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ABSTRACT 

The role of cellular membranes in DNA replication has been speculated on for over five 

decades. Biochemical studies show that Escherichia coli acidic phospholipids influence the 

chromosomal replication activity of the initiator protein DnaA. In vivo studies also suggest 

crosstalk between inner membrane acidic phospholipids and replication initiation machinery. 

However, the manner in which acidic phospholipids affect chromosomal replication is still 

unclear. Separately, acidic phospholipids are also involved in the maturation of the major outer 

membrane lipoprotein (Lpp). The depletion of acidic phospholipids adversely affects the 

maturation of Lpp, which leads to the accumulation of immature intermediates at the inner 

membrane, inhibiting growth. In this study, we investigate how Lpp(C21G), which accumulates 

as a growth arresting Lpp intermediate in cells with normal levels of acidic phospholipids, might 

poison E. coli chromosomal replication. We find that the ectopic expression of DnaA(L366K) or 

deletion of fis (encoding Factor for Inversion Stimulation) is able to rescue growth in cells with 

membranes that otherwise would be perturbed by accumulated Lpp(C21G). The DnaA(L366K)-

mediated growth rescue occurs by reduced expression of Lpp(C21G) via a σE-dependent small 

regulator RNA (sRNA), MicL-S. 

In contrast, growth rescue via fis deletion is only partially dependent on this MicL-S/ 

Lpp(C21G) pathway; the deletion of fis also rescues Lpp(C21G) growth arrest in cells lacking 

physiological levels of phosphatidylglycerol (PG) and cardiolipin (CL), independently of MicL-
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S. Lipidomic analysis of cells unable to synthesize PG and CL and also lacking Fis shows 

elevated levels of phosphatidic acid, phosphatidylethanolamine, diacylglycerol, and 

lysophosphatidylethanolamine levels. Our results suggest a close link between the physiological 

state of the bacterial cell membrane and DnaA- and Fis-dependent growth. 
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1. INTRODUCTION 

1.1. Initiation of chromosomal replication in prokaryotes 

The role of initiators in the replication of a genome is crucial in all domains of life. In 

prokaryotes, an initiator protein recognizes a highly conserved DNA sequence known as the origin 

of chromosomal replication (oriC) and helps unwind AT-rich DNA duplex unwinding element 

(DUE), which is followed by the recruitment of helicases and assembly of a DNA polymerase 

complex that carries out bi-directional replication [1, 2, 3, and 4]. The replication initiation is 

highly regulated and occurs once and only once per cell cycle [5, 6]. In Escherichia coli, the 

initiation of replication is carried out by the initiator protein, DnaA. DnaA is a member of the 

AAA+ ATPase (ATPases associated with diverse cellular activities) family [7]. Based on 

structure-function studies and mutagenesis approaches, DnaA protein is divided into four 

functional domains. The N-terminus of the DnaA constitutes an oligomerization domain, domain 

I, which connects to a flexible linker called domain II. Domain II links domain I with the conserved 

ATP binding/AAA+ATPase domain, domain III. Domain III is followed by the Helix-Turn-Helix 

DNA binding domain, domain IV, via a connector helix. ([8-10] and Figure 1).   

From a functional perspective, DnaA and oriC interaction is crucial for the initiation function 

and has been studied extensively. OriC DNA is composed of conserved 9-mer sequences which 

are further distinguished into high affinity (R1, R2, and R4) and low affinity (R5M, τ1, I1, I2, I3, 

C1, C2, and C3) binding sites ([11, 12], and Figure 2).  A distinct adenosine nucleotide-bound 

state of the DnaA is crucial in the generation of DNA duplex unwinding function. DnaA has a high 

affinity for ATP and ADP (0.03µM and 0.1μM, respectively, [13]). The ATP bound of the DnaA 
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is essential to generate replicatively active nucleoprotein assemblies [10, 14]. As per electron 

microscopy studies, at the time of initiation, 6-20 molecules of ATP-DnaA wrap around oriC and 

melts the adjacent DUE region. [15, 16]. Based on surface plasma resonance (SPR), DNA 

footprinting, and functional genomic approaches, ATP-DnaA occupying high-affinity binding site 

nucleates oligomerization with ATP-DnaA bound to lower affinity sites to convert the initiation-

deficient bORC (bacterial Origin Recognition Complex) into an initiation-proficient pre-RC (pre-

replication complex) [17- 20]. 

Figure 1: Domain classification of the Escherichia coli initiator protein DnaA. 

DnaA, a multi-domain 52.5 kDa protein. Domain I (Red) is a DnaA oligomerization domain. 

Domain II (Green), a flexible linker essential for DnaB loading. Domain III (Yellow), initiator 

clade AAA+ ATPase domain. Domain IV (Blue), Helix-Turn-Helix DNA binding domain. 

Adopted from: Saxena, R., Fingland, N., Patil, D., Sharma, A. K., & Crooke, E. (2013). Crosstalk 

between DnaA protein, the initiator of Escherichia coli chromosomal replication, and acidic 

phospholipids present in bacterial membranes. International Journal of Molecular Sciences, 14(4), 

8517-8537. 
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Figure 2:  Escherichia coli chromosomal origin of replication, oriC. 

Schematic of 245 bp chromosomal origin of replication (oriC, highlighted in orange) Duplex 

unwinding element (DUE, in a dark orange rectangle) that comprise three 13-mer AT-rich 

sequences. High affinity (dark blue rectangles) and low affinity (light blue rectangles) 9-mer DnaA 

binding sites. GATC sites (indicated by red stars) for SeqA binding and post-initiation 

sequestration of the oriC. IHF binding site (red oval) and Fis binding site (green oval) for growth 

and cell cycle-dependent occupation of the IHF and Fis. Adopted from: Hansen, F. G., & Atlung, 

T. (2018). The DnaA tale. Frontiers in microbiology, 9, 319. 

  



4 
 

1.2. Regulation of initiation and DnaA-membrane interactions 

The post-initiation regulation of DnaA through Regulatory Inactivation of DnaA, RIDA, [21-

23] helps assure initiation occurs once per cell cycle. Then, inactive ADP-DnaA is rejuvenated 

either by interaction with acidic phospholipids [24] or by titration through binding of DnaA to 

DnaA reactivation sequences, DARS, present in the chromosome [25]. Early investigation in 

DnaA-membrane interaction has revealed acidic phospholipids' role in in vitro rejuvenation of 

inactive ADP-DnaA to active ATP-DnaA [26]. Altered unsaturated fatty acid content that 

decreases membrane fluidity resulted in the reduced rejuvenation of ADP-DnaA,  suggesting the 

importance of membrane composition [27] and fluidity DnaA-membrane interaction [28]. Further 

investigation revealed that the rejuvenation of ADP-DnaA at membranes requires a concerted 

action stabilized by oriC DNA [29].  

Limited proteolysis and functional fragment analysis of DnaA in the presence of acidic 

phospholipids revealed a region in DnaA involved in the membrane interaction [30]. 

Independently the same region was found to insert into fluid acidic phospholipid bilayer via 

radiolabeled and photo-activatable lipid analog-only when the analog was present in the fluid 

acidic bilayer ([31], Figure 1). This region comprises an amphipathic helix that links domain III to 

domain IV and interacts with acidic bilayers through electrostatic interactions [32]. Structural 

analysis of truncated Aquifex aeolicus DnaA supports the proposed amphipathic connector helix 

in E. coli [33]. In vivo, a study involving immuno-gold labeling and immunofluorescence 

microscopic analysis found DnaA localized at the membrane [34]. Further, an allelic replacement 

of the chromosomal copy of dnaA with a gene encoding GFP-dnaA demonstrated a discrete helical 
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arrangement of GFP-DnaA along the longitudinal cell axis [35], supporting interaction between 

DnaA and membranes at the inner leaflet of the cytoplasmic membrane. 

1.3. Phospholipid biosynthesis and growth defects 

A phospholipid molecule is composed of a hydrophilic/polar head group and 

hydrophobic/non-polar tails. The enzymology of E. coli phospholipid biosynthesis is studied by 

biochemical and genomic analyses [36-38].  The E. coli inner membrane and inner leaflet of the 

outer membrane are composed of 70-75% of zwitterionic phosphatidylethanolamine (PE) and ~ 

20-25% anionic or acidic phosphatidylglycerol (PG) and cardiolipin (CL) ([39, 40] and Figure 3).  

Figure 3: E. coli phospholipid synthesis pathways. 

The genes encoding enzymes involved in the biogenesis of principal phospholipids, such as PE, 

PG, and CL. cdsA encodes for the enzyme CDP-diacylglycerol synthase.  pssA encodes for the 

enzyme phosphatidylserine synthase. psd encodes for the enzyme phosphatidylserine 



6 
 

decarboxylase. pgsA encodes for the enzyme phosphatidyl glycerophosphate synthase. pgpA, pgpB, 

pgpC encode for the enzyme phosphatidylglycerophosphate phosphatase. clsA, clsB, clsC encode 

for the enzyme cardiolipin synthase A, B, and C. Recent studies have identified gene clsC for the 

cardiolipin synthesis at the stationary phase utilizing PE and PG as substrates. 

1.3.1. Role of phospholipid biogenesis in the initiation of replication 

Investigations in phospholipid biogenesis suggested interplay between membrane 

phospholipid content and cellular processes like DNA replication and cell division in E. coli [41, 

42]. Pierucci and Rickert found that E. coli cells with a mutant form of glycerol-3 phosphate 

acyltransferase, an enzyme which transfers fatty acyl chain to glycerol phosphate of phospholipid 

precursor phosphatidic acid and requires glycerol for the cell growth, was exploited to understand 

the link between phospholipid biosynthesis and DNA replication [41]. The mutant strain was then 

subjected to allelic replacement for its chromosomal copy of dnaA and dnaC to their respective 

temperature-sensitive alleles. Together these genomic alterations would confer mutant cells with 

glycerol-dependence for phospholipid biosynthesis and temperature sensitivity for the initiation 

and chain elongation step of the DNA replication, respectively. In this system, radiolabeled 

glycerol and thymidine consumption in growth media become an indicator of phospholipid 

biosynthesis and DNA replication. This study demonstrated phospholipid and protein synthesis 

requirements to commence a new round of chromosomal replication; however, once replication is 

initiated, phospholipid synthesis is not associated with the process of chromosomal replication and 

cell division for the rest of the cell cycle. In summary, this study provided an early hint for possible 

linkage between phospholipids biosynthesis and initiation of the chromosomal DNA replication.  
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1.3.2. Acidic phospholipids are required for the DnaA-dependent oriC-mediated 

initiation of replication in vivo 

Advanced functional genomic studies in phospholipid biosynthesis indicated that reduced PG 

and CL levels due to lack of a functional allele of phosphatidylglycerol phosphate synthase pgsA 

can be growth limiting [43]. To test for a possible relationship between inner membrane acidic 

phospholipids composition and DnaA-dependent initiation from oriC, cells lacking pgsA were 

allowed to carry out constitutive stable DNA replication, cSDR, [44]. In cSDR, persisting RNA-

DNA hybrids at the transcription, due to the lack of gene encoding RNaseHI enzyme, become sites 

for initiation of chromosomal DNA replication termed oriK [45]. Dowhan and colleagues found 

that cSDR rescued arrested growth in cells lacking physiological levels of acidic phospholipids. 

The ability of cSDR to reverse the growth arrest in cells with altered PG and CL levels suggested 

a requirement of physiological levels of acidic phospholipids for DnaA-dependent oriC-mediated 

initiation of the chromosomal replication. 

An intriguing approach using site-directed mutagenesis of the putative membrane-binding 

region of DnaA offered a novel perspective on membrane-initiator interactions. Point mutations in 

the membrane-binding DnaA amphipathic helix were overexpressed in cells that otherwise 

growth-arrested due to a lack of acidic phospholipids. A single-point mutant DnaA in which 

Leucine 366 replaces Lysine, DnaA(L366K), at the hydrophobic face of an amphipathic helix 

rescued growth in cells with altered acidic phospholipid content [46].  In vitro characterization of 

DnaA(L366K) has suggested a comparable affinity for the ATP, ADP, and oriC DNA to wild-type 

DnaA [47]. Flow cytometric analysis confirmed that cells expressing DnaA(L366K) rescue growth 

in acidic phospholipid depleted cells and still initiated replication at oriC [48]. However, the 
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DnaA(L366K) is feeble at initiation and requires limited amounts of wild-type DnaA to form an 

active pre-replication complex [47, 49]. DnaA(L366K) is also reported to require lower levels of 

PG for nucleotide release in vitro [50]. Collectively, these studies strongly correlate with in vitro 

findings on DnaA-membrane interaction and indicate the role of anionic phospholipids at the 

membrane, specifically in DnaA-dependent oriC-mediated initiation of chromosomal DNA 

replication. 

1.3.3. Reduced levels of acidic phospholipids affect the translocation of outer 

membrane proteins and inhibit growth 

In E. coli cells, depleted anionic phospholipid levels are also linked to defective translocation 

of outer membrane proteins. E. coli cells harboring the pgsA3 allele lack normal acidic 

phospholipids and accumulate pro-OmpA and pre-PhoE at the inner membrane [51]. The outer 

membrane protein A (OmpA) and outer membrane porin protein (PhoE) carry a signal sequence 

for the mature polypeptide's translocation from the cytoplasm to the inner membrane for its path 

to the outer membrane. The same study demonstrated that reduced levels of negatively charged 

acidic phospholipids at bacterial membrane interfere with the signal sequence's recognition and 

insertion into the cytoplasmic membrane, leading to inhibited cleavage by the leader peptidase or 

signal peptidase I and accumulation of immature outer membrane proteins at the inner leaflet. 

Surprisingly, these pgsA3 cells did not exhibit any growth defect. Subsequent mapping of the 

genetic mutations that permit growth in pgsA3 cells identified a mutation in the aroD region 

specific to the gene encoding lpp [52]. This study discovered lpp suppressor mutation vital for the 

survival of cells harboring a pgsA3 mutant allele. 
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1.4. Biogenesis of major outer membrane lipoprotein at the bacterial inner 

membrane 

Major outer membrane lipoprotein (Lpp) or Braun’s lipoprotein is the most abundant protein 

in E. coli cell envelope [53, 54]. Lpp gene encodes for a 20 amino acids long signal peptide, and 

58 amino acids mature lipoprotein polypeptide [55, 56]. Lipoprotein signal peptide is composed 

of three distinct regions, the n-region with positively charged amino acid residues for recognition 

of anionic phospholipids, followed by the h-region with hydrophobic amino acids that acts as a 

transmembrane insertion region, and the c-region with the conserved lipobox -3[LVI]-2[ASTVI]-

1[GAS]↓+1C [57, 58]. Cysteine at position 21 of pro-lipoprotein (pro-Lpp) or +1 site of lipoprotein 

(Lpp) is diacylglyceride modified [59, 60]. Lipoprotein diacylglyceryl transferase (Lgt) enzyme 

catalyzes the transfer of a head group-specific diacylglycerol (DAG) moiety from 

phosphatidylglycerol (PG) to the sulfhydryl group of cysteine at position 21 [61, 62] upon the 

secretion of the mature polypeptide sequence from the cytoplasm to the periplasm via the Sec/TAT 

secretion system ([63-64] and Figure 4). Signal peptidase II (Lsp) recognizes diacylglyceride 

Cys21 residue for cleavage of the pro-lipoprotein signal peptide for its path to the outer membrane 

as a mature lipoprotein, unlike signal peptidase I or leader peptidase, which recognizes conserved 

serine/lysine dyad [65, 66]. 
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Figure 4: Post-translational modification and maturation of the major outer membrane 

lipoprotein, Lpp. 

Pathway for the maturation of Lpp. Step 1, Phosphatidylglycerol/Prolipoprotein diacylglyceryl 

transferase (Lgt) catalyzed transfer of diacylglycerol moiety to the unmodified prolipoprotein (78 

a. a.) at Cysteine 21. Step 2, Cleavage of the signal peptide (20 a. a.) from Diacylglyceryl 

Prolipoprotein by Signal peptidase II (LspA) to yield Apolipoprotein (58 a. a.). Step 3. N-acylation 

of the apolipoprotein enzyme-catalyzed by Phospholipid/Apolipoprotein transacylase (Lnt). 

Adopted from: Suzuki, M., Hara, H., & Matsumoto, K. (2002). Envelope disorder of Escherichia 

coli cells lacking phosphatidylglycerol. Journal of Bacteriology, 184(19), 5418-5425. 
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Recent advances in the outer membrane homeostasis highlight a sigma factor σ24 or σE-

dependent MicL-S small RNA mediated regulation of endogenous Lpp for cell survival at the 

early stationary phase [67, 68]. Extracytoplasmic function (ECF) sigma factor σE responds to 

outer membrane disorders in a complex signal cascade involving degradation of the inner 

membrane anti-sigma factor, RseA, and subsequent release of σE into the cytoplasm [69-72]. 

Active σE transcribes multiple small RNAs, like MicL, MicA, and RybB, to translationally inhibit 

outer membrane porins and lipoproteins ([67, 73, and 74], Figure 5). MicL-S is 80 bp small 

regulatory RNA derived from MicL (308 bp), present at the 3’UTR adjacent to gene encoding 

region for copper homeostasis protein (cutC), and targets specifically to the lpp mRNA [67]. 
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Figure 5: σE-mediated small regulatory RNA-dependent envelope protective 

mechanisms  

Membrane transportation defects in Lpp activates σE -dependent MicL-S mediated translational 

inhibition of lpp mRNA. Malfunction in outer membrane protein (OMP) transport and assembly 

leads to the release of RseB from anti-Sigma Factor RseA. Next, DegS proteolytically degrades 

RseA and activates cytoplasmic alternative sigma factor σE. Activated σE transcribes target sRNAs, 

such as MicA, RybB, and MicL, to inhibit mRNAs encoding OMPs and Lpp. Adopted from: Guo, 

M. S., Updegrove, T. B., Gogol, E. B., Shabalina, S. A., Gross, C. A., & Storz, G. (2014). MicL, a 

new σE-dependent sRNA, combats envelope stress by repressing the synthesis of Lpp, the major 

outer membrane lipoprotein. Genes & Development, 28(14), 1620-1634. 
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1.4.1. Defect in Lpp maturation is lethal for cell growth 

A study assessed a suppressor mutation in the lpp gene to allow growth of Escherichia coli 

cells with altered acidic phospholipids [52]. E. coli cells with pgsA mutant alleles, pgsA3 [75], and 

pgsA30 [44], were responsible for growth arrest and loss of viability due to reduced membrane PG 

and CL levels. This study determined that pgsA-null cells that carried Lpp suppressor mutation or 

lacked the Lpp are viable and can grow [52]. Subsequent work suggested a need for equimolar 

levels of phosphatidylglycerol and mature pro-lipoprotein [77, 78]. In other words, lack of inner 

membrane acidic phospholipids alters the phosphatidylglycerol: prolipoprotein balance and results 

in the accumulation of unmodified pro-lipoprotein and growth inhibition. Additionally, a study has 

indicated the accumulation of immature lipoprotein at the inner membrane, and excessive linkage 

between C-terminal lysine residue and peptidoglycan layer causes envelope stress and loss of 

viability [79-81]. These studies illustrate that growth inhibition in cells lacking acidic 

phospholipids is linked to the accumulation of pro-lipoprotein at the inner membrane and 

perturbation of the cell envelope via covalent linkage between accumulated Lpp and peptidoglycan 

layer. 
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2. SUMMARY OF RESEARCH AND HYPOTHESIS 

Regulation of DNA replication by the bacterial inner membranes had been proposed by 

Jacob et al. [82] in the early 1960s. Several in vitro studies suggest a role of inner membrane 

anionic phospholipids in the rejuvenation of inactive ADP-DnaA to active ATP-DnaA. However, 

there has been little in vivo evidence suggesting mechanisms by which membranes are involved in 

DNA replication initiation (Figure 6A). A link to bridge the knowledge gap is the ability of 

DnaA(L366K) to restore growth in cells with depleted levels of acidic phospholipids. Specifically, 

a single point mutation in the initiator protein can rescue growth when cells lack acidic 

phospholipids. 

Studies have also indicated that the reduced levels of acidic phospholipids at the inner 

membrane affect the translocation of outer membrane proteins. Specifically, the major outer 

membrane lipoprotein (Lpp) requires PG for its maturation (Figure 6A), and depleted levels of 

acidic phospholipids result in the accumulation of immature pro-lipoprotein(pro-Lpp) (Figure 6B). 

Accumulated immature pro-Lpp leads to growth inhibition as supported by 1) capacity of 

suppressor mutations in the lpp gene or a lpp null mutation to permit growth in cells with reduced 

levels of acidic phospholipids [52]; 2) replacement of cysteine at position 21 to glycine (LppC21G) 

and following ectopic expression of this mutant form of Lpp is linked to defective maturation and 

its accumulation at the inner membrane, which limits growth and reduces viability ([79], Figure 

6C), and 3) treatment of globomycin, a signal peptidase II inhibitor, inhibits maturation of pro-

lipoprotein which lead to accumulation of pro-lipoprotein at the inner membrane and inhibits 

growth [83-92].   

Combined studies indicate that depleted levels of acidic phospholipids are linked to 

inhibited growth due to defective DnaA-mediated initiation of replication in the vicinity of the 
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cytoplasmic membrane or faulty maturation of major outer membrane lipoprotein, Lpp (Figure 

6A-B). A lack of Lpp or a suppressor mutation in Lpp allows growth in cells carrying altered acidic 

phospholipid content. Or, ectopic expression of DnaA(L366K), a point mutation specifically at the 

membrane-binding amphipathic helix of DnaA, can restore growth in cells lacking acidic 

phospholipids. These critical pieces of evidence led us to hypothesize whether accumulated 

immature lipoprotein at the bacterial inner membrane inhibits growth via poisoning normal DnaA-

mediated initiation of replication and membrane interactions when cellular levels of acidic 

phospholipids were depleted. 

 

Hypothesis: Accumulated lipoprotein intermediates at the bacterial inner membrane poisons 

DnaA-mediated initiation of chromosomal replication (Figure 6B and C). 

 

Specific aims: 

Specific Aim 1: To test whether the expression of DnaA(L366K) allows the growth of cells with 

accumulated immature lipoprotein but with normal levels of acidic phospholipids 

Specific Aim 2: To examine whether the RecA-dependent oriK-mediated replication initiation is 

unaffected by the accumulation of the immature lipoprotein. 

Specific Aim 3: To investigate potential DNA replication initiation-related proteins as candidates 

adversely affected by the accumulation of immature lipoprotein. 
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Figure 6: Graphical abstract: Accumulated lipoprotein intermediates at the bacterial inner 

membrane poison DnaA-mediated initiation of chromosomal replication. 

(A) Growth in E. coli cells with normal levels of acidic phospholipids. (B) Growth inhibition due 

to lack of membrane acidic phospholipids and consequent accumulation of immature Lpp 

intermediates. (C) Growth inhibition due to the accumulation of Lpp mutant form, Lpp(C21G) 

that cannot be properly processed, at the bacterial inner membrane. 
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3. RESULTS 
 

3.1. DnaA(L366K) restores growth in cells with Lpp(C21G) by significantly 

reducing its expression in a σE-mediated MicL-S-dependent manner 

3.1.1. Introduction 

In E. coli, DnaA initiates chromosomal DNA replication once, and only once, per cell cycle 

[5-6]. A distinct adenosine nucleotide-bound state of the DnaA governs the staged initiation of 

replication at the oriC. As mentioned earlier, DnaA shows a high affinity for both ATP (KD = 

0.03µM) and ADP (KD = 0.1μM) [13]. The ATP-bound form of the DnaA is crucial to generate 

replicatively active nucleoprotein assemblies [11-14]. Upon commencement of DNA replication, 

the post-initiation regulation of DnaA through RIDA [21-23] helps assure initiation occurs once 

per cell cycle. On the other hand, the positively acting regulatory mechanisms such as de novo 

synthesis of the DnaA and the rejuvenation of the inactive ADP-DnaA either by interaction with 

acidic phospholipids [24] or by titration through binding of DnaA to DARS present in the 

chromosome [25] prepare daughter cells for the next round of replication initiation.   

Dowhan and colleagues employed a functional genomic approach to understand 

phospholipid biosynthesis. They showed that the reduced levels of acidic phospholipids, PG and 

CL, lead to a growth arrest due to lack of a functional allele of phosphatidylglycerol-phosphate 

synthase, pgsA [43]. Subsequent studies have indicated that the growth can be rescued, a) by 

allowing cells to perform cSDR [44, 45], by-pass mode to initiate chromosomal replication from 

the persisting RNA-DNA hybrids at the site of transcription, b) by ectopic expression of a single-

point mutation in DnaA at the hydrophobic face of the amphipathic helix, DnaA(L366K) [46-
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48], c) by a suppressor mutation lpp-2 in the gene encoding for major outer membrane lipoprotein, 

Lpp, [52].   

Lpp (also known as Braun’s lipoprotein) is the most abundant protein in the E. coli cell 

envelope [53, 54]. The maturation of unmodified pro-lipoprotein undergoes series of enzyme-

catalyzed reactions starting with lipoprotein diacylglyceryl transferase (Lgt) led head group-

specific transfer of diacylglycerol (DAG) moiety from PG to cysteine (Cys21) [58-62]. 

Signal peptidase II (Lsp) recognizes the diacylglyceryl-cysteine to cleave the signal peptide from 

pro-lipoprotein to apolipoprotein [65, 66]. Subsequent work suggested the need for equimolar 

levels of PG in the maturation of pro-lipoprotein [81]. 

Independently, a study in E. coli cells lacking physiological levels of acidic phospholipids, 

due to mutant pgsA allele pgsA3, evidenced an accumulation of pre-OmpA and pre-PhoE at the 

inner membrane [51] with no evident growth defect. Subsequent mapping of the genetic 

mutations responsible for the normal physiological growth in cells carrying the pgsA3 allele 

identified a mutation in the aroD region specific to the gene encoding lpp [52]. Further, the 

capacity of suppressor mutation in lpp, lpp-2, or deletion of the lpp to restore growth in E. coli 

cells harboring a pgsA-null mutation and display an altered acidic phospholipid content supports 

the requisite for PG to allow maturation of pro-Lipoprotein [75, 78]. Related, inhibited growth 

caused by the expression of Lpp(C21G) substantiates the need for the thioester diacylglyceride 

modification required for proper Lpp maturation [79]. 

This study investigates whether Lpp(C21G) mutant poisons DnaA-dependent oriC-

mediated replication initiation in E. coli with physiological levels of acidic phospholipids to 

extrapolate how membrane influence initiation of DNA replication and growth when cellular 

levels of acidic phospholipids were depleted.  [24, 79, and 94].  
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3.1.2. Results 

3.1.2.1. Accumulation of immature lipoprotein in cells with wild type levels of acidic 

phospholipids inhibits the growth. 

 In lpp-null E. coli cells that carry physiological levels of acidic phospholipids (Table 1), 

we first confirmed concentration-dependent growth inhibition due to exogenous expression of 

Lpp(C21G), as reported before [79]. No change in viability and colony morphology was observed 

upon overexpression of Lpp as a positive control (Figure 7A, B, and E). However, we observed a 

27.4-fold reduction (p˂0.001) in cell viability and altered colony morphology (Figure 7C, D, and 

F) at levels as low as 50µM IPTG. Western blots indicate Lpp expression increased with an 

increase in the IPTG concentration (Figure 7G). While the Lpp(C21G) accumulated in the lpp-null 

cells at levels 50µM IPTG (Figure 7H). When compared the exogenous expression of the Lpp and 

Lpp(C21G) with endogenous Lpp, we observed that exogenous expression of Lpp at 1000µM and 

Lpp(C21G) at 50µM IPTG concentration was still ten- and five-fold less than endogenous Lpp 

(Figure 7G, H). 
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Figure 7: Ectopic expression of Lpp(C21G) inhibits growth. 

(A) Growth and (B) Viability of lpp-null cells with an increasing concentration of IPTG with 0µM 

(black), 10µM (green), 50µM (red), 100µM (purple), and 1000µM (orange) for the expression of 

Lpp in M9 minimal media supplemented with 0.5% Casamino acids and 0.4% Glucose 

(M9+CAA+Glu). (C) Growth, and (D) Viability of lpp-null cells in the presence of an increasing 

concentration of IPTG with 0µM (black), 10µM (green), 50µM (red), 100µM (purple), and 

1000µM (orange) for the expression of Lpp(C21G) in M9+CAA+Glu media. Viability is 

expressed in cfu/ml and presented on a linear scale. Bar denotes a standard error. Data are means 

±SEM of at least three independent experiments. *p<0.05, ** p<0.01, ***p<0.001, ns p˃0.05 in 

one-way ANOVA with Dunnett’s multiple comparison test. Colony morphology of serially diluted 

lpp-null cells with varying concentrations of IPTG to induce (E) Lpp and (F) Lpp(C21G) on agar 

plates containing M9+CAA+Glu media. (G) Immunoblotting analysis to compare plasmid derived 

Lpp in lpp-null cells with endogenous Lpp (ten-fold dilution) from BW25113. (H) Immunoblotting 

for the detection of Lpp(C21G). Loading controls for immunoblotting are ponceau-S staining for 

total protein normalization presented in greyscale.  
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3.1.2.2. Induction of Lpp(C21G) expression inhibits growth that is restored by ectopic 

expression of DnaA(L366K). 

DnaA(L366K) was then tested to rescue inhibited growth in cells expressing Lpp(C21G) 

at 50µM of IPTG. Ectopic expression of DnaA(L366K), a single point mutation in DnaA at its 

membrane-binding amphipathic helix, was identified and subsequently studied for its role in 

restoring growth in cells with depleted levels of acidic phospholipids [46-48]. To assess the 

capacity of DnaA(L366K) to restore growth in the presence of Lpp(C21G), we devised a two-

plasmid system for the simultaneous expression of the Lpp(C21G) and DnaA(L366K). Lpp and 

Lpp(C21G) were cloned under dual Lpp and IPTG-inducible LacUV5 promoter ([79], Table 1) 

and, in lacI+ ([95], Table 1) host genetic background, Lpp, or Lpp(C21G)  were expressed via 1) 

constitutive lpp promoter even in the absence of IPTG and 2) combined lpp and lac promoter in 

the presence of IPTG (See Materials and methods, Figure 13). DnaA and DnaA(L366K) were 

cloned under the L-arabinose inducible pBAD promoter (See Materials and methods, Figure 14). 

We tested the compatibility of two plasmids by transforming pBAD24c vector control into 

cells capable of expressing Lpp(C21G). We confirmed that the empty vector alone or in the 

presence of an inducer (0.2% arabinose) did not affect viability and colony morphology. Plus, 

Lpp(C21G) overexpression in the presence of an empty vector still resulted in the loss of viability 

(Figure 8A), deformed colony morphology (Figure 8B), and confirmed the compatibility between 

two plasmids. We then tested the capacity of DnaA(L336K) to rescue inhibited growth. An 

ectopic expression of DnaA(L366K) retained viability (p<0.04, Figure 8C) and normal colony 

morphology (Figure 8D), even when the inducer for Lpp(C21G) was present. We also tested the 

capacity of wild-type DnaA to rescue arrested growth due to ectopic expression of the 

Lpp(C21G). The overexpression of DnaA either alone or in conjunction with Lpp(C21G) 
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inhibited cellular growth (Figure 9A-B), as reported elsewhere [96-98]. As a control, similar 

overexpression of DnaA(L366K) in cells expressing wild type Lpp did not affect viability or 

colony morphology (Figure 8E-F).  

 

Figure 8: DnaA(L366K) overexpression rescues growth in cells expressing Lpp(C21G). 

(A) Viability of lpp-null cells transformed with empty vector and plasmids expressing Lpp(C21G). 

No inducer control (black), in the presence of 0.2% Arabinose (green) for empty vector, 50µM 

IPTG (red) for Lpp(C21G), and 50µM IPTG + 0.2% Arabinose (purple) for both Lpp(C21G) and 

empty vector expression in M9+CAA+Glu media. (B) Colony morphology of serially diluted lpp-

null cells capable of expressing plasmid-derived Lpp(C21G) and empty vector on agar plates. (C) 

Viability of lpp-null cells expressing DnaA(L366K) and Lpp(C21G). No inducer control (black), 

in the presence of 0.2% Arabinose (green) for DnaA(L366K), 50µM IPTG (red) for Lpp(C21G), 
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and 50µM IPTG + 0.2% Arabinose (purple) for both Lpp(C21G) and DnaA(L366K) expression in 

M9+CAA+Glu media. (D) Colony morphology of serially diluted lpp-null cells capable of 

expressing plasmid-derived Lpp(C21G) and DnaA(L366K) on agar plates. (E) Viability of lpp-

null cells expressing DnaA(L366K) and Lpp. No inducer control (black), in the presence of 0.2% 

Arabinose (green) for DnaA(L366K), 50µM IPTG (red) for Lpp, and 50µM IPTG + 0.2% 

Arabinose (purple) for both Lpp and DnaA(L366K) expression in M9+CAA+Glu media. (F) 

Colony morphology of serially diluted lpp-null cells capable of expressing plasmid-derived Lpp 

and DnaA(L366K) on agar plates. Viability is expressed in cfu/ml and presented on a linear scale. 

Data are means ±SEM of at least three independent experiments. *p<0.05, ** p<0.01, ***p<0.001, 

ns p˃0.05 in one-way ANOVA with Dunnett’s multiple comparison test. 

  



25 
 

Figure 9: Overexpression of DnaA fails to alleviate growth inhibition due to Lpp(C21G). 

(A) Viability of lpp-null cells expressing DnaA and Lpp(C21G). No inducer control (black), in the 

presence of 0.2% Arabinose (green) for DnaA, 50µM IPTG (red) for Lpp(C21G), and 50µMIPTG 

+ 0.2% Arabinose (purple) for both Lpp(C21G) and DnaA expression in M9+CAA+Glu media. 

(B) Colony morphology of serially diluted lpp-null cells capable of expressing plasmid-derived 

Lpp(C21G) and DnaA on agar plates. (C) Immunoblotting for the detection of DnaA and 

Lpp(C21G). Loading control for immunoblotting is ponceau-S staining for total protein 

normalization presented in greyscale. Viability is expressed in cfu/ml and presented on a linear 

scale. Data are means ±SEM of at least three independent experiments. *p<0.05, ** p<0.01, 

***p<0.001, ns p˃0.05 in one-way ANOVA with Dunnett’s multiple comparison test. 
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3.1.2.3. DnaA(L366K) overproduction reduces levels of Lpp(C21G) but not Lpp. 

Given that the DnaA(L366K) rescued growth when inducer for Lpp(C21G) was present, 

we next questioned whether DnaA(L366K) affects the cellular levels of Lpp(C21G). 

Immunoblots revealed that vector control did not affect Lpp(C21G) expression at 50µM IPTG 

(lane 4-5, Figure 10A). However, the overproduction of DnaA(L366K) caused an approximately 

9-fold reduction in levels of Lpp(C21G) (lane 5, Figure 10B), as compared to cells expressing 

Lpp(C21G) alone (lane 4, Figure 10B). In contrast, we did not observe a marked reduction in Lpp 

due to overexpression of DnaA(L366K) (lane 4-5, Figure 10C), suggesting a lpp mutation-

specific response to DnaA(L366K).  

Interestingly, we only observed the expression of Lpp (lane 2-3, Figure 10C) but not 

Lpp(C21G) (lane 2-3, Figure 10A-B) via lpp promoter when cells were grown without IPTG. 

This observation indicated the possible role of σE-dependent MicL-S-mediated envelope 

protective mechanisms in preventing expression of Lpp(C21G) from lpp promoter in cells with 

an empty vector (lane 2-3, Figure 10A) or DnaA(L366K) (lane 2-3, Figure 10B). However, when 

cell expressing Lpp(C21G) were induced with IPTG, the ectopic expression of DnaA(L366K) 

was required to decrease Lpp(C21G) expression (lane 5, Figure 10B) and allow growth (Figure 

8C), in contrast to the empty vector control (lane 5, Figure 10A and Figure 8A). 
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Figure 10: Ectopic expression of DnaA(L366K) reduces Lpp(C21G) levels even when the 

inducer is present. 

(A) Immunoblotting for the detection of DnaA and Lpp(C21G). (B) Immunoblotting for the 

detection of DnaA(L366K) and Lpp(C21G). (C) Immunoblotting for the detection of 

DnaA(L366K) and Lpp. All loading controls for immunoblotting are ponceau-S staining for total 

protein normalization presented in greyscale. 
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3.1.2.4. An absence of the promoter region for MicL-S small regulatory RNA prevents the 

ability of DnaA(L366K) to decrease Lpp(C21G) expression and only partially restore 

growth. 

The ability of DnaA(L366K) to reduce levels of Lpp(C21G) over Lpp led to our next 

hypothesis that whether the ectopic expression of DnaA(L366K) translationally inhibits 

Lpp(C21G) via early activation of σE-dependent MicL-S-mediated envelope protective loop. We 

chose an E. coli strain lacking the gene encoding region for cutC, which encodes for copper 

homeostasis protein, to test our hypothesis. The region encoding gene cutC comprises a σE binding 

site for the transcription of MicL small RNA [67, 68]. Therefore, the lack of a cutC gene encoding 

region disrupts the σE-dependent envelope protective loop by preventing transcription of the MicL-

S sRNA. Studies suggest lack of cutC gene encoding region leads to increased endogenous Lpp 

and affects membrane integrity [67]. So, for this study, we deleted the gene encoding region for 

lpp in cells already lacking cutC (cutC-null, Table 1) to test the effect of Lpp(C21G) on cell growth 

and colony morphology. 

In cutC-null cells, we observed an approximately 250-fold reduction (p<0.02) in cell 

viability (Figure 11A) and an adversely affected colony morphology (Figure 11B) by the limited 

expression of Lpp(C21G) even at 50µM IPTG. In line with this observation, we co-expressed 

cutC-null cells capable of expressing Lpp(C21G) with the DnaA(L366K). DnaA(L366K) 

overproduction resulted in an approximately 16-fold increase in cell viability, even in the presence 

of Lpp(C21G) (Figure 11A). Although in comparison with cutC+cells (Figure 8C-D), cutC-null 

cells co-expressing Lpp(C21G) and DnaA(L366K) showed a limited capacity to restore cell 

viability (Figure 11A). 
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The immunoblotting analysis further showed no evident change in levels of Lpp(C21G) in 

cutC-null cells in the absence or presence of DnaA(L366K) (lane 3 and 4, Figure 11C), as opposed 

to cutC+ cells (lane 4 and 5, Figure 10B). Of note, we also observed limited expression of 

Lpp(C21G) (lane 1, Figure 11C) from the lpp promoter in cells carrying DnaA(L366K). 

Interestingly, in the wild type Lpp control, we witnessed no change in viability (Figure 11D) or 

colony morphology (Figure 11E). Immunoblot analysis displayed no marked difference in Lpp 

expression in the presence or absence of DnaA(L366K) overexpression (lanes 3 and 4, Figure 

11F), thus indicating that DnaA(L366K) selectively decreases the expression of Lpp(C21G) but 

not Lpp in a σE-dependent MicL-S-mediated manner.  
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Figure 11: Overexpression DnaA(L366K) restores limited growth but fails to reduce 

Lpp(C21G) levels when the promoter for MicL-S small RNA is absent. 

(A) Viability of cutC-null cells expressing DnaA(L366K) and Lpp(C21G). No inducer control 

(black), in the presence of 0.2% Arabinose (green) for DnaA(L366K), 50µM IPTG (red) for 

Lpp(C21G), and  50µM IPTG + 0.2% Arabinose (purple) for both Lpp(C21G) and DnaA(L366K) 

expression in M9+CAA+Glu media. (B) Colony morphology of serially diluted cutC-null cells 

capable of expressing Lpp(C21G) and DnaA(L366K) on agar plates. (C) Immunoblotting for the 

detection of Lpp(C21G). (D) Viability of cutC-null cells expressing DnaA(L366K) and Lpp. No 

inducer control (black), in the presence of 0.2% Arabinose (green) for DnaA(L366K), 50µM IPTG 

(red) for Lpp, and 50µM IPTG + 0.2% Arabinose (purple) for both Lpp and DnaA(L366K) 

expression in M9+CAA+Glu media. (E) Colony morphology of serially diluted cutC-null cells 

capable of expressing plasmid-derived Lpp and DnaA(L366K) on agar plates. (F) Immunoblotting 

for the detection of Lpp. All loading controls are ponceau-S staining for total protein normalization 

presented in greyscale. Viability is expressed in cfu/ml and presented on a linear scale. Data are 

means ±SEM of at least three independent experiments. *p<0.05, ** p<0.01, ***p<0.001, ns 

p˃0.05 in one-way ANOVA with Dunnett’s multiple comparison test.  
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3.1.2.5. Cells performing cSDR can only partially grow and allow the expression of Lpp(C21G). 

 To further assess if the growth inhibition due to accumulated immature Lpp is specific to 

DnaA-dependent initiation of chromosomal DNA replication, we allowed the cell to perform 

constitutive stable DNA replication, cSDR. In cSDR, under rnhA-null and recA+ chromosomal 

background, persisting R-loop at the transcription site serves as sites for initiation of DNA 

replication (oriK) due to the absence of RnaseHI enzyme [45]. Cells capable of performing cSDR 

were tested to rescue arrested growth due to immature lipoprotein accumulation at the inner 

membranes.  

 We first tested the capacity of wild type lpp-null cells to rescue inhibited growth. We 

observed a drastic reduction in the viability with the Lpp(C21G) expression in wild type lpp-null 

cells unable to perform cSDR (Figure 12A-B). The cells capable of performing cSDR were able 

to grow in a limited capacity when Lpp(C21G) was overproduced (Figure 12C-D), in comparison 

with DnaA(L366K) (Figure 8C). We also noted that the cells performing cSDR rescue inhibited 

growth and affected colony morphology in a concentration-dependent manner; the viability 

decreases with the increase in the inducer concentration for Lpp(C21G) expression (Figure 12C-

D). The western blots showed an increase in the protein levels of Lpp(C21G) corresponding to the 

induced levels (lane 1-3, Figure 12E), unlike DnaA(L366K)-mediated reduction in Lpp(C21G) 

levels (lane 5, Figure 10B). Western blots also indicated that the cell bypassing DnaA-dependent 

oriC-mediated initiation of replication could tolerate Lpp(C21G) accumulation. 
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Figure 12: cSDR allows limited growth in cells with accumulated immature lipoprotein at 

the inner membranes. 

(A) Viability of MG1655 lpp-null cells expressing Lpp(C21G). No inducer control (black); in the 

presence of 50µM IPTG (red) and 1000µM IPTG (orange) for Lpp(C21G) expression in 

M9+CAA+Glu media. (B) Colony morphology of serially diluted MG1655 lpp-null cells 

expressing Lpp(C21G) on agar plates. (C) Viability of MG1655 lpp-null capable of performing 

cSDR and expressing Lpp(C21G). No inducer control (black); in the presence of 50µM IPTG (red) 

and 1000µM IPTG (orange) for Lpp(C21G) expression in M9+CAA+Glu media. (D) Colony 

morphology of serially diluted MG1655 lpp-null capable of performing cSDR and expressing 

Lpp(C21G) on agar plates. (E) Immunoblotting for the detection of Lpp(C21G) in MG1655 lpp-

null capable of performing cSDR. Loading control is ponceau-S staining for total protein 

normalization presented in greyscale. Viability is expressed in cfu/ml and presented on a linear 

scale. Data are means ±SEM of at least three independent experiments. *p<0.05, ** p<0.01, 

***p<0.001, ns p˃0.05 in one-way ANOVA with Dunnett’s multiple comparison test. 
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3.1.3. Discussion 

Lack of acidic phospholipid results in an arrested growth [40, 43]. Independent studies 

have established the capacity of cells performing cSDR or cells expressing DnaA(L366K) to 

rescue arrested growth when cellular levels of acidic phospholipids are depleted [44, 46]. 

Bacterial inner membranes lacking acidic phospholipids are also linked to defective 

transportation of the major outer membrane lipoprotein, Lpp [81]. Nevertheless, how 

unprocessed, accumulated immature Lpp at the inner membrane impacts DnaA-dependent oriC-

mediated replication initiation when cells lack physiological levels of acidic phospholipids 

remains unclear. So, in this study, we sought to investigate the growth-limiting effect of 

Lpp(C21G) on chromosomal DNA replication initiation in cells carrying physiological levels of 

acidic phospholipids [79]. We observed that DnaA(L366K) overexpression could restore growth 

even when the expression of Lpp(C21G) is induced (Figure 8C-D). Intriguingly, the 

DnaA(L366K)-dependent growth restoration was accompanied by a nine-fold reduction in levels 

of Lpp(C21G) (Figure 10B) but not Lpp (Figure 10C). In a subsequent investigation into the 

DnaA(L366K)-mediated repression of Lpp(C21G), we discovered possible early activation of 

σE-dependent MicL-S-mediated envelope protective loop to reduce levels Lpp(C21G).  

Studies have shown that the σE -dependent envelope protective mechanisms respond to 

misfolded OMPs and Lpp, specifically at the stationary phase of the growth [67-73]. In our study, 

we perturbed membranes by overexpressing a point mutation in Lpp, Lpp(C21G), which led to 

the loss of cell viability and altered colony morphology, as reported elsewhere [79]. Intriguingly, 

the use of a dual promoter system, for the expression of Lpp(C21G) and Lpp, in LacI+ cells 

allowed us to identify that the limited expression of Lpp(C21G) from lpp promoter is prevented 

(Figure 10A-B), in contrast to the Lpp (Figure 10C). Based on this observation, we speculate that 
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cellular envelope protective pathways may restrict the limited expression of Lpp(C21G) from lpp 

promoter, and similar mechanisms are possibly activated when DnaA(L366K) is overexpressed 

(Figure 10C). Our investigation for the possible role of DnaA(L366K) in σE-mediated MicL-S-

dependent Lpp(C21G) repression indicates that the DnaA(L366K) does depend upon an active 

membrane protective loop to repress Lpp(C21G) and growth (Figure 11A-C). However, the 

mode by which DnaA(L366K) activates the σE-dependent envelope protective loop remains 

unexplored.  

The endogenous DnaA acts as both a transcription activator and a repressor to regulate 

multiple genes and autoregulates its transcription [99-102]. As per a recent study, the role of 

DnaA and LexA are highlighted in the transcriptional regulation of the uvrB gene to monitor 

SOS regulon [103]. Our biochemical studies indicate that DnaA(L366K) acts as a transcriptional 

regulator at the DnaA promoter region with a capacity comparable to wild-type DnaA [49].  

In this study, we also confirmed that the ectopic expression of the DnaA(L366K) remains 

non-lethal for growth (Figure 8C-D), as compared to the wild type DnaA (Figure 9A-B). This 

observation agrees with the ability of DnaA(L366K) to rescue growth in cells lacking acidic 

phospholipids [46]. However, dnaA(L336K), as a sole allele of dnaA, remains feeble in initiating 

replication at the oriC [47-49]. So, we speculate that DnaA(L366K), in cooperation with the 

endogenous DnaA, may act as a transcription activator or enhancer for genes directly involved 

in the early activation of σE-dependent envelope protection or indirectly in the trans-activation 

of genes that are involved in the stress response. Further, the transcriptomic analysis may feature 

the importance of the DnaA membrane binding helix and copy number on global gene expression 

in Escherichia coli. 
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In E coli cells lacking the σE binding site for the transcription of MicL-S sRNA, we 

observed a drastic increase in levels of Lpp(C21G) but not Lpp even when the DnaA(L366K) is 

present (Figure 11E). However, we also observed that the DnaA(L366K) still allows partial cell 

growth (Figure 11A) even when the σE-binding site for the MicL-S is absent. The latter 

observation hints that the ectopic expression of DnaA(L366K) in the presence of endogenous 

DnaA still rescues inhibited growth when lethal amounts of Lpp(C21G) are present by modifying 

the orisome to allow DNA replication to initiate even when σE-dependent envelope-protective 

mechanism is inactive. This hypothesis is further supported by the capacity of cells bypassing 

DnaA-dependent oriC-mediated initiation of replication (cSDR) to allow limited growth (Figure 

12C) even when Lpp(C21G) is accumulated (Figure 12E).  

As per our previous DMS footprinting and duplex unwinding studies, ATP-bound 

DnaA(L366K) fails to occupy the low-affinity binding sites, like I2, I3, and R5M, resulting in an 

inactive pre-replication complex and inability to open DNA duplex [49]. However, ATP-

DnaA(L366K) in a hetero-oligomeric complex with limited ATP-DnaA showed the capacity to 

occupy low-affinity binding sites and form a pre-replication complex. Plus, the flow cytometry 

analysis of cells lacking acidic phospholipids confirms that the ectopic expression of 

DnaA(L366K), in the presence of DnaA, initiate chromosomal DNA replication at oriC [48]. In 

conclusion, our findings now underscore a cooperative link between excessive DnaA(L366K) 

and the endogenous DnaA to reorganize the orisome and allow replication to initiate, as 

supported by the ability of DnaA(L366K) to rescue growth even when the inner membranes are 

perturbed.  
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3.1.4. Materials and methods 

3.1.4.1. Molecular cloning. 

All polymerase chain reactions, unless mentioned otherwise, were performed using Q5 

High fidelity DNA polymerase (NEB). PCR primers were designed using GeneRunner program 

Version 6.5.52 (Michael Spruyt and Frank Buquicchio) http://www.generunner.net/ and procured 

from IDT DNA. 

Figure 13: Plasmid cloning strategy to express Lpp and Lpp(C21G). 

Controlled Lpp and Lpp(C21G) expression: Plasmid pC2, expressing lpp(C21G), was 

procured from Inouye lab [79]. This plasmid carries a gene encoding point mutation that replaces 

cysteine 21 with glycine, Lpp(C21G). Lpp(C21G) expression is controlled by both the Lpp 

constitutive promoter and IPTG (Isopropyl β-D-1-thiogalactopyranoside)-inducible lacUV5 

promoter. This plasmid carries the pBR322 origin of replication and the gene for ampicillin 

resistance. As a control, plasmids encoding wild type lipoprotein, Lpp was cloned with by 

amplifying lpp gene carrying restriction sites XbaI and EcoRI. Both pC2 vector and lpp PCR 

products were restriction digested and ligated to construct pC2-Lpp plasmid. 

 

 

http://www.generunner.net/
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Figure 14: Plasmid cloning strategy to express DnaA and DnaA(L366K). 

Construction of pSC vector for controlled expression DnaA and DnaA(L366K): For 

an exogenous expression of the wild type DnaA and the DnaA(L366K), plasmid pZL606 and 

pZL607 [47], previously cloned in the pBAD24c [104] vector backbone was modified. The 

plasmid encoding pBR322 origin and the ampicillin-resistant gene were restriction digested and 

replaced with the p15A origin of replication and tetracycline-resistant cassette from the 

pACYC184 vector [105, 106]. These modifications rendered vectors with the origin of replication 

and antibiotic resistance selection marker different from plasmids expressing Lpp and its mutant 

forms. In modified plasmids, pSC (for DnaA) and pSC1 (for DnaA(L366K)) gene expression is 

under the control of the L-arabinose inducible araBAD promoter system and tetracycline resistance 

gene cassette as an antibiotic selection marker. 
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Table 1. Bacterial strains and plasmids, list 1. 

Strain Genotype Source or 
Reference 

BW25113 F-, Δ[araD-araB]567, ΔlacZ4787[::rrnB-3], λ-, rph-1, Δ[rhaD-
rhaB]568, hsdR514, lacI+ 

Datsenko et al., 
2000 

JW1667-5 BW25113, Δlpp-752::kan, Baba et al., 2006 
JW1683-1 BW25113 ΔcutC728::kan, Baba et al., 2006 
DAP1005 JW1683-1, Δlpp::cam This study 
MG1655 F-, λ-, rph-1  Lab stock 
DAP1008 MG1655, Δlpp::cam This study 

DH5α F-, Δ[argF-lac]169, φ80dlacZ58[M15], ΔphoA8, glnX44[AS], λ-, 
deoR481, rfbC1, gyrA96[NalR], recA1, endA1, thiE1, hsdR17 Lab stock 

Plasmids  

pC2 [pIN-II-lpp(Cys21-Gly)] pBR322, lacI, AmpR, lppP-lacPO -lpp(C21G)  Inouye et al., 
1983 

pC2-Lpp pBR322, AmpR, lppP-lacPO -lpp This study 
pSC-EV p15A, araC, TetR, PBAD This study 
pSC p15A, araC, TetR, PBAD-

 dnaA This study 
pSC1 p15A, araC, TetR, PBAD-dnaA(L366K) This study 

pKD-sg-ack pSC101, oriTS, araC, SpectR, PBAD-gam bet exo PTet-sg-ack Reisch et al. 
2015 

pSIJ8 pSC101, oriTS, araC, AmpR, PBAD-gam bet exo Jensen et al. 
2015 
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Figure 15: Experimental workflow to investigate the effect of membrane perturbation on 

growth. 

3.1.4.2. Bacterial growth, viability, and colony morphology. 

Growth analyses for Escherichia coli strain listed in supplementary table I were performed 

in M9 minimal media (15ml) supplemented with 0.4% glucose (VWR) and 0.5% Casamino acids 

(VWR), referred to as M9+CAA+Glu media, in 125ml Erlenmeyer flask at 37°C in a shaker 

incubator (~200 rpm). All growth assessments were started by inoculating overnight (12-15 hours) 

grown culture (5ml) to the cell number of ~10,000 cfu/ml based on the optical density 

measurement at 600nm (OD600) in M9+CAA+Glu media (75ml) without any inducer. Then, equal 

volumes of cell suspension were immediately transferred to the 125ml Erlenmeyer flask containing 

inducers (Figure 15). All cell suspensions were provided with ampicillin (100µg/ml), tetracycline 

(12.5µg/ml), and kanamycin (50µg/ml) to select plasmid carrying clones. For cell growth analysis, 

a series of optical density measurements were recorded every 60 minutes (±10) for at least 12-18 

hours. Cell suspension (1ml) was drawn separately from all flasks to analyze cell viability, colony 

morphology, and protein expression level when no inducer control culture reached the mid-

logarithmic growth phase with OD600 equivalent 0.6 - 1.0.  Cell viability was first analyzed by 
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normalizing OD600 of all samples to 0.6/ml or equivalent, second by preparing ten-fold serial 

dilutions up to 10-5 or equivalent. Then, a fixed volume (25µl) of appropriate serial dilution were 

plated on M9+CAA+Glu agar plates to obtain 200-500 colonies/plate by assuming OD600 = 1.0 as 

a measure of 109 cfu/ml. For the phenotypic analysis, ten-fold serially diluted uninduced cell 

suspension (2.5µl) was spotted on a solid medium with varying concentrations of isopropyl-b-D-

galactopyranoside (IPTG), L-Arabinose (Sigma), or both. All the induced cell suspensions were 

also serial diluted and spotted on solid media containing no inducer to confirm the correlation 

between OD600 measurements and the cell number in the liquid media. One-way analysis of 

variance (ANOVA) with multiple comparison test was performed to compare viability among 

groups using Prism 8 (GraphPad). 

3.1.4.3. Western blotting analysis. 

Protein levels of exogenously expressed Lpp, Lpp(C21G), and DnaA(L366K) were 

confirmed by immunoblotting during the exponential growth phase. Briefly, the one-milliliter cell 

suspension was pelleted at 16,000xg for 10 minutes at 4°C, and the recovered pellets were kept 

frozen at -80°C until processed for immunoblotting experiments. For the cell lysis, frozen cell 

pellets were re-suspended in 30µl PBS, 12µl (4X) SDS sample buffer (CSH protocols), and 

subsequently boiled for five minutes in a boiling water bath. For equal sample loading onto 19% 

SDS-Polyacrylamide-Urea gels, sample volumes were normalized based on OD600 measurements. 

After gel electrophoresis, polyacrylamide gels are transferred to a PVDF membrane for 

immunoblotting. The sample loading pattern for total protein normalization was analyzed using 

Ponceau S staining (Alfa Aesar). Plasmid pC2 based Lpp and Lpp(C21G) protein expression was 

confirmed with 1:10,000 dilution of the anti-Lpp antiserum. Ectopic expression of the 

DnaA(L366K) was probed with 1:1000 of the anti-DnaA antiserum. Finally, all immunoblots 
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were treated with 1:5000 dilution of the secondary stabilized peroxidase-conjugated goat anti-

rabbit antibody (Thermo Scientific). SuperSignal West Femto Maximum Sensitivity Substrate 

(Thermo Fischer Scientific) was used to detect proteins of interest using AI600 Imager (GE 

Healthcare Biosciences). Immunoblotting analysis was performed with at least two biological 

replicates. Multiple loading volumes were compared to achieve sample loading volume 

comparable to the control for cutC-null cells inhibited for growth due to Lpp(C21G) expression. 

Immunoblot band intensity and Ponceau S staining for each lane were quantitated using ImageJ 

(Version 1.51) software. 

3.1.4.4. Lambd-red (λ-red) recombinase-mediated genetic recombineering. 

The chromosomal copy of gene encoding lipoprotein (lpp) was deleted using a lambda-red 

recombinase-mediated genome modification approach. Briefly, the recipient/target bacterial 

strains were transformed with pKD46 [107, 108] plasmid derivative carrying λ-red recombinase 

genes (exo, beta, and gam), pKD-sg-ack [109], for the insertional-deletion of gene encoding region 

for Lpp with chloramphenicol-resistance gene cassette. The overnight grew (12-16 hours) cell 

suspension (1ml) of a target strain carrying plasmid pKD-sg-ack was inoculated in SOB media 

(100ml). The SOB media was supplied either with spectinomycin (50µg/ml) or ampicillin 

(100µg/ml). At OD600 ~ 0.6, the cell suspension was induced with 1.2% arabinose for 20 minutes 

to express λ-red recombinase genes. The induced cell suspension was treated with a mixture of 

20% glycerol + 1.5% Mannitol to prepare electrocompetent cells as per the method devised by 

Warren et al. [111]. All electrocompetent cells were stored at -80°C in 40µl single-use aliquots. 

For the homology-directed recombination (HDR), a donor DNA was designed to carry 1) 50-60 

base pairs long 5’-upstream and 3’-downstream DNA sequence of the gene to be deleted, and 2) 

reverse DNA sequence of the antibiotic resistance gene cassette to maintain expression of the 
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antibiotic resistance gene through its promoter. All donor DNA for HDR with 789bp 

chloramphenicol-resistant cassette was amplified using plasmid pCas9cr4 ([109], Addgene), and 

primers were designed based on the gene sequence made accessible by Addgene.  

All PCR amplified DNA templates were treated with DpnI (NEB) restriction endonuclease 

to avoid plasmid or genomic DNA contamination (For PCR primers, see Table 3). Approximately 

700-800µg of DNA template was electroporated into electro-competent cells. Electroporation 

cuvettes (BTX), 1mm gap size, were used with the Gene Pulser Xcell electroporation system 

(BioRad). Cells were electroporated with the voltage set at 1.8kV. After electroporation, cells were 

recovered in SOC media for 2-3 hours at 30°C. The entire cell suspension was then plated on LB-

agar selection plates and incubated for 24-30 hours at 30°C. The selection of chloramphenicol 

resistance positive clones was performed with chloramphenicol levels at 10µg/ml. All positive 

clones were screened by colony PCR to identify positive clones. All positive clones were passaged 

twice at 37°C to cure plasmid carrying λ-red recombinase genes. 

3.1.4.5. P1-transduction. 

 All P1-transductions were performed as described by Thomason et al. [112]. P1vir-

MG1655 was a kind gift from Dr. Hiroshi Nakai. Subsequently, P1 lysates were tested for the 

transduction efficiency, and lysate with titer 10-9 to 10-10 pfu (Plaque forming units) was used for 

the transduction purposes. To construct a strain capable of performing cSDR, the rnhA::Kan 

mutation was moved by P1 transduction from KP7364 (ΔdnaA::spec rnhA::kan thyA trp his metB 

lac gal tsx) to MG1655 wild type cells. Kanamycin resistant colonies were PCR confirmed for the 

desired mutation. Cells capable of performing cSDR were further transduced with MG1655 

∆lpp::cam to construct an isogenic stain with the lpp-null mutation.  
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3.2. fis-null cells can grow by significantly reducing levels of Lpp(C21G) 

partially but not solely σE-mediated MicL-S-dependent manner 

3.2.1. Introduction 

The ability of DnaA(L366K) to restore growth in both cells with depleted PG and CL levels 

and cells with accumulated immature Lpp(C21G) hints at a link between DNA replication and 

membrane composition. Interestingly, the limited capacity of DnaA(L366K) to still rescue growth 

in the absence of MicL-S sRNA and the ability of cells performing cSDR to grow in the presence 

of Lpp(C21G) led us to examine our hypothesis retrospectively. We sought to determine whether 

both the lack of acidic phospholipid and the ectopic expression of Lpp(C21G) poisons DnaA-

dependent oriC-mediated DNA replication initiation machinery (orisome). To characterize the 

adverse effect of Lpp(C21G) on the orisome, we employed a loss-of-function study targeting 

NAPs, which also participate in DnaA-dependent initiation of replication [113].  

NAPs play a crucial role in bacterial nucleoid organization and global transcriptional 

regulation [114]. At oriC, Histone-like protein (HU), Integration host factor (IHF), Factor for 

inversion stimulation (Fis), SeqA, and Hda (homologous to DnaA) tightly regulate initiation 

frequency [113]. These NAPs can be further classified based on their role as a stimulator/activator 

or inhibitor at DnaA-dependent oriC-mediated initiation of chromosomal replication (Figure 16). 
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Figure 16: Regulation of once per cell-cycle DnaA-dependent oriC-mediated chromosomal 

replication initiation. 

DnaA, IHF (integration host factor), Fis (factor for inversion stimulation), and HU (histone-like 

protein, not shown in the Figure) orchestrate initiation at the chromosomal origin of DNA 

replication (oriC). Positive regulatory-mechanisms such as RIDA (regulatory inactivation of 

DnaA), DDAH (datA-dependent DnaA-ATP hydrolysis), and SeqA-mediated sequestration of the 

newly synthesized, hemimethylated DNA prevent re-initiation. DARS1 and DARS2 (DnaA-

reactivating sequences) loci reactivate inactive ADP-DnaA to prepare cells for the next round of 

the replication initiation. Adopted from Riber et al., "Multiple DNA binding proteins contribute to 

timing of chromosome replication in E. coli." Frontiers in Molecular Biosciences 3 (2016): 29. 
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In vitro replication initiation has established requisite for HU or IHF and millimolar levels 

of ATP to unwind plasmid-cloned oriC in a DnaA-dependent manner [1,115]. HU is a small, heat-

stable, and basic protein [116]. HU comprises homo- or heterodimers of two closely associated 

proteins HU-α and HU-β, encoded by hupA and hupB genes, and binds DNA in a non-specific 

manner and serves as an architectural protein [117]. A study indicates that HU-α dimers interact 

with DnaA N-terminus to stimulate initiation at the early logarithmic growth [118]. IHF, like HU, 

is composed of two subunits Ihf-A and Ihf-B, that are encoded by genes ihfA/himA and ihfB/himD, 

respectively [119, 120]. However, IHF recognizes a consensus 13bp DNA binding site positioned 

at the oriC adjacent to a high-affinity R1 DnaA binding site [121, 122, 123], unlike HU. Studies 

suggest that, at the time of initiation, IHF bends oriC DNA to facilitate interactions between DnaA 

protomers bound to the origin and subsequently unwind duplex DNA [124].  

On the other hand, Fis, Hda, and SeqA play a crucial role in limiting the initiation of DnaA 

replication at oriC once per cell cycle. Although Fis was first identified as a host factor for the 

inversion stimulation in site-specific recombination, several lines of evidence now suggest a 

pleiotropic role of Fis in DNA replication and transcription regulator [125, 147-155]. Biochemical 

and in vivo DNA footprinting analysis indicates an interplay between Fis and IHF [122]. 

Occupation of the Fis binding site by Fis at the oriC prevents DNA replication initiation in an 

untimely manner. When Fis is released from the oriC, IHF binds to the oriC and commences the 

chromosomal replication.  

Once replication is initiated, the active ATP-DnaA is converted into inactive ADP-DnaA 

via weak intrinsic ATPase activity, as mentioned before. In RIDA, Regulatory inactivation of 

DnaA, Hda in complex with DNA polymerase β-clamp loader accelerates intrinsic ATPase activity 

of DnaA, to catalyze replicatively active ATP-DnaA into inactive ADP-DnaA [126-128]. Hda is 
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homologous to DnaA and shares significant sequence homology with DnaA domain III or AAA+ 

ATPase domain [127]. Cell fractionation studies indicate that Hda localizes at the inner 

membranes like the DnaA [129].  

Replicatively active ATP-DnaA is also inactivated by a process known as datA-dependent 

DnaA-ATP hydrolysis (DDAH). In DDAH, ATP bound to the DnaA is hydrolyzed at specific loci 

in the chromosome know as datA that comprises DnaA binding sites and necessitates IHF binding 

[130-132]. Interestingly, IHF and Fis are also necessary for positive regulatory mechanisms in 

which inactive ADP-DnaA is rejuvenated to active ATP-DnaA at the DARS2 sequence [133, 134]. 

SeqA recognizes methylated and hemimethylated GATC sites throughout the E. coli chromosome 

[135]. Once the replication is initiated, SeqA sequesters newly synthesized hemimethylated oriC 

to prevent re-initiation [136-138]. Together bacterial NAPs influence DnaA-dependent oriC-

mediated replication initiation via temporal and growth-dependent regulation. 

Our previous study has examined whether the growth arrest in cells lacking acidic 

phospholipids is due to altered post-initiation regulatory mechanisms, such as RIDA [47]. In the 

same study, Hda was deleted to assess the ability of cells unable to perform RIDA to rescue 

arrested growth when acidic phospholipids are depleted. However, the deletion of a gene encoding 

region for Hda failed to rescue growth in cells lacking acidic phospholipids. This finding 

established that the RIDA is unaffected by a lack of acidic phospholipids at the inner membrane. 

In this study, we employed a similar loss of function approach to assess the impact of accumulated 

Lpp at the inner membranes on HU, IHF, SeqA, and Fis. 
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3.2.2. Results 

3.2.2.1. ∆fis cells show the ability to grow even when the Lpp(C21G) is induced. 

  To investigate the adverse effect of Lpp(C21G) on the orisome, we procured isogenic E. 

coli strains lacking gene encoding regions for HU-α, HU-β, Ihf-A, Ihf-B, Fis, and SeqA. We then 

determined the capacity of specific NAP to rescue growth upon the overproduction of Lpp(C21G) 

and eliminated NAP deletion mutants unable to retain cell viability. Cells lacking HU-α, HU-β, 

Ihf-A, Ihf-B, and SeqA (Figure 17A-J, Table 2) were still adversely affected by the overproduction 

of Lpp(C21G), thus suggesting that the Lpp(C21G) doesn’t directly affect these NAPs. 

Intriguingly, only the cells lacking Fis retained approximately 84% and 64% viability (Figure 17K) 

when the inducer for Lpp(C21G) was present at levels 50µM and 1mM IPTG, respectively. 

However, colonies were large, opaque, and irregular lobate (Figure 17L).  
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Figure 17: Lack of either HU, IHF, or SeqA unable to alleviate inhibited growth due to 

overexpression of Lpp(C21G) 

(A) Viability, and (B) Colony morphology of hupA-null and lpp-null cells expressing Lpp(C21G). 

No inducer control (black), and in the presence of 50µM IPTG (red) for Lpp(C21G) expression in 

M9+CAA+Glu media. (C) Viability, and (D) Colony morphology of hupB-null and lpp-null cells 

expressing Lpp(C21G). No inducer control (black), and in the presence of 50µM IPTG (red) for 

Lpp(C21G) expression in M9+CAA+Glu media. (E) Viability, and (F) Colony morphology of 

ihfA-null cells expressing Lpp(C21G). No inducer control (black), and in the presence of 50µM 

IPTG (red) for Lpp(C21G) expression in M9+CAA+Glu media. (G) Viability, and (H) Colony 

morphology of ihfB-null cells expressing Lpp(C21G). No inducer control (black), and in the 

presence of 50µM IPTG (red) for Lpp(C21G) expression in M9+CAA+Glu media. (I) Viability, 

and (J) Colony morphology of seqA-null and lpp-null cells with plasmids expressing Lpp(C21G). 

No inducer control (black), and in the presence of 50µM IPTG (red) for Lpp(C21G) expression in 
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M9+CAA+Glu media. (K) Viability, and (L) Colony morphology of fis-null and lpp-null cells 

with plasmids expressing Lpp(C21G). No inducer control (black); in the presence of 50µM IPTG 

(red), 1000µM IPTG (blue) for Lpp(C21G) expression in M9+CAA+Glu media. Viability is 

expressed in cfu/ml and presented on a linear scale. Data are means ±SEM of at least two 

independent experiments. 
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We then used two plasmid system to ectopically express both Fis (pFis) and Lpp(C21G) to 

validate the capacity of fis-null mutation to allow growth when Lpp(C21G) is present. First, we 

observed no adverse effect of Lpp(C21G) on cell viability (Figure 18A and C) and colony 

morphology (row 3, Figure 18B and D) in the fis-null cells capable of co-expressing Lpp(C21G) 

and vector control or Fis. Next, we exogenously expressed Fis in cells already expressing 

Lpp(C21G). The co-expression of Lpp(C21G) and Fis resulted in a 57.4-fold (p<0.006) loss of cell 

viability (Figure 18C), and we observed a change in the overall colony morphology to small and 

transparent (row 4, Figure 18D) versus control. We also noticed that the ectopic expression of Fis 

alone led to a 15.7-fold (p<0.01) reduction in cell viability (Figure 18C). However, the effect of 

Fis overexpression alone was less deleterious than the co-expression of Lpp(C21G) and Fis.  

As a control, we tested the effect of Fis in cells expressing wild type Lpp. Both cell viability 

(Figure 18E) and colony morphology (Figure 18F) remained unaffected following the 

overexpression of Lpp alone. Like cells expressing Lpp(C21G), the overexpression Fis alone 

affected both viability and colony morphology in fis-null cells carrying plasmid for Lpp. However, 

the combined expression of Lpp(C21G) and Fis (Figure 18C) had a more severe effect on viability 

(57.4-fold reduction) than the co-expression of Lpp and Fis together 5.5-fold reduction (p<0.0001, 

Figure 18E).  
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Figure 18: Cells lacking fis can grow even when the inducer for Lpp(C21G) is present. 

(A) Viability of fis-null cells transformed with empty vector and plasmids expressing Lpp(C21G). 

No inducer control (black), in the presence of 0.2% Arabinose (green) for empty vector, 50µM 

IPTG (red) for Lpp(C21G) and 50µM IPTG + 0.2% Arabinose (purple) for both Lpp(C21G) and 

empty vector expression in M9+CAA+Glu media. (B) Colony morphology of serially diluted fis-

null cells capable of expressing plasmid-derived Lpp(C21G) and empty vector on agar plates. (C) 

Viability of fis-null cells expressing Fis (pFis) and Lpp(C21G). No inducer control (black); in the 

presence of 0.2% Arabinose (green) for Fis, 50µM IPTG (red) for Lpp(C21G), and 50µM IPTG + 

0.2% Arabinose (purple) for both Lpp(C21G) and Fis expression in M9+CAA+Glu media. (D) 

Colony morphology of serially diluted fis-null cells capable of expressing plasmid-derived 

Lpp(C21G) and Fis on agar plates. (E) Viability of fis-null cells expressing Fis (pFis) and Lpp. No 
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inducer control (black), in the presence of 0.2% Arabinose (green) for Fis, 50µM IPTG (red) for 

Lpp, and 50µMIPTG + 0.2% Arabinose (purple) for both Lpp and Fis expression in M9+CAA+Glu 

media. (F) Colony morphology of serially diluted fis-null cells capable of expressing plasmid-

derived Lpp and Fis on agar plates. Viability is expressed in cfu/ml and presented on a linear scale. 

Data are means ±SEM of at least three independent experiments. *p<0.05, ** p<0.01, 

***p<0.001, ns p˃0.05 in one-way ANOVA with Dunnett’s multiple comparison test. 
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3.2.2.2. ∆fis cells reduce levels of Lpp(C21G) but not Lpp. 

 We confirmed that the DnaA(L366K) reduces Lpp(C21G) expression but not the wild type 

Lpp, as mentioned above. To verify whether fis-null cells function similarly to the ectopic 

expression of DnaA(L366K) and reduce expression of Lpp(C21G) but not Lpp, we performed 

western blots to detect Lpp(C21G) in the presence of either empty vector or plasmid derived Fis. 

Surprisingly, in the cells carrying vector control, we did not detect any Lpp(C21G) when expressed 

from either lpp promoter (lane 2-3, Figure 19A) or combined lpp lac promoter (lane 4-5, Figure 

19A). The induced Lpp(C21G) expression was evident only in the presence of Fis (Lane 2 and 4, 

Figure 19B). In contrast, cells that carry plasmids for Fis and wild type Lpp, we detected Lpp from 

both lpp promoter (lane 2-3, Figure 19C) and combined lpp lac promoter (lane 4-5, Figure 19C), 

as opposed to Lpp(C21G) (lane 3, Figure 19B). We also noted that the ectopic expression of Lpp 

in cells lacking fis through lpp promoter (lane 2-3, Figure 19C) was like cells capable of expressing 

Lpp and DnaA(L366K) (Lane 2-3, Figure 10C). 

 

  



56 
 

Figure 19: Cells lacking fis reduce Lpp(C21G) levels, even when the inducer is present. 

(A)Immunoblotting of fis-null cells carrying an empty vector and a plasmid expressing Lpp(C21G) 

to detect Lpp(C21G). (B) Immunoblotting of fis-null cells carrying plasmid expressing Fis (pFis) 

and Lpp(C21G) to detect Lpp(C21G). (C) Immunoblotting of fis-null cells carrying plasmid 

expressing Fis (pFis) and Lpp to detect Lpp. All loading controls are ponceau-S staining for total 

protein normalization presented in greyscale.  
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3.2.2.3. Cells lacking Fis and the promoter region for MicL-S small RNA only partially express 

Lpp(C21G) but still grow. 

Next, we examined the role of MicL-S small RNA in the reduction of Lpp(C21G) in cells 

lacking gene encoding regions for cutC, fis, and lpp (∆cutC∆fis, Table 2). In cells lacking Fis and 

promoter region for MicL-S small RNA, overproduction of Lpp(C21G) (Figure 20A-B) and Lpp 

(Figure 20C-D) alone did not adversely affect cell viability and colony morphology, with an effect 

comparable to cutC+ fis-null cells (Figure 18C-F). Interestingly, the immunoblotting analysis 

detected a partial expression of Lpp(C21G) (lane 3, Figure 20C) when expressed alone, as opposed 

to cutC+ fis-null (lane 3, Figure 19B). However, the levels of Lpp(C21G) in cutC-null fis-null cells 

(lane 3, Figure 20C) were still 20-fold less in comparison with the co-expression of Lpp(C21G) 

and Fis (Lane 4, Figure 20C). 

The ectopic expression of Fis alone still caused growth inhibition (Fig 20A and D). At the 

same time, simultaneous expression of Fis and Lpp(C21G) caused a 14.5-fold reduction (p=0.02, 

Figure 20A) in the cell viability, as opposed to a 4.2-fold decrease (p=0.009, Figure 20D) when 

Fis and wild type Lpp were co-expressed. Intriguingly, Lpp expression was unaffected by the lack 

of fis (lane 3-5, Figure 19C) or both fis and cutC (Lane 4-5, Figure 20F) gene products, like cells 

expressing DnaA(L366K) (Lane 4-5, Figure 10C), thus indicating a lpp mutation-specific decrease 

in the gene expression of the Lpp(C21G) but not Lpp. 
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Figure 20: fis-null cells lacking promoter for MicL-S small RNA can grow by expressing 

only low levels Lpp(C21G). 

(A) Viability of cutC-null fis-null cells expressing Fis (pFis) and Lpp(C21G). No inducer control 

(black); in the presence of 0.2% Arabinose (green) for Fis, 50µM IPTG (red) for Lpp(C21G), and 

50µM IPTG + 0.2% Arabinose (purple) for both Lpp(C21G) and Fis expression in M9+CAA+Glu 

media. (B) Colony morphology of serially diluted cutC-null fis-null cells capable of expressing 

plasmid-derived Lpp(C21G) and Fis on agar plates. (C) Immunoblotting for the detection of 

Lpp(C21G). (D) Viability of cutC-null fis-null cells expressing Fis (pFis) and Lpp. No inducer 

control (black), in the presence of 0.2% Arabinose (green) for Fis, 50µM IPTG (red) for Lpp, and 

50µM IPTG + 0.2% Arabinose (purple) for both Lpp and Fis expression in M9+CAA+Glu media. 

(E) Colony morphology of serially diluted cutC-null fis-null cells capable of expressing plasmid-

derived Lpp and Fis on agar plates. (F) Immunoblotting for the detection of Lpp. All loading 

controls are ponceau-S staining for total protein normalization presented in greyscale. Viability is 

expressed in cfu/ml and presented on a linear scale. Data are means ±SEM of at least three 

independent experiments. *p<0.05, ** p<0.01, ***p<0.001, ns p˃0.05 in one-way ANOVA with 

Dunnett’s multiple comparison test.  
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3.2.2.4. fis-null cells unable to synthesize PG and CL can still grow.  

We previously established that the ectopic expression of DnaA(L366K) rescues growth 

even when acidic phospholipids are absent [46]. In MDL12 cells, the gene encoding region for 

enzyme pgsA, phosphatidylglycerol phosphate synthase, is controlled by synthetic lac promoter 

[43, 44]. These cells undergo growth arrest in the absence of inducer (IPTG) due to diminished 

levels of anionic phospholipids ([43], Figure 21A and B). So, we questioned whether the deletion 

gene encoding region for fis could rescue arrested growth in cells with depleted levels of acidic 

phospholipids but carrying endogenous levels of Lpp, like DnaA(L366K) ([46-48], Figure 21C 

and D). We deleted the gene encoding region for the fis from MDL12 cells (MDL12 fis-null, Table 

2) for this study. MDL12 fis-null cells could grow even when the inducer, IPTG, was absent for 

the pgsA expression (Figure 21E and F). To further validate our findings, we exogenously 

expressed Fis in MDL12 fis-null cells. We noted that the ectopic expression of Fis indeed resulted 

in a loss of viability and change in colony morphology (Figure 21G and H) when IPTG for pgsA 

expression was absent. 
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Figure 21: Lack of fis in cells deficient in phosphatidylglycerol (PG) synthesis permits 

growth. 

(A) Viability, and (B) Colony morphology of MDL12 cells carrying empty vector with 1mM IPTG 

for the expression of pgsA (black), no inducer control (red), and 0.2% Arabinose control (blue) in 

M9+CAA+Glu media. (C) Viability, and (D) Colony morphology of MDL12 cells carrying 

plasmid for DnaA(L366K) with 1mM IPTG for the expression of pgsA (black), no inducer control 

(red), 0.2% Arabinose for DnaA(L366K) (blue) in M9+CAA+Glu  media. (E) Viability, and (F) 

Colony morphology of MDL12 fis-null cells carrying empty vector with 1mM IPTG for the 

expression of pgsA (black), no inducer control (red), and 0.2% Arabinose control (blue) in 

M9+CAA+Glu media. (G) Viability and (H) Colony morphology of MDL12 fis-null cells carrying 

plasmid for Fis (pFis) with 1mM IPTG for the expression of pgsA (black), no inducer control (red), 
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0.2% Arabinose for Fis (blue) in M9+CAA+Glu media. Viability is expressed in cfu/ml and 

presented on a linear scale. Data are means ±SEM of at least three independent experiments. 

*p<0.05, ** p<0.01, ***p<0.001, ns p˃0.05 in one-way ANOVA with Dunnett’s multiple 

comparison test. 
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3.2.2.5. fis-null cells unable to synthesize PG can grow yet still have an altered lipidomic 

profile. 

We then assessed the lipid profile of MDL12 cells in the presence and absence of Fis to 

confirm whether the lack of gene encoding regions for fis modifies total lipid content that further 

allows growth. Our targeted LC-MS approach to estimate total lipid content detected no evident 

change in phospholipid content in cells expressing pgsA with or without endogenous levels of Fis 

(Figure 22A-B). However, in cells lacking fis and pgsA, we observed that out of 191 lipid 

metabolites, 52 phospholipid species were differentially produced as compared to fis+ and pgsA+ 

cells (Figure 22A and C) with phosphatidylglycerol (PG) significantly reduced in the absence of 

active pgsA and fis (Figure 22C). The PG-depleted cells showed substantially higher levels of 

phosphatidic acid (PA), phosphatidylethanolamine (PE), and diacylglycerol (DAG), and 

Lysophosphatidylethanolamine (LPE) in comparison with the fis+ and pgsA+ cells (Figure 22C).  
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Figure 22: Lipidomic analysis of MDL12 cells in the presence or absence of Fis. 

(A) Lipidomic analysis represented in heatmap comparing MDL12 cells with 1mM IPTG for the 

expression of pgsA (pgsA+ / MDL12), MDL12 fis-null cells with 1mM IPTG for the expression of 

pgsA (pgsA+ / MDL12∆fis) and MDL12 fis-null cells without expression of pgsA (pgsA- / 

MDL12Δfis). Each row indicates the ratio values of individual lipid species for at least three 

biological replicates. ANOVA was performed to compare statistical differences between each 

group. Volcano plots comparing distribution of 191 lipids species among (B) MDL12 fis-null cells 

expressing of pgsA (pgsA+ / MDL12∆fis) and control (MDL12 cells expressing of pgsA (pgsA+ / 
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MDL12)), (C) MDL12 fis-null cells without expression of pgsA (pgsA- / MDL12Δfis) and control 

(MDL12 cells expressing of pgsA (pgsA+ / MDL12)). Horizontal dotted line indicates statistical 

significance with p = 0.05 for at least three biological replicates. A vertical red line separates red 

dots indicating data points with statistically significant fold decrease. A vertical blue line separates 

blue dots indicating data points with statistically significant fold increase. 
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3.2.2.6. fis-null cells unable to synthesize PG and lack promoter region for MicL-S can still 

grow but carry higher levels of endogenous Lpp. 

Independently, we also examined the expression of endogenous Lpp and the role of σE -

dependent MicL-S mediated envelope protective loop in MDL12 and MDL12∆fis cells. We 

deleted the gene encoding region for cutC in MDL12 and MDL12∆fis cells for this part of the 

study. The lack of promoter region for MicL-S expression still adversely affected growth and 

colony morphology in cells with depleted levels of PG (Figure 23A-C). On the other hand, we 

observed no evident change in growth and colony morphology in MDL12 fis-null cutC-null cells 

even when the pgsA gene expression was inactive (Figure 23E-G). Interestingly, the immunoblots 

for MDL12∆fis cells showed reduced levels of Lpp (lane 2, Figure 23H and lane 1, Figure 23I), 

irrespective of pgsA gene expression when compared with fis+ pgsA expressing MDL12 cells (lane 

2, Figure 23D). We also observed an approximately 1.4-fold increase in the levels of endogenous 

Lpp in MDL12 cells carrying the fis-null and cutC-null mutation in comparison with MDL12fis-

null cells (lane 3, Figure 23H and lane 2, Figure 23I). Together, we observed the ability of cells 

lacking Fis and pgsA gene expression to grow even in the absence of the promoter region for MicL-

S expression and subsequent higher levels of endogenous Lpp. 
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Figure 23: MDL12∆fis cells can still grow and partially enhance Lpp expression when the 

promoter region for MicL-S is absent. 

(A) Viability of MDL12 and MDL12 cutC-null cells with 1mM IPTG (black) for pgsA expression 

and no inducer control (red) in M9+CAA+Glu media. (B) Viability of MDL12 fis-null and MDL12 

fis-null cutC-null cells with 1mM IPTG for pgsA (black) expression and no inducer control (red) 

in M9+CAA+Glu media. Colony morphology of serially diluted cell suspensions of MDL12 (C), 

MDL12 cutC-null (D), MDL12 fis-null (E), and MDL12 fis-null cutC-null (F) on agar plates 

containing M9+CAA+Glu media. (G) Immunoblotting for the detection of ten-fold diluted 

endogenous Lpp in MDL12 and MDL12 cutC-null cells expressing pgsA (1mM IPTG). (H) 

Immunoblotting to detect ten-fold diluted endogenous Lpp in MDL12 fis-null and MDL12 fis-null 

cutC-null cells expressing pgsA (1mM IPTG). (I) Immunoblotting for the detection of ten-fold 

diluted endogenous Lpp in MDL12 fis-null and MDL12 fis-null cutC-null cells without pgsA 

expression. All loading controls are coomassie blue staining prior ten-fold dilution, for total protein 

normalization presented in greyscale. Viability is expressed in cfu/ml and presented on a linear 

scale. Data are means ±SEM of at least three independent experiments. *p<0.05, ** p<0.01, 

***p<0.001, ns p˃0.05 in one-way ANOVA with Dunnett’s multiple comparison test. 
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3.2.3. Discussion 

In the loss-of-function study to characterize the adverse effects of Lpp(C21G) on the 

orisome, we identified cells lacking Fis were able to grow even when the inducer for Lpp(C21G) 

is present. As reported before, we also noted that the ectopic expression of Fis and could be 

deleterious for cell growth ([125], Figure 18C and E), indicating tight control of Fis in a growth-

phase dependent manner. However, the combined expression of Fis and Lpp(C21G) (Figure 18C-

D) was highly inhibitory for growth versus co-expression of Fis and Lpp (Figure 18E-F). These 

observations confirmed that Fis, at least when overproduced, is adversely affected by the inner 

membrane's perturbation.  

Mechanistically, biochemical studies involving DNase I footprinting, gel mobility shift 

assay, and both in vitro and in vivo DMS footprinting confirmed an inhibitory role of Fis when 

bound to a Fis binding site present at the E. coli oriC between a high-affinity R2 and low-affinity 

R3 (C3, [12]) binding site [122, 123, 140-143]. The information-theory based weighted-matrix 

model and gel mobility shift analysis have further elucidated a complex molecular flip-flop 

mechanism in orienting replication initiation in a growth phase-dependent manner [144-146]. In 

vivo studies showed that cells lacking physiological levels of fis undergo asynchronous 

replication initiation [113, 147, 148]. 

A study involving cell cycle analysis proposes the role of Fis as a transcription factor to 

stimulate strand opening by allowing transcription through the multiple promoter regions present 

within the oriC [148], highlighting the importance of Fis at oriC to inhibit DNA replication 

initiation in a growth phase-dependent manner and stimulate strand opening at the time of 

initiation. In this work, fis-null mutation's capacity to alleviate the negative effect of Lpp(C21G) 

on growth supports possible remodeling of the orisome to permit replication to initiate at the oriC. 



70 
 

However, the proper mode by which the absence of fis affects inhibition or stimulation of the 

replication initiation at oriC needs further examination.  

Strikingly, the near-complete depletion of Lpp(C21G) (lane 4, Figure 19A and lane 3, 

Figure 19B) but not Lpp (lane 4, Figure 19C) in fis-null cells, similar to the ectopic expression 

of DnaA(L366K) (lane 5, Figure 10B and lane 5, Figure 10C), underscores a concurrence in the 

restoration of growth with a decrease in expression of Lpp(C21G). DnaA(L366K), however, 

shows a strong dependence on σE-mediated MicL-S-dependent envelope protective loop to 

decrease Lpp(C21G) expression (lane 4, Figure 11C). The fis-null cells exhibit partial 

dependence on MicL-S mediated translational inhibition of Lpp(C21G) (lane 3, Figure 20C), 

indicating the pleiotropic role of Fis.  

Fis is also known to regulate genes involved in virulence, metabolism, and flagella-biofilm 

formation, in other organisms such as Salmonella typhimurium, Yersinia pseudotuberculosis, 

Dickeya zeae, as wells as the Escherichia coli used here [149-152]. The literature suggests that 

Fis directly control the transcription of σS (RpoS) during the exponential growth phase in both 

S. enterica [153]. A recent study has shown that Fis negatively regulates transcription of both 

rpoS and rpoE (σE) but not flhD, by using computational analysis and a molecular mutagenesis 

approach, suggesting a crucial function of Fis as an effector in biofilm formation [154]. 

Separately, a genomic microarray in Salmonella enterica serovar Typhimurium showed a 

reduction in levels of Lpp when Fis is deleted [155]. However, the mode by which Fis modulates 

Lpp expression remained unclear.  

Our work thus suggests that membrane perturbation may negatively impact the capacity of 

Fis to function as a transcription regulator for multiple genes, in parallel to its role in the 

initiation of the chromosomal DNA replication at oriC. The lack of gene encoding region for fis 
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might constitutively activate a pathway or pathways involved in envelope protection to reduce 

Lpp(C21G) expression. The further independent transcriptomic analysis would shed light on 

transcriptional regulation of extracytoplasmic function (ECF) sigma factors by both the fis-null 

mutation and overexpression of DnaA(L366K).  

Another important finding that cells lacking Fis also restore growth when physiological 

levels of PG are absent (Figure 21E-H) confirms that the perturbation of inner membranes affects 

Fis at the oriC. This observation also supports the evidence that cells carrying both pgsA-null 

mutation and Lpp-suppressor mutation (lpp-2) can grow in the absence of acidic phospholipids 

[156, 157] and further emphasizes the poisoning of orisome by immature Lpp. Our targeted LC-

MS lipidomic approach to determine changes in total phospholipid content in the presence or 

absence of Fis indicate a significant fold increase in PA and other phospholipid species such as 

PE, DAG, LPE when both pgsA and fis are absent (Figure 22A-C).  

This observation is in agreement with a previous study involving the ectopic expression of 

DnaA(L366K) to rescue cell growth in PG-deficient cells, accumulating higher levels of PA [46]. 

A separate study has established the capacity of phosphatidic acid and N-

acylphosphatidylethanolamine to form polar/septal acidic phospholipid domains in cells carrying 

the pgsA-null and lpp-2 mutation to allow proper cell division [157]. Together these findings 

suggest an alternate role for PA to balance negatively charged head group-specific DnaA-

membrane interaction, as reported in earlier biochemical studies [28]. However, the elevated 

levels of PA cannot fully substitute for the lack of PG ([43], Figure 21A-B), and further 

intervention such as 1) overproduction of DnaA(L366K) ([46, 48], Figure 21C-D) or fis-null 

mutation (Figure 21E-H) to reorganize orisome, or 2) suppressor or deletion mutation of Lpp 

[156, 157] is essential to rescue growth and initiate the chromosomal DNA replication at oriC.   
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3.2.4. Materials and methods 

3.2.4.1.Molecular cloning: Controlled expression of Fis. 

To subclone the gene encoding region for Fis and pSC vector backbone was restriction 

digested with NdeI (NEB) and StyI (NEB), to remove the dnaA gene. As mentioned above, 

polymerase chain reactions to amplify Fis gene product was performed using Q5 High fidelity 

DNA polymerase (NEB). PCR product comprising gene encoding region for Fis carrying 5’ NdeI 

and 3’ StyI restriction endonuclease sites (Supplementary Table II) were restriction digested, 

ligated with pSC- vector transformed, and tetracycline-resistant clones were selected. All positive 

clones were confirmed with in-house plasmid purification (Qiagen Mini-Plasmid Kit) followed by 

restriction  

3.2.4.2. Lambd-red [λ-red] recombinase-mediated deletion of fis. 

The chromosomal copy of the gene encoding factor for inversion stimulation (fis) and 

copper homeostasis protein (cutC) was deleted using a lambda-red recombinase-mediated genome 

modification approach, as described before. Briefly, the recipient/target bacterial strains were 

transformed with one of the two pKD46 [107, 108] derivatives that carry λ-red recombinase genes 

(exo, beta, and gam). 1) pKD-sg-ack [109], for the insertional-deletion of gene encoding region 

Fis with chloramphenicol-resistance gene cassette, or 2) pSIJ8 [110], for the deletion of gene 

encoding region for Fis with spectinomycin-resistance gene cassette.  

For the homology-directed recombination (HDR), a donor DNA was designed to carry 1) 

50-60 base pairs long 5’-upstream and 3’-downstream DNA sequence of the gene to be deleted, 

and 2) reverse DNA sequence of the antibiotic resistance gene cassette to maintain expression of 
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the antibiotic resistance gene through its promoter. All donor DNA for HDR with 789bp 

chloramphenicol-resistant cassette was amplified using plasmid pCas9cr4 ([109], Addgene), and 

primers were designed based on the gene sequence made accessible by Addgene. Spectinomycin-

resistant gene cassette (1.1 kbp) was amplified using the genomic DNA of E. coli strain KP7364 

(ΔdnaA::spec rnhA::kan thyA trp his metB lac gal tsx) as a template DNA. Primers were designed 

based on universal spectinomycin-resistant cassette gene sequences made available by Roth and 

colleagues (http://rothlab.ucdavis.edu/drugs/spec.shtml). 

All PCR amplification of the DNA templates and electroporation were performed as 

described before (For PCR primers, see Table 3). All genetic manipulations in MDL12 cells were 

performed in LB broth supplemented with 2mM IPTG at all stages to maintain physiological levels 

of acidic phospholipids. All positive clones were screened by colony PCR to identify positive 

clones. All positive clones were passaged twice at 37°C to cure plasmid carrying λ-red 

recombinase genes. 

3.2.4.3. Assay for the measurement of pgsA dependence. 

MDL12 and MDL12∆fis cells were assessed for IPTG-mediated pgsA-dependent cell 

growth by inoculating single isolated colonies in M9+CAA+Glu Media (5 ml) was supplied with 

minimal levels of IPTG (50µM). Cells were allowed to grow for at least 3-4 hours, and then cell 

suspension was washed with IPTG-free media to remove residual IPTG, as mentioned previously 

[43, 44]. All cultures were normalized to OD600 = 0.1, then serially diluted and plated on 

M9+CAA+Glu agar plates supplemented with or without 1mM IPTG. The dependence on a 

functional copy of the pgsA gene was expressed as colony count (cfu/ml), as mentioned before, 

and colony phenotype was examined on M9+CAA+Glu agar plates with or without 1mM IPTG. 

http://rothlab.ucdavis.edu/drugs/spec.shtml
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Similarly, the ability of both 1) overexpression of DnaA(L366K) in MDL12 cells and 2) lack of 

fis gene product in MDL12 cells (MDL12 ∆fis) to restore growth was assessed when pgsA is 

absent. The cell growth on plates containing IPTG was regarded as a control to compare colony 

count (cfu/ml) in the presence or absence of 0.2% arabinose for cells expressing DnaA(L366K) 

and Fis (pFis). 

3.2.4.4. Lipidomic analysis. 

For the lipidomic analysis, MDL12 and MDL12∆fis cells were grown, as mentioned before, 

to obtain 10-50 million cells per milliliter, and the cell number was determined by dilution plating. 

All cell suspensions were pelleted at 13,500 rpm at 4°C for 10 minutes, and pellets were flash-

frozen and stored at -80°C. Frozen cell pellets were thawed on ice and re-suspended in 40μL 

chilled Water/Methanol/IPA (35:25:40). The mixture was applied to the freeze and heat shock 

cycle twice. Cell suspension freezing was performed by plunging the tube containing mixture into 

dry ice for 30 seconds. Heat shock was applied to the mix by plunging tubes into a 37°C water 

bath for 90 seconds. The cell suspension was sonicated at 30 kHz for 30 sec, mixed with 100 μL 

of chilled isopropyl alcohol-containing internal standards. The samples containing internal 

standards were first chilled on ice for 30 minutes then incubated at -20°C for 30 minutes. Then, 

samples were centrifuged at 13,500 rpm at 4°C for 20 minutes. Supernatants were collected to 

perform Mass spectrometric (MS) analysis.  

For the lipidomic analysis, total lipid content was measured using the targeted LC-MS 

approach. The samples were resolved on an Xbridge Amide 3.5 µm, 4.6 X 100 mm column 

(Phenomenex) online with a triple quadrupole mass spectrometer (5500 QTRAP, SCIEX, USA) 

operating in the multiple reaction monitoring (MRM) mode. The declustering potential, collision 

energies, cell exit potential, and entrance potential were optimized for each metabolite to obtain 
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maximum ion intensity for parent and daughter ions via manual tuning in Analyst 1.6.3 software 

(SCIEX, USA). Signal intensities from all MRM Q1/Q3 ion pairs for the analyte were ranked to 

ensure the selection of the most intense precursor and fragment ion pair for MRM-based 

quantitation. As a result, this approach selected the declustering potential, collision energies, cell 

exit potential, and entrance potential that maximized each fragment ion species' generation. The 

metabolite ratios were calculated by normalizing the peak area of endogenous metabolites within 

samples normalized to every lipid molecule class's internal standard. 

The sample queue was randomized, and solvent blanks were injected to assess sample 

carryover. Pooled quality control (Pooled QC) samples were injected after every eight samples to 

check for instrumental variation. Like pooled QC samples, Sciex standard QC plasma samples 

were also injected for lipidomic data analysis. For cardiolipins data acquisition, bovine heart 

extract was used as quality control. Data normalized to QC variance. QC normalized data imputed 

MRM data were processed using MultiQuant 3.0.3 (Sciex). The relative quantification values of 

analytes were determined by calculating the ratio of peak areas of transitions of samples 

normalized to the peak area of the internal standard specific for every class. All statistical analyses 

were performed using Prism 8 (GraphPad). Two or more groups were compared with one-way 

ANOVA, and data for selective 124 lipid metabolites were represented in the heatmap. Multiple 

t-tests were performed using log-transformed values of metabolite peak ratio and compared using 

volcano plot. For volcano plots, the p-value cutoff was set at p=0.05, and log2 fold change (Fold 

difference) that corresponds to the statistical significance was set at ±2. 
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Table 2: Bacterial strains and plasmids, list 2. 

  

Strain Genotype Source or 
Reference 

BW25113 F-, Δ[araD-araB]567, ΔlacZ4787[::rrnB-3], λ-, rph-1, Δ[rhaD-
rhaB]568, hsdR514, lacI+ 

Datsenko et al., 
2000 

JW1667-5 BW25113, Δlpp-752::kan, Baba et al., 2006 
DAP1001 JW1667-5, Δfis::cam This study 
JW3964-1 BW25113, ΔhupA771::kan Baba et al., 2006 
DAP1002 JW3964-1, Δlpp::cam This study 
JW0430-3 BW25113, ΔhupB726::kan Baba et al., 2006 
DAP1003 JW3964-1, Δlpp::cam This study 
JW1702-1 BW25113, ΔihfA786::kan Baba et al., 2006 

JW0895-3 BW25113, ΔihfB735::kan Baba et al., 2006 
JW0674-1 BW25113, ΔseqA735::kan Baba et al., 2006 
DAP1004 JW0674-1, Δlpp::cam This study 
JW3229-1 BW25113, Δfis779::kan Baba et al., 2006 
DAP1006 JW1683-1, Δfis::spec Δlpp::cam This study 
MDL12 MG1655 pgsA30::kan ,  F[lacOP-pgsA+]1 lacZ',  lacY::Tn9 Xia et al.,1995  
DAP1007 MDL12, Δfis::spec This study 
Plasmid  
pSC-Fis p15A, araC, TetR, PBAD-fis This study 
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Table 3: Primers for molecular cloning and mutagenesis. 
 

Primers Description Primer Sequence Source 

CP1 Fwd.- Chloramphenicol 
cassette GTCCAAGCGAGCTCGATATCAA This study 

CP2 Rev.- Chloramphenicol 
cassette_1 GTTGATCGGGCACGTAAGAGG This study 

CP3 Fwd.- Lpp ATGAAAGCTACTAAACTGGTACTGGGCG This study 

CP4 Rev.- Lpp TTACTTGCGGTATTTAGTAGCCATGTTGTC This study 

CP5 Fwd.- Δlpp::cam [w/ 
50bp homology arm] 

aatacttgtaacgctacatggagattaactcaatctagagggtattaata
GTCCAAGCGAGCTCGATATCAA This study 

CP6 Rev.- Δlpp::cam [w/ 
50bp homology arm] 

acaaaaaaaatggcgcacaatgtgcgccatttttcacttcacaggtact
aGTTGATCGGGCACGTAAGAGG This study 

CP7 Fwd.- Confirmatory 
PCR for Δlpp::cam ACCCAGCGTTCGATGCTTCT This study 

CP8 Rev.- Confirmatory 
PCR for Δlpp::cam_1 AGCAGCCTGAACGTCGGAAC This study 

CP9 Rev.- Confirmatory 
PCR for Δlpp::cam_2 GCAGAATGGTGAACCAGAGCAA This study 

CP10 Rev.- Chloramphenicol 
cassette_2 GTGAATACCACGACGATTTCCG This study 

CP11 Fwd.- Fis [w/ 5'-NdeI 
restriction site] AGAACATATGTTCGAACAACGCGTAAAT This study 

CP12 Rev.- Fis [w/5'-StyI 
restriction site] 

ATAAACCTAGGTTAGTTCATGCCGTATTTT
TTCA This study 

CP13 Fwd.- Δfis::cam [w/ 
60bp homology arm] 

aggcgttggaggcatacttcgaaaattttgcgtaaacagaaataaaga
gctgacagaactGTCCAAGCGAGCTCGATATCAA This study 

CP14 Rev.-Δfis::cam [w/ 
60bp homology arm] 

aaaaaggcgcttccccatgccgagtagcgcctttttaatcaagcattta
gctaacctgaaGTTGATCGGGCACGTAAGAGG This study 

CP15 Fwd.- Confirmatory 
PCR for Δfis::cam TCCAAATGACCAGTTTCGGC This study 

CP16 Rev.- Confirmatory 
PCR for Δfis::cam TTCACATCCTGTTCTCATGGTCAC This study 

CP17 Fwd.- Δfis::spec [w/ 
60bp homology arm] 

aggcgttggaggcatacttcgaaaattttgcgtaaacagaaataaaga
gctgacagaactTTATTTGCCGACTACCTTGGTG
A 

This study 

CP18 Rev.- Δfis::spec [w/ 
60bp homology arm] 

aaaaaggcgcttccccatgccgagtagcgcctttttaatcaagcattta
gctaacctgaaATGCGCTCACGCAACTGGT This study 

CP19 Rev.- Spectinomycin 
cassette CTTACCGTCGCGTTACTGTAAGAA This study 
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4. CONCLUSIONS 

4.1. Summary of earlier studies 

 Membrane association of bacterial replicator and initiators have been demonstrated for six 

decades [158-164]. Studies in the bacterial membrane biogenesis and replication initiation 

indicated an indirect link between inner membrane acidic/anionic phospholipids and the 

replication initiator protein DnaA [43-48]. A series of biochemical and physiological studies have 

shown how the L366K, single point mutation within the amphipathic helix of DnaA can restore 

growth in cells lacking normal levels of acidic phospholipids [46-50]. Physiological levels of 

acidic phospholipids are also essential in maturing the major outer membrane lipoprotein, Lpp [52-

58]. While the lack of acidic phospholipids resulting in growth arrest by modulating DnaA-

dependent replication initiation has been well established, the role of faulty Lpp maturation on 

growth and the replication initiation requires further study. 

4.2. Need for future investigations 

 First, DnaA and Fis both act as transcription regulators. DnaA activates and represses the 

transcription of several genes and auto-regulates dnaA gene expression [99-103]. dnaA is an 

essential gene [165, 166], and we observed that the overexpression of DnaA is lethal for cell 

growth (Figure 9A). On the other hand, Fis levels fluctuate drastically in a growth-phase dependent 

manner[145, 146], and Fis auto-regulates its own expression [167]. However, cells can grow even 

when Fis is deleted, and ectopic expression of the Fis inhibits growth less severely than DnaA does 

(Figure 18C and E).  

 Our previous study showed that only the overexpression of specific single / multiple point 

mutations presents within the hydrophobic of the DnaA membrane-binding amphipathic helix 
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allows growth when membrane acidic phospholipids are absent [46]. So, we analyzed the impact 

of such mutations on amphipathic helix using the predictive algorithm, Heliquest [168]. The 

mutations that disrupt the amphipathic helix are able to rescue the arrested growth of cells lacking 

membrane acidic phospholipids (Table 4, Figure 24). Notably, DnaA(L366K) can recognize 

DnaA-binding sites at oriC and the DnaA promoter region; but fails to generate functional 

nucleotide-specific origin-recognition complexes to initiate replication in vitro [46, 47, 49]. 

DnaA(L366K) also shows a low propensity towards the acidic membrane [50].  

 In this work, we have observed that both DnaA(L366K) and fis-null mutation show the 

ability to reduce Lpp(C21G) expression in an lpp mutation-specific manner. However, 

DnaA(L366K) solely relies on σE-dependent MicL-S-mediated reduction in the expression of 

Lpp(C21G). Thus, we hypothesize that DnaA-membrane interaction is essential for transcriptional 

control of several genes, including alternative sigma factors for RNA polymerase. The disruption 

of the membrane-binding amphipathic helix might hamper the ability of DnaA to function as a 

transcriptional activator/repressor. A transcriptomic analysis of cell overexpressing DnaA(L366K) 

or lacking Fis when membranes are perturbed would identify possible genes that are differentially 

expressed and involved in envelope protective pathways.  
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Table 4: dnaA(L366K) mutation disrupts the hydrophobic face of the DnaA membrane-

binding amphipathic helix. 

Bioinformatic analysis of mutations in the DnaA membrane binding helix using HELIQUEST. 

The comparison between the physio-chemical properties of wild type membrane-binding 

amphipathic helix. A library of mutations in the amphipathic helix's hydrophobic face was 

screened to rescue arrested growth when cells lack physiological inner membrane acidic 

phospholipids. 
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Figure 24: Mutations in the DnaA membrane-binding domain perturbs the hydrophobicity 

face of the amphipathic helix. 

Helical wheels depict the amphipathic helix of (A) DnaA (357 – 372 a.a.) with a hydrophobic face 

enclosed in the bracket. Helical wheels depict mutations in DnaA amphipathic helix (357 – 372 

a.a.) marked in red (B) for DnaA(L363R, L366E, L367E, L369K), (C) for DnaA(L363K, L373R), 

and (D) for DnaA(L366K).  
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 Second, an early biochemical observation proposes a concerted action between DnaA 

bound to oriC and acidic phospholipid to rejuvenate inactive ADP-DnaA [29] and poses a critical 

question, do the physiological inner membranes influence DnaA-DNA interactions at the time of 

initiation? However, no recent studies highlight the relationship between acidic phospholipid and 

DnaA-associated nucleoprotein complexes. Advances in understanding the spatial and temporal 

relationship between inner membranes and RecA-dependent DNA recombinational repair might 

explain how acidic phospholipids influence DnaA-oriC complexes.  

 RecA is a DNA-dependent AAA+ ATPase and with a high affinity for single-stranded 

DNA (ssDNA) [169]. In vitro electron microscopy, light scattering, and gel filtration studies have 

indicated that oligomeric RecA filaments self-assemble into bundles independent of the DNA 

binding [170, 171]. The presence of such RecA bundles was further confirmed by in vivo electron 

microscopic study [172]. A recent study with the combination of molecular dynamics membrane 

simulation and mutagenesis approach has revealed an N-terminal loop region (L2) and a C-

terminal amphipathic helix in RecA that interact with acidic phospholipids present within the inner 

membrane [173]. The same study, using 3D-super resolution microscopy, also showed that RecA 

is mislocalized in the cells lacking acidic phospholipids. The microscopic analysis further suggests 

that acidic phospholipids stabilized- and ssDNA bound-RecA scavenge DNA homology upon 

double-stranded DNA break for homology-directed recombination. Similarly, in Mycobacterium 

tuberculosis, a study further supports RecA and anionic phospholipids interactions and 

demonstrates that the acidic phospholipids do not affect the DNA strand exchange activity [174]. 

 The super-resolution microscopic studies would help understand the spatial and temporal 

arrangement of DnaA bound to oriC DNA at the inner membrane. Furthermore, developments in 

a cell cycle- and growth-dependent DARS2-mediated rejuvenation of inactive ADP-DnaA to 
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active ATP-DnaA now proposes the necessity for simultaneous IHF and Fis binding to DARS2 

chromosomal loci [133]. The spatial relationship between acidic phospholipids and DnaA-

nucleoprotein complexes at DARS2, like oriC, could discover whether membranes play an integral 

role in the proper functioning of DnaA. 

 Third, in this study, we confirmed that the bacterial membrane perturbation affects DnaA- 

and Fis-dependent growth. We discovered Fis at DnaA-dependent oriC-mediated DNA replication 

is adversely impacted due to membrane perturbation as a novel finding (manuscript in 

preparation). Upon comparing two modes of growth restoration, 1) overexpression of 

DnaA(L366K) or 2) deletion of the gene encoding Fis in cells with perturbed membranes, we 

encountered close ties between DnaA, Fis, and acidic phospholipids in growth-dependent initiation 

of chromosomal replication.  

 Studies suggest Fis-nucleoprotein complexes at the oriC and DnaA promoter dnaAp2 are 

essential in regulating both replication initiation [139-144] and DnaA copy number [175]. An 

advent of membrane elution technique “baby machine” [176, 177] and the identification of E. coli 

temperature-sensitive DNA synthesis mutants [178-180] led to a significant early understanding 

of growth dependent-cell cycle events, such as chromosomal DNA replication and cell division, 

in synchronized bacterial cells. In a synchronous initiation, DNA is duplicated in 2n (n = 1, 2, 3) 

fashion with 2, 4, 8 chromosomes per cell [181, 182]. However, asynchronous initiation affects 

the number of duplicated chromosomes from 2n, thus rendering 3, 5, 6, and 7 chromosomes. The 

flow cytometric analysis of fis-null cells or mutation in fis-binding sites at the oriC, oriC131, 

caused an asynchronous replication [113, 147, 148]. The lack of Fis is also linked to an increase 

in endogenous DnaA expression [175]. The elevated levels of DnaA are associated with the 

asynchronous replication initiation [96-98]. Interestingly, the overexpression of DnaA(L366K), 
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but not DnaA, rescues growth when cells lack acidic phospholipids and initiate DNA replication 

asynchronous manner [48, 50].  

 As a result, we speculate that excessive DnaA(L366K), combined with endogenous DnaA, 

modifies normal replication initiation at oriC. Such an altered DnaA-dependent replication 

initiation allows growth when cells lack acidic phospholipids. Similarly, the lack of Fis may also 

alter normal replication initiation to enable growth. Nonetheless, in both cases, replication 

initiation may be carried out asynchronously when inner membranes lack PG but comprise 

elevated levels of PA, PE, and DAG (Figure 25). We now propose that the membrane acidic 

phospholipids are essential for the synchronous DnaA- and Fis-dependent oriC-mediated 

replication initiation. A need for further studies to identify the role of acidic phospholipid 

composition in synchronous DNA replication is necessary.  
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Figure 25: A balancing act: the role of inner membrane acidic phospholipids in 

maintaining initiation synchrony. 

(A) Synchronous initiation and growth in cells with normal levels of acidic phospholipids. (B) 

Growth inhibition due to deficient levels of acidic phospholipids results in under-initiation. (C) 

Overexpression of DnaA(L366K) or deletion of the gene encoding Fis rescues arrested growth by 

modifying DnaA-dependent oriC-mediated replication initiation. 
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 Lastly, a confirmation that the accumulation of Lpp(C21G) at the inner membrane activates 

σE-mediated envelope protective pathways that are further accelerated by overexpression of 

DnaA(L366K) or deletion of Fis to allow growth. A cyclic-peptide antibiotic, globomycin, inhibit 

signal peptidase II function in a non-competitive manner by mimicking diacylglycerated 

prolipoprotein [87, 88]. Globomycin treatment also results in the accumulation of immature 

lipoprotein at the inner membrane by signal peptidase II inhibition. Studies have shown that 

globomycin-treatment results in antibiotic-resistant colonies due to 1) reduced levels of Lpp or a 

lpp suppressor mutations [89-91], 2) increased signal peptidase II activity [92], or 3) mutation in 

the gene encoding for DNA polymerase III alpha subunit, DnaE [93]. We speculate that σE-

mediated pathways might alleviate the effect of globomycin. It is our hope that a combinational 

therapeutic approach to block the maturation of Lpp at the inner membrane with globomycin and 

inhibit DNA replication or translation events would move us forward as we target antibiotics-

resistant gram-negative bacteria.  
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