant to complement. 

For site-directed mutagenesis, complementation plasmids were amplified with primers to change 

the active-site cysteine residue to serine. Constructs were confirmed by Sanger sequencing and 

transformed into the respective mutant. A. baumannii mutants expressing complementation 

plasmids were grown in 2 mM IPTG to induce expression. 

Isolation of LOS- A. baumannii and determination of mutation frequency 

Isolation of LOS- A. baumannii colonies was done as previously described17 with slight 

alterations. Briefly, cultures were grown to mid-logarithmic growth phase or stationary phase with 

or without antibiotics. 1 mL of OD600 1.0 (~109 colony forming units (CFU)) was collected via 

centrifugation at 1,500 X g. Cells were washed with 1 ml of Luria broth and plated on LB agar 
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supplemented with 10 µg/ml of colistin. Isolated colonies were picked and replica plated on LB 

agar supplemented with vancomycin (10 µg/ml) and LB agar supplemented with colistin (10 

µg/ml). Colonies sensitive to vancomycin, but resistant to colistin were deemed LOS-deficient.  

Determination of the mutation frequency was done as previously described17. The mutation 

frequency was calculated for three biological replicates and one representative set was reported. 

Western blotting 

Western blot analysis was carried out via gel transfer to PVDF (Thermo Fisher Scientific). 

All blots were blocked in 5% milk for 2 h. The primary antibodies α-PBP1A and α-NADH chain 

L were used at 1:1000 and 1:50017, respectively followed by α-rabbit-HRP secondary antibody at 

1:10,000 (Thermo Fisher Scientific). Supersignal West Pico PLUS (Thermo Fisher Scientific) was 

used to measure relative protein concentrations. 

Peptidoglycan analysis 

Biological replicates were grown to either stationary or mid-logarithmic growth phase in 

400 mL LB. Cells were collected at 4° C and suspended in 6 mL chilled 1 X PBS and lysed with 

drop-wise addition to 6 mL boiling 8% SDS. Peptidoglycan was prepared from cell lysate as 

previously described234. Briefly, muropeptides were released from peptidoglycan by the 

muramidase Cellosyl (Hoechst, Frankfurt am Main, Germany), reduced by sodium borohydride, 

and separated on a 250 × 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 assigned based on published chromatograms17,69; new peaks were subjected to MS/MS 

analysis. Peak means and variation of two independent biological repeats were reported for all 

samples. 

Fluorescent NADA staining  
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Overnight cultures were back-diluted to OD600 of 0.05 and grown at 37°C in LB media 

until they reached stationary or mid-logarithmic growth phase. Cells were washed once with Luria 

broth and resuspended in 1 ml Luria broth. 3 μl of 10 mM of NBD-(linezolid-7-nitrobenz-2-oxa-

1,3-diazol-4-yl)-amino-D-alanine (NADA) (ThermoFisher) was added to the resuspension. Cells 

were incubated with NADA at 37°C for 30 minutes. Following incubation, cells were washed once 

and fixed with 1x phosphate buffered saline containing a (1:10) solution of 16% paraformaldehyde. 

Microscopy 

Fixed cells were immobilized on agarose pads and imaged using an inverted Nikon Eclipse Ti-2 

widefield epifluorescence microscope equipped with a Photometrics Prime 95B camera and a Plan 

Apo 100 m X 1.45 numerical aperture lens objective. Green fluorescence and red fluorescence 

images were taken using a filter cube with a 470/40 nm or 560/40 nm excitation filters and 632/60 

or 535/50 emission filters, respectively. Images were captured using NIS Elements software. 

Image analysis 

All images were processed and pseudo-colored with ImageJ FIJI235 and MicrobeJ plugin 

was used for quantifications. Cell lengths, widths, and fluorescence intensities as a function of 

length were quantified in MicrobeJ236. Cell length, width and fluorescence data were plotted in 

Prism 8 (GraphPad 8.4.1). NADA stain was pseudo-colored using MicrobeJ cyan look-up table. 

Phase and fluorescent channels were merged in MicrobeJ. Fluorescence localization graphs of 

dividing cells were generated using MicrobeJ XStatProfile. MicrobeJ feature detection was used 

to calculate the number of septal sites per cell stained with NADA as described above. Septal site 

percentages were represented with dot plots generated in Prism. 50 cells were analyzed for 

fluorescent localization and 300 cells were analyzed for all other experiments. Each experiment 
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was independently replicated three times, one representative dataset was reported in the 

quantification and one representative image included in the figure. 

Growth curves 

Growth curves were performed as previously described237. Briefly, overnight cultures were 

back diluted to OD600 of 0.01 and set up as triplicate biological replicas in a 96 well plate 

(BrandTech BRAND). A BioTek SynergyNeo2 microplate reader was used to record optical 

density, which was read at OD600 every half hour. The microplate reader was set to 37°C with 

continuous shaking. Growth curves were plotted in Prism 8. Each growth curve experiment was 

independently replicated three times and one representative dataset was reported. 

CFU growth curve 

Triplicate overnight cultures were diluted back to OD600 of 0.01 and grown for 12 hours at 

37°C in LB broth. Cells were plated at designated time points on LB agar. LB agar plates were 

grown overnight at at 37°C and the CFUs were enumerated and reported. Growth curve created in 

Graphpad Prism 8.  Each growth curve experiment was independently replicated twice in triplicate 

and one representative dataset was reported. 

MIC calculation 

MIC assays were performed as previously described with slight modifications166,184. A 

small number of bacteria from an overnight plate were used to inoculate 5 mL LB at OD600 0.05 

and grown to mid-logarithmic growth phase. Cells were washed twice with LB media and diluted 

to OD600 0.01. 150 µL of cells were added to each well of a 96-well plate. Antimicrobials and 

copper chloride (VWR) were diluted in water and serial diluted. Two-fold dilutions of each 

compound were added to each well. Plates were incubated at 37°C overnight with shaking. MICs 
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were determined by OD600 measurements where cell density was 0. Each experiment was 

performed twice in triplicate and a representative MIC was reported. 

Transposon-sequencing 

Transposon-sequencing was performed as previously described238. Briefly pJNW684 was 

conjugated into wild type and 𝚫mrcA A. baumannii strain ATCC 17978. A library of 

approximately 400,000 mutants was screened for growth in Luria broth. After 6 doublings, gDNA 

from cultures was isolated, sheared and transposon junctions were amplified and sequenced. 

Transposon insertions from wild type and 𝚫mrcA were compared to determine factors that 

influence fitness. The transposon insertion maps for ldtJ and ldtK genes in wild type and 𝚫mrcA 

were reported. 

Outer membrane vesicle isolation 

Overnight cultures were back diluted to OD600 of 0.01 and grown to stationary phase in 100 

ml Luria broth as biological duplicates. Cultures were pelleted and the supernatant was filtered 

through a 0.45 μM filter (Fisherbrand). Equivalent volumes of filtered supernatant were subjected 

to ultracentrifugation (Sorvall WX 80+ Ultracentrifuge with AH-629 Swinging Bucket Rotor) at 

4° C for one hour and 151,243 x g. The outer membrane vesicle pellet was resuspended in 500 μl 

of cold buffer (Tris 50mM, NaCl 5mM, MgSO4 1mM; 7.5 pH). Outer membrane vesicles from 

each strain were isolated three times in biological duplicates. 

Quantification of outer membrane vesicles 

For Bradford assays, a standard curve was prepared from dilution of bovine serum albumin 

(0 – 20 mg/ml) in Pierce Coomassie Plus Assay Reagent (Thermofisher) to a final volume of 1 ml. 

In parallel, outer membrane vesicles (15, 20, and 30 μl) were diluted in reagent to a final volume 

of 1 ml. Absorbance (OD595) was measured in a 96 well plate (BrandTech) using a microplate 
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spectrophotometer (Fisherbrand AccuSkan). Optical densities of samples were compared to the 

standard curve plotted in Excel (Microsoft) and quantifications were graphed in Prism 8. 

Experiments were reproduced three times from each outer membrane vesicle isolation and one 

representative dataset was reported. 

Kdo assays were performed as previously described (68). Briefly, 0-100 μg/ml Kdo (Sigma) 

standards were diluted in parallel with isolated outer membrane vesicles (2, 5, 8, and 10 μl) in 

0.5M H2SO4 (Sigma). OMV isolates were boiled for 10 minutes. 0.1 M periodic acid (Sigma), 0.2 

M sodium arsenite (Sigma) in 0.5 M HCl (Sigma), and 0.6% thiobarbituric acid (Sigma) were 

incubated with Kdo standards and OMV isolates. All samples were boiled and n-butanol (Sigma) 

was used to extract the purified Kdo prior to optical density measurements taken at OD552 and 

OD509 (Microplate Spectrophotometer Fisherbrand AccuSkan) in cuvettes (FisherBrand). 

Readings at OD552 were subtracted from OD509 and used to generate a linear Kdo standard curve 

in Excel (Microsoft). Optical densities of samples were compared to the standard curve to quantify. 

Values were graphed in Prism 8. Each experiment was reproduced three times from each outer 

membrane vesicle isolation and one representative dataset was reported. 

Statistical Analysis 

Tests for significance in differences of muropeptide composition and outer membrane 

vesicle production were conducted using the Student’s t test (two-tailed distribution with two-

sample, equal variance calculations). Statistically significant differences between relevant strains 

possessed P < 0.05. 
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Abstract 

 The class A penicillin-binding proteins (aPBPs), PBP1A and PBP1B, are major cell wall 

synthases that synthesize more than half of the peptidoglycan per generation in E. coli. Studies in 

E. coli determined that aPBPs have distinct roles in peptidoglycan biosynthesis during elongation 

and division; however, disruption of either enzyme is rescued by the other to maintain cell 

homeostasis and promote proper growth. Acinetobacter baumannii is a nosocomial pathogen with 

high propensity to overcome antimicrobial treatment. A. baumannii encodes both PBP1A (encoded 

by mrcA) and PBP1B (encoded by mrcB), but only mrcA deletion decreased fitness, suggesting 

that PBP1B activity was not semi-redundant with PBP1A. Herein we show that A. baumannii 

PBP1A has a specific role in division and fitness. PBP1A localizes to sites of septum biogenesis 

early in division where it directly interacts with transpeptidase, PBP3, an essential component of 

the divisome complex, a multiprotein complex that regulates daughter cell formation. PBP3 

overexpression was sufficient to rescue the division defect in ΔmrcA; however, it did not restore 

the fitness defect. PBP5 overexpression also restored the canonical A. baumannii coccobacilli 

morphology in ΔmrcA. Together, these data support a direct role for PBP1A A. baumannii division 

and also suggest that PBP1A indirectly regulates elongasome activity. The distinct septal activity 

of PBP1A along with its role in growth have proven important for antibiotic efficacy and resistance, 

which contrasts with model systems, where aPBPs demonstrate semi-redundant PBP1A and 

PBP1B activities. Together, our data suggest that PBP1A, PBP3 and PBP5 interact at the divisome 

and promote division through distinct activities in A. baumannii. 
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Introduction 

Gram-negative bacteria are in enclosed in a tripartite envelope consisting of the inner 

membrane (IM), a peptidoglycan (PG) wall and an outer membrane (OM). The PG sacculus 

determines cell morphology, where distinct elongasome and divisome protein complexes dictate 

rod length and septation, respectively. Dogma suggests that elongation and division activities are 

in direct competition; therefore, cell239,240 and septal241 morphologies are the result of PG 

biogenesis trade-offs between the two complexes. Increased elongation activity favors a narrow, 

extended cylindrical area240 with V-shaped division constrictions241 whereas increased divisome 

activity results in wide, short cells240 with blunted septal sites241.   

In some Proteobacteria like E. coli, the divisome and elongasome complexes contain over 

30 proteins that contribute to regulation, PG biogenesis and membrane constriction33,34. PG 

synthases include two primary synthases, the class A penicillin-binding proteins (aPBPs), PBP1A 

and PBP1B (encoded by mrcA and mrcB, respectively). The aPBPs are bifunctional and catalyze 

transpeptidase (TPase) and glycosyltransferase (GTase) activities. In E. coli, PBP1A and PBP1B 

are thought to be functionally semi-redundant as only one is required for viability22 and individual 

mrcA and mrcB deletions do not contribute to substantial morphological defects35,42. Additionally, 

neither aPBP is specifically required for elongation41 or division45 in this model organism. 

 aPBPs directly interact with specific monofunctional synthases in the elongasome or 

divisome complexes. PBP1A associates with the monofunctional TPase, PBP2, in the 

elongasome42 and PBP2 interacts with the monofunctional elongation GTase, RodA242. 

Elongasome activities are regulated by MreBCD through interaction with the cytoplasmic domain 

of PBP2242.  In contrasts, PBP1B associates with PBP3 in the divisome43,243 and with FtsN43, an 

essential bitopic membrane protein necessary to promote divison244 by inducing PBP3 activity245. 
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PBP1B forms a trimeric complex with PBP3 and FtsW, the monofunctional divisome GTase243. 

FtsW inhibits PBP1B-mediated PG polymerization in the absence of PBP3243. While PBP1A and  

PBP1B interact with distinct PG assembly complexes, when an aPBP is inactivated, the other is 

thought to compensate for the missing activity42. 

Our understanding of the PG synthase machineries in Gram-negative bacteria are largely 

on based studies in the model organism E. coli. However, accumulating evidence clearly shows 

distinct PBP1A and PBP1B activities in A. baumannii17,73,74. Deletion of the gene encoding PBP1A 

induced septation defects, which induced cell chaining and filamentation in A. baumannii73. 

Consistent with a role in division, PBP1A was enriched at the midcell in growth, where divisome 

components assemble to regulate daughter cell formation73. While phenotypes were consistent 

with a role for PBP1A in A. baumannii division, a conclusive role was not assigned. Here, we 

show that PBP1A and PBP1B are not functionally redundant in A. baumannii. PPB1A distinctly 

localizes to the midcell prior to septum formation where it activates division. Instead, PBP1A 

distinctly localizes to the midcell prior to division, where it presumably activates septation. PBP1A 

directly associates with PBP3 in growth, strongly suggesting that it interacts with the divisome to 

regulate septation. While PBP3 overexpression rescued the DmrcA division defect, it did not 

compensate for the growth defect, suggesting that PBP1A and PBP3 have distinct roles in septation. 

Together, these studies uncover a unique role for PBP1A in A. baumannii and show that it 

promotes proper growth and fitness. 
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Results 

PBP1B cannot compensate for loss of PBP1A in A. baumannii 

PBP1A is associated with cylindrical PG biogenesis in the elongasome and PBP1B 

interacts with members of the divisome. However, single deletions of aPBPs do not affect cellular 

morphology42 though one is required for viability in E. coli22. This led to the hypothesis that 

PBP1A and PBP1B are functionally semi-redundant in rod shaped bacteria. Intriguingly, our 

previous data suggested wild type levels PBP1B cannot compensate for PBP1A activity in A. 

baumannii73. We observed ΔmrcA but not ΔmrcB contained division abnormalities and reduced 

fitness73. Similarly, TPase-disrupted ΔmrcA but not ΔmrcB was recently shown to impair growth 

rates in A. baumannii74. Here, we sought to determine if over expression of PBP1B could rescue 

the defects previously observed in ΔmrcA.  

We generated a growth curve of wild type, ΔmrcA, ΔmrcB and ΔmrcA over expressing 

PBP1B with optical density measurements. As previously reported73,74, ΔmrcB did not 

demonstrate significant growth defects compared to wild type. Additionally, PBP1B over 

expression was not sufficient to rescue impaired growth in ΔmrcA (Figure 18A). We next asked 

if PBP1B over expression could rescue ΔmrcA division defects. A. baumannii Δpbp1A over 

expressing PBP1B were grown to logarithmic phase and stained with the fluorescent derivative of 

D-alanine (NADA) to visualize PG21,214. Length quantifications of Δpbp1A PBP1BOE with respect 

to wild type demonstrate increased expression of PBP1B was not sufficient to rescue Δpbp1A 

division (Figure 18B, D). This suggests the proposed functional redundancy of aPBPs in division 

is not conserved in A. baumannii. 

 Further, if PBP1A and PBP1B were functionally redundant for fitness, we hypothesized 

we would observe increased protein levels in one when the other was deleted. Cultures of wild 
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type, ΔmrcA and ΔmrcB were grown to logarithmic or stationary phase and normalized and 

collected for western blotting. Protein levels of PBP1A and PBP1B were assessed in each whole 

cell lysate with protein-specific anti-sera. In both logarithmic growth and stasis, protein levels of 

either aPBP did not increase with respect to wild type to compensate for the deletion of the other 

(Figure 18C). While it is possible that A. baumannii aPBPs correct imbalance when the other is 

defective, our data suggests PBP1B cannot compensate for defective PBP1A activity. 

 
Figure 18: PBP1B cannot compensate for the division defect when PBP1A is defective. (A) Optical density 
growth curve of wild type (WT), ΔmrcA, ΔmrcB and ΔmrcA/pPBP1BOE (overexpression). (B) Fluorescence and 
phase microscopy of WT, ΔmrcA, ΔmrcB and ΔmrcA/PBP1BOE. Scale bar 10 μm. (C) Length (pole to pole) 
quantifications of each cell population (n > 300) in 1B was calculated using ImageJ software. Each dot represents 
one cell. Significance testing conducted using Student t test with two-tailed distribution assuming equal variance. 
****  P < 0.0001. ***  = P = 0.0002. (D) Western blot of WT, ΔmrcA and ΔmrcB whole cell lysates collected in 
mid-logarithmic growth (left) and stasis (right). PBP1A is 94.74 kDa; PBP1B is 88.21 kDa and RpoA is 37.62 kDa. 
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PBP1A over expression shifts PG biogenesis towards division 

Previously, we reported that PBP1A fused to the fluorescent protein, mCherry, was diffuse 

throughout A. baumannii but increased fluorescence intensity was apparent at the midcell, where 

the divisome regulates septal formation and divsion73. Further investigation of PBP1A localization 

shows PBP1A concentrates at the midcell prior to septal biogenesis (Figure 19A,B). This suggests 

PBP1A may contribute to early steps of septal PG biogenesis or regulation and contribute to the 

shift from elongation PG synthesis to septum synthesis.  

Intriguingly, recent studies showed over expression of PBP1A in A. baumannii causes cell 

rounding61,73. Visually, the phenotype is strikingly similar to mecillinam-mediated PBP2 

inhibition246 and was therefore hypothesized that PBP1A activity in A. baumannii inhibits the 

elongasome complex61. We next determined if cellular rounding through increased PBP1A 

expression and PBP2 inhibition acted in the same pathway. We grew wild type over expressing 

PBP1A, wild type incubated sub-minimum inhibitory concentrations (sub-MIC) of mecillinam, 

wild type over expressing PBP1A incubated with sub-MIC mecillinam and ΔmrcA treated with 

sub-MIC mecillinam to logarithmic growth phase and measured cells pole to septa. Intriguingly, 

PBP2 inhibition through mecillinam treatment produced statistically significant shorter cells than 

over expressing PBP1A (Figure 19C,D), suggesting PBP1A may shift PG biogenesis towards 

division but likely does not directly inhibit elongasome activity. Interestingly, ΔmrcA treated with 

sub-MIC mecillinam still contained defective septation (Figure 19C,D), suggesting PBP2 

inhibition was not sufficient to shift PG biosynthesis towards division when PBP1A was inhibited. 
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Figure 19: PBP1A shifts balance towards division. (A) Fluorescence microscopy of wild type PBP1A-mCherry. 
PBP1A-mCherry is expressed from its native promoter. Scale bar = 10μm. (B) Kymographs depicting fluorescence of 
NADA (left) and PBP1A-mCherry (right) intensity localization along the cell axis. Cells are ordered by increasing 
length. (C) Fluorescence and phase microscopy of wild type, wild type PBP1AOE (over expression), wild type treated 
with half-MIC mecillinam, wild type PBP1AOE (over expression) treated with half-MIC mecillinam and ΔmrcA treated 
with half-MIC mecillinam. Scale bar = 10μm. (D) Length (pole to septa in dividing cells or pole to pole in non-diving 
cells) (n = 100) was calculated using ImageJ software with segmentation code  
(see Appendix 1). Significance testing conducted using Student t test with two-tailed distribution assuming equal 
variance. ****  P < 0.0001. ns = P = 0.3263. 
 
 
PBP1A directly interacts with PBP3 at the divisome during growth  

A. baumannii ΔmrcA has defective division (Figure 18B) and recent work from our 

laboratory shows ΔmrcA contains multiple sites of incomplete septal biogenesis73. While our study 

implies PBP1A is necessary for division, it remains unclear if PBP1A directly interacts with the 

divisome in A. baumannii. Next, we tested for direct associations between PBP1A, PBP2 and 

PBP3 with a co-immunoprecipitation (coIP) assay previously developed by our laboratory201. 

Initially, wild type cells expressing Flag-tagged PBP1A were incubated with the amine-reactive 

crosslinker, formaldehyde. To capture interactions between PBP1A and adjacent proteins, 

crosslinked PBP1A-Flag protein complexes were immunoprecipitated with Flag-affinity beads. 
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Protein-specific anti-sera were used to interrogate the PBP1A-Flag complex. However, we were 

unable to identify interactions with this method. Formaldehyde crosslinking requires the amine 

groups of adjacent proteins to be within 2 Å. We postulated large PBP1A complexes may exist 

outside of this narrow range. To overcome the size limitations of formaldehyde crosslinking, we 

next used Lomant's reagent (dithiobis succinimidylpropionate or DSP). DSP is similarly 

membrane-permeable and reactive to primary amine groups; however, DSP contains a 12.0 Å 

spacer arm. coIPs with DSP crosslinking revealed PBP1A directly interacts with PBP3 but not 

PBP2 during growth (Figure 20). These studies show that PBP1A directly interacts with PBP3, a 

highly conserved protein known to contribute to daughter cell formation during septation. Contrary 

to what is understood in E. coli, our data show PBP1A associates directly with the divisome and 

not the elongasome in A. baumannii during growth.  

 
Figure 20: PBP1A directly interacts with PBP3, but not PBP2. Whole cell lysates (WCL) of wild type (WT) and 
ΔmrcA next to PBP1A-Flag coIP crosslinked with DSP. Anti-sera used to detect specific proteins in the complex are 
labeled on the right. PBP1A is 94.74 kDa; PBP2 is 74.45 kDa; PBP3 is 67.66 kDa; RpoA is 37.62 kDa. 
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PBP3-dependent rescue of Δpbp1A division defects 

Prompted by the finding that PBP1A directly interacts with PBP3 in the divisome, we next 

investigated if PBP1A and PBP3 or its GTase partner, FtsW, share redundant roles in septal PG 

biogenesis. We over expressed PBP3 or FtsW in Δpbp1A to determine if either divisome synthase 

could promote wild type septation in ΔmrcA. Quantifications of cell lengths show PBP3 but not 

FtsW compensated for the loss of mrcA and rescued septation (Figure 21 A,B).  

Similar to the A. baumannii Δpbp1A phenotype, disruption of PBP3 activity produces 

filamentous, nondividing cells in Gram-negative bacteria73,247. Interestingly, several studies show 

PBP5, a DD-carboxypeptidase, rescues division defects in PBP3-depleted E. coli239,248 and other 

bacteria249. Considering PBP3 rescued septation defects in A. baumannii ΔmrcA, we asked if PBP5 

could similarly promote division when PBP1A activity is lost. Here, we show ΔmrcA over 

expressing PBP5 has wild type morphology (Figure 21 A,B). Taken together these studies imply 

that PBP1A, PBP3 and PBP5 work together in A. baumannii to regulate PG biogenesis during 

septation. 
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Figure 21: PBP3 and PBP5 rescue division but not fitness. (A) Fluorescence and phase microscopy of wild type, 
ΔmrcA, ΔmrcA FtsWOE (over expression), ΔmrcA PBP3OE and ΔmrcA PBP5OE. Scale bar = 10μm. (B) Length (pole 
to pole) (n > 300) was calculated using ImageJ software. Each dot represents one cell. (C) Optical density growth 
curve of ΔmrcA and monofunctional PG synthaeses over expressed in ΔmrcA. Each dot represents one cell. 
Significance testing conducted using Student t test with two-tailed distribution assuming equal variance. ****  P < 
0.0001. 
 
 

PBP3 and PBP1A do not share redundant roles in the divisome 

Previous studies from our lab73 and others74 have demonstrated a significant fitness defect 

in A. baumannii ΔmrcA. We asked if restoring productive septation in ΔmrcA would be sufficient 
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to rescue fitness. We over expressed each of the monofunctional synthases in ΔmrcA and assessed 

fitness with optical density growth curves. However, over expression of all of the monofunctional 

synthases tested failed to rescue fitness in ΔmrcA. Although PBP3 was sufficient to rescue the 

septation defect, PBP1A activity is required for fitness (Figure 21C). 

We next asked if PBP1A over expression would similarly rescue division when PBP3 is 

disrupted. To disrupt PBP3, we treated cells with sub-MIC of aztreonam which has high specificity 

for PBP3247 relative to other PBPs and effectively prevents division in A. baumannii73. When 

PBP1A was over expressed in aztreonam treated cells, the filamentous phenotype remained 

(Figure 21A).  In contrast to our data showing PBP3 is sufficient to promote division in ΔmrcA 

(Figure 21A,B), PBP1A cannot rescue division when PBP3 is disrupted (Figure 21A). This points 

to a role for PBP3 in septal PG biogenesis that cannot be compensated for by PBP1A. Together, 

these data suggest that while both PBP1A and PBP3 interact in the divisome, they do not share 

redundant roles.  

 

Discussion 

Emerging studies have highlighted the importance of PBP1A activity for proper division 

and fitness in A. baumannii73,74. Here we add to that model, where PBP1B activity does not 

compensate for mrcA inactivation in A. baumannii. While aPBP activity was thought to be 

functionally redundant based on studies in other model organisms, we show that A. baumannii 

PBP1A localizes to the midcell before septum formation, where it directly interacts with the 

divisome to promote septal site and daughter cell formation. Moreover, PBP3 but not FtsW rescued 

division in ΔmrcA. PBP3 and FtsW are cooperative partners in the divisome; however, it is not 

unexpected that PBP3 alone would rescue the division defect. Monofunctional GTases require 
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TPases for functionality40, likely to prevent PG glycan polymerization without crosslinking if the 

TPase is defective or absent. In this context, it is not surprising that only over expression of the 

TPase, PBP3, was capable of shifting PG biogenesis towards division and compensating for the 

loss of PBP1A activity.  

Interestingly, PBP5 also rescues division defects in A. baumannii ΔmrcA. PBP5 is a DD-

carboxypeptidase found in both Gram-negative and Gram-positive bacteria that localizes to PG 

biogenesis sites, where it catalyzes the formation of tetrapeptides by cleaving the terminal D-

alanine from pentapeptides248,250. While amidation of pentapeptides to tetrapeptides is important 

for the maturation of PG, it is not clear why PBP5 over expression resolves division problems in 

PBP3-depleted organisms239,248,249. One report hypothesized that following tetrapeptide formation 

by PBP5, an unidentified LD-carboxypeptidase further modified the tetrapeptides to tripeptides239, 

which was proposed to be the primary substrate of PBP3251,252. The authors proposed that when E. 

coli encoding thermolabile PBP3 is grown at 42° C, the over expression of PBP5 would lead to 

increased PBP3-substrate; therefore, the remaining PBP3 was sufficient to shift biogenesis towards 

division and away from elongation, since PBP3 activity is specific to the divisome complex239. 

However, another possibility that PBP5 is directly providing LD-transpeptidases with tetrapeptide 

substrate at the divisome, allowing alternative 3-3 crosslinking to compensate for PBP3 depletion 

in the divisome.  

Interestingly, over expressed PBP1A was not sufficient compensate for aztreonam-

inhibited PBP3 activity. Whereas PBP1A and PBP3 are both necessary for productive septation in 

wild type A. baumannii, these findings suggest they have independent roles in the division. 

Considering PBP1A localizes to the site of septal PG biogenesis early, it is intriguing to speculate 

that PBP1A may build the recently described septal PG wedge that forms after cellular constriction 
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and prior to septation241. The wedge is thought to prevent lysis during division241 and may be one 

possible mechanism for the fitness defect we73 and others74 have observed in A. baumannii ΔmrcA. 

Moreover, TPase inactivated PBP1A, but not PBP1B or PBP2, increased cellular lysis in A. 

baumannii under standard growth conditions74, suggesting PBP1A is a major contributor to PG 

biogenesis and stability in wild type during division.  

Another possible mechanism for PBP1A contribution to the divisome as an important 

component of the feedback network in PG hydrolase activity. In E. coli, several elongasome, 

divisome and hydrolytic enzymes, including PBP1A, are loosely associated with the OM 

lipoprotein, NlpI229. NlpI is thought to act as a scaffold for hydrolase and synthase complexes229 

and is important for regulating proteolysis of the hydrolytic endopeptidase, MepS253. NlpI 

phenotypes in E. coli have striking similarities to PBP1A phenotypes in A. baumannii, where 

deletion leads to filamentation and over expression produces rounded, ovoid cells254. While A. 

baumannii does not encode an NlpI homolog, the phenotypic similarities are intriguing and suggest 

PBP1A may have an additional, indirect role in localization or regulation of hydrolase activity. 

Consistent with this hypothesis, ΔmrcA forms multiple division sites, but is slow to septate. 

 

MATERIALS AND METHODS 

Bacterial Strains and Growth 

All A. baumannii strains were grown from freezer stocks initially on Luria-Bertani (LB) 

agar at 37° C. For selection, 25 µg/ml of kanamycin was used when appropriate. Strains that 

harbored the pMMB plasmid for coIP, complementation or over expression were supplemented 

with 25 µg/ml of kanamycin and 2 mM isopropylthio-β-galactoside (IPTG).  

Fluorescent NADA staining  
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Overnight cultures were back-diluted to OD600 of 0.05 and grown at 37°C in LB media 

until they reached stationary or mid-logarithmic growth phase. Cells were washed once with Luria 

broth and resuspended in 1 ml Luria broth. 3 μl of 10 mM of NBD-(linezolid-7-nitrobenz-2-oxa-

1,3-diazol-4-yl)-amino-D-alanine (NADA) (ThermoFisher) was added to the resuspension. Cells 

were incubated with NADA at 37°C for 30 minutes. Following incubation, cells were washed once 

and fixed with 1x phosphate buffered saline containing a (1:10) solution of 16% paraformaldehyde. 

Microscopy 

Fixed cells were immobilized on agarose pads and imaged using an inverted Nikon Eclipse 

Ti-2 widefield epifluorescence microscope equipped with a Photometrics Prime 95B camera and 

a Plan Apo 100 m X 1.45 numerical aperture lens objective. Green fluorescence and red 

fluorescence images were taken using a filter cube with a 470/40 nm or 560/40 nm excitation filters 

and 632/60 or 535/50 emission filters, respectively. Images were captured using NIS Elements 

software. 

Image analysis 

All images were processed and pseudo-colored with ImageJ FIJI (63) and MicrobeJ plugin 

was used for quantifications of pole-to-pole lengths (64). For pole-to-septa length quantifications, 

a segmentation code written for Image J was used (see Apendix 1). Cell length, width and 

fluorescence data were plotted in Prism 9 (GraphPad 9.3.1). 100 cells were analyzed for pole-to-

septa lengths and 300 cells were analyzed for all other experiments. Each experiment was 

independently replicated three times, and each replication was used in the dataset. One 

representative image from the datasets were included in the figure. 

Growth curves 
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Growth curves were performed as previously described (65). Briefly, overnight cultures 

were back diluted to OD600 of 0.01 and set up as triplicate biological replicas in either a 96-well 

plate or 24-well plate (BrandTech BRAND). A BioTek SynergyNeo2 microplate reader was used 

to record optical density, which was read at OD600 every hour. The microplate reader was set to 

37°C with continuous shaking. Growth curves were plotted in Prism 9. Each growth curve 

experiment was independently replicated three times and one representative dataset was reported. 

Western blotting 

Western blot analysis was carried out via gel transfer to PVDF (Thermo Fisher Scientific). 

All blots were blocked in 5% milk for 2 h. The primary antibodies α-PBP1A, α-PBP3, α-PBP2, 

and α-RpoA were used at 1:1000, 1:500, 1:300, and 1:1000, respectively followed by α-rabbit-

HRP secondary antibody at 1:10,000 (Thermo Fisher Scientific). Supersignal West Pico PLUS 

(Thermo Fisher Scientific) was used to measure relative protein concentrations. 

Co-immunoprecipitation 

Protocol was adapted from previous work by our laboratory201. Cultures were initially 

grown on LB agar with overnight at 37° C. A single colony was used to inoculate 5 ml LB broth 

and grown overnight at 37° C. The overnight broth was diluted back to OD600 of 0.05 and grown 

to midlog at 37° C in 50 ml LB broth. Culture was collected, washed with 1x PBS and incubated 

with 25 mM DSP (Thermofisher) in a total volume of 1 ml PBS for one hour with shaking at 37° 

C. Reaction quenched with room temperature incubation of 400 μl 1 M glycine with rocking for 

15 minutes. Cells were lysed and solubilized overnight at 4° C with rocking. Lysates supernatant 

was centrifuged twice at 10,000 X g for 20 minutes and the pellet was discarded. 30 μl of ANTI-

FLAG® M2 Affinity Resin (Sigma) was added to the supernatant and incubated overnight at 4° C 

with rocking. Resin was harvested at 6,000 x G and washed 4 times with RIPA buffer. Pellet 
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resuspended in 100 μl 1x SDS-Page loading buffer with 5% BME. Samples boiled for 7 minutes 

and used for western blotting. 

 

CHAPTER 6: CONCLUSIONS 
 
Overview 

 The principal objective of this work was to determine the mechanistic basis for envelope 

remodeling in response to severe OM defects originating from polymyxin insults and depletion of 

lipid A. Despite the lipid A domain of LOS being an important target for some antibiotics115,119 

and those still in the development pipeline96, the physiological requirements to support lipid A-

deficient (LOS-) viability remain poorly understood. Thus, a better understanding of OM stress-

induced envelope remodeling, including the depletion of lipid A in the outer leaflet, would provide 

greater insights into combating resistance to LOS-targeting antimicrobials and better define the 

minimum envelope requirements for viability in Gram-negative bacteria.  

 

Uncoupled regulation of lipid A modification promotes colistin-heteroresistance in E. 

cloacae 

Colistin-heteroresistance was observed in E. cloacae clinical specimens, raising concerns 

over resistance detection failure during routine ASTs. Prior to our work, there was no detailed 

understanding of the molecular mechanisms behind this observation. In some γ-proteobacteria, the 

PhoPQ and PmrAB TCSs work synergistically to detect lipid A perturbation by polymyxins and 

activate arn operon transcription which upregulates the biosynthesis and conjugation of charge-

neutralizing L-Ara4N to lipid A. Here, we showed E. cloacae PhoP binds directly to ParnB with 

high specificity. Thus, PhoPQ is necessary and sufficient to detect periplasmic stress and activate 
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the transcription of the arn operon to modify lipid A. In uncoupling the regulatory TCSs, PhoPQ 

and PmrAB, E. cloacae is primed for colistin-heteroresistance. Importantly, our findings 

uncovered the previously unknown mechanism underlying the emergence of colistin-resistant 

subpopulations in colistin-sensitive E. cloacae. Furthermore, our data suggest E. cloacae 

infections are poor candidates for colistin monotherapy. 

 

Defining the minimum envelope requirements to support LOS- viability 

Colistin resistance research to date has tended to focus on lipid A remodeling rather than 

lipid A depletion. One hurdle for studying fitness requirements in LOS- Gram-negative bacteria is 

the challenge of finding a viable, LOS- model organism. While two LOS-depleted strains have 

been bioengineered under laboratory conditions90,92, A. baumannii is the first bacteria to arrest 

lipid A biosynthesis as a drug-resistance mechanism91,93, positioning it as an ideal model to study 

envelope remodeling under the extreme biophysical stress of LOS deficiency.  

The search for LOS- fitness requirements in A. baumannii revealed two previously 

unstudied Ldts, LdtJ and LdtK. Characterizing LdtJ provided insights into how the cell must 

remodel PG to meet the increased mechanical stability demands during LOS deficiency. In Gram-

negative bacteria, both lipid A in the OM and the single-layered PG contribute equally to resistance 

of turgor forces106; thus, in the absence of lipid A, PG alone would bear the entire mechanical 

stress of the cell. PG is an antistrophic material that consists of rigid glycan chains along the cell 

circumference and elastic peptide stems on the long axis204,255. Considering the glycan polymers 

are already rigid, additional stiffness would need to be contributed via peptide stem reconfiguration. 

Here, we showed LdtJ catalyzes alternative, 3-3 crosslinking between PG peptide stems, which 

produces PG mesh with a smaller pore diameter than the standard, 4-3 crosslinks catalyzed by 
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PBPs. We hypothesize that tighter crosslinking by LdtJ increases PG stiffness and compensates 

for the loss of rigidity previously provided by lipid A. 

Additionally, we identified LdtJ-dependent NCDAA incorporation in PG peptide stems. 

Incorporation of NCDAAs plateaus the growth of logarithmically dividing bacteria71. LOS- cells 

may depend on slow biogenesis of nascent PG so synthesis and hydrolysis do not outpace 

protective remodeling. Another intriguing possibility involves the role of NCDAAs in resistance 

to osmotic stress71. This role is likely conserved in A. baumannii as our data shows ΔldtJ is 

sensitive to hypoosmotic stress. In line with this, we found LOS- A. baumannii are highly sensitive 

to osmotic fluctuations, likely due to increased OM permeability and reduced cellular stiffness. 

Interestingly, MS/MS analysis of LOS- PG suggests it contains D-amino acid modifications in log 

phase, unlike wild type. We hypothesize NCDAA incorporation is required for PG to withstand 

turgor and osmotic forces in lipid A-depleted cells. Supporting this hypothesis, our lab previously 

found PNAG exopolysaccharides are upregulated in LOS- A. baumannii17. While there is no 

literature directly correlating PNAG with osmoprotection, it does have significant hydroscopic 

properties256. Therefore, it is not unreasonable to hypothesize PNAG functions as an additional, 

external buffer against hypo/hyperosmotic stress in LOS- cells.   

Characterization of the second Ldt identified, LdtK, demonstrated the importance of PG 

recycling and envelope stability in LOS- cells. Despite homology predictions positioning LdtK as 

a PG lipoprotein crosslinker, our localization studies revealed LdtK is the first known cytoplasmic 

Ldt60. Further investigation characterized LdtK as an LD-carboxypeptidase involved in the early 

phases of PG recycling60. Amidation of PG fragments catalyzed by LdtK produces anhydro 

MurNac-tripeptides60. Subsequent PG recycling enzymes have high specificity for tripeptides and 

therefore productive PG recycling is dependent on LdtK activity.  
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Interestingly, we observed severe hypervesiculation in ΔldtK. This phenotype is 

characteristic of E. coli Δlpp, wherein the OM and PG are no longer covalently linked via Lpp 

lipoprotein attachment catalyzed by E. coli Ldts homologous to LdtK. Lpp contains a C-terminal 

arg-lys residue that is crosslinked to PG, whereas putative lipoproteins in A. baumannii contain a 

C-terminal lys-lys residue. Intriguingly, our MS/MS analysis of the ΔldtK PG proteome revealed 

depletion of lys-lys residues compared to wild type. While it is possible LdtK catalyzes 

cytoplasmic lipoprotein attachment to nascent PG through a yet-unknown mechanism, ΔldtK 

hypervesiculation is likely a secondary stress response to the accumulation of toxic MurNAc-

tetrapeptides in the cytoplasm. These data suggest LdtK-mediated PG recycling is critical for 

envelope stability in wild type and becomes necessary for viability in lipid A-depleted cells.  

In characterizing the activities of two putative Ldts essential for LOS- viability, we gained 

greater insight into necessary envelope remodeling and maintenance requirements in lipid A-

depleted cells. These data point to a role for Ldts in promoting envelope stability and structural 

support required for LOS- survival. This work highlights the importance of increased cellular 

rigidity, protection against osmotic fluctuations and productive PG recycling in maintaining the 

stability of the LOS- envelope. Lastly, we identified a previously unrecognized role for Ldts in 

early-phase PG recycling. 

 

PBP1A is the major aPBP synthase in A. baumannii and contributes to both division 

and fitness 

Gram-negative bifunctional aPBPs, PBP1A and PBP1B, are best understood in E. coli and 

are largely considered semi-redundant for cell wall biogenesis in this model organism22. Here, 

PBP1A is considered an elongasome synthase based on protein-protein interactions with PBP242 
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and PBP1B is thought to be involved in division due to associations with PBP339. However, we 

show the roles of PBP1A and PBP1B differ significantly in A. baumannii and are not obviously 

functionally redundant. We demonstrated ΔmrcA but not ΔmrcB promotes significant resistances 

to different classes of medically important antimicrobials73, which has concerning implications for 

A. baumannii clinical isolates that do not transcribe PBP1A. Additionally, we found PBP1A but 

not PBP1B activity important for division and fitness in A. baumannii.  

Unexpectedly, we observed that ΔmrcA chained into filaments73, a phenotype indicative of 

defective or slowed division. Using a fluorescent protein fusion, we demonstrated PBP1A 

concentrates at the septum in dividing cells. In contrast to literature precedent33,42, we identified 

direct protein-protein interactions between PBP1A and PBP3 at the divisome. Intriguingly, over 

expression of PBP3 in ΔmrcA rescued division, but not growth defects. We also demonstrated 

PBP1A localizes diffusely along the lateral cell wall. This lateral localization suggests PBP1A 

may contribute to both elongation and division in A. baumannii. However, we were unable to 

confirm direct interactions between PBP1A and PBP2. Together, these data strongly suggest 

PBP1A is necessary for productive septation but has a different role than PBP3 in the divisome. 

Importantly, such significant contributions to fitness and division by PBP1A have not been 

documented before in other Gram-negative bacteria.  

Our study73 and others61 found over expression of PBP1A in wild type A. baumannii 

promotes cellular rounding. The study hypothesized that PBP1A directly interferes with 

elongasome activity61. It was further posited but not experimentally shown that PBP1A toxicity in 

LOS- cells is a direct result of elongasome interference61. However, we did not find direct 

interaction between PBP1A and PBP2 in the elongasome. While we acknowledge the possibility 

that PBP1A may indirectly inhibit the elongasome complex, it is unlikely that native levels of 



  103  
 

PBP1A are sufficient to wholly attenuate elongasome activity and lead to LOS- lethality. 

Intriguingly, preliminary data suggests PBP1A over expression in LOS- cells promotes significant 

elongation within one cell cycle prior to lysis, suggesting PBP1A activity may instead lead to LOS- 

death via other mechanisms. Together, our data do not support a model for PBP1A as an 

elongasome antagonist in wild type cells. 

 

FUTURE DIRECTIONS 

Our work found PBP1A over expression in LOS- cells promotes rapid elongation prior to 

lysis, suggesting PBP1A polymerizes PG at a rate that outpaces envelope reinforcement in LOS- 

bacteria. One intriguing PG fortification mechanism is a recently described repair complex found 

to form between PBP1B and an Ldt providing alternative crosslinks20, like LdtJ. MS/MS analysis 

of Δpbp1A PG showed increased 3-3 crosslinking, suggesting a PBP1B-LdtJ repair complex may 

be more likely to form in the absence of PBP1A. To investigate this hypothesis, we performed a 

co-immunoprecipitation assay. However, under standard laboratory conditions in wild type and 

Δpbp1A, we were not able to confirm the formation of a PG repair complex between PBP1B and 

LdtJ. However, future work in ΔlpxC, a strain with defective lipid A transport, may be more 

tractable for co-immunoprecipitation studies looking to identify PG repair complexes.  

Considering the PBP1B-Ldt complex previously identified in E. coli depends on PBP1B 

GTase activity and disruption of the PBP1A GTase domain is sufficient for toxicity attenuation in 

LOS- A. baumannii, it is tempting to speculate that PBP1A and PBP1B GTase domains may 

directly compete for the same PG precursor substrate, lipid II. Thus, further contributing to the 

incompatibility between PBP1A activity and LOS- viability. Additional studies are needed to 
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determine if lipid II is the rate-limiting step in PG repair necessary for Gram-negative survival 

without LOS.  

Likewise, dependence on freely available lipid II may contribute to LdtK essentiality in 

LOS- cells. Preliminary data suggests disruption to early phase PG recycling is deleterious in LOS- 

A. baumannii. However, it is still unknown if later stage recycling enzymes are required for LOS- 

viability. If late-stage PG recycling abrogation does not cause hypervesiculation yet remains 

deleterious in LOS- cells, it suggests that OM sloughing is not the primary cause of death, and that 

lipid II availability is the rate-limiting step for LOS- survival. 

Another unresolved question is whether the ΔldtK hypervesiculation phenotype is needed 

to eliminate toxic tetrapeptide build-up or if it is a way to remove nonspecific solutes and restore 

the isotonic balance during the build-up of PG precursors. Mass spectrometry analysis of filtered 

OMV contents would provide insight into their function. Additionally, it would be interesting to 

determine if ΔldtK cells remain viable over several passages. In E. coli, deletion of the LD-

carboxypeptidase involved in PG recycling, LdcA, is immediately deleterious in stationary 

phase257 whereas A. baumannii likely compensates for LdtK deletion via hypervesiculation. If the 

OMVs of ΔldtK contain only solutes and not anhydro MurNac-tetrapeptide fragments, the 

unresolved PG precursor build-up would likely become lethal during serial passage of ΔldtK. 

Lastly, our heteroresistance study166 provided a detailed understanding of the colistin-

heteroresistance mechanism in E. cloacae. Concerningly, heteroresistant subpopulations may fall 

under the detection limit of standard clinical ASTs at approximately 1e-713,135,188,258. Undetected 

heteroresistance is hypothesized to lead to treatment failure in humans135,258  and has been shown 

to facilitate colistin therapeutic failure in a mouse model188. Together, these data suggest E. 

cloacae infections are poor candidates for colistin monotherapies and highlights an unmet clinical 
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need uncover colistin synergistic therapeutics. However, colistin increases cellular permeability259, 

suggesting it may facilitate the passage of hydrophobic or high molecular weight drugs including 

rifampicin into the cell. Rifampicin is hydrophobic drug that inhibits DNA-dependent RNA 

synthesis and is used to treat Mycobacterium and other Gram-positive infections260,261. Although 

Gram-negative bacteria are intrinsically resistant to rifampicin, recent studies have shown it is 

effective against Gram-negative bacteria if co-administered with a sensitizer262,263. Several studies, 

including a randomized control trial264, in Gram-negative ESKAPE pathogens demonstrated 

synergy between colistin and rifampicin, using Etest strips and antibiotic enriched agar plates264–

266. The observed synergy between colistin and rifampicin suggests colistin may synergize with 

other traditionally narrow-spectrum antibiotics that are unable to breach the OM to potentiate 

killing. As demonstrated by previous studies264–266, combining antibiotic enriched agar with 

Estrips is one method to screen for potential synergistic therapeutic combinations. However, 

Estrips may fail to detect heteroresistance135. We propose that combining PAP, the gold standard 

AST for detecting heteroresistance, with high throughput screens of colistin combination therapies 

in 96-well microtiter plates, would identify synergistic drug combinations that are effective against 

colistin-heteroresistant strains.  Moreover, screening currently approved drugs would allow for 

immediate implementation of successful combinatorial therapies. 
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APPENDIX 
 
Appendix 1 
Segmentation Quantification Code 
 
   macro "Measure Segmented Distances [1]" { 
      if (!(selectionType==6||selectionType==10)) 
          exit("Segmented line or point selection required"); 
      getSelectionCoordinates(x, y); 
      if (x.length<2) 
          exit("At least two points required"); 
      getPixelSize(unit, pw, ph); 
      n = nResults; 
      distance = 0; 
      for (i=1; i<x.length; i++) { 
         dx = (x[i] - x[i-1])*pw; 
         dy = (y[i] - y[i-1])*ph; 
         distance = sqrt(dx*dx + dy*dy); 
         setResult("D"+i, n, distance); 
      } 
      updateResults; 
   } 
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