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ABSTRACT 

 
  Beyond the simplistic function as an environmental barrier, lipids have a variety of 

functions.  The wealth of knowledge available on Escherichia coli (E. coli), and its small subset 

of lipid species, makes it an ideal organism to study lipid function.  In E. coli, acidic 

phospholipids (aPLs) have been suggested to be uniquely important for chromosomal replication 

among phospholipids, since growth-arrest caused by depletion of aPLs is rescued by bypassing 

normal mechanisms for initiating replication.   

In E. coli coordinated activation and deactivation of DnaA promotes proper timing of the 

initiation of chromosomal synthesis at the origin of replication (oriC), assuring occurrence once 

per cell-cycle.  In vitro, aPLs reactivate DnaA, and in vivo aPL depletion results in growth-arrest.  

Growth is restored by the expression of a mutant DnaA, DnaA(L366K), or through oriC-

independent initiation, suggesting aPLs participate in DnaA- oriC-dependent replication 

initiation.  Although compelling, a gap remained linking these studies with aPLs influencing the 

frequency of initiation in vivo.  Moreover, aPLs have also been suggested to influence cell 

division; therefore, their role in the overall cell-cycle was unclear. I hypothesized that aPLs are 

required for initiation-dependent cell-cycle progression in E. coli.  The role of aPLs in cell-cycle 

progression and DNA replication was assessed in E. coli with inducible control of aPL 
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production using flow cytometry, chromosomal labeling, and quantitative polymerase chain 

reaction (qPCR). 

We found when aPLs were depleted, replication was inhibited with a concomitant 

reduction of chromosomal content and cell mass prior to growth-arrest, showing aPLs are 

required for normal initiation frequency and that inhibition contributed towards growth-arrest.  

The observed biosynthetic shutdown was independent of the stringent response, which elicits a 

similar phenotype during inhibition of fatty acid synthesis.  Restoration of aPLs resulted in a 

resumption of DNA replication prior to division, indicating a cell-cycle-specific growth-arrest 

had occurred.  Independently, each technique showed a deficiency in aPLs prolonged 

chromosomal replication.  Expression of DnaA(L366K) lowers the DNA-to-cell mass ratio 

regardless of aPL cellular content, suggesting initiation activity of DnaA(L366K) is independent 

of aPL-reactivation.  This work not only demonstrates that aPLs are required for oriC-dependent 

replication initiation and cell-cycle-specific progression, but likely also DNA elongation. 
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1 INTRODUCTION 
 
1.1  Membrane lipids 

 Lipids are important components of all living cells.  The two main components of any 

lipid are a polar (hydrophilic) headgroup and a non-polar (hydrophobic) tail.  The amphipathic 

nature of lipids (the combination of hydrophilic and hydrophobic properties) promotes the 

aggregation of lipids into bilayered membranes within the cell (Figure 1A).  Formation of a 

bilayer is the most thermodynamically favorable arrangement of individual lipid molecules; in a 

bilayer, lipids can maximize and minimize the exposure of their polar headgroups and non-polar 

tails to the surrounding polar environment, respectively.  On a fundamental level, the membrane 

acts as a potent barrier to separate the contents of the cell interior from the surrounding 

environment and serves as a solvent for some proteins with similar chemistry (Figure 1B). 
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Figure 1 | Lipids are environmental barriers and solvents for membrane proteins. A) Lipids 

aggregate into bilayered structures to maximize and minimize exposure of their polar headgroups 
and non-polar tails to the surrounding polar medium.  B) The unique structure and amphipathic 
(both polar and non-polar) nature of lipids results in the incorporation of proteins with similar 

properties. 
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Lipids and lipid functions are diverse 

 Major classes of lipids include phospholipids, sphingolipids, glycolipids, and sterols 

(Figure 2).  Phospholipids contain two non-polar fatty acid chains (the tail portion) linked 

through a glycerol backbone to a phosphate containing polar moiety (headgroup); in most cells 

phospholipids comprise the bulk of the cell membranes.  The sphingolipids contains a non-polar 

fatty acid chain linked through a long chain amino alcohol (4-sphingonine) instead of glycerol to 

a polar moiety.  Glycolipids are glycerol or sphingolipid derivatives that substitute a sugar 

moiety at the headgroup position.  Sterols are derivatives of 5-carbon isoprene units that form 

rigid ring structures.  In addition to the general differences between lipid classes, different polar 

and non-polar moieties further increase the diversity within each class.  The total inter-class and 

intra-class lipid diversity has been proposed to rival the diversity of the proteome (Dowhan et al., 

2008).   

Individual membrane lipid constituents appear to have different functions, with initial 

findings first showing the specific functions of the relatively minor lipid species found in the 

membrane.  Among these findings, sphingolipids can contribute to regulation of a myriad of 

processes including angiogenesis, cell proliferation, and wound healing (Kim et al., 2009) .  

Glycolipids have been shown to fulfill a variety of roles including biofilm and quorum sensing in 

bacterium (Daniels et al., 2004), and recognition targets for host-pathogen (Kinjo & Ueno, 2011) 

and blood type (Marsh, 1990) identification in humans.  Sterol derivatives can increase 

membrane fluidity through disruption of tightly packed lipids, are precursors to vitamins 

required in key enzymatic reactions, and are precursors to hormones involved in intercellular 

signaling (Voet & Voet, 2004).    
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Phospholipids, which are the bulk of many cellular membranes, have also been 

appreciated to have a wider range of functions.  A prime example is the role of 

phosphatidylinositol 4,5 bisphosphate (PIP2) in eukaryotes, which acts as a secondary messenger 

in endocrine signaling.  Upon hormone activation of a plasma membrane receptor, PIP2 is 

cleaved into a water-soluble inositol 1,4,5-triphosphate (IP3) and fat-soluble diacylglycerol (Voet 

& Voet, 2004).  IP3 triggers Ca2+ release from the endoplasmic reticulum; increased 

diacylglycerol and cytoplasmic [Ca2+] activates protein kinase C, which in turn transfers the γ 

phosphate of an adenosine triphosphate (ATP) to several proteins.  The phosphorylation of these 

proteins has a wide effect on metabolism of the cell (Voet & Voet, 2004).  In addition, 

phospholipids contribute to energy generation by oxidative phosphorylation (OXPHOS) (Zhang 

et al., 2002, Shinzawa-Itoh et al., 2007, Sedlak et al., 2006, Pfeiffer et al., 2003, McKenzie et 

al., 2006, Lange et al., 2001), and the eukaryotic process of programmed cell-death (apoptosis) 

(Gonzalvez & Gottlieb, 2007).  Thus phospholipids, once viewed generally as the lipids that 

confer barrier and amphipathic protein solvent properties to the membrane, are also molecules of 

varied biological significance (Figure 3). 
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Figure 2 | Major classes of lipid species and their general structures.  Lipids can be generally 
classified into specific species based on structural similarities.  A) Phospholipids contain two 
acyl chains (highlighted red) linked to a phosphate-containing (green) polar headgroup (blue) 

through a glycerol bone (yellow).  B) Sphingolipids contain an acyl chain and a polar headgroup 
linked through a long chain amino alcohol (4-sphingonine, pink).  C) Glycolipids contain a sugar 

moiety in the position of the polar group linked to acyl chains through either 4-sphingonine or 
glycerol.  D) Sterols are complex structures with a common nucleus consisting of a rigid planar 

structure of five carbon rings.  Polar groups are denoted by “X” (light blue) and can vary in 
substitutent charge and structure.  Acyl chains are denoted by “R1” or “R2” (red), range between 
4-36 carbons in length but typically average 16, and may contain double bonds between carbons.  
Sacchiride moieties are denoted by “G” (orange), can be simple (monosaccharide) or complex 

(e.g. disaccharide, trisaccharide), and can also vary in type of sugar moieties found (e.g. glucose, 
galactose).   
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Figure 3 | Phospholipid functions in the cell.  Phospholipids have been shown to have 
several functions including (A) an environmental barrier, (B) amphipathic protein solvent, (C) 
cell signaling as secondary messengers, depicted here in a generalization of the signaling by 

phosphatidylinositol, (D) and energy generation by promoting the activity of oxidative 
phosphorylation complexes (generalization of complex III activity depicted). 
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Escherichia coli (E. coli) is an ideal model organism to study phospholipid function 

 Escherichia coli (E. coli) is a gram negative, rod shaped bacterium, which has been 

extensively studied for over a century.  The wealth of genetic, biochemical, and physiological 

knowledge available on Escherichia coli (E. coli), coupled with its lack of organelles and a 

relatively small subset of lipid species, make it an ideal model organism to study phospholipid 

function. 

 A major difference between most eukaryotes and prokaryotes is the presence of 

specialized organelles in the former.  Organelles are divided from the cytoplasm of the cell 

exactly as the cell is from its extracellular environment, through lipid bilayers.  However, the 

difference in lipid composition between organelles is significant (van Meer & de Kroon, 2011).  

Moreover, organelles are microenvironments in which lipid function may be unique only to that 

compartment.  Thus, with only a plasma membrane, E. coli simplifies the examination of lipid 

function in the cell.   

E. coli, like other prokaryotes does not synthesize sterols; however, some other 

prokaryotes actively incorporate exogenous sterols into their membranes, adding to their lipid 

complexity (Edward & Fitzgerald, 1951, Razin, 1978).  A comparison of mammalian, E. coli and 

Bacillus subtilis (a prokaryote with a similar phospholipid composition) lipids illustrates the 

relatively small subset of lipids present in the E. coli membrane compared to eukaryotes and 

other prokaryotes (Table 1) (Clejan et al., 1986, den Kamp et al., 1969, Raetz, 1986, Raetz et al., 

2007, Salzberg & Helmann, 2008, van Meer & de Kroon, 2011).  Elucidation of lipid function in 

E. coli can translate to an understanding of lipid function in higher order organisms. 
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Lipid specie Bacillus subtilis Escherichia coli Mammalian cells 

Free fatty acids + + + 

Phospholipids 

Phosphatidic acid 

Phosphatidylserine 

Phosphatidylethanolamine 

Phosphatidylglycerol 

Cardiolipin 

Bis(monoacylglycero)phosphate 

Phosphatidylinositol 

Phosphatidylcholine 

Lysylphosphatidylglycerol 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

Glycolipids + + + 

Sphingolipids   + 

Sterols   + 

Table 1 | Comparison of lipid species present in mammalian, Escherichia coli, and Bacillus 
subtilis cell membranes.  “+” symbols indicate the presence of the lipid species in the organism. 
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Metabolism of the major E. coli phospholipids 

 The metabolic pathways of the major E. coli phospholipids have been well established 

(Figure 4) (Dowhan, 2009).  The major phospholipids are synthesized at the plasma membrane 

(Raetz, 1986).  Phospholipid biosynthesis begins with the phospholipid precursor phosphatidic 

acid (PA).  In the first step, the enzyme cytidine diphosphate diacylglycerol synthase combines 

PA with cytidine triphosphate (CTP) to create cytidine diphosphate diacylglycerol (CDP-DAG).  

CDP-DAG synthase is encoded by the gene CDP-DAG synthase A (cdsA).  CDP-DAG can then 

be metabolized further to create the zwitterionic (neutrally charged due to opposite charges 

within the same molecule) or the acidic (negatively charged) phospholipid species of the 

membrane. 

In zwitterionic phospholipid metabolism, the committing first step is the addition of L-

serine to CDP-DAG to create the zwitterionic phospholipid phosphatidylserine (PS).  This step is 

catalyzed by PS synthase which is encoded by the gene PS synthase A (pssA).  PS can be further 

metabolized to phosphatidylethanolamine (PE) through a decarboxylation reaction catalyzed by 

PS decarboxylase, which is encoded by the gene PS decarboxylase (psd).  The zwitterionic 

phospholipid PE accounts for approximately 70% of the E. coli membrane phospholipids.   

In acidic phospholipid (aPL) metabolism, the committing first step is the addition of 

glycerol-3-phosphate to CDP-DAG to create phosphatidylglycerol-3-phosphate (PG-P).  This 

step is catalyzed by PG-P synthase, which is encoded by the gene PG-P synthase A (pgsA).  

Next, PG-P is dephosphorylated by a PG-P phosphatase, liberating an inorganic phosphate from 

the third carbon of the glycerol and creating phosphatidylglycerol (PG).  This step is known to be 

catalyzed by a PG-P phosphatase; however, there are several gene products that have been 
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identified to catalyze this step and it is unclear which enzyme predominates (Funk et al., 1992).  

PG can be further metabolized to cardiolipin (CL) through a condensation of two units of PG 

which are linked through a common glycerol backbone; the condensation reaction liberates a 

glycerol in the process.  The synthesis of cardiolipin is catalyzed by the enzyme cardiolipin 

synthase, which is encoded by the cardiolipin synthase A (clsA) gene.  The acidic phospholipids 

(aPLs) PG and CL represent 20-25% and 5-10% of the phospholipids in the membrane, 

respectively.  The intermediates in the synthesis of phospholipids are present in concentrations 

below 5%. 
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Figure 4 | The metabolism of the major phospholipids in Escherichia coli.   The syntheses of the 
phospholipids is carried out in the steps as indicated and are catalyzed by the following enzymes, 

that are encoded by the genes denoted at each step: 1) CDP-diacylglycerol synthase; 2) 
phosphatidylglycerolphosphate synthase; 3) phosphatidylglycerol phosphate phosphatase; 4) 
cardiolipin synthase; 5) phosphatidylserine synthase; 6) phosphatidylserine decarboxylase.  

Zwitterionic lipids are identified in red, acidic in green, and each comprise approximately 70% 
and 25% of the phospholipid content of the membrane, respectively.  The intermediates comprise 

less than 5%.  *several genes have been identified with phosphatidylglycerolphosphate 
phosphatase activity and it is unclear which is the primary gene responsible in this metabolic 

step. 
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The study of phospholipid function in E. coli 

 As stated earlier, lipid function is difficult to determine in vivo because they are not 

encoded by genes, but rather the products of enzymatic pathways.  Therefore, analysis of the 

function of the various lipid species is done in vivo through modifying enzymes within the 

metabolic pathway to alter the phospholipid content of specific species.  Null mutations in the 

genes of the enzymes of phospholipid metabolism is lethal when done prior to CDP-DAG 

formation, but not in subsequent steps, with the exception of a null mutation in pgsA (Heacock & 

Dowhan, 1989) which can be overcome through mutation of additional genes (Matsumoto, 2001, 

Asai et al., 1989). Conversely, amplification of enzymes responsible for the synthesis of PG and 

PS does not alter the membrane composition nor have a phenotypic effect (Ohta et al., 1981a, 

Ohta et al., 1981b).  Therefore, studies into lipid function in E. coli focus on systems in which 

reduction of specific phospholipids is achieved, altering the ratio of zwitterionic to acidic 

phospholipids. 

 

Phospholipids promote protein assembly and function in E. coli 

 Depletion of zwitterionic phosphatidylethanolamine (PE) (Hawrot & Kennedy, 1978, 

Raetz, 1976), or the acidic phospholipids (aPLs) phosphatidylglycerol and cardiolipin in 

combination (Heacock & Dowhan, 1989), results in growth-arrest, suggesting their importance in 

cellular processes.  Of the potential impacted processes, both zwitterionic and acidic 

phospholipids have been suggested to have a role in the assembly and activity of several proteins 

in E. coli.   
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 Depletion of the zwitterionic phospholipid phosphatidylethanolamine has been shown to 

perturb LacY function (a lactose secondary transport protein) in vivo (Bogdanov & Dowhan, 

1995).  Secondary transporter proteins allow the movement of solutes across the membrane by 

transporting a second unrelated molecule in concert with the solute of interest, in order to 

maintain the electrochemical gradient between the inner and outer side of the membrane (Voet & 

Voet, 2004).  The loss of function in LacY was found to be due to PE mediating proper insertion 

and orientation of transmembrane and other LacY domains, respectively (Bogdanov et al., 2008).  

Moreover, PE has been found to have similar topology promoting effects for other transporter 

proteins (Zhang et al., 2003, Zhang et al., 2005b).   

 The acidic phospholipid cardiolipin co-localizes or co-purifies with many biosynthetic, 

cell-cycle, and transporter proteins (Walz et al., 2002, Nishibori et al., 2005, Mileykovskaya et 

al., 2003, Matsumoto, 2001, Dowhan et al., 2004, Dowhan, 1997). In eukaryotes, mitochondria 

are the only organelle to contain the aPL cardiolipin (van Meer & de Kroon, 2011) and are 

thought to be ancestors of endosymbiotic prokaryotes (Dyall et al., 2004).  In mitochondria 

cardiolipin co-purifies and co-localizes with OXPHOS complexes, and has been shown to be 

crucial in their organization and function (Zhang et al., 2002, Shinzawa-Itoh et al., 2007, Sedlak 

et al., 2006, Pfeiffer et al., 2003, McKenzie et al., 2006, Lange et al., 2001, Nury et al., 2005, 

Zhang et al., 2005a).  Therefore, association of proteins with cardiolipin in E. coli may reflect an 

affect on protein function as well as localization.  Overall, phospholipids appear important for 

protein assembly and function; specific lipid affinity likely is a reflection of a preference by 

proteins for a specific charge and structural configuration unique to each phospholipid.   
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Phospholipid function in E. coli cell division 

 Both zwitterionic and acidic phospholipids have been suggested to be involved in the 

process of cell division in E. coli as well.  The role of phospholipids in cell division appears to 

originate from an influence on the activity of proteins involved in cell division as well as a more 

direct contribution by the phospholipids themselves.  

 Depletion of phosphatidylethanolamine (PE) causes growth arrest and a filamentous 

phenotype (Hawrot & Kennedy, 1978, Raetz, 1976).  Growth can be restored by the addition of 

divalent cations; however, the filamentous phenotype of zwitterionic-depleted cells remains 

(DeChavigny et al., 1991).  Additionally, cell division machinery which is singularly localized to 

the mid-cell of the bacterium with normal concentrations of PE during cell division, forms at 

multiple sites within filamentous cells, and has a reduced frequency of successful division 

(Mileykovskaya et al., 1998).  The uncoupling of division events with cell growth and DNA 

replication, suggests that zwitterionic PE is important in a final stage of cell division.   

Cardiolipin (CL) is comprised of a small highly charged negative headgroup, and four 

acyl chains, resulting in a unique structure capable of forming wedge-like structures within the 

membrane (Dowhan, 1997).  Cardiolipin also forms in a non-bilayer manner, only aggregating 

on one side of the lipid bilayer.  Thus, cardiolipin has been posited to form highly curved 

domains that contribute to septum formation necessary to complete cell division (Norris et al., 

2002).  Cardiolipin domains have been observed at the midcell (Mileykovskaya & Dowhan, 

2000), in agreement with the model that CL contributes to membrane curvature.  MinD is an 

important regulator of the placement of the cell division machinery, and has high affinity 

cooperative binding with CL (Mileykovskaya et al., 2003).  PssA also shows association with 
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CL (Nishibori et al., 2005), and is an important enzyme in the synthesis of PE, which appears to 

contribute to cell division as well.  Taken together, CL may influence cell division both directly 

through structural contributions, and indirectly through the localization of proteins important in 

the process of cell division (Figure 5).   
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Figure 5 | Proposed role of cardiolipin in cell division of Escherichia coli.  Cardiolipin may 

contribute to cell division in two major ways:  A) septum formation is the process of membrane 
invagination that separates a cell into two distinct daughter cells (curved area at mid-cell).  This 
process may be partially driven by the structure of cardiolipin due to its ability to form wedge-
like structures on the inner side of the plasma membrane, contributing to curvature (zoomed 

inset).  Formation of cardiolipin enriched domains at mid-cell has been noted.  B)  Cardiolipin 
may also contribute indirectly to the process of cell division, as proteins important for cell 

division appear to preferentially localize with cardiolipin. 
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Acidic phospholipids may be required for initiation of chromosomal replication in E. coli 

Acidic phospholipids (aPLs) have been suggested to be uniquely important for 

chromosomal replication since growth-arrest caused by depletion of aPLs can be rescued by 

bypassing the normal mechanism for initiating replication.  Total elimination of acidic 

phospholipids through a null mutation of pgsA is lethal (for review of acidic phospholipid 

biogenesis see earlier section “Metabolism of the major E. coli phospholipids”) (Heacock & 

Dowhan, 1989).  However, depletion of acidic phospholipids causes growth arrest (Heacock & 

Dowhan, 1989), and is achieved through inducible control of pgsA expression driven by the 

lactose promoter system and β-D-thiogalactopyranoside (IPTG) induction (Heacock & Dowhan, 

1989).  Using this system, William Dowhan’s laboratory explored mechanisms that could 

suppress growth-arrest caused by acidic phospholipid depletion.  They found that mutation of the 

rnhA gene was capable of restoring growth in cells depleted of acidic phospholipids (Xia & 

Dowhan, 1995).  The rnhA gene encodes for RNase H, which degrades RNA complexed in 

RNA-DNA duplexes.  In cells without functional RNase H, RNA-DNA hybrids persist, and are 

remnants of transcriptional events.  However, the RNA-DNA duplexes prime for recA-dependent 

constitutive stable DNA replication (cSDR), which bypasses the normal mechanism of initiation 

of chromosomal replication in E. coli (Kogoma & von Meyenburg, 1983).  In addition, the 

maintenance of plasmids dependant on the same normal mechanism of replication initiation was 

not possible in acidic phospholipid depleted cells without rnhA mutants (Xia & Dowhan, 1995).  

These results were the first to suggest acidic phospholipids are important for the normal 

mechanism of initiation of chromosomal replication in E. coli.   
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  What might be the mechanistic basis for acidic phospholipids supporting initiation of 

chromosomal replication?  The protein DnaA is key in the normal initiation of chromosomal 

replication in E. coli (review of DnaA and initiation can be found in sections 1.3.2 and 1.3.3, 

respectively) (Fuller et al., 1984).  Initiation takes place at a specific locus, the origin, on the 

chromosome (review can be found in section 1.3.2), and requires DnaA in its active form which 

is bound to adenosine triphosphate (ATP) (Sekimizu et al., 1987).  In the cell the initiator protein 

DnaA can exist in two forms, an inactive ADP-bound and an active ATP-bound form.  

Interestingly, acidic phospholipids were discovered to facilitate the activation of DnaA by 

stimulating ADP-to-ATP exchange (Sekimizu & Kornberg, 1988, Yung & Kornberg, 1988).   

Early studies pioneered by Arthur Kornberg and colleagues established that membrane 

fluidity,  headgroup chemistry of the phospholipids, and association with the origin were 

important determinants of whether a phospholipid could stimulate nucleotide exchange (Crooke 

et al., 1992, Yung & Kornberg, 1988, Castuma et al., 1993, Sekimizu & Kornberg, 1988).  The 

greater the ionic strength of the headgroup, the greater the propensity of the acidic phospholipid 

to stimulate nucleotide release (Kitchen et al., 1999), suggesting electrostatic interactions 

between acidic phospholipids and DnaA are important for the exchange mechanism.  

Furthermore, studies involving proteolytic fragments of DnaA and liposomes demonstrate that a 

specific region of DnaA interacts with the acidic phospholipids (review of DnaA structure can be 

found in section 1.3.2) (Garner & Crooke, 1996, Garner et al., 1998).  These results suggest a 

model for the mechanism of how acidic phospholipids may activate DnaA protein (Figure 6), 

and thus potentially contribute to initiation of chromosomal replication. 



 

19 
 

 Suppression of growth arrest can be achieved with a single point mutation in the region 

of DnaA that interacts with acidic phospholipids (Zheng et al., 2001).  This result suggests the 

requirement of acidic phospholipids in the initiation of chromosomal replication is specific to 

DnaA, and not just the overall process, which involves numerous components.  Interestingly, 

studies by Kurokawa and colleagues demonstrated that reactivation of existing ADP-DnaA must 

occur in vivo, and that de novo synthesis of DnaA, another potential mechanism to create active 

DnaA (reviewed in section 1.3.4), cannot account for all ATP-DnaA accumulation in cells 

(Kurokawa et al., 1999).  Moreover, DnaA ADP-to-ATP exchange has an observed half life of 

~30 minutes without acidic phospholipids (Sekimizu et al., 1987), and during fast growth 

conditions such a rate of exchange could not create adequate concentrations of active DnaA to 

drive replication.  Therefore, the model proposed in figure 6, which is derived from in vitro 

studies, may potentially reflect the acidic phospholipid requirement of E. coli for growth.   

 The overarching goal of our lab is to understand the role of aPLs in the initiation of 

chromosomal replication.  The first step in this process is to understand the direct effect acidic 

phospholipids have on initiation of chromosomal replication, to build upon the earlier in vitro 

mechanism studies, and in vivo inferences.  In order to better understand the role that acidic 

phospholipids may have in the process of chromosomal replication, we must also review the cell-

cycle of E. coli and the process of chromosomal replication, with a special emphasis on the 

regulation of initiation.  In doing so, we will have a clearer idea of how phospholipid regulation 

of initiation may fit in the larger context of the initiation process. 
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Figure 6 | Model of DnaA activation by acidic phospholipids.  In vitro, inactive ADP-bound 
DnaA, in the presence of acidic phospholipids in a fluid bilayer and bound to the chromosomal 

origin of replication (oriC), is stimulated to release ADP and bind ATP, reactivating DnaA.  
Inactive DnaA bound to the origin is believed to electrostatically interact with acidic 

phospholipids, stimulating the release of DnaA-bound ADP.  The interaction between DnaA and 
acidic phospholipids appears to be dependent on a specific region (for review see section 1.3.2 

“DnaA structure”).  The release of ADP results in the binding of readily available ATP, 
activating the DnaA protein, and allowing DnaA to initiate chromosomal replication. 
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1.2 The E. coli cell-cycle and DNA replication  

 E. coli like any bacteria or eukaryote requires precise regulation of its cell cycle in order 

to grow, replicate, and divide in an efficient manner.  First, E. coli undergoes a growth phase 

(G1) in which it accumulates sufficient cellular mass and the precursors necessary for DNA 

replication.  A highly regulated transition from G1 to a synthesis phase (S) is highlighted by the 

commencement of chromosomal initiation.  During S phase the chromosomal content is 

replicated.  Initiation starts at a distinct locus, the origin of chromosomal replication (oriC) and 

proceeds bi-directionally around the circular chromosome until completion of replication 

resolves at the distal-most end known as the termination locus (ter).  New chromosomes, dubbed 

daughter chromosomes, move from their initial site of replication at midcell and begin to migrate 

towards opposite cell poles.  After S phase a third and final phase (G2/M) occurs in which 

another growth phase is coupled with the events of mitosis.  During this phase newly synthesized 

chromosomes are segregated and a septum forms midcell to create two new daughter cells 

(Figure 7).  Although in falling into disuse, these three distinct phases of the E. coli cell-cycle 

have been previously referred to differently, and the reader may encounter them in literature 

searches .  To avoid ambiguity, in my dissertation the G1 phase corresponds to the B period (B, 

for birth), S phase corresponds to the C period, and G2/M phase corresponds to the D period (D, 

for division) that one may find referenced in the literature (Wang & Levin, 2009).   

The process of replication is tightly regulated with the cell-cycle in E. coli and has been 

studied extensively.  The need for such a tightly regulated system stems from many factors.  First 

is the need to couple the replication of genomic material with that of the overall cell-cycle, 

resulting in a major “checkpoint” in allowing replication to proceed.  This initial step is initiation 
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and is logically linked to alternate pathways involved with other cell cycle events.   Second, the 

energy investment required for replication of an entire genome, or in the case of rapidly dividing 

bacterial cells, genomes is considerable; therefore a full commitment of a large pool of the cell’s 

energy resources should be regulated at the beginning of replication.  A third factor is bacteria’s 

characteristic exponential growth.  The growth conditions E. coli are cultured in the laboratory 

can influence the number of chromosomes present in the bacterium.   

Under slow growth conditions (e.g. low temperature or poor nutrients) the inter-initiation 

period (I), the period between initiation of chromosomal replication, exceeds that of the time 

required to replicate the chromosome (C) and conduct cell division (D) (I>C + D).  This ensures 

in each cell-cycle a round of DNA replication can be completed to provide each daughter cell 

with a copy of the parental chromosome.  In rich growth conditions (e.g. high temperature, 

nutrient rich) the rate of growth and division outpaces the rate at which bacteria can fully 

replicate their genome (I<C + D) (Skarstad et al., 1986).  In such conditions bacteria compensate 

by overlapping rounds of replication, where chromosomes undergoing replication will not be 

completed until two or more generations of growth (Figure 8, slow vs. fast growth).  Therefore, 

daughter cells will have sufficient chromosomal material under the shorter time constraints of 

fast growth. 

Under either condition, replication initiation is coordinated to commence simultaneously 

at each chromosome, directed by a single stimulus.  This process allows for chromosomal 

replication to keep pace with changes in growth conditions.  Asynchronous replication, where 

chromosomal replication of multiple chromosomes does not occur, can lead to some daughter 

cells getting uneven numbers of genomes (Skarstad et al., 1986).  The resulting disparity of 
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genomic content between daughter cells can have deleterious effects (Kitagawa et al., 1998).  

Thus, regulation of chromosomal DNA replication initiation conserves DNA integrity and allows 

for adaptability by the organism under a range of conditions. 

  Key to initiation synchrony and its dependence on a central stimulus response is DnaA.  

DnaA is the key protein involved in facilitating replication initiation in E. coli and other bacteria.  

It is responsive to numerous proteins and accessory molecules, and focuses their numerous 

signals into a single response (Mott & Berger, 2007).   
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Figure 7 | The cell-cycle of Escherichia coli.  The cell-cycle is divided into three distinct 
phases, and begins with newly divided cells (depicted at the top as a green cell with the circular 
chromosome shown as a solid black circle).  The first phase is a growth phase (G1) in which the 
cell acquires sufficient mass and resources required for subsequent steps.  The second phase is 

the synthesis phase (S) in which the chromosomal material is duplicated, as shown by the second 
circular chromosome at the end of this phase.  Finally, cells undergo a third phase (G2/M) in 

which further growth occurs, a septal region forms midcell (depicted to the left of the cell-cycle), 
and cells divide (depicted as the two daughter cells at the top).  The final phase of the cell-cycle 
is distinct from eukaryotes in which there is no clear separation of the final growth phase and 

mitosis because shortly after synthesis starts, the process of segregating daughter chromosomes 
begins.   
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Figure 8 | The effect of slow and fast growth on the chromosomal copy number in Escherichia 
coli.  Chromosomal replication begins at a single locus (the origin, green locus) on the circular 

chromosome of E. coli and proceeds bi-directionally to complete at the terminal end (red locus).  
A) Under slow growth conditions, after an initial period of growth (G1), replication commences 
at the beginning of the synthesis phase (Sstart) resulting in the immediate duplication of the origin 
locus.  Replication completes by the end of the synthesis phase (Send) resulting in the creation of 
two daughter chromosomes.  The bacterium then undergoes a second phase of growth (G2/M) 
and finally segregates the chromosomes into two separate daughter cells, starting the next cell-

cycle (G1).  B)  Under fast growth conditions, the time required to completely replicate the 
chromosome exceeds the overall cell-cycle (generation time); therefore, under fast growth 

conditions E. coli must prepare chromosomes for daughter and granddaughter cells.  After an 
initial period of growth (G1), replication commences at the beginning of the synthesis phase 

(Sstart), this occurs from all available origins, and because replication from the previous cell-cycle 
did not complete, this results overlapping rounds of replication (i.e. more initiation events) than 

under slow growth conditions.  At the end of the synthesis phase (Send), replication has not 
completed for all initiation events; however, the replication commenced in the previous cell-

cycle does complete and results in the formation of two chromosomes, additionally containing 
partially complete copies of chromosomes.  A second round of growth and then cell division 
takes place (G2/M) and daughter cells receive chromosomes containing chromosomes with 

ongoing replication (G1).  The presence of the partially completed chromosome assures the next 
cell-cycle’s synthesis period will result in the completed replication despite the faster rate of 

growth, relative to the length of time required for chromosomal replication to complete. 
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1.3 Initiation of chromosomal DNA replication  

1.3.1 Origin of chromosomal replication (oriC) 

Replication initiation is a highly regulated process that ensures that chromosomal 

replication occurs only once per cell cycle (Grimwade et al., 2007, Mott & Berger, 2007).  In E. 

coli, initiation focuses on a single area within the circular chromosome known as oriC.  The oriC 

locus is a 250 base pair (bp) region of the chromosome containing binding sites for many 

important initiation regulators (Figure 9) (Fuller et al., 1984, Grimwade et al., 2007, McGarry et 

al., 2004, Mott & Berger, 2007, Langer et al., 1996, Kowalski & Eddy, 1989).   

  Each locus has a specific function in the initiation of chromosomal replication (reviewed 

extensively in section 1.3.3).  R boxes (R1, R3, R4, R5) serve as high affinity binding sites for 

the initiator protein DnaA.  The I sites (I1, I2, I3) are low affinity binding sites for DnaA, with 

binding of DnaA at I2 and I3 being important in stimulating initiation (McGarry et al., 2004).  

The DNA unwinding element (DUE) is an AT rich region which serves as the initial site of 

melting for the duplexed chromosomal DNA; melting of this region occurs after multimerization 

of DnaA monomers binding throughout oriC.  IHF and Fis sites are important for binding the 

positive and negative regulators of initiation, IHF and Fis, respectively.  IHF (Grimwade et al., 

2000) and Fis (Gille et al., 1991) are proteins that bend the DNA.  The resulting changes in DNA 

architecture enhance or repress DnaA assembly at oriC.  Finally, scattered GATC methylation 

sites are targets for seqA protein binding (Lu et al., 1994, Slater et al., 1995).  It is thought that 

seqA binding prevents the reinitiation of DNA replication at newly replicating origins by 

blocking reassembly of DnaA at oriC. 
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Figure 9 | The origin of chromosomal replication (oriC) structure.  Within oriC are several sites 
that have specific functionality in the initiation of replication.  The DNA unwinding element 

(DUE, orange squares) is an AT-rich region that consists of a series of three 13mer repeat 
sequences.  The R-boxes (red squares) are DnaA high affinity binding sites.  The I-sites (teal 

squares) are DnaA low affinity binding sites, and binding of DnaA to I2 and I3 in particular are 
crucial in the successful initiation of chromosomal replication.  The inversion of host factor 

(IHF, green box) binding site is important for IHF protein binding, a DNA bending protein that 
stimulates the DnaA oligomerization at the origin.  The fis binding site binds the fis protein, a 
DNA bending protein that represses DnaA oligomerization at the origin.  GATC sites, denoted 
by arrows, are scattered throughout the origin.  GATC sites, once hemi-methylated following 

replication, act as binding sites for SeqA protein, competing for binding of other proteins within 
the respective binding sites.  
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 1.3.2 The initiator of chromosomal DNA replication, DnaA  

Structure of DnaA  

DnaA is the primary initiator of oriC-based replication in bacteria.  In its capacity as the 

primary initiator, DnaA serves as the focal point for many different regulators.  Due to its 

prominent role, it is prudent to first explain DnaA’s structure, including its functional domains 

and mechanism of action, in order to appreciate the other molecules and events of replication 

initiation.  DnaA is a 467 amino acid-containing peripheral membrane protein comprised of four 

domains (Figure 10) (Mott & Berger, 2007, Sutton et al., 1998, Sutton & Kaguni, 1997). 

The N-terminus contains Domain I which confers helicase (DnaB) recruitment activity 

(Seitz et al., 2000, Sutton et al., 1998), allows for DnaA-DnaA oligomerization interactions 

(Simmons et al., 2003), and interacts with DnaN-Hda complex, resulting in accelerated DnaA 

ATP hydrolysis (Kawakami et al., 2006, Kurz et al., 2004). Importantly, mutations in Domain I 

of DnaA prevent the creation of Form1*, a special negatively supercoiled region near oriC, that 

in turn indicates the failure of Pre-RC to load DnaB helicase (Baker et al., 1986, Sutton et al., 

1998).  Domain II is a small variable region believed to be involved in the binding of the 

repressor protein repA (Sutton et al., 1998).   

Domain III, spanning from AAs 130-340, is responsible for nucleotide binding and the 

hydrolysis of nucleotide cofactor ATP (Mott & Berger, 2007, Sutton et al., 1998).  Nucleotide 

cofactor binding status serves as an activating or deactivating mechanism for DnaA.  When 

ATP-bound, DnaA is active and can bind to weak affinity DNA target sequences, which include 

the oriC 9-mer R boxes R3, R5/M and 9-mer I sites I1, I2, and I3 (Grimwade et al., 2007, 

Kawakami et al., 2005, McGarry et al., 2004).  I-sites have a 3-4x fold increased sensitivity for 
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ATP-DnaA (Kawakami et al., 2005, McGarry et al., 2004).  The I-sites’ preference for active 

DnaA coupled with their lowered DnaA affinity make them key determinants in progression of 

replisome assembly at oriC (Grimwade et al., 2007, McGarry et al., 2004).  While the 3-4x fold 

sensitivity is slight, other mechanisms influence DnaA interactions such that this difference is 

much greater in vivo (reviewed in sections 1.3.4 and 1.3.5).  Contrary to ATP-DnaA DNA 

binding, ADP-DnaA is unable to bind effectively to weak affinity DNA targets, but does bind 

strongly at the high affinity sites R1, R2, R4 (Grimwade et al., 2007, McGarry et al., 2004).  

Domain IV, at the carboxyl-terminus, spans from amino acids 351-467; it also contains 

the DNA binding capabilities of DnaA (Blaesing et al., 2000, Roth & Messer, 1995).  This 

region contains a “signature sequence” (KDHTTVI) integral for sequence specific binding at 

DnaA boxes (Mott & Berger, 2007).  In addition, located between Domains III & IV is a critical 

membrane binding region containing an amphipathic helix (Garner & Crooke, 1996, Garner et 

al., 1998).  This helix is paramount for DnaA-acidic phospholipid interactions.   

 Structural homology studies have identified DnaA as belonging to the ATPases 

associated with various cellular activities (AAA+) superfamily (Mott & Berger, 2007).  Without 

exception, characterized AAA+ superfamily members share a seemingly common method of 

assembly.  This mode of action is integral for understanding DnaA assembly at the origin.  

Initially, one AAA+ monomer protrudes a conserved motif known as the SRC element, located 

in domain III, into the “P-loop-like NTPase fold” of another DnaA monomer (Mott & Berger, 

2007, Gon et al., 2006).  The resulting reaction is highly synergistic, resulting in increased NTP 

interaction.  This reaction is a hallmark of the AAA+ superfamily.  This is important because 

AAA+ protein’s ability to enhance reactions through cooperative binding allows oligomerization 
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itself to have profound regulatory ramifications, such as remodeling of DnaA within oriC.  

Interestingly, sequence comparisons have shown that the negative regulating protein Hda is a 

paralogue of DnaA and an AAA+ superfamily member (Kato & Katayama, 2001). 

 Overall the structural evidence of the conserved motifs within domain III highlights the 

importance of the nucleotide binding status for DnaA function.  In addition to DnaA function, 

the nominal cellular concentrations of [ATP] and [ADP], DnaA’s own dissociation constants 

with its cofactors, and active regulation by other molecules serve to influence which nucleotide 

form DnaA is present.  This combination of influences is of exceptional importance during both 

the pre-initiation and post-initiation stages.   

 

 

 

 

 

 

 



 

31 
 

 

Figure 10 | Structure of the DnaA protein.  DnaA is a 467 amino acid long protein divided into 
four functional domains, indicated by the roman numerals.  Domain I is important for protein-

protein interactions such as between DnaA monomers, DnaB helicase, and DnaN-Had.  Domain 
II is a flexible linker region of uncertain function.  Domain III is a conserved ATP binding 

domain with ATP hydrolytic activity, belonging to the ATPases Associated with various celllular 
Activities (AAA+) superfamily of proteins.  This domain is important for determining DnaA’s 
ability to bind to specific oriC sites.  Domain IV is responsible for physically binding DNA.  
Spanning domains three and four is a specific region of the protein which mediates DnaA 

interaction with acidic phospholipids.  “N” and “C” denote the amino and carboxy terminii of the 
protein, respectively.   
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DnaA as a transcription factor  

In addition to stimulating initiation of DNA replication, DnaA has been found to bind to 

and modulate the activity of several promoters, acting as a transcription factor.  Foremost, DnaA 

has been shown to bind to and modulate the activity of its own promoter.  At low levels of active 

DnaA (ATP-DnaA) the promoter is activate and DnaA expression is upregulated; however, as 

DnaA protein levels increase, the active DnaA binds to the low affinity sites repressing its own 

expression.  The result is an elegant example of a negative feedback loop with a potential 

explanation for how replication initiation is timed in the cell cycle.  An in-depth discussion of 

DnaA autoregulation can be found in section 1.3.4  

DnaA also binds to various other parts of the genome.  It is involved in the repression of 

mioC, which encodes for a FMN-binding protein (Birch et al., 2000, Lother et al., 1985, Theisen 

et al., 1993).and for the genes encoding ribonucleotide reductase, nrdAB (Gon et al., 2006).  

Ribonucleotide reductase (RnR) converts rNTPs to their dNTP counterparts, enabling their 

incorporation into elongating DNA strands or use for other cellular processes (Gon et al., 2006).  

Gon and colleagues showed that active DnaA was responsible for repression of nrdAB 

transcription through a series of promoter studies with mutant DnaA and DnaN proteins.  The 

resulting regulation is well-designed:  when DnaA-ATP levels are high, RnR production is low 

and few dNTPs are made; however, when DnaA-ATP levels are low, such as the burst of DnaA-

ATP hydrolysis caused by RIDA at initiation, RnR production and thus dNTP production 

increase.  Logically, this is ideal as the bulk of dNTPs made by the cell are utilized to maintain 

and create its genome.  Coupling initiation, the committing step of replication, to production of 

its building blocks (dNTPs) creates effective crosstalk between cell activities (Figure 11).  
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Figure 11 | DnaA regulation of nrdAB promoter couples dNTP production with initiation events.  
Active DnaA (ATP-DnaA) strongly represses the nrdAB promoter, and is required for oriC-

dependent replication initiation.  Once initiation has commenced, DnaA hydrolysis of its ATP 
co-factor is stimulated by Hda dependent on β-subunit of the replisome.  Hydrolysis of ATP-
DnaA to ADP-DnaA results in a weak repression of nrdAB transcription and an increase in 

ribonucleotide reductase and subsequently dNTP production.  An increased dNTP pool 
contributes to further repression of the nrdAB promoter in a DnaA dependent manner.  Figure 

adapted from (Gon et al., 2006). 
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1.3.3 DNA replication in E. coli  

Basal oriC occupation and pre-replication complex formation 

Initiation starts prior to replication onset when oriC is in the origin recognition complex 

(ORC) conformation (Figure 12).  The ORC conformation is determined by the occupancy of the 

R box sequences with high affinity for DnaA (R-boxes R1, R2, R4) by DnaA (Cassler et al., 

1995, Samitt et al., 1989).  As the cell cycle progresses, DnaA binds to the weaker affinity R 

boxes, R3 and R5/M, as well as to the critical I-sites I2 & I3 in its replication active form ATP-

DnaA (Cassler et al., 1995, Ryan et al., 2002).  The binding of ATP-DnaA to weak sites only 

occurs with replication onset and only when concentrations of ATP-DnaA is adequate (Sekimizu 

et al., 1987, McGarry et al., 2004, Grimwade et al., 2007).  While total DnaA concentrations 

remains constant throughout the cell cycle, at about 300 nM or 1000 molecules per cell (Hansen 

et al., 1991, Keyamura et al., 2007, Sakakibara & Yuasa, 1982), ATP-DnaA reaches its highest 

concentration just prior to replication initiation (Kurokawa et al., 1999).  Therefore, it is believed 

that the concentration of ATP-DnaA relative to ADP-DnaA is important for its stimulation of 

replication initiation.  Once the critical threshold of ATP-DnaA has been achieved in the cell, 

ATP-DnaA binds to the weak affinity R-boxes and I-sites.  Stimulated by DNA bending proteins 

HU, inversion of host factor (IHF), and/or DnaA initiator-associating factor (DiaA), homo-

oligomerization of oriC-bound DnaA occurs with oriC wrapped around the oligomer (Crooke et 

al., 1993, Ryan et al., 2004, Ishida et al., 2004, Keyamura et al., 2007).  The resulting complex 

causes localized strand separation in the upstream AT-rich DUE (Kowalski & Eddy, 1989, 

Nievera et al., 2006), and the ORC is referred to as the pre-replication complex (Pre-RC) and is 

able to load key components for replication. 
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Figure 12 | Initiation of chromosomal DNA replication in Escherichia coli.  Basal 

occupation of DnaA in high affinity R-boxes R1, R2, and R4 at the origin occurs throughout the 
cell-cycle, and is referred as the origin recognition complex (ORC).  As the cell-cycle 

progresses, active (ATP-DnaA) accumulates within the cell, resulting in the binding of DnaA to 
the remaining R-boxes R3 and R5, as well as the low affinity I-sites.  DnaA binding to these 

additional sites results in multimerization of DnaA at the origin.  The oligomer of DnaA forces a 
conformational change in the origin, resulting in the origin wrapping around the oligomer.  In the 

presence of IHF, DiaA, or HU proteins and physiological levels of ATP, the upstream DNA 
unwinding element (DUE) is melted and forming a region suitable for single stranded expansion 
and eventual assembly of the replisome.  The final structure at oriC in this process is known as 

the pre-replication complex (Pre-RC). 
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Priming for replication  

Following Pre-RC formation, DnaB helicase is recruited to enlarge the melted DUE 

region of the oriC.  The recruitment of DnaB is mediated by DnaC multimers (Carr & Kaguni, 

2002).  ATP hydrolysis drives the decoupling of DnaC from the DnaB helicase.  Stabilization of 

the nascent-single stranded region is facilitated by DNA gyrase and single-stranded binding 

protein (SSB).  DNA polymerase III and other key replication machinery (β-sliding clamp, DnaG 

primase, etc.) are then loaded at the origin, forming a replication competent replisome known as 

the replication complex (RC) (Baker & Bell, 1998, Mott & Berger, 2007) (Figure 13).   
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Figure 13 | Single stranded expansion of the DNA unwinding element (DUE) and loading of the 
replication machinery at oriC.  A) The pre-replication complex (Pre-RC) is formed during the 
initial steps of initiation in which DnaA monomers oligomerize and the AT-rich DUE region 

becomes single stranded.  B) DnaC protein mediates the loading of DnaB helicase at the DUE.  
DnaB helicase further expands the DUE and single stranded DNA-binding protein (blue circles) 

and DNA gyrase (not depicted) stabilize the expansion of the single stranded region.  C) 
Replisome components including DNA polymerase III, β-sliding clamp, and DnaG primase are 

loaded at each side forming functional replisomes and protein-DNA structure known as the 
Replication Complex (RC). 
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Resolution of replication: elongation, termination, segregation of chromosome and cell division 

  Replication proceeds from oriC bi-directionally after the replisome has formed.  Each 

fork proceeds outward on the circular chromosome from the origin until it has reached the 

opposite end at the ter locus.  Initiation commences with chromosomes localized at mid-cell, and 

it is believed that during the entire process of elongation that the replisomes remain unmoved; 

however, daughter chromosomes will eventually segregate to opposing poles, a step necessary 

for proper division of chromosomal material during cell division.  Therefore a mechanism must 

be in place to facilitate this migration of chromosomes.  In one proposed mechanism known as 

the “extrusion capture model”, compounds unrelated to replication act to segregate the 

chromosomes through a form of transport (Lemon & Grossman, 2001).  A second mechanism 

extols that replication provides the energetic power to facilitate movement of the chromosomes 

(Sawitzke & Austin, 2001).  Septum formation occurs prior to replication completion but the 

septum does not separate the cell until the ter sequences have been segregated (Lau et al., 2003).  

Thus, irrespective of the mechanism facilitating separation of the daughter chromosomes, the 

process must be linked with cell division.   

 

1.3.4 Positive regulators of replication initiation 

DnaA transcriptional autoregulation 

The transcriptional autoregulation of DnaA has important consequences for the process of 

initiation.  DnaA’s nucleotide binding status dictates if it is in an active or inactive form.  DnaA 

exists in two forms during the cell cycle, a replicatively active ATP-bound form and a 

replicatively inactive ADP-bound form (DnaA’s KD for each nucleotide is 30 and 100nM, 
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respectively) (Sekimizu et al., 1987).  Bacterial ATP concentrations range in the millimolar level 

(Bochner & Ames, 1982), thus newly translated DnaA readily binds ATP and is found in the 

active form.   

DnaA production is a component of the ATP-DnaA rejuvenation process; however, its 

overall contribution to the process is under contention (Kurokawa et al., 1999, Speck et al., 

1999, Morigen et al., 2001).  The dnaA gene possesses two promoters in E. coli, dnaAp1 and 

dnaAp2, with a DnaA box interposed between the two (Speck et al., 1999, Kucherer et al., 1986, 

Polaczek & Wright, 1990).  Promoting 60-80% of the dnaA transcriptional activity, dnaAp2 is 

the stronger of the two promoters (Kucherer et al., 1986, Polaczek & Wright, 1990).  Using 

temperature sensitive DnaA mutants, overexpression of DnaA, and other methods, researchers 

ascertained that DnaA was involved in its own regulation (Atlung et al., 1985, Braun et al., 1985, 

Kucherer et al., 1986).  Overexpression of DnaA caused a reduction in promoter activity, 

whereas temperature-sensitive driven deactivation caused an increase in DnaA promoter activity. 

The mechanism responsible for this observation was later determined by Speck and colleagues 

(Speck et al., 1999).  In this paper they outlined two key findings for DnaA autoregulation.  First, 

they discovered a second DnaA box with a missense mutation, differing from the 5’-

TTA/TTNCACA-3’ consensus sequence of DnaA box 1 (Schaper & Messer, 1995), with DnaA 

Box 2 located 12 base pairs downstream of DnaA box 1 (Speck et al., 1999).  Second, they 

discovered three additional 6-mer DnaA-binding sites with the consensus sequence 5’-

AGATCT-3’ (Speck et al., 1999).  The latter sites were named DnaA boxes A, B, C and had a 

much greater affinity for ATP-DnaA form.  While the DnaA box 1 bound both DnaA forms with 

equal affinity, DnaA boxes 2, A, B, and C were all more protected from Dnase I digestion by 
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ATP-DnaA than ADP-DnaA, thus binding ATP-DnaA more tightly.  To explore the possibility 

of a multimeric complex of active DnaA (ATP-DnaA) Speck and colleagues used surface 

plasmon resonance on various oligos of the promoter with or without specific boxes.  The results 

showed that while ATP-DnaA did indeed have a higher binding affinity for DnaA box 2, it was 

enhanced by the presence of DnaA boxes A, B, and C (Speck et al., 1999), suggesting 

cooperative binding among individual DnaA monomers at the dnaA promoter (Figure 14A).   

 The results are extremely insightful when coupled with knowledge of AAA+ superfamily 

mechanism of action, a point not fully appreciated by the authors at the time of publishing.  As 

previously described, DnaA is an AAA+ superfamily member (reviewed in section 1.3.2 

“Structure of DnaA”).  It is well understood that AAA+ members work in an oligomeric manner, 

with monomers assembling in concert to provide a greater cooperative effect.  It therefore is 

logical to expect DnaA’s autoregulatory effect to mechanically take place by such cooperative 

means.  Rather than DnaA binding to one distinct locus, it instead binds to several DnaA boxes 

within the promoter region of DnaA acting as a negative transcription factor.  Therefore, the 

discovery of additional sites required for enhanced DnaA autorepression is a great discovery, one 

suggesting that DnaA oligomerization occurs at more loci than only oriC.  Overall, the 

cooperative effect of DnaA monomers acts to repress DnaA transcription.  The need for active 

form DnaA at DnaA boxes 2, A, B, and C point out the importance of this regulation being 

linked with the levels of ATP-DnaA.  Thus, autoregulation is stronger at times when DnaA-ATP 

is highest, providing a negative feedback loop to stem DnaA production when it is at its highest 

concentrations (Figure 14B).   
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Figure 14 | DnaA can regulate the transcriptional activity of the dnaA gene. A) ATP-DnaA is 
capable of binding to sequences found within its promoter (box 2, a, b, and c), with increased 

binding of ATP-DnaA when boxes a, b, and c are present.  B) The dnaA gene is regulated by its 
own gene product.  mRNA from dnaA is transcribed and then translated into DnaA protein (blue 

oval) which readily binds ATP cofactor (green oval).  ATP-DnaA is capable of binding to its 
own promoter and strongly represses further transcription. 
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DnaA reactivation sequences (DARS) 

  A 70 bp sequence of a plasmid (pBluescript) found in the ColE1 replication origin was 

shown to specifically bind DnaA and stimulate nucleotide release, resulting in the binding of 

ATP and thus activation of DnaA (Fujimitsu & Katayama, 2004).  This action is very similar to 

cardiolipin (CL) function in vitro; however, unlike CL which is required in tandem with oriC to 

stabilize DnaA nucleotide exchange, the DnaA-reactivating sequence (DARS) alone can 

stimulate exchange (for review of cardiolipin function see section 1.1 “Acidic phospholipids may 

be required for initiation of chromosomal replication in E. coli”).  This sequence was found 

within the E. coli chromosome at two loci, DARS1 and DARS2, and interestingly is conserved in 

many bacteria species (Fujimitsu et al., 2009).  The authors found that DnaA binds in 

homomultimers to the DARS sequences and that alteration or changes in the copy number of 

DARS had phenotypes consistent with a role promoting initiation events (e.g. oversupply of 

DARS resulted in hyper-initiation, whereas a deletion of DARS results in an inhibition of 

replication and decrease in cellular ATP-DnaA).  Although still unknown, Fujimitsu and 

colleagues noted in a previous study (Kurokawa et al., 1999), the presence of these sequences on 

plasmids did not significantly alter the cellular ATP-DnaA levels; therefore, the influence of 

these sequences may rely on unknown facts that interact with DnaA or DARS.   

  DARS, in contrast with de novo production of DnaA protein, offers an efficient 

mechanism to producing active DnaA because it avoids costly protein translation and turnover.  

It is likely that together these independent mechanisms drive the accumulation of ATP-DnaA in 

the cell that is observed prior to initiation (Kurokawa et al., 1999).  In order to maintain 

regulated initiation events, these mechanisms are balanced with negative regulatory pathways.  
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Figure 15 | DnaA reactivation sequences (DARS) promote initiation of chromosomal replication.  
Replicatively inactive ADP-DnaA can bind to DARS1 or DARS2 loci resulting in a stimulated 
release of DnaA-bound ADP.  The release of ADP results in DnaA binding of ATP, allowing 
DnaA to initiation chromosomal replication at the origin of chromosomal replication (oriC).  
While unclear, it is believed that there may be additional factors that facilitate the DARS-

mediated reactivation of DnaA.      
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1.3.5 Negative regulators of replication initiation 

Sequestration  

After assembly of the replisome, additional events are believed to prevent the assembly 

of extra replication machinery as the replication forks migrate away from the site of initiation 

(Kato & Katayama, 2001, Su'etsugu et al., 2005, Lu et al., 1994, Nievera et al., 2006, Crooke et 

al., 1992, Makise et al., 2002).   Newly replicated nascent DNA strands remain in a non-

methylated state for a period of approximately one third of the overall cell cycle length.  During 

this time the protein SeqA binds to hemi-methylated GATC sites (Bach & Skarstad, 2004, Slater 

et al., 1995).  The occupation of hemi-methylated GATC sites by SeqA inhibits binding of DnaA 

at DnaA boxes containing GATC sequences, acting to prevent rebinding of DnaA to oriC (Bach 

& Skarstad, 2004, Slater et al., 1995).   

The GATC sites are primarily located within the weak affinity sites of oriC: I2 and I3 

(Nievera et al., 2006), in agreement with seqA preventing re-initiation events as these sites are 

critical for DnaA-binding to and initiating replication from oriC (McGarry et al., 2004).  SeqA is 

a 181 amino acid long protein with no signal sequence or membrane spanning domain (Lu et al., 

1994).  SeqA’s C-terminal domain is responsible for binding to the GATC sequences (Mott & 

Berger, 2007).  Interestingly SeqA also appears to have several putative binding sites with FIS, 

IHF, and DnaA (Lu et al., 1994). Integral for SeqA function is DNA adenine methylation 

(DAM) methyltransferase activity, which methylates adenosine nucleotides in GATC sequences 

(Zyskind & Smith, 1986).  SeqA functionality is epistatic to dam activity.  When dam activity 

was ablated, SeqA was not able to have its phenotypic effect of sequestration, resulting in 

asynchronous cultures (Lu et al., 1994).  Abolishment of SeqA activity through seqA deletion 
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results in premature initiation, aberrant nucleoid localization, and asynchronous origin firing (Lu 

et al., 1994).  Conversely overexpression of SeqA results in lethality (Brendler et al., 1995, 

Slater et al., 1995).  The dnaA gene is located within relatively close proximity to oriC (Theisen 

et al., 1993).  With close proximity, SeqA activity also seems important in the sequestration of 

DnaA promoter region following initiation, as SeqA can bind GATC sequences within the dnaA 

promoter region following initiation (Lu et al., 1994).  As the cell cycle progresses, both strands 

of DNA are methylated, resulting in fully methylated DNA.  At oriC, this takes place after 

approximately between 1/4th and 1/3rd of the cell cycle (Camara et al., 2005, Boye et al., 2000).  

When DNA is fully methylated SeqA affinity for GATC sequences is approximately 5 fold less 

than for hemi-methylated DNA (Slater et al., 1995).  It is believed that the substantially lowered 

affinity of SeqA for fully methylated DNA contributes to its mitigating effect of sequestering 

oriC later in the cell cycle.  Lower sequestration of oriC later in the cell cycle acts to make oriC 

available once again for a new round of replication.  Taken together, seqA is a potent regulator to 

prevent re-initiation events at oriC (Figure 16). 
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Figure 16 | SeqA prevents reinitiation of chromosomal replication at oriC by occupying 
DnaA-binding sites after initiation.  Prior to replication, both strands of the chromosome are 

methylated (black circles) at GATC sites by the DNA adenine methylation (DAM) methylase 
enzyme.  Fully methylated DnaA-binding sites can be bound by DnaA but not SeqA protein.  
After initiation oriC is duplicated by semi-conservative replication, a non-methylated nascent 
DNA strand (red line) becomes paired with a fully methylated strand (blue line).  The hemi-

methylated DnaA-binding sites are bound by SeqA protein which prevents the binding of DnaA 
and reinitiation of chromosomal synthesis. 
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DnaA titration by the datA locus  

Prevention of re-initiation requires negative mechanisms to ensure timely regulation.  A 

significant DNA binding target for DnaA is the datA locus.  The datA locus is a ~950 bp region 

that possesses extremely high DnaA affinity, and is located 94.7 min on the genetic map, 

between the glyV and amiB-mutL operons (Kitagawa et al., 1996).  In vivo it functions to titrate 

up large quantities of DnaA.    Extra-chromosomally on a plasmid vector, datA was shown to 

titrate 370 DnaA molecules, a value over ten times higher than that of oriC (Kitagawa et al., 

1996).  This should account for 40-60% of available cellular DnaA (Katayama & Kornberg, 

1994, Kitagawa et al., 1996, Sekimizu et al., 1988).  In deletion studies, it was shown that datA 

is not necessary to maintain normal cell growth, but datA deletion disrupts ordered replication 

initiation in synchronized cell cultures (Kitagawa et al., 1998, Leonard & Grimwade, 2010).  In 

addition, the same studies demonstrate two other key findings: (i) extra datA copies cause 

initiation repression, and (ii) transcriptional autorepression of DnaA is countered by addition of 

extra-chromosomal datA.  These results support the role of datA as a negative regulator of 

chromosomal DNA replication through its ability to titrate DnaA in the cell (Figure 17). 
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Figure 17 | The datA locus negatively regulates initiation of chromosomal replication by 

titrating large quantities of DnaA.  The datA locus has a numerous DnaA high affinity binding 
sites to which hundreds of DnaA binds.  During replication, as this locus is duplicated, the 

number of binding sites doubles resulting in further titration of DnaA and less DnaA available to 
bind to the origin. 
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Regulatory inactivation of DnaA (RIDA)  

  The primary function of the beta-sliding clamp of DNA polymerase III (DnaN) is to 

enhance processivity of the polymerase during DNA elongation; however, DnaN is also capable 

of forming a stable complex with a homodimer of Hda protein (Su'etsugu et al., 2004).  The 

DnaN-Hda complex is capable of interaction with DNA-bound DnaA protein (Su'etsugu et al., 

2005).  The resulting interaction induces the intrinsic ATPase activity of DnaA, causing it to 

hydrolyze ATP’s γ-phosphate and become DnaA-ADP (Mott & Berger, 2007, Su'etsugu et al., 

2005).  This step is known as regulatory inactivation of DnaA (RIDA) and is believed to 

contribute significantly to a shift of cellular DnaA protein levels to predominantly ADP-DnaA, 

resetting [ADP-DnaA] and [ATP-DnaA] to pre-initiation levels (Boeneman & Crooke, 2005, 

Kurokawa et al., 1999).  It is also believed that in stimulating DnaA ATP hydrolysis, RIDA 

facilitates DnaA disassembly at the origin to prevent reinitiations from occurring immediately 

after replisome assembly (Figure 18) (Leonard & Grimwade, 2010).   
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Figure 18 | Regulatory inactivation of DnaA (RIDA) prevents reinitiation events.  Hda 

homodimers are bound to the beta sliding clamp (DnaN) that is complexed with Pol III.  When 
Hda comes in contact with ATP-DnaA, Hda stimulates DnaA’s intrinsic ATP hydrolysis activity 

resulting in the release of inorganic phosphate (Pi) and DnaA bound to ADP (depicted at the 
leading strand).  ADP-DnaA is incapable of binding to the low affinity sites necessary to trigger 

new initiation events, and thus it is thought that RIDA reduces the availability of ATP-DnaA 
which is capable of initiating new rounds of replication.  Leading and lagging strand synthesis 

are depicted at the top and bottom, respectively.  Parental and nascent strands of DNA are 
depicted in blue and red lines, respectively.  RNA primers (green lines) are necessary for lagging 

strand synthesis, and are produced by DnaG primase (not depicted).  
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1.4 Statement of research interest  

1.4.1 Hypothesis 

  DnaA is central to the process of replication initiation in E. coli, and several positive and 

negative regulators of DnaA are in balance to ensure replication initiation occurs only once per 

cell-cycle.  In vitro, acidic phospholipids have been shown to stimulate nucleotide exchange of 

DnaA, activating the protein, and in vivo depletion of acidic phospholipids results in arrested 

growth.  Growth can be restored either by expression of DnaA with a point mutation in the 

membrane binding region, or through oriC-independent DNA synthesis.  While these results 

provide a compelling case for acidic phospholipid involvement in replication initiation, there 

remains a gap where it has yet to be established that the frequency of replication initiation is 

influenced by acidic phospholipids.  Furthermore, acidic phospholipids have additional functions 

in the cell and have been suggested to be important for cell division; therefore, the role of acidic 

phospholipids in the overall cell-cycle is still unclear.  Do acidic phospholipids influence 

replication initiation frequency?  Does the growth arrest caused by depletion of acidic 

phospholipids result in a cell-cycle-specific arrest?  How might acidic phospholipid functions in 

the cell influence the initiation of chromosomal replication and cell-cycle progression (Figure 

19)?  I hypothesize that acidic phospholipids are required for initiation-dependent cell-cycle 

progression in E. coli because they promote normal initiation frequency. 
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Figure 19 | Proposed model of DnaA regulation and the cell-cycle in E. coli. In this highly 

simplified model, the E. coli cell-cycle is depicted as a circle with each major phase of its cycle 
(G1, S, G2/M) occurring sequentially after cell division.  To depict the progression of cell 

growth and replication of genetic material, cells (green ovals) and circular chromosomes (black 
circles) are shown.  Active DnaA (ATP-DnaA) levels accumulate and diminish at the initiation 

of chromosomal replication during the G1/S transition and are thought to be regulated by several 
processes.  DnaA transcription and DnaA reactivating sequences (DARS) increase 

concentrations of active DnaA in the cell (upward arrows).  I propose acidic phospholipids 
(aPLs) promote initiation, although the physiological mechanism is unknown (red “?”).  After 
initiation, active levels of free DnaA are attenuated through regulatory inactivation of DnaA 

(RIDA and titration of DnaA to the datA locus.  DnaA is also prevented from promoting 
reinitiation at the origin by binding of seqA to hemimethylated sequences within the newly 

synthesized origin.  Although unproven, acidic phospholipids may also have a role in regulating 
cell division (red “?”).   
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1.4.2 Influence of acidic phospholipids upon initiation frequency of chromosomal replication 

  Previous studies have established that acidic phospholipids are required for normal cell 

growth in E. coli and that it may be due to acidic phospholipids stimulating the activation of 

DnaA.  However, to date there has been no direct evidence of acidic phospholipids stimulating 

initiation events.  Does a depletion of acidic phospholipids result in an inhibition of initiation, 

reflecting this requirement?  Assessing the frequency of initiation in cells with normal and 

depleted levels of acidic phospholipids can answer this question.  To create cells with different 

levels of acidic phospholipids, I employed a previously generated E. coli strain with inducible 

control of acidic phospholipid production.  In this work we assess through flow cytometry the 

chromosomal content and oriC frequency in E. coli containing normal and depleted levels of 

acidic phospholipids. 

 

1.4.3 Effect of DnaA(L366K) expression on initiation frequency under acidic phospholipid 

deficient conditions 

  DnaA(L366K) is a single point mutant in DnaA’s membrane binding domain, and 

expression of DnaA(L366K) can restore growth in acidic phospholipid deficient cells.  

Interestingly, biochemical comparison between wild type DnaA and DnaA(L366K) shows little 

difference in nucleotide exchange properties when exposed to various phospholipids.  Also, 

DnaA(L366K) alone cannot promote replisome assembly at the origin, but requires limiting 

amounts of active wild-type DnaA.  Therefore, there may be an additional acidic phospholipid 

requirement in vivo of DnaA that may be distinct from the nucleotide exchange activity found in 

vitro.   What then might be the significance of DnaA interactions with acidic phospholipids?  In 
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this work I assessed the flow cytometry profiles of cells with normal and depleted acidic 

phospholipids with that of cells without adequate acidic phospholipids but expressing 

DnaA(L366K) to better elucidate the cellular relevance of DnaA-aPL interactions.  

 

1.4.4 Cell-cycle-specificity of growth arrest caused by acidic phospholipid depletion 

 Previous studies in acidic phospholipid deficient cells suggest that a primary growth 

requirement for acidic phospholipids is chromosomal replication initiation; however, acidic 

phospholipids have been established to be important for other cellular processes.  Of note, the 

acidic phospholipid cardiolipin is thought to be important for the process of cell division which 

is a defining step in cell growth and the cell-cycle.  Therefore, upon growth-arrest caused by the 

depletion of acidic phospholipids, is there a cell-cycle specific block?  E. coli that have 

undergone such a growth arrest remain viable and can resume growth upon reinduction of acidic 

phospholipid synthesis.  If the growth arrest is cell-cycle-specific, such as prior to replication 

initiation (G1/S transition), characterizing the growth and DNA replication profile in reinduced 

cells should reveal a synchronized population.  On the other hand, growth arrest at multiple 

points in the cell-cycle should reveal a random population.  Replication starts at oriC, proceeds 

bidirectionally, and ends at the opposing end of the circular chromosome, the terminus loci.  

Thus, a quantification of the oriC-to-terminus loci abundance in cells reflects the progress of 

replication and can generate data to support DNA replication profile data.  In this work we use 

chromosomal incorporation of radiolabeled nucleotides to track DNA replication, count cells to 

record cell growth, and use qPCR of oriC-to-terminus loci abundances to track the progress of 

chromosomal replication in cells with normal and depleted levels of acidic phospholipids. 
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2 RESULTS 

2.1 Acidic phospholipid depletion results in inhibited initiation of chromosomal replication, 

a shutdown of biosynthetic activity, and may be unrelated to aPL stimulation of DnaA 

nucleotide exchange 

2.1.1 Introduction 

 Initiation of bacterial chromosomal replication is a highly regulated process that ensures 

replication occurs only once per cell-cycle.  In E. coli, DnaA plays a central role in initiation, 

forming a multimeric oligomer at the origin of replication (oriC), unwinding origin duplex DNA, 

and helping direct the assembly of a replisome.  DnaA exists in two forms: the replicatively 

active ATP-bound form and the replicatively inactive ADP-bound form (Sekimizu et al., 1987). 

The distribution between these two forms varies as cells progress through the cell-cycle 

(Kurokawa et al., 1999). 

Initiation of replication is triggered by ATP-DnaA binding to key determinant sites 

within oriC, which leads to proper multimerization of DnaA and subsequent melting of oriC 

(Leonard & Grimwade, 2010, McGarry et al., 2004, Speck et al., 1999). To prevent re-initiation 

within the same cell-cycle, several negative regulatory processes shut down the capacity of 

DnaA to initiate DNA replication: (i) conversion of DnaA-bound ATP to ADP through a process 

known as Regulatory Inactivation of DnaA, or RIDA (Camara et al., 2005, Camara et al., 2003, 

Kato & Katayama, 2001, Kawakami et al., 2006, Kurz et al., 2004), (ii ) sequestration of newly 

replicated oriC DNA by SeqA protein (Lu et al., 1994, Nievera et al., 2006, Slater et al., 1995, 

Waldminghaus & Skarstad, 2009) and (iii ) titration of DnaA from oriC by binding to the datA 

locus (Katayama et al., 2001, Kitagawa et al., 1996, Kitagawa et al., 1998, Morigen et al., 2001, 
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Ogawa et al., 2002).  These processes are balanced by events that increase the cellular 

concentration of active DnaA, including expression of newly synthesized DnaA (Kurokawa et 

al., 1999), and reactivation of ADP-DnaA through its association with the DnaA Reactivation 

Sequences (DARS), DARS1 and DARS2 (Fujimitsu & Katayama, 2004, Fujimitsu et al., 2009). 

Moreover, interaction of ADP-DnaA with acidic phospholipids can reactivate ADP-DnaA 

in vitro (Castuma et al., 1993, Crooke et al., 1992, Sekimizu & Kornberg, 1988).  The exchange of 

ADP for ATP bound to purified DnaA is slow, with a half life of approximately 30 minutes 

(Sekimizu & Kornberg, 1988).  However, when ADP-DnaA is exposed to acidic phospholipids in 

a fluid bilayer, release of bound nucleotide is rapid, and if ADP-DnaA is associated with oriC and 

physiological levels of ATP are present, treatment with an acidic fluid membrane causes exchange 

of DnaA-bound ADP for ATP, thus rejuvenating DnaA (Boeneman & Crooke, 2005, Crooke, 

2001, Crooke et al., 1992, Castuma et al., 1993, Sekimizu & Kornberg, 1988). 

The E. coli inner membrane is primarily composed of zwitterionic 

phosphatidylethanolamine (~70%) and the acidic phospholipids phosphatidylglycerol (~25%) 

and cardiolipin (~4%) (Raetz, 1986).  Both acidic phospholipid species, cardiolipin and 

phosphatidylglycerol, are synthesized through a common biosynthetic pathway that involves 

phosphatidylglycerolphosphate synthase A (pgsA).   In the E. coli strain MDL12 (pgsA30::kan 

φ[lacOP-pgsA+]1 lacZ’ lacY::Tn9), expression of the chromosomal copy of pgsA relies on the 

inducer β-D-1-thiogalactopyranoside (IPTG) (Xia & Dowhan, 1995).  In the absence of the 

inducer, the concentration of acidic phospholipids decrease as cells undergo successive rounds of 

division, until a threshold level is reached and growth is arrested.  The arrested cells remain 

viable and can resume growth following addition of IPTG (Xia & Dowhan, 1995).   
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The growth-arrest caused by deficient levels of acidic phospholipids can be suppressed 

by the deletion of rnhA (Xia & Dowhan, 1995) via recA-dependent constitutive stable DNA 

replication (cSDR), which bypasses normal oriC-dependent initiation (Kogoma & von 

Meyenburg, 1983).  This restoration of growth by cSDR suggests a close link between normal 

membrane lipid composition and oriC-based initiations of chromosomal replication.  

Suppression of growth-arrest also can be achieved by expression of DnaA harboring a single 

point mutation, DnaA(L366K) (Zheng et al., 2001), within a region previously identified as 

important for DnaA-acidic membrane interaction (Garner & Crooke, 1996, Garner et al., 1998).  

The mechanism of DnaA(L366K) suppression remains unclear, although it is known to be 

reactivated by acidic phospholipids in vitro (Li  et al., 2005), can only occupy high-affinity 

binding sites at oriC whether ADP- or ATP-bound (Saxena et al., 2011), and is a feeble initiator 

of replication unable to serve as the only form of DnaA in the cell (Li et al., 2005, Zheng et al., 

2001).  The restoration of growth with DnaA(L366K) further implicates an integral relationship 

between acidic phospholipids and DnaA-dependent initiation of chromosomal replication.  

Therefore, if acidic phospholipids are required for oriC- and DnaA-dependent growth as well as 

capable of activating DnaA in vitro could acidic phospholipids influence replication initiation 

frequency?  In this work we tested the effect of acidic phospholipid depletion on initiation 

frequency of DNA replication.  
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2.1.2 Results 

The loss of acidic phospholipids results in inhibited initiation of chromosomal replication and 

cells with decreased DNA content and cell mass 

 Previous studies suggested a link between acidic phospholipids and oriC- and DnaA-

dependent chromosomal replication.  To determine the in vivo effect of acidic phospholipids on 

chromosomal replication, flow cytometry was utilized to compare the chromosomal content and 

cell mass of cells synthesizing and not synthesizing acidic phospholipids.  Controlled acidic 

phospholipid production was possible using strain MDL12, which has the pgsA gene associated 

with acidic phospholipid biosynthesis under control of the IPTG inducer (Xia & Dowhan, 1995).   

 Cells cultured overnight in the presence of IPTG were used to inoculate media with and 

without IPTG, and the subsequent cell growth was monitored (Figure 20A).  Initially, the two 

cultures had similar growth rates, and the average doubling time under these conditions was 45 

minutes (Figure 21A, Table 2).  As growth continued, cultures were diluted at 2.75 hours with 

fresh pre-warmed media to an optical density (OD600nm) of 0.01 to ensure the cultures remained 

in exponential growth.  Cells synthesizing acidic phospholipids continued to grow at the same 

rate as before the dilution.  However, after approximately four hours, the growth rate of the cells 

not synthesizing acidic phospholipids gradually began to arrest (Figure 20A).   

 Samples were collected at 1.5, 2.75, and 5 hours from both cultures for flow cytometry 

analysis (Figure 20A, open arrows).  The samples were either treated for two to three generations 

with rifampicin and cephalexin and then fixed with ethanol, or the samples were untreated and 

fixed immediately with ethanol, and termed “exponential” samples.  Rifampicin- and cephalexin-

treated cells are able to complete ongoing rounds of replication, but cannot initiate new rounds.  
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Thus, in the flow cytometry profiles of rifampicin- and cephalexin-treated cells, the numbers of 

completed chromosomes equals the numbers of origins present in a cell at the time of treatment 

(Skarstad et al., 1986, Skarstad et al., 1988).  Flow cytometry analysis of the exponential 

samples, reveals the DNA and protein content of the cells at time of sampling.  Data from 

exponential samples can be used to calculate DNA content-to-cell mass ratios.   

 As acidic phospholipid-depleted cells began to slow down in their growth, the number of 

origins per cell, as shown by rifampicin and cephalexin treated samples, decreased relative to 

cells that continued to synthesize acidic phospholipids (Figures 20B versus 20C, right columns).  

Specifically, at the first two time points there was a distribution of four and eight origins in cells 

synthesizing acidic phospholipids (Figure 20B; 1.5 and 2.75 hours, right column), and by 5 hours 

the distribution had shifted to eight and sixteen origins, suggesting the cells had completely 

entered exponential growth (Figure 20B; 5 hours, right column).  The distribution of origins in 

cells not synthesizing acidic phospholipids also was four and eight origins at the first two time 

points (Figure 20C; 1.5 and 2.75 hours, right column).  However, as the cells approached 

arrested growth, the distribution shifted towards a majority of four origins (Figure 20C; 5 hours, 

right column). 

 Flow cytometry analysis of exponential samples revealed that cells continually 

synthesizing acidic phospholipids had a DNA content ranging from about 3.5 to 7 chromosomes 

(Figure 20B, left column).  However, in cells not synthesizing acidic phospholipids, the DNA 

content decreased by approximately 20%. The accumulation of cells with four fully replicated 

chromosomes can be seen as a slight peak in the DNA distribution (Figure 20C; left column, 
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black arrow).  Taken together, these results suggest a loss of an adequate level of acidic 

phospholipids causes an inhibition of initiation of replication.   

  The DNA content-to-cell mass ratio remained constant even as cells became depleted of 

acidic phospholipids and arrested for growth (Figure 20D).  Since the ratio remained constant 

while the DNA content per cell decreased over time for cells not synthesizing acidic 

phospholipids (Figure 20C), the mass of the cells must have decreased concurrently with the 

decrease in DNA content.  Indeed, a tandem decrease in DNA content and protein content (i.e. 

cell mass) was confirmed when comparing the relative values from both cells synthesizing acidic 

phospholipids and not synthesizing acidic phospholipids (Table 3). 
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Figure 20 | Depletion of acidic phospholipids results in an increase of cells with fewer origins, 
number of chromosomes, and a decrease in the DNA content-to-cell mass ratio.  (A) MDL12 

cells were grown at 30°C in LB medium that contained kanamycin (50 µg ml-1) and without (●) 
or with (■) IPTG (1 mM).  Open arrows indicate times that samples were collected for flow 
cytometry.  At 2.75 hours the cultures were diluted with pre-warmed fresh media to maintain 

logarithmic growth.  (B and C) Flow cytometry histograms from cells synthesizing acidic 
phospholipids (B) or not synthesizing acidic phospholipids (C). Left columns are for exponential 
samples; right columns are for rifampicin- and cephalexin-treated samples.  In panel C, the black 

arrow in the exponential histogram of the 5-hour sample highlights the accumulation of cells 
with four fully replicated chromosomes.  (D) DNA content-to-cell-mass ratios, determined from 
FITC and Hoescht data from exponential samples, are an average of the ratios derived from three 
independent experiments.  Error bars represent one standard deviation.  Black and white bars are 

for cells induced and uninduced for pgsA expression, respectively. 
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Figure 21 | Tracking of cell growth to determine doubling time of E. coli strains.  (A) MDL12 
cells were grown in LB medium that contained kanamycin (50 µg ml-1) and IPTG (1 mM) (■).  
At 2.75 hours the cultures were diluted with pre-warmed fresh media to maintain exponential 

growth.  (B) MDL12/pZL607 cells were grown at in LB medium that contained kanamycin (50 
µg ml-1) and ampicillin (100 µg ml-1), along with arabinose (0.2%) (▲), or glucose (0.2%) and 

IPTG (1 mM) (■).  At 3.5 hours the cultures were diluted with pre-warmed fresh media to 
maintain exponential growth.  (C) MG1655 (+), CF1651 (x) and MDL12 (■) cells were grown in 

MOPS minimal medium supplemented as described in the materials and methods.  All growth 
was maintained at 30°C.  Periodically, optical density (OD600nm) was assessed as an indication of 

cell growth (Y-axis). 
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Strain MOPS media LB media 

MDL12 79 45 

MG1655 54 ND 

CF1651 69 ND 

MDL12/pZL607 NDa 42+, 104* 

Table 2 | Doubling time (min) of Escherichia coli strains in various media.  Values derived from 
optical density measurements (OD600nm) from experiments shown in figure X.  Doubling time 
was calculated as the length of time required to double in OD600nm measurement during the 
period of steady-state exponential growth in each respective experiment.  In each condition, cells 
were grown as described for the specific conditions in the experimental procedures.  MDL12 
growth curves were from cultures with 1mM IPTG to induce acidic phospholipid synthesis.  + 
MDL12/pZL607 cells cultured with (0.2%) glucose to repress DnaA(L366K) expression. 
*MDL12/pZL607 cells cultured with (0.2%) arabinose to induce DnaA(L366K) expression. aND, 
not determined. 
  

Time (Hours) DNA Content (%) 
  

Cell Mass (%) 
 

1.5 97.3+6.1 104.7+4.2 

2.75 96.1+2.0 92.7+4.5 

5 82.0+4.4 78.9+5.6 

Table 3 | DNA content and cell mass after cessation of pgsA induction.  Results, presented as a 
percentage relative to the values for cells expressing pgsA, are the average and standard 
deviation of three experiments as outlined in Figure 20.   
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Stringent response is not associated with the growth-arrest of cells depleted of acidic 

phospholipids 

 The simultaneous decrease in cell mass and DNA content that occurred as cells became 

arrested for growth, as evident by the constant DNA content-to-cell mass ratio (Figure 20, Table 

3), suggests that a global stress response pathway may have been activated.  A possible candidate 

was the well-characterized stringent response since it was previously shown to be activated by 

changes in fatty acid metabolism (Battesti & Bouveret, 2006), and thus, changes in the 

composition of phospholipid headgroups might induce this pathway as well.   

 Under certain nutritional or other stress stimuli, the stringent response leads to the 

expression of survival genes and arrested growth (Cashel, 1969; Magnusson et al., 2005; 

Potrykus & Cashel, 2008; Potrykus et al., 2011).  The response is typified by the accumulation of 

the intracellular alarmones guanosine 5’-(tri)diphosphate, 3’-diphosphate [(p)ppGpp] that are 

produced by RelA and SpoT.  For example, amino acid starvation activates RelA-dependent 

synthesis of pppGpp (Potrykus & Cashel, 2008).   

  Wild-type (MG1655), relA- (CF1651 = MG1655[relA251::kan]), and MDL12 cells were 

grown in minimal medium that contained 32P-orthophosphate, and had doubling times of 54, 69, 

and 79 minutes, respectively (Supplemental Figure 21C, Supplemental Table 2).  The relA+ 

(MG1655) and relA- (CF1651) strains served as controls for cells that can and cannot produce 

relA-dependent (p)ppGpp, respectively (Metzger et al., 1989, Gaal & Gourse, 1990).  The 

MG1655 and CF1651 cells were grown for two and a half hours and then treated with serine 

hydroxamate, an amino acid analogue known to induce the stringent response by stalling protein 

translation and thus mimicking amino acid starvation (Tosa & Pizer, 1971).  Nucleotides were 
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extracted from the cells, resolved by thin layer chromatography, and visualized by 

autoradiography.  Production of pppGpp and ppGpp was clearly evident for the wild-type 

MG1655 cells when treated with serine hydroxamate, as indicated, but not detectible in the relA- 

CF1651 cells (Figure 22A, lanes 1-4; Figure 21B).  The MDL12 cells, which are relA+, were 

capable of producing (p)ppGpp when challenged with serine hydroxamate (Figure 22A, lanes 5-

6; Figure 22B).  When acidic phospholipid synthesis was repressed in MDL12 cells (lanes 10-

12), (p)ppGpp production was not observed, even after the cells arrested for growth at five and a 

half hours (Figure 22A, cf. lanes 7-9 and 10-12).  Thus, we conclude that repressed acidic 

phospholipid biosynthesis, and the resulting decrease in DNA content and cell mass as cells 

become arrested for growth, is not associated with induction of the stringent response.   
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Figure 22 | Simulated amino acid starvation elicits (p)ppGpp production in MDL12 cells, but 

depletion of acidic phospholipids does not.  (A) MG1655, CF1651 and MDL12 cells were grown 
at 30°C in supplemented MOPS minimal medium for indicated times.  Samples in lanes 2, 4, and 

6 were prepared from cells incubated for an additional 10 minutes in the presence of serine 
hydroxamate (SHX) (500 µg ml-1).  Samples in lanes 5-9 were prepared from MDL12 cells 

grown in the presence of IPTG (1 mM); those in lanes 10-12 were prepared from MDL12 cells 
grown in the absence of IPTG.  Radiolabeled guanosine nucleotides were extracted from cells, 

resolved by thin layer chromatography on PEI cellulose plates, and visualized with a 
phosphoimager.  (B) Densitometric analysis of the relative combined amounts of pppGpp and 

ppGpp [(p)ppGpp)] versus GTP in cells before and after SHX treatment.  Error bars represent the 
standard deviation from three independent experiments.  * p-value <0.05, ** p-value <0.005 

(Student’s t-test). 
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Restored growth to acidic phospholipid-deficient cells by expression of DnaA(L366K) is 

characterized by asynchronous initiation and an uncoupled DNA content-to-cell mass ratio  

 Expression of DnaA with a point mutation in the membrane-binding domain, 

DnaA(L366K), is known to restore growth to acidic phospholipid-deficient cells (Zheng et al., 

2001).  Thus, cells expressing DnaA(L366K) potentially represent a model of cell growth that is 

unregulated by acidic phospholipids.  MDL12 cells were transformed with the plasmid pZL607 

(Li  et al., 2005), which has expression of DnaA(L366K) under control of the arabinose promoter 

(Guzman et al., 1995, Siegele & Hu, 1997).  MDL12/pZL607 cells cultured in the presence of 

IPTG and glucose to induce pgsA and repress DnaA(L366K) expression, respectively, continued 

to grow (Figure 23A, filled squares), as seen earlier for non-transformed MDL12 cells induced 

with IPTG (Figure 20A).  Their average doubling time under these conditions was 42 minutes 

(Supplemental Figure 21B, squares; Supplemental Table 2).  The cells initiated their replication 

synchronously and possessed predominantly eight origins per cell at each time point examined 

(Figure 22B, right column).   

 When the MDL12/pZL607 cells were not allowed to synthesize acidic phospholipids or 

DnaA(L366K), there was an initial period of growth before the culture became arrested for 

growth (Figure 23A, circles).  The growth arrest was more rapid than that observed in Figure 20; 

however, it is likely due to experimental variation which is also observed in non-plasmid bearing 

cells (Figure 24).  There was also the expected decrease from mostly eight to four origins per cell 

(Figure 23C, right column).  Exponential samples of cells not induced for acidic phospholipid 

synthesis showed an accumulation of cells with four chromosomes (Figure 23C; 5.5 hours, left 

column, black arrow).  These results are consistent with those of non-plasmid-bearing cells 
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(Figure 20C; 5 hours, left column, black arrow) and imply that initiation of chromosomal 

replication was inhibited.   

 However, if the loss of acidic phospholipids only inhibited initiation events, the 

distribution of peaks in exponential cells that had ample time to normally complete ongoing 

rounds of replication after arresting for growth would be identical to the distribution of peaks for 

rifampicin- and cephalexin-treated cells.  Yet, the flow cytometry profile of the exponential cells 

does not match the profile of the corresponding cells treated with rifampicin and cephalexin.  

The exponential sample had a peak at four chromosomes, but still contained a proportion of cells 

with higher DNA content (Figure 23C, 5.5 hours, left column).  In the sample treated with 

rifampicin and cephalexin, we observed distinct peaks at four and eight origins (Figure 23C; 5.5 

hours, right column), indicating that ongoing rounds of chromosomal replication, while 

prolonged in duration, could be fully resolved.  Therefore, the decreased DNA content associated 

with deficient levels of acidic phospholipids may arise from a slowed average rate of DNA 

elongation as well as a decreased frequency of initiation events.  

 Wild-type E. coli cells initiate chromosomal replication simultaneously from all copies of 

oriC present once per cell-cycle (Skarstad et al., 1986).  Thus, synchronous initiations result in 

the generation of 2N numbers of chromosomes per cell (N=1, 2, 3…), with N depending on a 

cell’s growth rate. 

 For cells not synthesizing acidic phospholipids, we observed that although they had fewer 

origins as they approached growth-arrest, the initiations occurred synchronously (Figure 23C, 

right column).  In contrast, cells that were already expressing DnaA(L366K) when shifted to 

conditions that repressed acidic phospholipid synthesis continued to grow, albeit slower (Figure 
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23A, triangles) with an increased doubling time of 104 minutes (Figure 21B, triangles; Table 2).  

These cells initiated chromosomal replication asynchronously as indicated by the peaks of three, 

five, six, and seven chromosome equivalents (Figure 23D, right column).  Interestingly, acidic 

phospholipid-deficient cells expressing DnaA(L366K) maintained consistently a majority of two, 

three, or four origins despite the lack of continued acidic phospholipid synthesis.  This result 

implies that changes in acidic phospholipid content does not significantly affect the activity of 

DnaA(L366K).  Indeed, similar asynchronous under-initiation of replication as seen here (Figure 

23D) was also seen for DnaA(L366K)-expressing E. coli cells possessing normal levels of acidic 

phospholipids (Zheng et al., 2001). 

 As was seen with the non-transformed cells, the DNA content-to-cell mass ratio was 

relatively constant in the presence (Figure 23E, black bars) or absence (Figure 23E, white bars) 

of acidic phospholipid synthesis when DnaA(L366K) expression was repressed.  However, the 

DNA content-to-cell mass ratio was altered by the expression of DnaA(L366K) in acidic 

phospholipid-deficient cells, being substantially lower than that of both the growth-arrested and 

non-arrested MDL12 cells (Figure 23E, cross-hatched bars).  A similar decrease in DNA 

content-to-cell mass ratio was reported for wild-type cells expressing DnaA(L366K) (Zheng et 

al, 2001). 

A decrease in this ratio could be caused by a decrease in the DNA content per cell, an 

increase in average cell mass, or a combination of both.  For the acidic phospholipid-deficient 

cells expressing DnaA(L366K), the DNA content decreased relative to that in cells with normal 

acidic phospholipid levels, whereas their cell masses remained similar (Table 4).  This is in 

agreement with the observation that there is under-initiation in cells expressing DnaA(L366K), 



 

70 
 

including those whose growth is still preserved despite a loss in acidic phospholipids.  Of note, 

the DNA content-to-cell mass ratios in cells expressing DnaA(L366K) sampled at 1.5, 2.5, and 

5.5 hours remained the same even though the cells sampled at 1.5 hours would only have gone 

through one generation without pgsA expression. 
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Figure 23 | Expression of DnaA(L366K) results in asynchronous initiation and a lower DNA 
content-to-cell mass ratio unchanged by the depletion of acidic phospholipids.  (A) MDL12 cells 
were grown at 30°C in LB medium that contained kanamycin (50 µg ml-1) and ampicillin (100 
µg ml-1), along with glucose (0.2%) (●,■), IPTG (1 mM) (■), or arabinose  (0.2%) (▲).  Open 
arrows indicate times that samples were collected for flow cytometry.  At 3.5 hours the cultures 

were diluted with pre-warmed fresh media to maintain exponential growth.  (B-D) Flow 
cytometry histograms of exponential samples (left column) and rifampicin- and cephalexin-

treated samples (right column) of cells (B) induced and (C and D) not induced for acidic 
phospholipid synthesis.  (D) Cells were induced for the expression of DnaA(L366K).  In panel C, 
the black arrow in the exponential histogram of the 5.5-hour sample highlights the accumulation 

of cells with four fully replicated chromosomes.  (E) DNA content-to-cell mass ratios, 
determined from FITC and Hoescht data from exponential samples, are an average of the ratio at 

a given time point, derived from three independent experiments for sample times 1.5 and 2.5 
hours.  Error bars represent one standard deviation.  Black bars represent cells synthesizing 

acidic phospholipids, but repressed for DnaA(L366K) expression, white bars represent cells not 
synthesizing acidic phospholipids and repressed for DnaA(L366K) expression, and cross-hatched 

bars represent cells not synthesizing acidic phospholipids, but induced for expression of 
DnaA(L366K).      
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Figure 24 | Acidic phospholipid induced growth arrest exhibits experimental variation.  MDL12 

cells were grown at 30°C in LB medium that contained kanamycin (50 µg ml-1) and IPTG (1 
mM).  At 2.75 hours the cultures were diluted with pre-warmed fresh media to maintain 
exponential growth.  Panels (A)  and (B) are growth profiles of cells from two different 

overnight inoculums, grown in parallel with replicate conditions, on the same day.  To track cell 
growth, optical density (OD600nm) measurements were assessed in each culture. 
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 -pgsA, -DnaA(L366K) 
  

-pgsA, +DnaA(L366K) 
 

Time (Hours) DNA Content 
(%) 

 

Cell Mass 
(%) 

Time (Hours) DNA Content 
(%) 

 
1.5 100.2+4.7 99+16.1 67.3+4.3 112.2+13.6 

2.5 84.8+7.2 95.1+20.9 54.5+9.0 92.0+31.6 

5.5 81.7+14.3 78.3+27.5 63.0+15.9 84.3+16.7 

Table 4 | DNA content and cell mass after cessation of pgsA induction in cells either repressed or 
induced for the expression of DnaA(L366K).  Results, presented as a percentage relative to the 
values for cells expressing pgsA, are the average and standard deviation of three experiments as 
outlined in Figure 3. 
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2.1.3 Discussion 

 In conclusion, we found that acidic phospholipid depletion results in an inhibition of 

chromosomal replication prior to growth-arrest (Figures 20 and 23). While previous studies had 

identified that replication mechanisms independent of DnaA and oriC can bypass the growth-

arrest in acidic phospholipid deficient cells (Xia & Dowhan, 1995, Zheng et al., 2001), 

suggesting that acidic phospholipids are involved in these processes, our results are the first to 

show a direct link between acidic phospholipids and the frequency of replication initiation.  

Moreover, we observed that initiation is inhibited prior to growth-arrest (Figure 20), suggesting 

that any inhibition of initiation likely contributes to growth-arrest rather than being a byproduct 

of the arrest.  These results in combination with earlier findings (Crooke et al., 1992, Heacock & 

Dowhan, 1989, McGarry et al., 2004, Sekimizu et al., 1987, Sekimizu & Kornberg, 1988, Xia & 

Dowhan, 1995, Garner et al., 1998) are significant in that they provide a specific physiological 

link (i.e. initiation frequency) between the requirement of acidic phospholipids and DnaA-, oriC-

dependent initiation events.  

 Unexpectedly, we observed in ethanol-fixed samples that after an hour of growth-arrest, 

acidic phospholipid deficient cells were unable to complete chromosomal replication, despite 

having ample time to do so (Figure 23C; 5.5 hour, left column).  This result suggests that acidic 

phospholipid deficient cells may take longer to complete chromosomal replication relative to 

wild-type cells.  An alternative explanation could be that because DNA content and cell mass 

decrease simultaneously in acidic phospholipid deficient cells, replication elongation as well as 

initiation is inhibited, rather than slowed.  However, rifampicin- and cephalexin-treated samples 

from the same culture showed that the cells were capable of completing replication eventually 
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(Figure 23C; 5.5 hour, right column).  These results show that acidic phospholipids potentially 

have a novel function in DNA elongation. 

 Acidic phospholipids, most notably cardiolipin, are known to reactivate replicatively-

inert ADP-DnaA to active ATP-DnaA in vitro by stimulating nucleotide exchange (Castuma et 

al., 1993, Crooke et al., 1992, Sekimizu et al., 1988, Yung & Kornberg, 1988).  Inactive ADP-

DnaA can only bind high-affinity DnaA “boxes” R1, R2, and R4 of oriC, while active ATP-

DnaA can also bind low-affinity binding sites R3, R5, I1, I2 ,I3, τ1, and τ2 which is crucial in 

formation of pre-replication complexes (Leonard & Grimwade, 2010, Kawakami et al., 2005, 

McGarry et al., 2004, Speck et al., 1999).  Thus, it has been speculated that one possible role in 

vivo for acidic phospholipids is to reactivate ADP-DnaA to replicatively active ATP-DnaA as a 

means to trigger pre-replication complex formation.   

Expression of DnaA(L366K) results in under-initiation of chromosomal replication, seen 

here for cells with depleted levels of acidic phospholipids (Figure 23D), and previously for cells 

with normal levels of acidic phospholipids (Zheng et al., 2001).  This consistent under-initiation 

regardless of the cellular concentration of acidic phospholipids, suggests that DnaA(L366K) 

activity in vivo is insensitive to changes in acidic phospholipids levels.  However, it is worth 

noting that acidic phospholipids are depleted but not absent when cells not expressing pgsA 

become arrested for growth (Heacock & Dowhan, 1989).  Furthermore, purified DnaA(L366K) 

has been shown to require lower levels of acidic phospholipids than wild-type DnaA for in vitro 

nucleotide exchange (Aranovich et al., 2007).  Thus, in order to fully elucidate the mechanism of 

how expression of DnaA(L366K) restores growth to the phospholipid-depleted cells, the role of 

membrane-mediated reactivation of ADP-DnaA to ATP-DnaA needs to be addressed.  
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Exploration of the cellular levels of ATP and DnaA-ATP in acidic phospholipid depleted cells, 

in a similar manner as done by Kurokawa and colleagues (Kurokawa et al., 1999), could assess 

this possibility. 

In vitro and in vivo studies have revealed that DnaA(L366K) is a feeble initiator of 

replication and cannot serve as the sole form of DnaA in a cell (Li et al., 2005, Zheng et al., 

2001).  More recently, we observed that DnaA(L366K), whether in its ATP or ADP-form, is 

unable to occupy the low affinity sites of oriC, and likely participates as a heteromer with wild-

type DnaA to initiate a round of replication (Saxena et al., 2011).  The inefficient initiation 

activity of DnaA(L366K), even as a mixed oligomer with wild-type DnaA, may be the cause of 

the asynchrony phenotype exhibited by DnaA(L366K)-expressing cells (Figure 23D).   Further, 

it is also possible that the inefficiency of DnaA(L366K) in initiation of replication may in part 

explain the continued growth when cells are depleted of acidic phospholipids.  We noted that 

under these conditions, cells consistently maintained a lower DNA content-to-cell mass ratio 

relative to cells with normal or depleted levels of acidic phospholipids (Figure 23E), suggesting 

DnaA(L366K) expressing cells maintain a new ratio.  A similar suppression of growth arrest, in 

recA+, rnhA- cells (Xia and Dowhan, 1995) could have resulted in a modulation chromosomal 

architecture, making cells insensitive to the ratio required for growth in cells depleted of acidic 

phospholipids.  Alternatively, our results with DnaA(L366K) could be interpreted as a non-

specific mechanism of suppression, wherein feeble initiations could prevent the activation of a 

cellular shutdown pathway, similar to what has been observed with DnaA mutants preventing 

mutant DnaXts activation of the SOS response (Skovgaard and Lobner-Olesen 2005),  Thus, it 
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may be that acidic phospholipids are required for cell growth at a higher DNA content-to-cell 

mass ratio.   

 We observed a concomitant decrease in DNA content and cell mass when cells became 

deficient in acidic phospholipids, suggesting a global shutdown of cellular activity (Figure 20, 

Table 3).  This finding is in contrast to previous work that demonstrated that the depletion of the 

zwitterionic phospholipid phosphatidylethanolamine results in filamentous cells in which overall 

biosynthetic activity is still clearly present (Hawrot & Kennedy, 1978, Raetz, 1976).  Thus, the 

cellular response to acidic phospholipid depletion appears to be distinctly different than the 

response to depletion of other phospholipids.  With respect to cellular lipids, the inhibition of 

fatty acid metabolism results in accumulation of (p)ppGpp (Gong et al., 2002, Seyfzadeh et al., 

1993), and the (p)ppGpp-synthesizing protein SpoT is regulated by an important protein in the 

biosynthesis of fatty acids, acyl-carrier protein (ACP) (Battesti & Bouveret, 2006).  These results 

are consistent with a model that the stringent response pathway may be involved in sensing 

differences in the fatty acid status of the cell (DiRusso & Nystrom, 1998).  We hypothesized that 

the headgroup composition of the cell membrane phospholipids might also elicit the stringent 

response.  While the MDL12 strain was capable of mounting the stringent response, we did not 

observe any appreciable generation of (p)ppGpp as cells became depleted for acidic 

phospholipids (Figure 22), and therefore it is unlikely that the stringent response is responsible 

for the shutdown we observed.  Notwithstanding, the similarities between the stringent response 

biosynthetic shutdown and that observed during acidic phospholipid depletion present an 

intriguing possibility that a similar mechanism may exist under these conditions, with a single or 

small set of signaling molecules having a pleotropic effect on a wide range of cellular activities. 
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 These observations have left us with many questions.  How are acidic phospholipids 

important for DnaA activity in vivo?  How does depletion of acidic phospholipids cause a global 

shutdown of biosynthetic activity?  Are acidic phospholipids really affecting DNA elongation as 

well as initiation?  Our flow cytometry and biochemical experiments have given us greater 

understanding of how acidic phospholipids are important for cellular growth.  Future 

experiments addressing these questions will be essential in our understanding the true extent of 

acidic phospholipid functions in the cell. 
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2.1.4 Materials and methods 

Reagents, strains and plasmids  

  Rifampicin and cephalexin were from Sigma Aldrich (St. Louis, MO).  β-D-1-

thiogalactopyranoside (IPTG) and polyethyleneimine (PEI) cellulose thin-layer chromatography 

plates were from Thermo Fisher Scientific, Inc. (Waltham, MA).  [32P]-orthophosphate (9100 Ci 

mmol-1) and [3H-methyl]-thymidine (70-90 Ci mmol-1) were from Perkin Elmer, Inc. (Waltham, 

MA).    Strain MDL12 is MG16555(pgsA30::kan φ[lacOP-pgsA+]1 lacZ’ lacY::Tn9) (Xia and 

Dowhan, 1995).  Strains MG1655 (wild-type E. coli K12 strain) and CF1651 

MG1655(relA251::kan) (Metzger et al., 1989; Gaal and Gourse, 1990) were used as controls for 

activation of stringent response upon simulated amino acid starvation.  Strain JM101 (supE  thi-1 

Δ(lac-proAB) [F´ traD36 proAB lacIqZΔM15]) (Messing et al., 1981, Grant et al., 1990) was 

used as a positive control in CaCl2 preparation of competent cells as they were readily 

transformable with plasmids after CaCl2 treatment.  Strain DH5α (F- endA1 hsdR17 (rk
-, mk

+) 

supE44 thi-1 λ-recAl gyrA96 relA1 deoR ∆(lacZYA-argF)-U169 Φ80dlacZ∆M15) (Grant et al., 

1990) was used to produce plasmids for transformation.  Plasmid pZL607 contains dnaA(L366K) 

under expressible control of the arabinose promoter (Zheng et al., 2001).  Plasmid pUC19 

(contains a selectable marker for ampicillin) (Yanisch-Perron et al., 1985) was used as a positive 

control to confirm MDL12 could be transformed during the attempt to create MDL12/pZL607.   

 

Plasmid production and purification 

  Plasmids pUC19 and pZL607 (kindly provided by Dr. Kelly Boeneman) were produced 

in DH5α cells grown in LB media (Miller, 1972) and purified using a Qiagen Maxiprep kit 
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(Qiagen; Venlo, Netherlands) following manufacturer protocol (www.qiagen.com/maxiprep).  

Purity of plasmid preparations were assessed by identification of DNA via agarose gel 

electrophoresis (1% agarose gel, 1x Tris Acetate EDTA (TAE) buffer, 120 volts, 45 minute run 

time) and verifying purified plasmid size to a molecular weight marker (1,000 bp DNA ladder, 

New England Biolabs; Ipswich, MA). 

 

Creation of competent cells and transformation of plasmids 

  To create competent cells the following protocol was followed.  Cells from glycerol 

stocks of MDL12 and JM101 strains were streaked onto LB agar plates with or without 

kanamycin (50 µg ml-1) and IPTG (1 mM), respectively, and incubated at 30ºC overnight.  

Following overnight incubation, single colonies of strains JM101 and MDL12 used to inoculate 

LB media (5 ml) which incubated overnight in tubes at 30ºC on a rotating wheel.  The next day, 

overnights were used to inoculate LB media (200 ml) in Erlenmeyer flasks (1 liter) with 

respective supplements.  Growth of the cultures was monitored through measurement of optical 

density (OD600nm) with a Biomate 3 UV/VIS spectrophotometer (Thermo Fisher Scientific Inc.; 

Waltham, MA).  When cultures reached a density between 0.4 and 0.6 they were chilled on ice 

for 10 minutes then pelleted by centrifugation (1,700 x g, 10 min, 4ºC) in a Sorvall® RC-5B 

refrigerated superspeed centrifuge with a Sorvall® GS3 rotor (Dupont Instruments; Newtown, 

Ct.).  After centrifugation, media was decanted and tubes inverted to dry pellets (1 min).  Cells 

were resuspended in ice-cold 0.1 M CaCl2 (20 ml) and chilled on ice (30 min).  Cells were again 

collected by centrifugation (1,700 x g, 10 min, 4ºC), media decanted and the tubes inverted to 

dry the pellets (1 min).  Pelleted cells were resuspended in ice-cold 0.1 M CaCl2 (4 ml) 
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containing 10% glycerol.  Aliquots (50 µl) of cells were snap frozen in liquid nitrogen (N2) and 

stored at -80ºC.  CaCl2-treated cells were then considered “competent cells”, capable of being 

heat-shock transformed with plasmids. 

  To transform cells, aliquots (50 µl) of competent cells (MDL12 or JM101) were first 

mixed with plasmids (2.5 µg; pUC19 or pZL607) and incubated on ice for 30 minutes.  Next, 

cells were incubated at 42ºC in a water bath for 90 seconds.  Aliquots were then mixed with LB 

media (950 µl) and incubated at 37ºC with aeration for 1 hour.  Aliquots (2.5-50 ng of plasmid) 

from each transformation reaction were spread on LB agar plates and incubated 37ºC overnight.  

MDL12 cells transformed with pUC19 were spread on plates containing kanamycin (50 µg ml-1), 

ampicillin (100 µg ml-1), and IPTG (1 mM); whereas MDL12 cells transformed with 

pZL607L366K were spread on plates containing the aforementioned supplements and glucose 

(0.2%).  JM101 cells transformed with pUC19 or pZL607 were spread on plates containing 

ampicillin (100 µg ml-1) or ampicillin and glucose (0.2%).  The transformation was deemed 

successful as all transformation reactions yielded colonies (JM101/pUC19, JM101/pZL607, 

MDL12/pUC19, and MDL12/pZL607). 

  Colonies formed from MDL12/pZL607 transformation were screened for IPTG-

independent growth upon expression of DnaA(L366K).  Sixteen colonies were screened on LB 

agar plates containing either ampicillin (100 µg ml-1) kanamycin (50 µg ml-1) and glucose (0.2%) 

or ampicillin (100 µg ml-1) kanamycin (50 µg ml-1) and arabinose (0.2%), to repress or induce 

DnaA(L366K) expression, respectively.  LB agar plates were incubated at 37ºC for 48 hours, and 

colonies which only grew on arabinose containing plates were then used to inoculate LB media 

(5 ml) incubated at 30ºC overnight with ampicillin (100 µg ml-1), kanamycin (50 µg ml-1), and 
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glucose (0.2%), or ampicillin (100 µg ml-1), kanamycin (50 µg ml-1), glucose (0.2%), and IPTG 

(1 mM).  Cells that grew only in the presence of IPTG were used to make glycerol stocks (15%; 

850 µl culture, 150 µl 100% glycerol), that were snap frozen in liquid nitrogen and stored at -

80ºC. 

 

Growth conditions and screening MDL12 cells for IPTG-dependent growth 

  Glycerol stocks of MDL12 cells were initially streaked onto LB agar plates (Miller, 

1972) that contained kanamycin (50 µg ml-1) and β-D-1-thiogalactopyranoside (IPTG, 1 mM), 

and incubated at 30ºC overnight to generate colonies.  All subsequent culturing steps were at 

30°C and contained kanamycin (50 µg ml-1).  To confirm the IPTG-dependence of MDL12 cells 

for growth, candidate colonies were streaked onto LB agar plates with or without IPTG (1 mM) 

and incubated overnight.  Colonies from candidate streaks exhibiting IPTG-dependent growth 

were used to inoculate LB media (5 ml) with or without IPTG (10 µM).  In experiments 

investigating the stringent response, colonies exhibiting IPTG-dependent growth were grown in 

minimal MOPS medium (5 ml) (Neidhardt et al., 1974) that contained glucose (0.4%), thiamine 

(1 µg ml-1), and the 20 amino acids (each at 20 µg ml-1) with or without IPTG (10 µM).  The 

concentration of IPTG in the overnight cultures was at 10 µM so that a consistent and relatively 

rapid onset of arrested growth occurred when the cells subsequently were shifted to media 

lacking IPTG.   

 Candidates that grew only in the presence of IPTG were harvested from overnight cultures, 

washed three times with IPTG-free medium to remove residual IPTG, and then used to inoculate 

starter cultures.  For flow cytometry experiments of MDL12 cells, two fresh starter cultures of 
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LB medium (25 ml) were inoculated to an OD600nm of 0.01.  One culture contained IPTG (1 mM) 

to induce acidic phospholipid synthesis, while the other did not contain IPTG.  Cell growth was 

assessed by measurement of optical density (OD600nm).  To maintain exponential growth, when 

optical densities approached 0.2, cultures were diluted to an optical density of 0.01 in fresh, pre-

warmed LB medium (25 ml) that contained the original respective supplements.  In experiments 

assessing the stringent response in MDL12 cells, fresh starter cultures of minimal MOPS 

medium (2 ml) containing supplements as indicated in “Analysis of (p)ppGpp synthesis” were 

inoculated to an optical density of 0.025. 

 

Screening MDL12/pZL607 cells for IPTG-dependent growth, and growth conditions 

 Glycerol stocks of MDL12/pZL607 cells were initially streaked onto LB agar plates that 

contained ampicillin (100 µg ml-1), kanamycin (50 µg ml-1), glucose (0.2%), and IPTG (1 mM) 

and incubated at 30ºC overnight to generate colonies.  All subsequent culturing steps contained 

ampicillin (100 µg ml-1) and kanamycin (50 µg ml-1) unless otherwise noted.  To confirm the 

IPTG-dependence of MDL12/pZL607 cells for growth, candidate colonies were streaked onto 

LB agar plates that contained glucose (0.2%) without or with IPTG (1 mM).  Colonies from 

candidate streaks exhibiting IPTG-dependent growth were used to inoculate three vials of LB 

media (5 ml) that contained: i) glucose (0.2%) and IPTG (10 µM) to repress DnaA(L366K) 

expression and induce acidic phospholipid synthesis, respectively; ii) glucose (0.2%); or iii) 

arabinose (0.2%) to induce DnaA(L366K) expression, and the cultures were grown overnight.  

The concentration of IPTG in the overnight cultures was at 10 µM so that a consistent relatively 
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rapid onset of arrested growth occurred when the cells subsequently were shifted to media 

lacking IPTG.   

 Candidates that grew in the presence of arabinose or IPTG but not in glucose alone were 

used for experimentation.  To repress the synthesis of acidic phospholipids, cells were harvested 

from overnight cultures, washed three times with IPTG-free medium to remove residual IPTG, 

and then used to inoculate three fresh LB medium (25 ml) to an OD600nm of 0.01.  Two cultures 

contained glucose (0.2%) to repress DnaA(L366K) expression, with one additionally containing 

IPTG (1 mM) to induce acidic phospholipid synthesis; both cultures were inoculated from the 

overnight containing glucose (0.2%) and IPTG (1 mM).  The third culture contained arabinose 

(0.2%) to induce DnaA(L366K) expression, and was inoculated from the overnight also 

containing arabinose (0.2%) to ensure steady-state levels of DnaA(L366K) expression were 

achieved upon the start of the experiment.  

 Cell growth was assessed by measurement of optical density (OD600nm).  To maintain 

exponential growth, when optical densities approached 0.2, cultures were diluted to an optical 

density of 0.01 in fresh, pre-warmed LB medium (25 ml) that contained the original respective 

supplements.   

 

Sample collection for flow cytometry analysis 

 Periodically samples were collected for flow cytometric analysis.  To prepare ethanol-

fixed cells (termed “exponential”) for flow cytometry, cells were harvested from aliquots (5 ml) 

of cultures, resuspended in TE buffer, pH 8.0 (1 ml) again collected by centrifugation, 

resuspended in TE buffer, pH 8.0 (100 µl) and immediately mixed with 77% sterile, ice-cold 
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ethanol (1 ml).  A second sample (5 ml) of culture was harvested in parallel and mixed (3 hr, 

30°C) with cephalexin (100 µg ml-1) and rifampicin (300 µg ml-1).   At the end of the 3 hour 

cephalexin and rifampicin treatment the cells were further processed as described for the ethanol-

fixed “exponential” cells.  All samples are then stored at 4°C in the dark until analyzed as 

described previously (Torheim et al., 2000).  

  To determine the number of chromosomes present in flow cytometry samples, a control 

culture of MG1655 cells were grown.  MG1655 cells, exponentially growing in LB media 

(OD450
 0.15) were sampled (1.5-3 ml), treated with cephalexin and rifampicin for 2-3 

generations, and ethanol-fixed as previously described.  Drug treatment allows ongoing rounds 

of replication to finish.  Cephalexin inhibits cell division, and rifampicin prevents transcription 

which results in an inhibition of initiation of replication; the simultaneous treatment with these 

drugs causes cells to contain a number of chromosomes which correspond with the number of 

origins present at time of treatment (Boye, 1991, Skarstad et al., 1986).  The resultant numbers 

of chromosomes are predictable under the control conditions, and used to map the staining 

intensity with specific number of chromosomes during flow cytometric analysis.  Therefore, the 

intensities of staining in MDL12 cells can then be corresponded with a specific number of 

chromosomes using MG1655 cells as a control. 

 

Flow cytometry analysis 

  Cells collected during sampling were washed in 0.1 M phosphate buffer, pH 9.0, and 

incubated overnight in fluorescein isothiocyanate (1.5 µg ml-1) (FITC, Sigma-Aldrich) in 

phosphate buffer (0.1 M, pH 9.0) (Wold et al., 1994) to stain the total protein in the cells. The 



 

87 
 

cells were washed in 0.02 M Tris buffered saline, pH 7.5, and resuspended in the same buffer. To 

stain the DNA the cells were incubated for 30 minutes in Hoechst 33258 (1.5 µg ml-1) (Sigma-

Aldrich) in the same buffer for at least 30 minutes (Torheim et al., 2000). The samples were 

analyzed on a LSR II flow cytometer (BD Biosciences). The average cell mass was determined 

by taking the average of the FITC fluorescence intensity distribution and the distribution of DNA 

equivalents in the population determined from the distribution of the Hoechst fluorescence 

intensity. 

  The DNA content-to-cell mass ratio was determined by dividing the intensity values of 

Hoescht staining by FITC staining.  The average of at least two independent experiments was 

used to determine the values in Figure 22.  Error bars represent one standard deviation, and were 

calculated using Microsoft Excel software.  The percentage DNA content or cell mass in the 

table, was calculated by dividing the intensity of the respective cells by that of cells induced to 

synthesize acidic phospholipids but repressed to express DnaA(L366K) for each independent 

experiment.  Values represent the average of two or three experiments as indicated.  Error bars 

represent one standard deviation when three experiments were performed.     

 

Analysis of in vivo (p)ppGpp synthesis 

 Cells were grown at 30°C in minimal MOPS medium (Neidhardt et al., 1974) that 

contained glucose (0.4%), thiamine (1 µg ml-1), and the 20 amino acids (each at 20 µg ml-1); for 

cultures of cells treated with serine hydroxamate, serine was omitted from the medium.  

Additionally, for CF1651 and MDL12 cells, the medium contained kanamycin (50 µg ml-1).  

Acidic phospholipid synthesis was induced in MDL12 cells, where indicated, by inclusion of 
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IPTG (1 mM).  To assess the ability of cells to induce the stringent response, a culture of each 

strain, MG1655, CF1651, and MDL12 was grown at 30ºC for approximately three generations to 

establish growth, then samples (0.2 ml) were collected before and after treatment for ten minutes 

with serine hydroxamate (500 µg ml-1).  To assess if depletion of acidic phospholipids could 

induce the stringent response, cultures of MDL cells were grown with or without IPTG (1 mM) 

and samples (0.2 ml) were collected at time points as indicated.  Samples were vigorously mixed 

with ice-cold formic acid (20 µl; 11 M) and maintained on ice.  An aliquot (20 µl) of a 5:4:1 

mixture (400 mM NaWO4, 500 mM TEA-Cl, 500 mM procaine-HCl) was added to each sample, 

followed by vigorous mixing.  Insoluble material was removed by centrifugation (16,000 x g, 15 

min, 4ºC).  A portion (equivalent to 5 µl of culture at OD600nm of 0.6) of the supernatant for each 

sample was spotted on a PEI thin-layer chromatography plate.  Samples were applied in 5 µl 

increments to ensure a small spot and blow dried with a hair dryer between applications.  Plates 

were then soaked for 1 min in methanol (100%) to remove water and salts.  Nucleotides were 

separated using potassium phosphate monobasic (1.5 M; pH 3.5) as the mobile phase, and 

visualized with a Storm 840 phosphoimaging system (Molecular Dynamics).  Densitometric 

analysis was performed using NIH imageJ software (version 1.39).  A Student’s t-test was 

conducted to determine statistical significance between samples. 
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2.2 Acidic phospholipid depletion causes a cell-cycle-specific growth-arrest prior to the 

G1/S transition and may prolong the time required to complete chromosomal replication 

2.2.1 Introduction 

Acidic phospholipids have been suggested to be important for initiation of chromosomal 

replication.  In vitro, acidic phospholipids can stimulate DnaA to exchange its nucleotide 

cofactor ADP for ATP, reactivating replicatively inert ADP-DnaA (Crooke et al., 1992, 

Sekimizu & Kornberg, 1988, Sekimizu et al., 1987).  In vivo, depletion of acidic phospholipids 

results in a growth-arrest (Heacock & Dowhan, 1989).  Growth arrest can be bypassed through 

DnaA- and oriC-independent initiation mechanisms of chromosomal replication (Xia & 

Dowhan, 1995, Zheng et al., 2001), suggesting the primary cellular growth requirement of acidic 

phospholipids is for initiation.   

However, acidic phospholipids have been found to be involved in a variety of additional 

functions.  In eukaryotes, cardiolipin has been well established to have a functional and 

organizational role in mitochondrial OXPHOS complexes (Zhang et al., 2002, Shinzawa-Itoh et 

al., 2007, Sedlak et al., 2006, Pfeiffer et al., 2003, McKenzie et al., 2006, Lange et al., 2001, 

Zhang et al., 2005a).  In prokaryotes, cardiolipin co-localizes with or co-purifies with many 

proteins including MinD, DnaA, FtsY, SecA, and lipid synthesis enzymes such as PssA 

(Dowhan, 1997, Dowhan et al., 2004, Matsumoto, 2001, Mileykovskaya & Dowhan, 2000, 

Nishibori et al., 2005, Walz et al., 2002), suggesting the acidic phospholipid is important for 

their function or assembly.  Indeed, several of these proteins, such as MinD and PssA, are 

believed to contribute to cell division (Dowhan, 2009, Mileykovskaya & Dowhan, 2009).  MinD, 

as part of the MinCDE system, is responsible for proper spatial alignment of the Z-ring, which 
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facilitates constriction of the septum separating cells during the final step of division 

(Mileykovskaya & Dowhan, 2005).  PssA catalyzes the committing step in PS and PE synthesis, 

and depletion of these lipids results in growth-arrested filamentous cells, suggesting that they are 

important in cell division (Hawrot & Kennedy, 1978, Raetz, 1976).  Additionally, cardiolipin 

forms non-bilayered domains, which in tandem with its wedge-like structure results in significant 

membrane curvature (Mileykovskaya & Dowhan, 2009) that has been suggested to contribute 

towards cell division (Norris et al., 2002).  In agreement with the model that cardiolipin 

contributes to the process of cell division, domains of cardiolipin have been observed at mid-cell, 

the site of cell division, (Mileykovskaya & Dowhan, 2000).  Therefore, if acidic phospholipids 

(e.g. cardiolipin) are involved in temporally segregated cellular processes (i.e. initiation of 

chromosomal replication and cell division), which processes are affected by cellular depletion of 

acidic phospholipids?  Are depleted cells arrested prior to initiation, cell division, or both?  In 

this work we tested the effect of acidic phospholipid depletion on cell-cycle progression.  
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2.2.2 Results 

 The adverse effect on DNA replication and cell mass associated with the growth-arrest as 

cellular acidic phospholipids levels decrease (Figures 20 and 22) may be due to a block in a cell-

cycle-specific event.  To examine this possibility, we designed an experiment to assess the DNA 

replication rates and frequency of cell division in cells through measuring incorporation of 

radiolabeled thymidine into chromosomal material and counting the number of cells, 

respectively.  Growth-arrested cells remain viable (Heacock & Dowhan, 1989), and addition of 

IPTG can restore growth.  If a cell-cycle-specific arrest occurs, the growth profile of a population 

of cells should be synchronized.  Therefore, the order of appearance of the two key components 

of the cell-cycle, DNA replication and cell division after IPTG addition can delineate where in 

the cell-cycle cells arrest. 

 

Validation of DNA replication and cell enumeration assays 

 Similar experiments have been carried out in E. coli assessing DNA replication and cell 

division (Bogan & Helmstetter, 1996, Helmstetter & Krajewski, 1982, Joseleau-Petit et al., 1987, 

Joseleau-Petit et al., 1984).  Based on these studies, we selected growth conditions that included 

minimal media M9 (Miller, 1972) and supplementation of glucose (0.1%) and casamino acids 

(0.2%) as carbon and nitrogen sources, respectively.  To measure DNA replication, chromosomal 

incorporation of radiolabeled thymidine was employed at specific activities consistent with 

previous studies (70-90 Ci mmol-1).  Measurement of cell division, by counting the increases in 

cell numbers, proved problematic as the ZB Coulter Counter used in previous studies were no 

longer available and an alternative technique had to be developed and validated.     
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  To determine if radiolabeling was significant above background, samples were collected 

from MDL12 cells labeled under conditions permissive or non-permissive for DNA synthesis.  

MDL12 cells were grown in IPTG-containing minimal media for several generations until they 

reached an optical density (OD600nm) 0.07, then centrifuged and resuspended to an optical density 

of 0.1 or 0.025 that corresponded with 5.2 x 107 and 1.3 x 107 cells, respectively.  Cells were 

incubated for another 15 minutes at the growth temperature (30°C) or on ice (0°C) to arrest 

cellular activities, then aliquots from each (1 ml) were radiolabeled for 3 minutes (2 µCi; 76.5 Ci 

mmol-1).  Acid insoluble material was precipitated from aliquots, yielding only high molecular 

weight radiolabeled material (i.e. chromosomes); thus the incorporation of radiolabel represents 

cells undergoing (30°C) or no longer undergoing (0°C) DNA synthesis.  Acid insoluble material 

was collected on filters, resuspended in scintillation fluid and counted using a liquid scintillation 

counter.   

  The resulting radioactive signal from cells undergoing replication (Figure 25, grey bars) 

was significantly different from that of cells no longer undergoing synthesis (Figure 25, white 

bars).  Moreover, the four-fold increase in cell number resulted in a near-commensurate 3.4-fold 

increase in radiolabeled signal (Figure 25; cf. grey bars).  These results are important as MDL12 

cells grow exponentially once near an optical density (OD600nm) of 0.025 in M9 minimal media, 

and the assay will follow incorporation rates as cells go through at least one round of division.  

Therefore, by demonstrating that radioactive signal increases proportionally with increases in the 

number of cells, and is significantly above signal under conditions where no DNA synthesis 

occurs, the assay should accurately reflect replication of DNA.   
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 If changes in DNA replication rates are small under acidic phospholipid depleted 

conditions, minimizing the variability in signal can improve discerning differences.   DNA 

replication rates in preliminary experiments contained a high degree of variability, making any 

conclusions difficult to ascertain (data not shown).  Thus, we designed modifications to the 

techniques described in the previous studies’ material and methods to reduce variability.  

MDL12 cells were grown in IPTG-containing minimal media for several generations until an 

optical density (OD600nm) of 0.1 was reached.  Aliquots of cells (1 ml) were treated with either 

different washing techniques post-acid insoluble precipitation (Figure 26A), or different pre- and 

post-mixing of radiolabel techniques (Figure 26B).   

 Spurious signal could arise from non-acid insoluble material not being fully washed from 

samples prior to counting.  To test this we increased the number of acid washes (10 ml) from one 

(Figure 26A, black bar) to two (Figure 26A, grey bar) or two with double the wash volume 

(Figure 26A, white bar).  The resulting signal variability was reduced with increased washes and 

wash volumes, suggesting that some of the variability was due to non-acid insoluble material 

being present during counting of signal.   

 Signal variability could also arise from uneven distribution of radionuclide amongst cells 

during labeling or continued incorporation of radiolabel due to an incomplete quenching of 

cellular activity after labeling.  Aliquots of cells were either pipetted into a culture tube 

containing radiolabeled thymidine and labeled for three minutes (Figure 26B, black bar), or 

vortexed for five seconds after addition of aliquot (Figure 26B, cross-hatched bar), or vortexed 5 

seconds after addition of tricholoracetic acid (TCA) to quench activity following labeling (Figure 

26B, argyle bar).  The signal from a pre-labeling vortex did not reduce the variability; most 
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likely this is because cells are incubated in a shaking water bath that vigorously mixes samples 

upon commencement of labeling.  However, samples vortexed after addition of TCA had a 

substantial reduction in activity, suggesting some signal variability may result from some cells 

not being quenched by TCA (Figure 26B, cf. black and argyle error bars).  Therefore to reduce 

signal variability, our subsequent experiments employed two washes with double the volume and 

a post-TCA addition vortex.  

 Enumeration of cells in previous studies used ZB model Coulter counters (Bogan & 

Helmstetter, 1996, Helmstetter & Krajewski, 1982, Joseleau-Petit et al., 1984).  The ZB model 

Coulter counters can be affixed with orifice tubes that appropriately gate cells the size of average 

E. coli (2 µM length x 0.5 µM width) in a single file to accurately count individual cells.  In the 

Biochemistry department, we had only the modern model Z1Coulter counter, which cannot equip 

an orifice tube narrow enough to efficiently gate cells the size of E. coli.  I was able to find a 

model ZB Coulter counter at the Medical Center in surplus and procured an appropriate orifice 

tube; however, the machine was inoperable after numerous attempts to service it.  Therefore, in 

lieu of a workable Coulter counter we opted to enumerate the cells via hemocytometer counting.   

 MDL12 cells were grown at 30°C in IPTG-containing minimal media and aliquots (100 

µl or 200 µl) were periodically taken for counting.  Aliquots were mixed with sterile ice-cold 

Beckman Coulter Isotone Sheath Fluid (800 µl or 900 µl) and stored on ice.  When cells are 

stored on ice in isotone, the number of cells does not increase (Dr. Julia Grimwade, personal 

communication).  Therefore, accurate counts of cells can be taken immediately or at a later time.  

At either dilution (Figure 27A; 10x dilution white bars, 5x dilution grey bars) cell counts were 

similar at the various times aliquots were withdrawn (Figure 27A, cf. solid bars).  Moreover, cell 
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counts were also similar when counted immediately or the next day (Figure 27A, cf. solid and 

cross-hatched bars).  Of note, the increases in cell numbers, as determined by hemocytometer 

counting, was proportional with increases in optical density (OD600nm) values of the cultures 

(Figure 27B), suggesting the hemocytometer method accurately counts the number of cells.   

 In addition to counting cells via hemocytometer, cells were also counted by traditional 

colony counts.  Aliquots (200 µl) were serially diluted in isotone and plated on LB agar plates 

containing IPTG (1 mM) and kanamycin (50 µg ml-1) then incubated for 24 hours at 30°C.   

Colonies formed on the plates were counted and the number of cells was calculated.  The colony 

counting method was not utilized for the overall assay because plating requires too much time 

when done in tandem with radiolabeling of aliquots for DNA replication rate measurement, 

whereas samples to be counted via the hemocytometer can be done so at a later time.  Since a 

healthy culture should have near 100% viable cells, the number of cells determined by colony 

counting should match that determined by hemocytometer enumeration.  Comparison of these 

two methods revealed that hemocytometer and colony counting yielded similar numbers of cells.  

Cell viability approximated at 90% (Figure 28), suggesting hemocytometer enumeration is 

indeed accurate. 
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Figure 25 | Radiolabel signal in acid-insoluble material is significantly above background and 

commensurate with increases in number of cells.  MDL12 cells were grown at 30°C in M9 media 
containing glucose (0.1%), casamino acids (0.2%), kanamycin (50 µg ml-1), and IPTG (1mM) 
for several generations to establish exponential growth.  Cells were centrifuged and aliquots (1 
ml) resuspended at optical density (OD600nm) values of 0.025 (1.3 x 107 cells) or 0.1 (5.2 x 107 
cells) and then incubated for 15 minutes at 30°C (grey bars) or 0°C followed by incubation for 
three minutes with radiolabeled thymidine (2µCi; 76.5 Ci mmol-1).  Counts per minutes (CPM) 

represent the average from three independent aliquots; error bars represent one standard 
deviation.  ** p-value < 0.001 (Student’s t-test). 
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Figure 26 | Variation of radiolabel signal decreases with increased washing of acid insoluble 

material and vigorous mixing of TCA quenched cells.  MDL12 cells were grown at 30°C in M9 
media containing glucose (0.1%), casamino acids (0.2%), kanamycin (50 µg ml-1), and IPTG 

(1mM) for several generations to establish exponential growth.  Aliquots (1 ml) of cells at optical 
density (OD600nm) 0.1 were used in experiments and radiolabeled with 2 µCi of [3H-methyl] 

thymidine (76.5 Ci mmol-1).  A)  Acid insoluble material from aliquots of cells were either acid 
washed (10 ml) once (black bar), twice (grey bar), or twice with double the volume of wash 

(white bar).  B)  Aliquots of cells were either pipetted into culture flasks containing radiolabeled 
thymidine, incubated for three minutes, then trichloroacetic acid added to a final concentration of 

10% (black bar), pipetted into culture flasks then vortexed for 5 seconds prior to incubation 
(cross-hatched bars), or vortexed for 5 seconds after TCA addition (argyle bars).  Counts per 

minutes (CPM) represent the average of three independent aliquot measurements for each 
condition, and error bars are one standard deviation. 
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Figure 27 | Counting cells with a hemocytometer is accurate at different dilutions, over time, and 
commensurately tracks increases in cells with increases in optical density (OD600nm) values.  
MDL12 cells were grown at 30°C in M9 media containing glucose (0.1%), casamino acids 

(0.2%), kanamycin (50 µg ml-1), and IPTG (1mM).  A) Aliquots (100 µl, solid and cross-hatched 
white bars; 200 µl, solid and cross-hatched grey bars) were periodically mixed with sterile ice-
cold Isotone diluent and counted immediately (solid bars) or 24 hours later (cross-hatched bars) 
on a Hausser 3200 hemocytometer.  The cells ml-1 (Y-axis) was calculated from counted cells as 

described in the material and methods.  B) The relative ratio from hemocytometer counts or 
optical density measurements where the number of cells or OD value (black bars) at a given time 

relative to their respective value at 2.4 hours.  C) Schematic diagram of Hausser 3200 
hemocytometer.  The red square highlights the section of the hemocytometer counted for each 
sample.  D) Picture of highlighted section in panel (C) with cells indicated by green arrows.  

Image was taken with a phase contrast microscope at 30x magnification.      
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Figure 28 | Hemocytometer counting is an accurate measure of cell number.  MDL12 cells were 
grown at 30°C in M9 media containing glucose (0.1%), casamino acids (0.2%), kanamycin (50 
µg ml-1), and IPTG (1mM).  The numbers of cells were calculated by colony counts (viable cells) 
and hemocytometer counts (total cells).  The viability of cells in the culture was determined by 

dividing the number derived from the colony counts by that of the number derived from 
hemocytometer counts.  The value represents the average cell viability from technical triplicates 

from a single culture, and the error bars represent one standard deviation.   
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Restoration of acidic phospholipid synthesis results in a burst of DNA replication followed by 

cell division 

 Having validated the cell counting and thymidine labeling techniques as accurate 

assessments of cell number and appropriate signal-to-noise ratio above background, we 

compared the number of cells and the rates of DNA synthesis in cells either: (i) continually 

synthesizing acidic phospholipids, (ii ) not synthesizing acidic phospholipids, or (iii ) initially not 

synthesizing acidic phospholipids until cell growth is arrested, followed by re-induction of pgsA 

expression.   

Three cultures, one of cells expressing pgsA and two that were not, were grown in 

minimal media for six hours, and growth was monitored by optical density (Figure 29A).  We 

had previously established that MDL12 cells, when grown in this medium in the absence of 

IPTG, exhibit their growth-arrest phenotype by six hours (Figure 30A, filled circles).  The 

average doubling time of the pgsA-expressing cells was 79 minutes (Figure 30A, filled squares), 

whereas the non-pgsA expressing cells gradually ceased to grow.  The substantial increase in 

doubling time in minimal media (M9) may be related to increased cell lysis or media sensitivity 

due to loss of acidic phospholipids, as observed in other viable pgsA deficient strains (Kikuchi et 

al., 2000, Shiba et al., 2004).  At the end of the six-hour period, aliquots of the cultures were 

used to inoculate pre-warmed media to an optical density (OD600nm) of 0.025.  Specifically, the 

culture that had grown in the presence of IPTG was used to inoculate medium containing IPTG 

(Figure 29B), while one culture grown without IPTG was used to inoculate medium lacking 

IPTG (Figure 29C), and the other uninduced culture was used to inoculate medium containing 

IPTG (Figure 29D).  For each of these cultures, samples were collected at various time points 
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and numbers of cells were determined using a hemocytometer and a phase contrast microscope 

(Figure 29B-D, closed symbols).  To measure rates of DNA synthesis, samples of each culture 

were pulse-labeled with radiolabeled thymidine for three minutes, mixed with ice-cold 

trichloroacetic acid, and incorporation of radiolabel into acid-insoluble material measured by 

liquid scintillation (Figure 29B-D, open symbols).     

 During the final three hours of culturing (Figure 29B), the cells that had been 

continuously synthesizing acidic phospholipids showed a fairly constant rate of DNA synthesis 

of approximately 43 zmol dNTP incorporated per cell-1 min-1.  The cell density also increased at 

a consistent rate as expected for an asynchronous population of growing cells (Figure 29B). 

The culture in which pgsA remained unexpressed had a much different profile (Figure 

29C).  There was no appreciable increase in cell number, consistent with arrested growth, and the 

rate of DNA synthesis was low, initially at approximately 22 zmol dNTP incorporated per cell-1 

min-1, decreasing to 17 zmol dNTP incorporated per cell-1 min-1 after 100 minutes and onward 

(Figure 29C).  The lower rate of replication, relative to the pgsA-expressing culture, likely 

represented persistent chromosomal replication, with the decrease after 100 minutes suggesting 

completion of elongation activities.  Indeed, cells expressing pgsA, but incubated with 

chloramphenicol (200 µg ml-1; 180 minutes prior to radiolabeling) to block initiation of 

replication from oriC, incorporated a background signal of approximately 18 zmol dNTP per 

cell-1 min-1 (Figure 31).  The presence of DNA synthesis in growth-arrested cultures prior to 100 

minutes is marginal, but significantly above the chloramphenicol control, potentially reflecting 

the prolonged duration to resolve DNA replication due to lower levels of acidic phospholipids.   
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When pgsA expression was restored to growth-arrested cells, there was no change in the 

cell number or the rate of DNA synthesis for at least the first 20 minutes (Figure 29D).  

However, by 40 minutes a substantial increase in DNA synthesis was observed, which held 

constant at 31 zmol dNTP incorporated per cell-1
 min-1 for approximately one hour before 

returning to the initial value of approximately 22 zmol dNTP incorporated per cell-1 min-1 

(Figure 29D).  Of note, the hour-long period of increased dNTP incorporation is commensurate 

with the time typically needed to complete ongoing rounds of chromosomal replication, and thus 

is suggestive that chromosomal replication occurs at a normal rate once acidic phospholipid 

synthesis is re-induced.  The cell number remained nearly constant for 80 minutes, followed by 

an increase over the next 40 minutes, and then remained constant again for at least 20 minutes 

(Figure 29D).  The increases in cell number also correspond with the commencement of 

substantial increase in the optical density, indicating that a sustained culture growth was 

achieved (Figure 30A, filled diamonds).   

Plating cells from the uninduced cultures at the six hour time point (Figure 27A) to test 

cell viability revealed that there is a proportion of cells in those cultures that are no longer viable 

(shown later in Figure 32B), in agreement with the 60%, but not 100%, increase in the cell 

number at 120 minutes (Figure 29D).  The presence of a non-viable fraction of cells in the 

population may also explain why the dNTP incorporation rate in growth-restored cells did not 

increase to wild-type levels.  The burst in DNA synthesis followed by a step-wise increase in cell 

number suggest that the deficiency in acidic phospholipids caused a cell-cycle specific block in 

the viable fraction of the cells, and that restoration of acidic phospholipid synthesis resulted first 

in resumed chromosomal replication followed by cell division. 



 

104 
 

 

Figure 29 | Reinduction of pgsA expression results in a sustained increase in dNTP incorporation 
followed by a short interval of cell division, indicative of a cell-cycle-specific arrest.  (A) 

MDL12 cells were cultured at 30°C in M9 medium that contained glucose (0.1%), kanamycin 
(50 µg ml-1), casamino acids (0.2%) and either with (■) or without (●, ♦) IPTG (1 mM), and 
growth was monitor by measurement of optical density (OD600nm).  At six hours cells were 

harvested and suspended in fresh pre-warmed medium to an optical density of 0.025 (OD600nm) 
and used to assess DNA synthesis and cell growth (B-D).  (B-D) The number of cells ml-1 at 
each time point expressed as a ratio (■, ●, ♦) relative to the respective number of cells at zero 
minutes (corresponding to the harvested and suspended cells after the sixth hour of culturing 

shown in panel A).  The zmoles of dNTPs cell-1 ml-1 incorporated into acidic insoluble material 
in cells (B) continually synthesizing acidic phospholipids (□), (C) not induced to synthesize 

acidic phospholipids (○), or (D) induced to synthesize acidic phospholipids after the initial six 
hours of culturing (0 mins of panel D) (◊).  Samples were taken in triplicate for measurements of 

dNTP incorporation and number of cells, with average values displayed and error bars 
representing one standard deviation. 
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Figure 30 | Sustained E. coli cell growth is dependent upon acidic phospholipid synthesis.  (A) 
MDL12 cells were cultured at 30°C in M9 medium that contained glucose (0.1%), kanamycin 

(50 µg ml-1), casamino acids (0.2%) and either with (■) or without (●) IPTG (1 mM), and growth 
was monitor by measurement of optical density (OD600nm).  At 6 hours cultures were back diluted 

to an optical density of 0.025 with pre-warmed fresh media, and the culture without IPTG was 
split in half and IPTG (1 mM) was added to one portion (♦) and incubation of the three cultures 

continued.  (B) The number of cells ml-1 at each time point expressed as the cell number (■, ●, ♦) 
relative to the respective number of cells at zero minutes (corresponding to the harvested and 

suspended cells after the sixth hour of culturing shown in panel A). 
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Figure 31 | Chloramphenicol treatment of cells reveals residual background signal from 

thymidine uptake.  MDL12 cells were cultured at 30°C in M9 medium that contained glucose 
(0.1%), kanamycin (50 µg ml-1), casamino acids (0.2%) and IPTG (1 mM).  After 6 hours of 
growth to establish steady-state growth, the culture was back diluted to an optical density of 

0.025 with pre-warmed fresh media.  At this point, the culture with IPTG (A) was split in half 
and chloramphenicol (200 µg ml-1) was added to one culture (B), and incubation of the cultures 
continued.  (A & B)  The number of cells ml-1 at each time point expressed as the cell number 

(■,▲) relative to the respective number of cells at zero minutes (corresponding to the harvested 
and suspended cells after the sixth hour of culturing).  The zmoles of dNTPs cell-1 ml-1 
incorporated into acidic insoluble material in cells (A) continually synthesizing acidic 

phospholipids (□) and (B) continually synthesizing acidic phospholipids and incubated with 
chloramphenicol after initial six hours of culturing (0 mins of panel B) (∆).  Samples were taken 
in triplicate for measurements of dNTP incorporation and number of cells, with average values 

displayed and error bars representing one standard deviation. 
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Loss of acidic phospholipids results in a reduction in oriC-to-ter ratio, and restoration of pgsA 

expression after growth-arrest restores the oriC-to-ter ratio 

 To confirm that the thymidine radiolabeling was indicative of DnaA- and oriC-dependent 

chromosomal replication and to further explore the possibility that decreased acidic phospholipid 

content affected the time required to complete chain elongation, an analysis of the abundance of 

DNA sequences (marker frequency) corresponding to oriC and ter was carried out using qPCR.  

Chromosomal DNA was recovered from cells grown in minimal medium that were either: (i) 

continually synthesizing acidic phospholipids, (ii ) not synthesizing acidic phospholipids, or (iii ) 

initially not synthesizing acidic phospholipids until growth was arrested, followed by re-

induction of pgsA expression. 

Marker frequency was assessed with primers specific for oriC and ter.  The oriC and ter 

signals were normalized to those from wild-type E. coli (MG1655) treated with rifampicin and 

cephalexin so as to have fully replicated chromosomes, and thus one copy each of oriC and ter 

per cell.  In cells continually expressing pgsA, the oriC-to-ter ratio was 2.6 ninety minutes after 

diluting the culture to an optical density (OD600nm) of 0.01, increased to 3.2 by 2.5 hours, and 

remained between 3 and 3.3 for the duration of the experiment (Figure 32A, filled squares).  The 

initial increase in the oriC-to-ter ratio likely can be attributed to cells having fully entered the 

exponential growth after the first couple of hours of culturing.   

The oriC-to-ter ratio in cells repressed for acidic phospholipid synthesis was 

approximately 2.5 after 1.5 hours of growth (Figure 32A, open circles), similar to that of the cells 

synthesizing acidic phospholipids.  Under these conditions, both cells synthesizing and not 

synthesizing acidic phospholipids had a similar doubling time of 78 minutes (Figure 30A).  By 
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2.5 hours the ratio decreased to approximately 2.3, and to 2.0 by later times (Figure 32A, open 

circles).  Interestingly, while the ratio decreased relative to that of the cells continually 

synthesizing acidic phospholipids, it did not reach a ratio of 1:1, even after several hours of 

arrested growth. This result suggests DNA elongation was inhibited or slowed as the cells 

became depleted of acidic phospholipids.  Based on the ability of acidic phospholipid-deficient 

cells treated with rifampicin and cephalexin to complete chromosomal replication (Figures 20C 

and 23C) and the presence of a significant-but-lower level of DNA replication in acidic 

phospholipid-deficient cells (as measured by thymidine uptake [Figure 29C]), it is likely that the 

time for replicating the chromosome is increased rather than DNA elongation being directly 

inhibited.  An assessment of cell viability revealed that six hours after the initial dilution, cells 

lacking pgsA expression showed a 50-80% reduction in their ability to form colonies on solid 

medium that contained IPTG (Figure 32B).  Therefore, under these conditions, a portion of the 

chromosomal DNA analyzed by qPCR was obtained from non-viable cells, which likely 

contributed to the greater than 1:1 oriC-to-ter ratio in growth-arrested acidic phospholipid-

deficient cells.     

Six hours into the experiment, half of the culture not synthesizing acidic phospholipids 

was induced for acidic phospholipid synthesis by the addition of IPTG (Figure 32A, vertical 

dashed line).  By two hours after addition of the inducer, the oriC-to-ter ratio in those cells had 

increased to approximately 2.8, and to 3.3 an hour after that (Figure 32A, open diamonds).  

These increases restored the ratio in growth-rescued cells to that of the cells that had been 

continuously expressing pgsA (Figure 32A).  Of note, by the time the ratio reached 2.75 (Figure 

32A; 8 hours, open diamonds), it would have been well after the period of DNA synthesis 
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following the re-induction of pgsA expression (Figure 29D, 120 minutes).  In summary, the 

qPCR data support the interpretation that the observed thymidine incorporation reflects 

restoration of DnaA- and oriC-dependent chromosomal replication, since replication initiated at 

random sites on the chromosome would have resulted in random duplication of oriC relative to 

ter. 
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Figure 32 | Expression of pgsA influences the oriC-to-ter ratio and viability of Escherichia coli.  
(A) MDL12 cells were cultured at 30°C in M9 medium that contained glucose (0.1%), 

kanamycin (50 µg ml-1), casamino acids (0.2%) and either with (■) or without (○) IPTG (1 mM) 
and maintained at an optical density (OD600nm) below 1.0 by dilution into fresh pre-warmed 
medium.  After six hours (dashed line) the culture without IPTG was split in half and IPTG 

(1mM) was added to one portion (◊) and incubation of the three cultures continued.  Relative 
amounts of oriC and ter in extracted genomic DNA were determined by triplicate qPCR 
analyses.  (B) Viability was assessed from cultures grown as described in panel A.  The 

percentage of viable cells was assessed for i) cells continually synthesizing acidic phospholipids 
(black bars), ii) cells not synthesizing acidic phospholipids (white bars), and iii) cells reinduced 
to express pgsA at 6 hours (grey bars).  The number of viable cells were determined by counting 
colonies from cultures plated onto LB agar plates containing IPTG (1 mM) and kanamycin (50 
50 µg ml-1) and incubated for 24 hours at 30°C.  The total number of cells were determined by 
counting cells with a hemocytometer.  Both viable and total counts were done in triplicate.  The 
percent of viable cells represents the number of viable cells divided by the total number of cells. 

In both panels, error bars represent one standard deviation from the average. 
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2.2.3 Discussion 

To answer questions on the effect of acidic phospholipid depletion on cell-cycle 

progression, we developed assays capable of accurately tracking cellular growth and DNA 

replication.  The development of these assays followed work by others over a decade ago, and 

was tailored to our specific experimental constraints.  From the results generated, we found 

evidence that depletion of acidic phospholipids results in a cell-cycle-specific growth-arrest, and 

we generated multiple lines of evidence supporting that acidic phospholipids may be important 

for DNA elongation.   

 Shortly after restoration of acidic phospholipid synthesis in growth-arrested cells, an 

hour-long period of DNA replication occurred, followed by a short interval of cell division 

(Figure 29D) as well as a recovery of cell growth (Figure 30A), indicating that the growth-arrest 

occurred at a specific stage of the cell-cycle prior to initiation.  If the population of cells in the 

culture had arrested randomly throughout the cell-cycle, re-induction of acidic phospholipid 

synthesis would have resulted in a simultaneous and continuous increase in DNA synthesis and 

cell division.  This is a significant finding because it is the first result to suggest that acidic 

phospholipids are required for progression through a specific point of the cell-cycle, and is in 

agreement with the earlier cause-and-effect observation that acidic phospholipid depletion results 

in inhibition of initiation prior to growth-arrest (Figure 20).  The results are also in agreement 

with earlier studies in which growth-arrest under acidic phospholipid depleted conditions can be 

restored through bypassing DnaA- oriC-dependent initiations (Xia & Dowhan, 1995, Zheng et 

al., 2001), reinforcing the idea that the primary cellular growth requirement for acidic 

phospholipids is initiation.   



 

112 
 

 It has previously been established that acidic phospholipids are important for several 

proteins’ function or localization (Dowhan, 1997, Dowhan et al., 2004, Matsumoto, 2001, 

Mileykovskaya et al., 2003, Nishibori et al., 2005, Walz et al., 2002), and cardiolipin has been 

postulated to contribute structurally to septum formation, a key part of cell division (Norris et al., 

2002, Mileykovskaya & Dowhan, 2000).  Additionally, growth can be restored to acidic 

phospholipid depleted cells by deletion or mutation of the lpp gene (Matsumoto, 2001, Suzuki et 

al., 2002).  The lpp gene encodes an immature form of Braun’s lipoprotein, a major component 

of the outer membrane of E. coli that requires the diacylglycerol moiety of phosphatidylglycerol 

during the its maturation (Sankaran & Wu, 1994).  Therefore, how can acidic phospholipid 

depletion result in a cell-cycle specific growth arrest if there may be requirements for these lipids 

in numerous functions and/or at multiple places in the cell-cycle? 

 One interpretation is that acidic phospholipids are required for multiple cellular 

processes, but the most sensitive process to depletion is initiation of chromosomal replication.  

Cells would be able to continue the other activities that require acidic phospholipids, but upon 

reaching the G1/S transition in their cell-cycle, they undergo a growth arrest.  Our data is in 

agreement with this interpretation, as we see a restoration of growth upon re-induction of acidic 

phospholipid synthesis that is consistent with a specific arrest in the cell-cycle.  Interestingly, we 

observed that not all arrested cells recovered in growth, and that approximately 50% did not 

grow.  When cells were re-induced for phospholipid synthesis, there is a significant increase in 

DNA replication to 31 zmol incorporated cell-1 min-1, but replication did not recover to wild-type 

levels (43 zmol incorporated cell-1 min-1).  However, the DNA replication rate did appear to 

increase to an amount commensurate with the proportion of cells that did recover growth (Figure 



 

113 
 

29D).  Are the growth arrested cells that did not recover halted at another part of the cell-cycle in 

which they require further synthesis of acidic phospholipids to resume growth?  This unlikely 

because not only did we observe no further recovery of cells in the 3 hour window of the labeling 

assay, but we did observe that the viability of acidic phospholipid depleted cells was reduced as 

well (Figure 32B).  Therefore, the cells that did not grow were non-viable rather than arrested at 

another part of the cell-cycle.  Notwithstanding this conclusion, it is still unclear from our 

findings if these cells were dead either i) due to being arrested at the G1/S transition for too long 

prior to re-induction, or ii) due to a separate acidic phospholipid requirement that triggers a 

survival response less capable of protecting cell viability.  Future experiments could delineate 

this important distinction and further our understanding of the complex role of acidic 

phospholipids in the cell.  

  Of note, the observed rate of DNA synthesis in cells continually synthesizing acidic 

phospholipids (43 zmol incorporated cell-1 min-1) is reasonably close to the theoretical value 

expected for replication (Section 2.2.4; equations 3 and 4, 199 – 255 zmol incorporated cell-1 

min-1).  The observed value is likely lower than the theoretical value because of the following 

reasons: i) during slow growth not all cells in an asynchronous population will be undergoing 

synthesis, ii) cells will have interrupted synthesis because of replication fork stalls, and iii) the 

assay’s recovery of acid insoluble material will not be completely efficient.   

In addition to a cell-cycle-specific arrest, our data also suggest that acidic phospholipids 

may be required for efficient chromosomal replication beyond the initiation event.  As described 

in section 2.1.2, flow cytometry histograms of exponential samples of cells that had been 

growth-arrested for over an hour revealed that a fraction of the cells had partially replicated 
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chromosomes (Figure 23C).  Yet, these cells were still capable of completing replication, since 

aliquots sampled in parallel and treated with rifampicin and cephalexin for several hours had 

fully replicated chromosomes (Figure 23C).  Under acidic phospholipid-deficient conditions, 

cells also were capable of low, but significant, levels of thymidine incorporation (Figure 29C).  

Finally, qPCR analysis of the oriC and ter content in acidic phospholipid-deficient cells revealed 

that the oriC-to-ter ratio was not 1:1 after the onset of growth-arrest (Figure 32A).  A model 

consistent with these results is that acidic phospholipids may also be needed in vivo for efficient 

DNA elongation in addition to initiation of replication. 

Several studies have shown acidic phospholipids are important for assembly and function 

of several protein complexes.  In mitochondria, cardiolipin is crucial in the organization and 

function of oxidative phosphorylation complexes (Lange et al., 2001, McKenzie et al., 2006, 

Pfeiffer et al., 2003, Sedlak et al., 2006, Shinzawa-Itoh et al., 2007, Zhang et al., 2002).  

Purification of super-complexes, dubbed “respirasomes”, is reduced when using mild detergents 

in cardiolipin-null mutant cells (Pfeiffer et al., 2003, Zhang et al., 2002), and incorporation of 

complexes III and IV into super-complexes in yeast cells is dependent on adequate 

concentrations of cardiolipin (Zhang et al., 2005a).  In prokaryotes, cardiolipin has been 

suggested to serve as an organizational center for many cell-cycle and cell-division proteins 

(Mileykovskaya & Dowhan, 2009).  Therefore, acidic phospholipids may be important in the 

optimal organization or activity of proteins contributing to DNA elongation, even though there is 

no evidence yet for a direct requirement.  Alternatively, a simplistic interpretation could be that 

the effect on DNA elongation is caused indirectly.  This is explored later in-depth in section 3.4. 
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In conclusion, our results have shown that acidic phospholipids are important for cell-

cycle progression, and that they appear important in DNA elongation as well.  A cellular 

requirement for acidic phospholipids in DNA elongation is unprecedented; however, it may 

reflect unique conditions within the cell that could not have been recapitulated with the in vitro 

assays initially used to define the components essential for DNA replication in E. coli.  Are 

acidic phospholipids indirectly contributing to replication?  Are they directly contributing to 

replication, for example by stimulating the activity of proteins in the replisome, or by aiding in 

restart of stalled forks?  Answers to these questions will prove to be fertile areas of future 

research. 
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2.2.4 Materials and methods 

Growth conditions and screening MDL12 cells for IPTG-dependent growth 

 Glycerol stocks of MDL12 cells (MG1655[pgsA30::kan φ[lacOP-pgsA+]1 lacZ’ 

lacY::Tn9]) were initially streaked onto LB agar plates (Miller, 1972) that contained kanamycin 

(50 µg ml-1) and IPTG (1 mM), and incubated at 30ºC overnight to generate colonies.  All 

subsequent culturing steps contained kanamycin (50 µg ml-1).  To confirm the IPTG-dependence 

of MDL12 cells for growth, candidate colonies were streaked onto LB agar plates with or 

without IPTG (1 mM) and incubated overnight.  Colonies from candidate streaks exhibiting 

IPTG-dependent growth were used to inoculate M9 media (5 ml) (Miller, 1972) containing 

glucose (0.1%), casamino acids (0.2%) and with or without IPTG (10 µM).  The concentration of 

IPTG in the overnight cultures was at 10 µM so that a consistent relatively rapid onset of arrested 

growth occurred when the cells subsequently were shifted to media lacking IPTG.   

 

Measurement of chromosomal incorporation of radiolabeled thymidine 

 MDL12 cells confirmed to be IPTG-dependent for growth were used to inoculate to an 

optical density (OD600nm) of 0.01 M9 medium (100 ml) containing glucose (0.1%), casamino 

acids (0.2%), kanamycin (50 µg ml-1), and with or without IPTG (1 mM).  Cell growth was 

monitored by measurements of optical density (OD600nm), and at 6 hours cells from both cultures 

were harvested by centrifugation and resuspended in fresh, pre-warmed medium (75 ml) to an 

optical density (OD600nm) of 0.025.  A portion of the cells that were grown for the six hours in the 

absence of IPTG were resuspended in medium that contained IPTG (1 mM). 



 

117 
 

Periodically, portions (200 µl) of each culture were removed, mixed with Isoflow Sheath 

Fluid (Beckman Coulter; Brea, CA) (800 µl), and three aliquots were counted using a Hausser 

3200 hemocytometer (Hausser Scientific; Horsham, PA), with the triplicate values averaged to 

calculate the concentration of cells (cells ml-1).  In parallel, a portion of (1 ml) of each culture 

was mixed with [3H-methyl]-thymidine (2 µCi ml-1; 70-90 Ci mmol-1, Perkin Elmer Inc.) and 

incubated for 3 minutes (30ºC).  Radiolabeling was stopped by the addition of ice-cold 

trichloroacetic acid to a final concentration of 10% and the sample was retained on ice.  Acid-

insoluble material was collected by vacuum filtration onto GF/C filters (Millipore) that had been 

previously soaked in a solution of 1 M HCl and 100 mM sodium pyrophosphate.  The filters 

were washed twice with a solution of 1 M HCl and 100 mM sodium pyrophosphate, twice with 

100% ethanol, dried under a heating lamp, and radioactivity was measured by liquid scintillation 

counting.  Following the last time point of the experiment, dependence on IPTG for growth was 

confirmed for each culture by streaking a sample onto appropriate solid growth media.   

 

Enumeration of cells ml-1 

 Cells from aliquots were visualized using a Hausser 3200 hemocytometer (Hausser 

Scientific; Horsham, PA) and a phase contrast microscope at 30x magnification.  Cells were 

diluted when necessary in Isoflow sheath fluid to maintain a density between 25-100 cells in a 

0.4 mm2 area to ensure accurate counts.  Counts from three separate preparations on the 

hemocytometer were averaged and used to determine the number of cells ml-1 (Equation 1). 
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 (Average hemocytometer counts) x (25 squares/4 squares counted) x (dilution factor) x 10,000 = 
cells ml-1 

 
Equation 1.  Calculation of number of cells ml-1.  Equation derived from the Hausser Scientific 
website, manufacturer of the Hausser 3200 hemocytometer.  
(http://www.hausserscientific.com/products/hausser_bright_line.html, accessed June 2009)  
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Calculation of the dNTP incorporated cell-1 min-1 

 Acid insoluble counts from [3H-methyl]-thymidine pulse-labeled cells collected on GF/C 

filter membranes (Milipore) were mixed with an EcoScint A liquid scintillation cocktail 

(National Diagnostics), and counted using a liquid scintillation counter.  Counts per minute 

(CPM) were converted into moles of dNTP incorporated cell-1 ml-1 in a series of equations 

(Equation 2).  First, the moles of thymidine added to radiolabeled aliquots were determined from 

the known specific activity of the stock solution, and how much of the stock solution was added 

(Equation 2A).  Next, the average CPM of radioactivity added per aliquot was measured and 

used with the value in equation 2A to determine the CPM mmole-1 TTP (Equation 2B).  Then, 

the CPM mmole-1 TTP was converted to CPM mmole-1 dNTP by dividing the value by the four 

to account for each deoxyribonucleotide (Equation 2C).  The average CPM in a radiolabeled 

sample was divided by the value in equation 2C to derive the number of moles incorporated 

(Equation 2D).  Then, the moles incorporated were divided by the average number of cells to 

determine the moles of dNTP incorporated cell-1 derived in equation 1 (Equation 2E).  Finally, 

the moles of dNTP incorporated per cell-1 were divided by three, the duration of time the samples 

were radiolabeled, to derive the moles of dNTP incorporated per cell-1 min-1 (Equation 2F). 
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A)   (Specific Activity [mol-1 Curies TTP]) x (Curies added) = moles TTP  

 

B)   (Average CPM of radioactivity added to aliquots) / (moles TTP added) = CPM mol-1 TTP   

 

C)   (CPM mol-1 TTP) / (four dNTPs) = CPM mol-1 dNTP 

 

D)   (average CPM in radiolabeled sample) / (CPM mol-1 dNTP) = moles dNTP incorporated   

 

E)   (moles dNTP incorporated) / (average number of cells) = moles dNTP incorporated cell-1 

 

F)   (moles dNTP incorporated cell-1) / (three minutes)=  moles dNTP incorporated cell-1 min-1 

Equation 2 | Calculation of the moles of dNTP incorporated cell-1 min-1.  A) The number of 
moles of TTP added to radiolabeled aliquots was determined by multiplying the inverse of the 

specific activity (Curies mol-1 TTP) by the Curies added per sample.  B) The average CPM 
values of aliquots of radioactivity equivalent to that added to samples during experimentation 

was measured, then divided by the moles of TTP present to determine the CPM mol-1 TTP.  C) 
The CPM mol-1 dNTP was calculated by dividing the CPM mol-1 TTP by four, the number of 

deoxyribonucleotides.  D) The moles dNTP incorporated was determined by dividing the 
average CPM among radiolabeled samples for a given condition and time point (N=3) by the 
CPM mol-1 dNTP to determine the moles dNTP incorporated per sample.  E)  The moles of 

dNTP incorporated cell-1 were determined by dividing the value from (D) by the average number 
of cells determined in equation 1.  F) The moles dNTP incorporated cell-1 min-1 was determined 
by dividing the value in (E) by three, which was the period of time samples were radiolabeled. 

 

 

 

 

 



 

121 
 

Calculation of theoretical rates of DNA replication 

  The DNA replication rate of slow-growing Escherichia coli was calculated through two 

methods (Equations 3 and 4).  The first method to calculate the rate of DNA synthesis per cell-1 

min-1 used the length of the S-phase, assuming 60 minutes in slow-growing cells, and the size of 

the Escherichia coli chromosome, 4.6 Mbp (Equation 3).  The value derived from this method 

was 254 zmol dNTP incorporated per cell-1 min-1.  The second method used the speed of the 

DNA polymerase, averaging 1,000 bases incorporated per second (Voet & Voet, 2004), and 

number of forks to estimate the rate of DNA synthesis, two per origin to replicate the circular 

chromosome in a bi-directional manner (Equation 4).  The value derived from this method was 

199 zmol dNTP incorporated per cell-1 min-1.   
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  A)  4.6 x 106 bp       = 7.6 x 104 bp-1 min-1 
           60 min 
 
  B)  7.6 x 104 bp x 2 bases-1 pair-1    = 1.53 x 105 bases-1 min-1  
 
  C)  1.52 x 105 bases-1 min-1   = 2.54 x 10-19 mol-1 min-1 

               6.023 x 1023 bases-1 mol-1 

 

Equation 3 | Theoretical rate of DNA synthesis in Escherichia coli based on genome size and the 
length of the S phase.  The size of the E. coli genome is 4.6 Mbp and the length of the S phase is 

60 minutes.  A) Derivation of base pairs to be synthesized by dividing the genome size by the 
time of S-phase.  B) Multiplying the number of base pairs to be synthesized per minute by two to 

derive the number of bases to be synthesized.  C) Converting the number of bases to moles of 
bases to be synthesized by dividing the value by Avagadro’s number. 

 
 
 
 
 
 
 
 

                A)  1000 bases fork-1 sec-1 x 2 forks x 60 sec                = 1.2 x 105 bases min-1 

 
                B)                  1.2 x 105 bases                                          = 1.99 x 10-19 mol-1 min-1         
                                6.023 x 1023 bases-1 mol-1 

 
Equation 4 | Theoretical rate of DNA synthesis in Escherichia coli based on DNA polymerase 

speed of replication and number of replication forks during synthesis.  The rate of incorporation 
of a DNA polymerase is 1,000 bases per second, and the number of forks in a slow growing cell 

with one chromosome is two.  A) Derivation of the number of bases incorporated per minute 
based on two active polymerases at independent replication forks.  B) Conversion of the number 
of bases incorporated per minute to the number of moles incorporated per minute by dividing the 

value by Avagadro’s number.   
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qPCR analysis 

 MDL12 cells confirmed to be IPTG-dependent for growth were used to inoculate to an 

optical density (OD600nm) of 0.01 M9 medium (100 ml) containing glucose (0.1%), casamino 

acids (0.2%), kanamycin (50 µg ml-1), and with or without IPTG (1 mM).  Cell growth was 

monitored by measurement of optical density (OD600nm), and cultures periodically diluted with 

fresh, pre-warmed media to maintain exponential growth.  At six hours the culture lacking IPTG 

was split and inducer added (1 mM IPTG) to one portion.  Periodically, aliquots (4 ml) were 

collected from each culture for qPCR analysis. Cells were collected by centrifugation, 

resuspended in TE buffer, pH 8.0 (1 ml) and again pelleted. The supernatant was removed, the 

cells resuspended in TE buffer, pH 8.0 (100 µl) and 77% ice-cold ethanol (1 ml) was added. 

 To determine the oriC-to-ter ratios by qPCR, chromosomal DNA was purified from fixed 

samples. Fixed cells were collected by centrifugation and lysed with 1.2% SDS and 4 mM 

EDTA (65°C for 5 min).  DNA was precipitated with 0.7 volumes of isopropanol and washed 

with 70% ethanol.  The DNA was treated with RNaseA (8.3 units ml-1) (Sigma-Aldrich, St. 

Louis, MO) and proteinase K (1 unit ml-1) (Sigma-Aldrich, St. Louis, MO) for 45 min (37ºC) and 

1 hour (37ºC), respectively, and then proteins were precipitated with Protein Precipitation 

Solution (200 µl) (Promega, Fitchburg, WI).  The DNA was subsequently precipitated with 

isopropanol and collected by centrifugation.  Samples of DNA (5-10 ng) were mixed with 1x 

TaqMan Gene Expression mix (20 µl) (Applied Biosystems, Foster City, CA).  The primers used 

for the qPCR amplification were 5`GAGAATATGGCGTACCAGCA and 5`-

AAGACGCAGGTATTTCGCTT-3’ for amplification of the oriC region and 5`-

TCCTCGCTGTTTGTCATCTT-3’ and 5`-GGTCTTGCTCGAATCCCTT-3’ for amplification 



 

124 
 

of the ter region.  The fluorescent probes were 5' Fam - 3' Tamra with the sequence 5`- 

CAACCTGACTTCGGTCCGCG and 5`-CATCAGCACCCACGCAGCAA for oriC and ter 

respectively.  The data were normalized to the data obtained from MG1655 wild-type cells 

treated with rifampicin and cephalexin (2 hours) where the oriC-to-ter ratio of 1:1.  
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3 DISCUSSION 

 In this work we have used a combination of flow cytometry, chromosomal labeling, and 

qPCR techniques within a strain of E. coli capable of inducible control of acidic phospholipid 

production to generate our results.  Improvements in culturing and screening of the inducible 

strain allowed us to rapidly and reproducibly test different parameters of cells deficient in acidic 

phospholipids when previous experimenters could not.  Our development of an accurate assay to 

label chromosomes and enumerate increases in cell numbers allowed us to examine the effect of 

depletion of acidic phospholipids on cell-cycle progression and DNA replication rates.  These 

milestones can be used to address future projects by our laboratory, and potentially by other 

researchers.   

 The involvement of acidic phospholipids in the regulation of oriC-dependent 

chromosomal replication has been proposed for some time.  In E. coli, in vivo studies have 

shown that acidic phospholipid deficiency leads to arrested growth (Heacock & Dowhan, 1989), 

which can be restored by either bypassing oriC- and DnaA-dependent replication (Xia & 

Dowhan, 1995) or by expressing mutant DnaA protein (Zheng et al., 2001).  Together, these 

findings suggest a link in vivo between acidic phospholipids and DnaA-dependent oriC-based 

chromosomal replication.  In agreement with this model, we observed that a deficiency in acidic 

phospholipids resulted in inhibited initiation of chromosomal replication.  Moreover, initiation 

was inhibited prior to growth-arrest, suggesting that any inhibition of initiation likely contributes 

to growth-arrest rather than being a byproduct.   

In addition to this primary finding, I have presented evidence that has significantly 

advanced the field by demonstrating novel influences of acidic phospholipids on bacterial DNA 
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replication and cell-cycle progression.  Interestingly, we have several key findings that were 

unanticipated at the outset of the project, yet have become integral parts of the dissertation.  

Thus, our work not only enriches the original areas of our research focus, but has developed 

unanticipated offshoots as well.  This work has resulted in four major findings:  

 

• Depletion of acidic phospholipids results in an inhibition of initiation of 

chromosomal replication and a cell-cycle-specific growth arrest.  A dearth of 

acidic phospholipids causes reduced frequency of initiation, and cells re-

induced for acidic phospholipid synthesis following growth-arrest have a step-

wise increase in chromosomal replication followed by cell division.   

 

• Depletion of acidic phospholipids results in a global biosynthetic shutdown of 

cellular activity independent of the stringent response.  Cells depleted of 

acidic phospholipids have a concerted and substantial decrease in both DNA 

and protein content. 

 

• The mechanism of DnaA(L366K) suppression of growth-arrest may be 

independent of acidic phospholipid stimulated nucleotide cofactor exchange.  

Expression of DnaA(L366K) results in under-initiation of replication and 

asynchrony that is unchanged by the levels of acidic phospholipids. 

 

 



 

127 
 

• Depletion of acidic phospholipids prolongs the time required to complete 

chromosomal replication.  Flow cytometry, chromosomal radiolabeling, and 

qPCR data demonstrate that DNA elongation is perturbed in addition to 

initiation of replication during depletion of acidic phospholipids. 

 

 Overall, these results support our proposed model of DnaA regulation and the cell-cycle 

(Figure 19); however, there are some aspects that remain unclear and our novel findings reveal 

an even greater complexity of the influence acidic phospholipids have on DnaA regulation and 

the E. coli cell-cycle (Figure 33).  How does the acidic phospholipid requirement at initiation 

predominate over other cellular requirements resulting in a cell-cycle-specific growth arrest 

(section 3.1)?  How are cells mediating a global shutdown of biosynthetic activity during 

depletion of acidic phospholipids (section 3.2)?  What is the mechanism(s) in vivo for acidic 

phospholipid influence on DNA replication (section 3.3)?  Are acidic phospholipids influencing 

DNA elongation, and if so, are they doing so indirectly or directly (section 3.4)?  Further work 

addressing these questions can additionally revise this model and determine the true extent of 

acidic phospholipid influence on DNA replication and the cell-cycle. 
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Figure 33 | Revised model of DnaA regulation and the cell-cycle in E. coli.  In this highly 

simplified model, the E. coli cell-cycle is depicted as a circle with each major phase of its cycle 
(G1, S, G2/M) occurring sequentially after cell division.  To depict the progression of cell 

growth and replication of genetic material, cells (green ovals) and circular chromosomes (black 
circles) are shown.  Active DnaA (ATP-DnaA) levels accumulate and diminish at the initiation 

of chromosomal replication during the G1/S transition and are thought to be regulated by several 
processes.  DnaA transcription and DnaA reactivating sequences (DARS) increase 

concentrations of active DnaA in the cell.  Also, as shown in my work, acidic phospholipids 
promote initiation although it is unclear how (depicted as green “?”).  After initiation, active 

levels of free DnaA are attenuated through regulatory inactivation of DnaA (RIDA) and titration 
of DnaA to the datA locus.  DnaA is also prevented from promoting reinitiation at the origin by 

binding of seqA to hemimethylated sequences within the newly synthesized origin.  I have 
additionally demonstrated that depletion of aPLs perturb DNA elongation (shown as green aPL 

in S phase), and result in a biosynthetic shutdown and loss of cell viability.  It is still unclear 
from my work what role acidic phospholipids may have in regulating cell division.   
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3.1 How does the acidic phospholipid requirement at initiation predominate over other 

requirements resulting in a cell-cycle-specific growth arrest? 

 In this work, I have demonstrated that depletion of acidic phospholipids results in an 

inhibition of initiation of chromosomal replication (Figure 20), and a cell-cycle-specific growth-

arrest (Figure 29).  These results are in agreement with numerous studies that acidic 

phospholipids appear to have a crucial role in DnaA- oriC-based initiation of chromosomal 

replication (for review, refer to section 1.1 “Acidic phospholipids may be required for initiation 

of chromosomal replication in E. coli”).  However, the acidic phospholipid cardiolipin is known 

to influence several proteins, including those involved in cell division, and cardiolipin is also 

thought to directly contribute to cell division by inducing membrane curvature (for review, refer 

to section 1.1 “Phospholipid function in E. coli cell division”).  Thus, if acidic phospholipids are 

important for various processes, how can their depletion result in a cell-cycle-specific arrest? 

One possibility is that while acidic phospholipids may be required for other cellular 

processes, the most sensitive process to depletion is initiation of chromosomal replication.  Cells 

would be able to continue other activities that require acidic phospholipids, but upon reaching 

initiation at the G1/S transition in the cell-cycle, depleted cells undergo growth-arrest.  Domains 

of cardiolipin have been visualized at mid-cell (Mileykovskaya & Dowhan, 2000), consistent 

with a potential role in cell division.  Previous work in our lab by Dr. Kelly Boeneman using 

fluorescent microscopy and a lipophillic dye demonstrated that the formation of the mid-cellular 

domain of acidic phospholipids follows initiation of chromosomal replication in E. coli 

(Boeneman and Crooke, unpublished results), suggesting cardiolipin domains are important in 

events after the G1/S transition.  This may include prevention of further initiation events at oriC 
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as studies have shown that DnaA first incubated with acidic phospholipids is inhibited in binding 

to oriC (Crooke et al., 1992, Makise et al., 2002). 

Due to the limitations of fluorescent microscopy, the techniques employed by Boeneman 

and Crooke using the lipophillic dye 10-n-nonyl-acridine orange (NAO) cannot produce signal at 

very low concentrations of acidic phospholipids; therefore, acidic phospholipids may be present 

before initiation at mid-cell, but not at high enough concentrations to be visible with NAO.  If 

true, this could imply that a low concentration of acidic phospholipids contributes to initiation.  

Perturbations in membrane acidic phospholipid content could have a much larger impact prior to 

initiation when acidic phospholipid concentrations are low; whereas cessation of acidic 

phospholipid synthesis after initiation could be more readily resisted due to the reservoir of 

phospholipids present in the mid-cell domain.  This may explain the absence of a growth-arrest 

at other parts of the cell-cycle during depletion of acidic phospholipids. 

To test if a temporal difference in acidic phospholipid concentration contributes to the 

specific nature of the cell-cycle arrest, concentrations of the phospholipids in cells could be 

measured during different stages of the cell-cycle.  Previous studies have examined the synthesis 

of lipids in E. coli, but have disagreed over the kinetics of phospholipid production during the 

cell-cycle (Joseleau-Petit et al., 1984, Joseleau-Petit et al., 1987, Michel et al., 1975, Mozharov 

et al., 1985, Pierucci, 1979, Zuchowski & Pierucci, 1978).  Modern improvements in culturing 

techniques and phospholipid analysis offer to resolve the past debate; Georgetown University has 

recently partnered with the Waters Technologies Corporation to open an innovation center on 

campus capable of high-resolution analysis of lipid samples without the need for radiolabeling of 

samples as done previously.  To obtain phospholipid samples from cells at a uniform point in the 
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cell-cycle, cells could be synchronized either by use of i) DnaCts mutation (Theisen et al., 1993, 

Helmstetter et al., 1992), which can allow for synchronization of cells prior to initiation of DNA 

replication via temperature shift, or ii) a so-called “baby machine” in which cells are affixed to a 

poly-lysine membrane, media is flowed continuously over the membrane, and newly divided 

cells elute with the media resulting in collected cells being synchronized in G1 (Helmstetter et 

al., 1992). 

  If the phospholipid composition changes during the cell-cycle, with a lower 

concentration of acidic phospholipids prior to initiation of replication, we could conclude that 

initiation is likely more sensitive to depletion of acidic phospholipids because there is a paucity 

of acidic phospholipids and initiation of chromosomal replication is dependent upon them.  If the 

phospholipid composition does not change during the cell-cycle, we could conclude that it is not 

a paucity of acidic phospholipids at this point in the cell-cycle, but rather the spatial distribution 

of lipids that may cause the cell-cycle specific arrest.  In the latter scenario, cells contain a near 

constant level of acidic phospholipids throughout the cell-cycle.  After initiation occurs, a highly 

concentrated (i.e. visible) mid-cell domain is formed.  Therefore, a depletion of acidic 

phospholipids may delay or prevent the appearance of this domain, which although still unclear, 

may be important in the timing of initiation during the overall cell-cycle. 
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3.2 How are cells mediating a global shutdown of biosynthetic activity during depletion of 

acidic phospholipids? 

 In this work I have demonstrated that depletion of acidic phospholipids results in a 

concerted shutdown of DNA and protein content, indicating a global biosynthetic shutdown of 

cellular activity (Figure 20D, Table 3).  The cellular response to acidic phospholipid depletion 

bears resemblance to the stringent response (Magnusson et al., 2005, Potrykus & Cashel, 2008), 

which is characterized by upregulation of (p)ppGpp and has been shown to be upregulated in 

response to changes in fatty acid metabolism (Seyfzadeh et al., 1993, Gong et al., 2002).  We 

hypothesized that if fatty acid metabolism was sensed by the stringent response pathway, then 

perhaps changes in phospholipid headgroup chemistry could be as well.  However, despite the 

similarity in biosynthetic shutdown, depletion of acidic phospholipids does not result in 

upregulation of the stringent response (Figure 22).  Therefore, how are cells mediating a global 

shutdown of biosynthetic activity during depletion of acidic phospholipids? 

The secondary messenger (p)ppGpp acts as a modulator of various sigma factors, 

influencing the transcription of many genes, and culminating in a survival response (Magnusson 

et al., 2005).  One possibility of how a global biosynthetic shutdown is mediated in depleted 

cells during the absence of a stringent response is that proteins whose activity is influenced by 

acidic phospholipids act as transcription factors on a broad range of targets, eliciting a stringent-

like response.  While there is no evidence that DnaA has a broad role as a transcription factor 

triggering a survival response, DnaA has been extensively shown to act as a transcription factor 

for its own promoter as well as other promoters such as glpD, mioC, nrd, polA, proS, htpR, and 

uvrB (Atlung et al., 1985, Gon et al., 2006, Lother et al., 1985, Speck et al., 1999, Theisen et al., 
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1993, Ogawa & Okazaki, 1994, Saxena et al., 2011, Braun et al., 1985, Kucherer et al., 1986, 

Quinones et al., 1997, Tesfa-Selase & Drabble, 1992, van den Berg et al., 1985, Wang & 

Kaguni, 1989, Zhou & Syvanen, 1990, Messer & Weigel, 2003).  Thus, alterations of acidic 

phospholipid content could alter DnaA activity resulting in a change in the transcription profile 

of many genes and a biosynthetic shutdown.  Alternatively, unknown factors could be mediating 

a global biosynthetic shutdown of cellular activity in response to acidic phospholipid deficiency. 

To test if DnaA may mediate the global shutdown, promoters of candidate genes could be 

screened for mutations in the E. coli strain HDL1001 that become IPTG-independent for growth.  

In the HDL1001 strain, acidic phospholipid synthesis is induced by the addition of IPTG 

(Heacock & Dowhan, 1989).  Therefore, cells that form colonies on plates without inducer may 

be growing without normal levels of acidic phospholipids caused by deregulation of the global 

shutdown response.  Interestingly, DnaA has been shown to regulate the transcription of genes 

such as htpR which encodes for the sigma factor RpoH, that mediates cell survival during heat 

shock by altering the transcription of several genes (Wang & Kaguni, 1989).  Moreover, I have 

identified potential low-affinity DnaA-binding sites within htpR and other genes that could 

influence a biosynthetic shutdown (Table 5).  Since these sites are known as key regulatory 

switches in the transcriptional activity at the dnaA promoter (Speck et al., 1999) and the nrd 

operon (Gon et al., 2006), it could imply that low-affinity sites in these other promoters means 

regulation of these sites are dynamically controlled by DnaA.  By screening for mutations within 

these promoters and potential binding sites utilizing specific primers and polymerase chain 

reaction (PCR) assays, we could identify novel mutants and delineate the role of DnaA in the 

global shutdown of biosynthetic activity under acidic phospholipid deficient conditions. 
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Loci Sequence ∏ Genomic Position 

* 
Score 

‡ 
Gene function 

aldA 8 TTAATTAAC 1486163-1486242 
(+)† 

3.97 Encodes aldehyde dehydrogenase 
A, catalyzes dehydrogenation of a 

broad spectrum of small 
hydroxyaldehyde substrates.  

dnaANrecF 
2 

TTATCCACA 3881568-3881576 (-)† 7.56 Operon encodes dnaN, sliding 
clamp subunit of pol III, dnaA 

initiator of DNA replication, and 
recF, a gap repair protein. dnaANrecF 

3 
TGTTTCTCA 3881544-3881558 (-)† 5.2 

dnaANrecF 
3 

ATCTGTGAG 3881544-3881558 (-)† 2.85 

guaBA 6 TTATACAGA 2632135-2632143 (-)† 6.71 An operon for two enzymes that 
catalyze the conversion of 
hypoxanthine to guanine guaBA 7 TTATCCACA 2631877-2631885 (-) 7.56 

mioC 1 CCTGTGGA
A 

3924141-3924151 (-)† 1.59 Encodes an FMN binding protein 

nrdAB TTATCCACA 2342723-2342743 
(+)† 

7.56 Operon encodes RNR subunits 
which convert rNTPs into dNTPs  

polA 1 TTATCCACA 4044413-4044423 
(+)† 

7.56 Encodes for DNA polymerase I 

polA 2 CTATCCACA 4044273-4044281 
(+)† 

6.7 

proSyaeF 1 TTATCCGCG 219050-219058 (-)† 6.57 Encodes proS, a prolyl-tRNA 
synthase and yaeF, a predicted 

lipoprotein 
proSyaeF 2 TTATCCGCA 219030-219038 (-)† 7.28 

rpoH 5 TTATACTCT 3598639-3598649 (-)† 6.39 Encodes sigma 32 factor, 
responsible for mediating heat 
shock response in log-phase 

growth.   

rpoH 6 TTATCCACA 3598521-3598529 (-)† 7.56 

rpoH 7 TTATTCACA 3598545-3598553 (-)† 7.44 

uvrB 2 TTATCCACT 812329-812353 (+)† 6.89 Encodes a component of DNA 
damage repair, responsible for 

nucleotide excision. 
yjeS 1 TTATCCTCA 4391153-4391161 (-)† 7.24 Encodes a putative electron 

transporter 

 
Table 5 | In silico query of putative ATP-DnaA binding sites in promoters and genes of the E. 
coli chromosome.  Position weighted matrix query of the Escherichia coli genome (strain K12) 
with consensus sequence TTATYCRCA (DnaA binding site sequence from Speck et al., 1999) 
on the Prodoric database (search date April 18, 2011).  ∏ Form of consensus sequence that 
match found.  * Genomic orientation noted by (+) positive, or (-) negative.  † Position is within a 
promoter region. ‡ Min-max scoring: 0.12 – 7.56. 
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Another possibility to explain the global biosynthetic shutdown of cellular activity is that 

it is mediated by other stress response pathways.  Prominent candidates include the Cpx two-

component system and the σE pathway (Raivio, 2005) because they have been documented to 

mediate a similar shutdown in response to relevant stimuli.  The Cpx system can be activated 

upon depletion of the zwitterionic phospholipid phosphatidylethanolamine  (Mileykovskaya & 

Dowhan, 1997).  The σE pathway can be activated by perturbations in outer membrane protein 

biogenesis (Mecsas et al., 1993, Raivio, 2005), and the outer membrane protein Braun’s 

lipoprotein is known to require phosphatidylglycerol for its maturation (Sankaran & Wu, 1994), 

with a mutation or deletion in its encoding gene (lpp) restoring growth to acidic phospholipid 

depleted cells (Matsumoto, 2001, Suzuki et al., 2002).   Therefore, both of these pathways could 

mediate a response to altered membrane composition caused by the loss of acidic phospholipids.  

Interestingly, both pathways share a common downstream component, DegP (Raivio, 2005) 

whose expression is upregulated during activation of either pathway (Danese et al., 1995, Danese 

& Silhavy, 1997).  To test if these pathways are activated, we could examine the levels of DegP 

expression during depletion of acidic phospholipids.  In addition to upregulation of DegP, Cpx 

and σE increase the expression of DsbA, PpiA, PpiD (Danese & Silhavy, 1997, Dartigalongue & 

Raina, 1998, Pogliano et al., 1997) and FkpA, SurA, & Skp (Danese & Silhavy, 1997, Danese et 

al., 1995, Dartigalongue et al., 2001, Erickson & Gross, 1989), respectively.  Therefore, if an 

initial investigation into the expression of DegP yields no difference, examining the other target 

proteins could yield interesting results.  Similarly, if DegP expression is increased, examining 

which set of other genes is upregulated can delineate which of the two pathways is activated. 
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3.3 What is the mechanism(s) in vivo for acidic phospholipid influence on DNA replication? 

 In this work, we observed that E. coli expressing DnaA(L366K) under-initiate replication 

asynchronously irrespective of the acidic phospholipid content, suggesting that the mechanism of 

suppression is independent of nucleotide exchange (Figure 23).  However, acidic phospholipids 

are depleted but not fully absent (Heacock & Dowhan, 1989) and DnaA(L366K) has been shown 

to require a lower concentration of acidic phospholipids for reactivation (Aranovich et al., 2007); 

therefore, in light of this, reactivation of DnaA cannot be dismissed as a mechanism for acidic 

phospholipid influence in vivo, and it is unclear if acidic phospholipid influence is through one or 

more functions.  What is the mechanism(s) in vivo for acidic phospholipid influence on DNA 

replication?   

 One possibility remains that acidic phospholipids reactivate DnaA protein in vivo, 

stimulating initiation of chromosomal synthesis.  Indeed in vitro, it has been shown that acidic 

phospholipids in a fluid bilayer stimulate nucleotide exchange of oriC-bound DnaA, reactivating 

it from a replicatively inactive ADP-DnaA to replicatively active ATP-DnaA (Castuma et al., 

1993, Crooke et al., 1993, Sekimizu et al., 1987, Sekimizu & Kornberg, 1988).  Moreover, 

concentrations of ATP-DnaA fluctuate during the cell-cycle, peaking prior to initiation of 

chromosomal replication (Kurokawa et al., 1999).  If acidic phospholipids stimulate reactivation 

of DnaA, there should be a noticeable difference in ATP-DnaA levels under acidic phospholipid 

deficient and wild-type conditions.  Antibodies specific for the DnaA protein are extremely 

difficult to manufacture, and are not commercially available.  However, DnaA protein can retain 

functionality as a recombinant protein (Li & Crooke, 1999, Boeneman et al., 2009) and is easily 

purified.  Antibody-affinity purification of DnaA from cells depleted or containing wild-type 
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levels of acidic phospholipids, followed by separation and quantification of bound nucleotides 

can determine the influence of acidic phospholipids on reactivation.  Peak levels of ATP-DnaA 

are present prior to initiation (Kurokawa et al., 1999); therefore, a careful analysis will include 

the comparison of cells synchronized prior to initiation with wild-type and depleted levels of 

acidic phospholipids.  Synchronization of cells prior to initiation with wild-type levels of acidic 

phospholipids is achievable via a temperature shift of cells with a DnaCts mutation (Helmstetter 

& Krajewski, 1982, Theisen et al., 1993), and depletion of acidic phospholipids should result in a 

similar cell-cycle-specific arrest, based on my results.  I have combined the DnaCts mutation with 

the acidic phospholipid inducible strain MDL12 through P1 phage transduction to create a new 

strain, RCF2, which can be utilized for these experiments.  

 Another explanation is that acidic phospholipid stimulation of the multimerization of 

DnaA protein could be a mechanism by which initiation of chromosomal synthesis is affected.  

DnaA monomers bind to oriC and form a homomultimeric complex of 20-30 DnaA monomers 

(Funnell et al., 1987, Crooke et al., 1993, Fuller et al., 1984, Leonard & Grimwade, 2010, Mott 

& Berger, 2007).  The numbers of DnaA monomers exceed the number of DnaA-binding sites, 

and thus some monomers must bind only other DnaA monomers rather than DNA.  

DnaA(L366K) binds only to high-affinity sites, regardless of whether it is ATP or ADP bound 

(Saxena et al., 2011) and cannot promote initiation of replication on its own (Li et al., 2005).  

However, DnaA(L366K) can restore growth to arrested cells as seen here and previously (Zheng 

et al., 2001), and can supplement limiting quantities of ATP-DnaA in promoting replication in 

vitro (Li  et al., 2005).  These results strongly suggest that monomers of DnaA(L366K) and DnaA 

form heteromeric complexes at oriC.  Moreover, the mutation of DnaA(L366K) is within the 
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membrane binding region, which interacts eletrostratically with acidic phospholipids (Kitchen et 

al., 1999).  Mutations in this region could have epistatic effects on nearby or even distal residues, 

including the SRC element in adjacent domain III.  In AAA+ proteins such as DnaA, the SRC 

element is crucial for proper interaction between monomers and for facilitating cooperativity 

resulting in oligomerization (Mott & Berger, 2007).  Under acidic phospholipid deficient 

conditions, could DnaA(L366K) promote initiation by filling the multimer at non-DNA binding 

locations, no longer requiring acidic phospholipids to promote oligomerization within the 

multimer?  A simpler explanation could be that DnaA(L366K) occupies the high-affinity sites 

freeing up decreased levels of ATP-DnaA for occupation of the fewer but crucial low-affinity 

sites at oriC.  However, overexpression of wild-type DnaA cannot restore growth under acidic 

phospholipid depleted conditions (Zheng et al., 2001), suggesting that DnaA(L366K) does not 

simply swamp out high-affinity sites to free ATP-DnaA to access low-affinity sites. 

 To test if acidic phospholipids promote oligomerization of DnaA, a variety of 

experiments could be employed.  Crystallization of DnaA and DnaA(L366K) would be very 

informative as to the structural ramifications of the mutation, but to date, no full structure has 

been elucidated.  Structural data could be used to model multimer formation at oriC between 

wild-type DnaA and DnaA(L366K), and determine how acidic phospholipids may influence the 

process.  Currently research efforts in our lab, lead by Dr. Rahul Saxena, are focusing on 

crystallization of the two species of DnaA. 

 Determination of the pattern of DnaA binding at oriC by in vivo footprinting (Sasse-

Dwight & Gralla, 1991), would be useful to compare cells with wild-type and deficient levels of 

acidic phospholipids, and with or without expression of DnaA(L366K).  These experiments 
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could show how both acidic phospholipids and DnaA(L366K) affect oligomer formation at the 

origin under in vivo conditions.  If, for example, we observed occupation of low-affinity sites 

under acidic phospholipid deficient conditions when DnaA(L366K) is expressed, we would have 

evidence that DnaA(L366K) may indeed aid the oligomerization at oriC in the absence of acidic 

phospholipids because DnaA(L366K) cannot occupy these sites itself.   

 The eletrophoretic mobility shift assay (EMSA) of a reconstituted system containing 

ATP, HU accessory protein, acidic phospholipids, DnaA, DnaA(L366K) and DNA fragments of 

oriC could also be used to determine if DnaA(L366K) enhances oligomerization in the absence 

of acidic phospholipids.  In an EMSA, migration of a DnaA-oriC complex in an electrophoretic 

field should become retarded upon binding of additional DnaA monomers.  As noted earlier, 

more DnaA monomers are present in the full oligomer than are binding sites for DnaA at oriC.  

Moreover, if all DnaA monomers are ATP-bound, nucleotide reactivation is not relevant.  Thus, 

if mixing DnaA(L366K) with wild-type DnaA results a greater mobility shift under acidic 

phospholipid deficient conditions, it would be evidence that DnaA(L366K) may bypass an acidic 

phospholipid requirement of wild-type DnaA for oligomerization.  These experiments would 

help us better understand the biochemical mechanisms behind acidic phospholipid function in 

initiation of chromosomal replication. 
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3.4 Are acidic phospholipids influencing DNA elongation indirectly or directly?   

 In this work, I have demonstrated that a depletion of acidic phospholipids (aPLs) 

prolongs the time required to complete chromosomal replication (Figures 23, 29, and 32).  While 

we have generated multiple lines of data to confirm this observation, it is a novel finding as there 

has been no previous documentation of aPLs influencing any aspect of replication elongation.  

This leaves us with an important and exciting question: Are aPLs influencing DNA elongation 

indirectly or directly?   

 In mitochondria, cardiolipin is critical in the function and organization of oxidative 

phosphorylation complexes (Lange et al., 2001, McKenzie et al., 2006, Pfeiffer et al., 2003, 

Sedlak et al., 2006, Shinzawa-Itoh et al., 2007, Zhang et al., 2002).  Moreover, purification of 

respirasomes (i.e large complexes of OXPHOS proteins) is reduced when using mild detergents 

in cardiolipin-null mutant cells (Pfeiffer et al., 2003, Zhang et al., 2002), and incorporation of 

complexes III and IV into super-complexes in yeast cells is dependent on adequate 

concentrations of cardiolipin (Zhang et al., 2005a).  In prokaryotes, cardiolipin co-localizes or 

co-purifies with many proteins (Mileykovskaya & Dowhan, 2009).  Perhaps aPLs may similarly 

support optimal organization or activity of proteins contributing to DNA elongation.   

 To test this hypothesis, replication complexes could be purified from cells with wild-type 

and depleted levels of aPLs, similar to the studies lead by Pfeiffer and Zhang.  A reduction in the 

purification of complexes from cells depleted of aPLs would suggest aPLs may facilitate 

assembly of the complexes.  Alternatively, co-immunoprecipitation of subunits of the replisome, 

fork-restart proteins, or other elongation related proteins could be conducted on cells with wild-

type and depleted levels of aPLs.  In these experiments, different subunits would be precipitated 
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and the presence of specific binding-partners would be compared through immunoblotting under 

the two conditions.  If there is a reduction in co-precipitation of subunits during depletion of 

aPLs, we could infer that acidic phospholipids are contributing to their organization.  In this way, 

we could quickly assess the validity of a direct influence on DNA elongation. 

 Acidic phospholipids could also exert an indirect influence on DNA elongation.   This 

notion ties back to the earlier discussion explored in section 3.2 that DnaA may have a wide 

effect on cellular activities through transcriptional regulation.  DnaA has been shown to 

upregulate the expression of polA (Quinones et al., 1997), which encodes for DNA polymerase I 

and contains two putative ATP-DnaA boxes (Table 4).  DNA polymerase I is important in 

replication during strand repair (Voet & Voet, 2004).  Moreover, dnaN, the beta-sliding clamp of 

the replisome, and the gua operon, which encodes for two enzymes that catalyze the conversion 

of hypoxanthine to guanine, have promoters with potential ATP-DnaA binding sites (Table 4).   

Thus if aPLs influence initiation of replication through DnaA, they may also effect elongation 

due to DnaA regulation of genes important for elongation (e.g. polA, DnaN, gua) during 

depletion of aPLs is perturbed.   

 To test this theory, we could create a library of mutants with altered DnaA binding sites 

in the promoters of candidate genes that result in a reduced or heightened ability of DnaA to bind 

(i.e. gain or loss of function).  Mutants would be screened under wild-type and aPL deficient 

conditions for effects on DNA elongation.  An effect on DNA elongation could be similarly 

measured as described here (i.e. flow cytometry, chromosomal labeling, or qPCR).  

Alternatively, a modified collection method for flow cytometry could also help identify changes 

in DNA elongation.  Multiple samples could be collected at the same time, but each sample 
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incubated with rifampicin and cephalexin for different intervals of time (e.g. 1 hour, 2 hours, 3 

hours, etc.) before fixation.  Treatment with rifampicin and cephalexin allows for ongoing rounds 

of replication to complete, but new initiation events cannot start and cells can no longer divide.  

Thus, the experiment can show the kinetics of completion of chromosomal replication.  

Comparison of conditions would reveal if cells could complete chromosomal synthesis at similar 

rates.  Identification of mutants that show no difference in the ability to complete chromosomal 

replication between the wild-type and aPL deficient conditions would suggest that DnaA 

regulation of the affected gene contributes indirectly to DNA elongation. 

 A third possibility is an indirect effect caused by the activation of global shutdown 

pathways, such as those noted in section 3.2.  To test this, the mechanism for global shutdown of 

biosynthetic activity must first be identified.  Then it must be determined if the removal of these 

pathways relieve a perturbation of elongation during acidic phospholipid loss.  This final 

possibility may be attractive, as numerous mutations in DnaA have been demonstrated to relieve 

dnaX mutant activation of the SOS response (Skovgaard & Lobner-Olesen, 2005).  dnaX encodes 

for the tau and gamma clamp loader subunits of the polymerase.  DnaA has not been shown to 

interact with the clamp loaders previously, and the diversity of mutants relieving the SOS 

activation hinted at an indirect effect.  In this study, the authors showed that DnaA mutations 

were not allowing DnaA to interact with the dnaX encoded subunits, but rather caused a reduced 

initiation frequency that lead to fewer gamma and tau units to undergo fork collapse which was 

the inducer of SOS response.  Therefore, the reduction in acidic phospholipids may have an 

indirect effect, which is likely given the lack of evidence to-date for a direct influence. 
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3.5 Implications of results for eukaryotic replication and clinical utility 

 This study of lipid function has been carried out in bacteria in part due to their lack of 

organelles and simple lipid composition.  However, it is important to relate my findings to the 

more complex replication in eukaryotes as well as discussing whether our findings in bacteria 

have clinical value.  The E. coli initiator protein of chromosomal replication, DnaA, bears 

structural similarities to the initiators of eukaryotes.  While no full-length structure of DnaA has 

yet been crystallized, a truncated form isolated from Aquifex aeolicus containing the AAA+ 

ATP-binding domain has been crystallized and was found to be a paralogue of Cdc6 (Erzberger 

et al., 2002).  Interestingly, archael initiator Cdc6/Orc1, DnaA, and several subunits of the 

eukaryotic origin-recognition complex (ORC) reside in the same AAA+ superfamily clade (Iyer 

et al., 2004).  Similar to DnaA regulating the transcription of genes, eukaryotic initiators have 

been shown to regulate the transcription of specific genes, as well as stimulating changes in 

chromatin organization (Kawakami & Katayama, 2010, Bell et al., 1995, Triolo & Sternglanz, 

1996, Pak et al., 1997, Prasanth et al., 2004), but despite these similarities, acidic phospholipids 

have not been shown to have a stimulatory effect on initiation of eukaryotic replication.  We 

have found that acidic phospholipid depletion results in a shutdown of biosynthetic activity that 

was independent of an established stress response pathway, opening the possibility that the 

shutdown could be mediated shutdown by DnaA exerting transcriptional regulation.  If true, 

could regulation of transcriptional activity in response to altered membrane composition be 

conserved in eukaryotic initiators?  This would be an interesting avenue to explore the 

similarities between prokaryotes and eukaryotes.     
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 How might our findings have clinical utility?  We have shown that depletion of acidic 

phospholipids results in an inhibition of chromosomal replication, a cell-cycle-specific growth-

arrest, and reduction in cell viability.  Drugs that inhibit the acidic phospholipid function or the 

production of acidic phospholipids could similarly inhibit and reduce the viability of E. coli, or 

other acidic phospholipid-dependent pathogens encountered in the clinic.  Similar to prokaryotes, 

mammalian cells also contain cardiolipin (van Meer & de Kroon, 2011), and it is known to be 

important for many processes including oxidative phosphorlyation and apoptosis 

(Mileykovskaya & Dowhan, 2009).  On the other hand, the pathways and associated genes that 

synthesize the phospholipids are also different in bacteria and mammals (Kent, 1995, Raetz, 

1986).  Therefore, while directly inhibiting the acidic phospholipids with drugs could prove 

detrimental to patients because their cells require acidic phospholipids as well, drugs inhibiting 

the enzymes responsible for phospholipid production in pathogens could have a pathogen-

specific effect. 

 The work presented here has therefore broadened our scope well beyond that of bacterial 

DNA replication.  In the E. coli model system we have shown that acidic phospholipids 

influence the frequency of replication initiation, specific-cell-cycle progression, cellular 

biosynthetic activity, and DNA elongation.  Could there be conserved analogous influences of an 

altered membrane composition on initiation factors in eukaryotes?  Can a new class of drugs 

specifically inhibiting acidic phospholipid production in pathogens help combat deadly 

nosocomial infections?  While it is unknown whether these specific questions will yield ground-

breaking research, future studies in bacterial model systems such as E. coli undoubtedly offer an 

attractive platform to enrich our knowledge of lipid function in cellular processes. 
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