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Abstract 

The evolution of the outer membrane (OM) a few billion years ago, introduced a new 

compartment, the periplasm, between the two membrane bilayers. These diderm bacteria 

(Gram-negatives) faced challenges to their cell biology. The periplasm now has machineries 

essential for protein transport, folding and quality control; for biogenesis of a membrane distant 

from the cellular lipid biosynthetic enzymes; to make and remodel a peptidoglycan sacculus 

that segregates its two membranes; and to build and energize protein secretion machines and 

drug-efflux pumps that span the periplasm with components integrated into both the OM and 

inner membrane (IM).  

Working on the hypothesis that these various transport and biogenesis systems evolved to 

function in a periplasm of a specified size, I artificially manipulated the periplasmic size to 

understand its architectural significance in Gram-negative bacterial cell biology. To 

accomplish this, a key player in the cell envelope organisation was investigated; a small, alpha-

helical protein called Braunôs lipoprotein (Lpp). Lpp provides the only known covalent 

connection between the OM and the peptidoglycan sacculus (PG). The N-terminus of Lpp is 

integrated into the OM while the C-terminus is attached to the PG.  

To comprehensively investigate periplasmic systems that require strict control of the 

periplasmic size, a genetic screening approach was used. The approach involved screening for 

essentiality of E. coli genes, to identify those that are only essential in an enlarged periplasm. 

The successful screen exploited a synthetic lethal interactions principle. Here I report the effect 

of a widened periplasm on both PG biosynthesis, maturation, turnover, and remodelling, and 

on biogenesis of the outer leaflet of the OM. The significance of non-covalent OM-PG bridging 

was also revealed, by the observed essentiality of otherwise non-essential proteins (OmpA and 

Pal) known to non-covalently assist OM-PG linkage, and identification of two other potentially 

critical PG-binding OM proteins (TolC and YiaD). This data was interpreted to imply that the 

cell maintains local areas of close contact between the OM and IM.  

Further characterisation of the strain with an enlarged periplasm displayed few distinctive 

phenotypes relative to the wild-type, suggesting that the strain adapts to growth with an 

increase in periplasmic size. To address the mechanism of this adaptation, I employed 

transcriptomic and proteomic profiling approaches to study the response at the transcriptional 

and post-transcriptional level, respectively. The results revealed a dynamic adaptation response 

network not only confined in the periplasm but involving the whole cell, observed 



iii  

 

predominantly in changes to protein steady-state levels, suggesting post-transcriptional control 

is critical to adaptation. Consistent with the screen results, proteostasis observed within the 

periplasm pointed to maintaining optimal PG assembly and LPS biogenesis.  
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Chapter 1: Cell envelope biogenesis 

1.1 Introduction  

Gram-negative bacteria have two membrane bilayers termed the outer membrane (OM) and 

inner membrane (IM) (Figure 1.1.1), and are therefore referred to as diderms. Current models 

of evolution suggest that the OM evolved a few billion years ago (Sutcliffe, 2010; Gupta, 2011; 

Tocheva et al., 2016), resulting in a compartment between the two bilayers termed the 

periplasm (Miller & Salama, 2018). Discovery of the presence of a periplasm occurred even 

before its morphological visualisation. In the 1960s, scientists were trying to discern how toxic 

enzymes such as ribonucleases and phosphatases produced by Gram-negative bacteria were 

non-toxic to the cell. It later became apparent that these enzymes are confined in a separate 

compartment from the cytoplasm (Miller & Salama, 2018). Biochemical extraction methods 

that maintain the integrity of the IM bound cytoplasm were key to this discovery (Neu & 

Heppel, 1964). Only afterwards, in 1964, was the periplasm visualised through the advent of 

electron microscopy, where it was seen clearly as a space in between the two membrane 

bilayers (Bladen & Mergenhagen, 1964). 

The OM is an asymmetric bilayer with two distinct leaflets; phospholipids are found in the 

inner leaflet and lipopolysaccharides in the outer leaflet (Koebnik et al., 2000; Silhavy et al., 

2010) (Figure 1.1.1). By contrast, the IM is a symmetrical phospholipid bilayer that encloses 

the cytoplasm (Ingledew & Poole, 1984). In between the two bilayers and within the periplasm, 

Gram-negative bacteria have an extra layer in their cell wall termed the peptidoglycan (PG) 

(Vollmer & Holtje, 2004). PG is a polymer of glycan strands cross-linked by short peptides 

that provide osmotic protection and also control shape in bacterial cells (Vollmer & Holtje, 

2004; Vollmer & Seligman, 2010). Thus, the overall cell envelope is a multilayered structure 

that serves as an interface to the extracellular milieu, contributes to cellular integrity and 

modulates permeability (Koebnik et al., 2000; Silhavy et al., 2010). Its significance makes the 

cell wall indispensable and hence essential for life (Silhavy et al., 2010).  

Through their evolution diderm bacteria faced challenges to their cell biology (Miller & 

Salama, 2018): The assembly of the distant lipid barrier of the OM required novel lipid 

transport pathways (Sperandeo et al., 2017). The periplasm needed to evolve novel folding 

pathways as the molecular chaperones in the cytoplasm were isolated (De Geyter et al., 2016).  
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Figure 1.1.1: Schematic of a Gram-negative cell envelope. 

As depicted, the cell envelope is composed of two membranes: the outer membrane (OM) and the 

inner membrane (IM). The OM is asymmetric, where the outer leaflet is composed of 

lipopolysaccharides, and the inner leaflet is comprised of phospholipids. By contrast, the IM is 

symmetrical as both leaflets, inner and outer, are made of phospholipids. The aqueous space in 

between the two membranes is called the periplasm, where a third layer of the cell envelope is located: 

the peptidoglycan. The cell envelope membranes harbour different types of proteins. Outer 

membrane proteins (OMPs) shown, are ɓ-barrels proteins embedded within the OM while the inner 

membrane proteins (IMP) depicted, are Ŭ-helical transmembrane proteins in the IM. Lipoproteins 

have diverse topologies and can be anchored to either membrane (both leaflets of the OM and outer 

leaflet of the IM).  
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Membrane protein assembly systems were needed to populate the OM with pores for nutrient 

influx (Rollauer et al., 2015). The systems that evolved in the periplasm to meet these 

challenges make this compartment functionally dynamic. It now has machineries essential for 

transport, folding, and quality control (Miller & Salama, 2018). Some of these machineries 

span the periplasm with components in both the OM and IM, and sometimes even spanning 

both membranes (Miller & Salama, 2018). 

Some of the diverse functions in the periplasm include protein transport, folding, protein 

secretion, lipopolysaccharide and lipoprotein secretion, cell division, cell signalling, PG 

synthesis, osmoregulation and many others (Miller & Salama, 2018). In keeping with the 

importance of the periplasm in Gram-negative cell biology, this thesis will investigate the 

architectural significance of the periplasm, including its control over the morphology of the 

cell wall using an extended OM-PG bridge and the transport of proteins across the wall using 

an autotransporter reporter system.  

1.2 Cell wall architecture 

1.2.1 The cell wall  

The envelope of most Eubacteria consists of several layers. The PG, also called the murein 

layer, functions to protect the cell from rupture by its internal turgor pressure (Weidel & Pelzer, 

1964) and in bacterial cell shape maintenance (Vollmer et al., 2008). Other functions of the PG 

include serving as a scaffold for anchoring cell envelope proteins (Dramsi et al., 2008). It is 

also intimately involved in the processes of cell division and growth (Vollmer & Holtje, 2004).  

The PG is a hetero-polymer made of linear glycan strands of alternating, ɓ 1,4-linked 

N-acetylglucosamine (GlcNac) and N-acetylmuramic acid (MurNAc) residues linked together 

by short peptides (Vollmer et al., 2008), forming a three-dimensional network structure. The 

peptides are attached by an amide linkage to the lactyl group of the MurNAc and are unusual 

because they contain rare D-amino acids (Vollmer et al., 2008). In terms of its biogenesis, the 

initial sequence of the newly synthesised peptide in Escherichia coli is L-Ala-D-iGlu-m-DAP-

D-Ala-D-Ala, with meso-diaminopimelic acid (m-DAP) at position 3 (Vollmer et al., 2008). 

However, the sequence characteristics of the pentapeptide vary depending on the bacterial 

species and growth conditions (Figure 1.2.1.1A). In E. coli, measurements of the concentration 

of pentapeptides show that there is a rapid proteolytic degradation to tetrapeptides, tripeptides 

and dipeptides (Vollmer et al., 2008). Thus, complex dynamic recycling of these building 

blocks is at play in the periplasm, ultimately leading to the disaccharide pentapeptide form. In 
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Figure 1.2.1.1: Peptidoglycan cross-linking and variations of the peptide stem.  

(A) The chemical structure of the peptidoglycan (PG) building block. The glycan chain is composed 

of N-acetylmuramic acid (MurNAc) and N-acetylglucosamine (GlcNac). The D-lactoyl group of 

MurNAc is substituted by peptide chains containing D- and L- amino acids. Variations in the 

chemical composition of the peptide are shown in brackets. (B) Variations in PG cross-linking. 

Cross-links can either be directly through 4-3 or 3-3 positions (top; red and purple circle, 

respectively) or in some cases through a short peptide bridge situated between position 3 and 4 or 2 

and 4 of the stem-peptide (bottom; yellow circle and cyan circle, respectively). Circles in panel B 

represent the stem peptides whose colours match with panel A peptide structures. Abbreviations: 

L-Ala., L-Alanine; Gly., Glycine; L-Ser., L-Serine; D-Glu., D-Glutamic acid; D-Gln., D-Glutamine; 

L-Lys., L-Lysine; D-Ala., D-Alanine; D-Lac., D-Lactate; D-Ser., D-Serine; NAM, MurNAc; NAG; 

GlcNac.  

   



5 

 

E. coli and other Gram-negative bacteria, two main peptide cross-links form for the extension 

of the PG net-like structure. The common DD-type formed between the carboxyl group of D-

ala (position 4) of one peptide and the amino group at the D-centre of m-DAP (position 3) of 

another peptide. The second type is the LD-cross-link formed between the L-centre of m-DAP 

of one peptide and the D-centre of m-DAP of another peptide (Figure 1.2.1.1B, top) (Glauner 

et al., 1988b; Figueroa-Cuilan & Brown, 2018). 

The composition of the PG ñsacculusò is not homogenous. This variation is due to several 

unique aspects of the muropeptides, where over 50 different types exist (Vollmer et al., 2008). 

These include the length of the peptide chain (di-, tri-, tetra-, pentapeptide), the state of cross-

linkage (monomer, dimer, trimer, tetramer), the presence of either D-ala or Ser at position 4 or 

5, the type of cross-linkage (DD or LD), the presence of 1,6-anhydroMurNAc residues (glycan 

strand termini), and the presence of a L-lysine ïL-Arg dipeptide (at position 4) which remains 

after proteolytic digestion of Braunôs lipoprotein (Lpp) (Glauner, 1988). In what seems to be 

specific for E. coli, the major muropeptides are the disaccharide tetrapeptide (>30% of the total 

material) (and the DD-type cross-links (>20% of the total material) (Glauner, 1988). Even 

within E. coli, this composition shows some variation depending on the strain, growth phase, 

growth medium and temperature. For example, the transition from exponential phase to 

stationary phase leads to an increased fraction of the L-Lys-L-Arg containing peptides as well 

as the total cross-linkage of the sacculi (Glauner et al., 1988b). The extra linkage could be 

significant in the strengthening of the cell envelope as it prepares for stationary phase by 

increasing the number of cross-links in the PG and the number of contacts between the PG 

layer and the OM via Lpp.  

1.2.2 Models for peptidoglycan architecture 

A crucial feature of the PG architecture is the orientation of the glycan strands and peptides 

relative to the membranes and axis of the cell. Our understanding of this crucial feature is at an 

early stage, due to the heterogeneous and flexible nature of the PG that has so far made it 

difficult to determine the structure at high resolution. Two mutually exclusive models have 

been proposed based on the chemical and biophysical data available. The classical ñlayered 

modelò and the ñscaffold modelò.  

The layered model was proposed based on the conformations of the PG constituents, the 

glycans and the peptide side chains as well as the prediction of the three-dimensional structure 

of the sacculus. In this model, glycans are considered as straight rods that run parallel with the 
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peptides protruding above or below the glycan plane (Vollmer & Holtje, 2004). The model 

would only agree with a horizontally layered PG in which glycan strands run parallel to the 

cytoplasmic membranes. A vertical arrangement of the glycan strands would be too long to be 

accommodated in the periplasm (Rogers et al., 1980).  

The scaffold model proposes that the glycan strands extend perpendicular from the cytoplasmic 

membrane and are cross-linked by peptides that are parallel to the surface of the membrane 

(Dmitriev et al., 1999; Dmitriev et al., 2003).  According to this model, the PG almost entirely 

fills the periplasmic space. From analysis of PG amounts using the available data of glycan 

length distribution, Vollmer et al. (2004) concluded that E. coli does not contain enough PG 

for the proposed scaffold architecture. Vollmer et al. (2004) further argued that there is a high 

proportion (25% to 30%) of glycan material consisting of glycan strands that are longer than 

30 disaccharide units. The number would mean that many of the glycan strands are longer than 

the measured distance between the OM and the IM, which is approximately 20 nm (Matias et 

al., 2003). For these reasons, Vollmer et al. (2004) concluded that the scaffold model is less 

useful than the layered model for understanding PG architecture in vivo.   

1.2.3 Cell wall thickness 

Whether or not it is the most representative species, E. coli is the best-studied model for PG 

architecture. Using Cryo-TEM of frozen-hydrated sections, the PG is seen as a thin layer 

beneath the OM, with the thickness of 6.35±0.53 nm in E. coli versus 2.41±0.54 nm in 

Pseudomonas aeruginosa (Matias et al., 2003) (Figure 1.2.3.1). Does this increased thickness 

of PG in E. coli suggest 2-3 layers compared to P. aeruginosa? The standard paradigm suggests 

that the PG in E. coli has a single-layered architecture, but there are several lines of evidence 

that appear to contradict this. First, the fact that E. coli have excess PG as implied by the ability 

to grow under certain conditions with 50% less PG per cell surface unit (Prats & de Pedro, 

1989). Second, the muropeptides of the PG are trimeric or tetrameric (Glauner et al., 1988a) 

with three or four connected peptides does not appear to be consistent with an exclusively 

single-layered sacculus. Third, small-angle scattering experiments show that 20-25% of the 

surface of sacculi is thicker than a single layer and probably may consist of a triple layer 

(Labischinski et al., 1991). Finally, that the PG in P. aeruginosa is significantly thinner than 

that of E. coli shows that E. coli PG does not have the minimum possible thickness of a single 

layer (Matias et al., 2003). In the absence of high-resolution imaging of the PG, these 

contentious debates remain unresolved.  
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Figure 1.2.3.1:  Peptidoglycan thickness.  

Dimensions of the cell envelope and isolated peptidoglycan (PG) in Gram-negative: E. coli and 

P. aeruginosa. The numbers indicate the thickness of the PG in nm, with ± showing the standard 

deviation (Matias et al., 2003). Thickness was measured by atomic force microscopy for both 

unisolated and isolated PG (Matias et al., 2003). The figure shows that PG is not a solid block of 

regular thickness. The thickness varies from one organism to another, and even within the same 

organism. In this case, hydrated isolated PG is thicker than dried PG, and E. coli PG is more than 

double the PG thickness in P. aeruginosa. Abbreviations: Hyd., hydrated; OM, outer membrane; IM, 

inner membrane.  
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1.2.4 Cell wall elasticity 

In E. coli, studies using low-angle laser light scattering to determine the change of the mean 

surface of sacculi, following alteration of either the net charge, pH or chemical modification 

concluded that the sacculi is elastic and can expand and shrink three-fold without rupture (Koch 

& Woeste, 1992). Upon detergent solubilisation of the IM, there is a sudden decrease in the 

cell surface area of about 45% as the PG relaxes (Koch et al., 1987). These results suggest that 

the PG forms an elastic net which is expanded to some extent in living cells due to the cells 

turgor pressure. 

The observed change in length, but with very little change in diameter seen upon osmotic shock 

of E. coli (van den Bogaart et al., 2007), provides evidence that elasticity occurs in the direction 

of the long axis (Vollmer & Seligman, 2010). This data is in agreement with a PG model were 

peptides oriented in the direction of the long axis. By stretching, the sacculus becomes more 

organised/ordered and more disorganised when relaxed (Vollmer & Seligman, 2010) (Figure 

1.2.4.1). There is speculation that the tension of covalent bonds in PG caused by the turgor 

might be an essential factor for PG growth. This assumption is reinforced by evidence that PG 

synthesis complexes may recognise and require stretched PG for efficient insertion and 

attachment of newly synthesised glycan chains (Vollmer et al., 2008).   

1.2.5 Cell turgor and permeability properties of the cell wall 

Demchick & Koch (1996) used fluorescence-labelled dextrans of different sizes to determine 

the pore diameter of the PG network in E. coli. On average, the pores are relatively 

homogenous in size, with the mean radius of the pore size in E. coli being 2.06 nm (Demchick 

& Koch, 1996). Due to the elastic nature of the sacculi, the pore size varies based on the state 

of the sacculi, with these results obtained from relaxed sacculi. A recent study by Turner et al., 

(2018) confirmed the pore size variability by showing pores with up to 66 nm2 area, although 

most were less than 5 nm2.  

From these data, it was determined that globular, uncharged proteins with a molecular weight 

of up to 24 kDa should be able to diffuse across the PG net (Demchick & Koch, 1996). In a 

living cell, expanded PG due to turgor might even be permeable to proteins up to 100 kDa 

(Vazquez-Laslop et al., 2001). Considering that proteins of varying sizes are transported across 

the PG for assembly into the OM, the sacculi can act as a barrier to large protein complexes. 

These complexes can cross by binding to chaperones that diffuse through the PG. An example   
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Figure 1.2.4.1: Cell wall elasticity.  

Model illustrating the changes in peptidoglycan (PG) organisation of the layered architecture model 

in E. coli. Isolated PG, representing a relaxed form of PG, has been observed and presents a 

disorganised layered architecture (left side panel) (Gan et al., 2008; Vollmer & Seligman, 2010).  In 

the presence of turgor pressure, the PG is stretched and is presumed to be more organised, as shown 

in the middle panel. At increased turgor pressure, i.e., in a hypotonic solution, PG is presumed to 

fully stretch to a very ordered structure as shown (far right panel). The glycan strands are shown as 

oval-shaped subunits (disaccharides) running mainly in the direction of the short axis of the cell. The 

glycan strands are connected by peptides (lines) running mainly in the direction of the long axis of 

the cell. For simplicity, only glycan strands of 3-14 subunits, and cross-linked peptides connecting 

the glycans are shown, with the omission of unlinked peptides Adapted from Vollmer & Seligman 

(2010), with minor modifications.   

  



10 

 

 

 

Figure 1.2.5.1: The role played by osmolytes in periplasmic volume changes.  

(A) In an osmotically stabilised medium, which is the case for most of laboratory media conditions, 

the cell is always under turgor pressure of 3-5 atm (Cayley et al., 2000) due to the high concentration 

of solutes in the cytoplasm. The pressure is contained by the elastic PG, which prevents the cell from 

bursting. (B) On a hyperosmotic medium, the osmolyte (NaCl) can transverse the OM but not the 

semipermeable IM. Since the periplasm and the cytoplasm are iso-osmotic (Stock et al., 1977; Cayley 

et al., 2000; Erickson, 2017), the cell loses water to counteract the pressure, increasing the volume 

of the periplasm by 300 % and decreasing the cytoplasmic volume by 30% (Cayley et al., 2000).  
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is the transport of OM lipoproteins which form a soluble complex with the chaperone LolA 

(Tokuda & Matsuyama, 2004). In order to accommodate other, larger trans-envelope 

complexes such as secretion systems and flagella, PG hydrolases are involved in order to 

locally open large spaces in the PG net (Dijkstra & Keck, 1996). 

A significant factor to consider in discussions on the size of the periplasm and permeability 

properties of the PG is how the turgor force of the bacterial cytoplasm affects periplasmic 

architecture. Many Gram-negative bacteria like E. coli are found in diverse environmental 

conditions with different osmolalities, ranging from freshwater environments to the 

hyperosmotic environment of the human gut. Experimental findings, therefore, need to take 

into consideration the osmolality of laboratory growth media (Figure 1.2.5.1). Sodium chloride 

(NaCl) is often used to supplement growth media (e.g. 85 mM in LB medium), and osmolytes 

such as sorbitol that are impermeant to the IM can be useful in setting stable iso-osmotic 

conditions (Weber et al., 2006; van den Bogaart et al., 2007). Studies by Stock et al. (1977) 

found that the periplasmic volume increased rapidly in response to increased osmolyte 

concentration in the external medium (Figure 1.2.5.1).  

Even in hypo-osmotic environments, regulatory pathways act to maintain the periplasm in a 

relatively high osmolar state, working to match that of the cytoplasm (Stock et al., 1977; 

Cayley et al., 2000). Due to this, the IM experiences little turgor pressure (Cayley et al., 2000), 

with the greatest load exerted on the OM-PG layer of the cell wall (Rojas et al., 2018; Hwang 

et al., 2018; Jefferies et al., 2019).   

1.3 Peptidoglycan biogenesis, regulation, and function  

1.3.1 Peptidoglycan core synthesis  

In a nutshell, PG biogenesis starts in the cytoplasm with the synthesis of its primary building 

block, GlcNAc-MurNAc pentapeptide attached to a lipid carrier undecaprenyl-phosphate (Und-

P), forming what is referred to as lipid II. Lipid II is flipped into the periplasm where biogenesis 

terminates by the polymerisation and cross-linking of the MurNAc pentapeptides. The overall 

pathway is divided into three phases based on the localisation of the processes; (i) those 

occurring in the cytoplasm, (ii) the inner leaflet of the cytoplasmic membrane, or (iii) the 

periplasm. The pathway is well understood from studies with E. coli (Figure 1.3.1.1).  

1.3.1.1 The Cytoplasmic steps: Synthesis of UDP-MurNAc-pentapeptide 

Initiation of PG biogenesis involves the conversion of the disaccharide, 

UDP-N-acetylglucosamine (UDP-GlcNAc) to UDP-N-acetylmuramic acid (UDP-MurNAc) by 
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MurA and MurB enzymes (van Heijenoort, 2001). MurA transfers enolpyruvyl moiety from 

phosphoenolpyruvate (PEP) to UDP-GlcNAc generating enolpyruvyl-UDP-GlcNAc. MurB 

subsequently catalyses the reduction of enolpyruvyl-UDP-GlcNAc to UDP-MurNAc in an 

NADPH-dependent manner (Barreteau et al., 2008). A series of ATP-dependent amino acid 

ligases (these proteins are encoded by the murC-murF genes) add a pentapeptide chain to UDP-

MurNAc forming UDP-MurNAc-pentapeptide (Ruiz, 2016).  

1.3.1.2 The IM steps: Assembly of lipid I and II 

In the second phase of the pathway, the UDP-MurNAc-pentapeptide is transferred to 

undecaprenyl-phosphate (Und-P), a lipid carrier, forming Lipid I (Bouhss et al., 2008) 

(Figueroa-Cuilan & Brown). MraY, an integral membrane protein, catalyses this reversible 

reaction. Insertional inactivation experiments which result in lethal phenotype demonstrate the 

essentiality of this enzyme in PG biogenesis (Boyle & Donachie, 1998). Next, the essential 

membrane-associated glycosyltransferase, MurG, couples GlcNAc to the C-4 hydroxyl moiety 

of the MurNAc component of Lipid I, generating undecaprenyl-pyrophosphoryl-GlcNAc-

MurNAc-pentapeptide known as Lipid II (Figueroa-Cuilan & Brown, 2018). At this stage, 

Lipid II is anchored in the IM (Figure 1.3.1.1).  

There has been an ongoing debate concerning how lipid II is then translocated across the IM. 

It is a large amphipathic molecule that would require a transporter (van Heijenoort, 2007). One 

study showed that upon depletion of MurJ, lipid II and its other precursors accumulate in the 

cytoplasm, suggesting MurJ is the lipid II translocator or ñflippaseò (Ruiz, 2008). This model 

was later disputed by another study which presented FtsW as the lipid II flippase based on 

experiments in reconstituted liposomes (Mohammadi et al., 2011). Both studies presented 

evidence for their cases, and neither case dismissed the other.  

With the advent of new techniques, there is new clarity on how lipid II is translocated into the 

periplasm. The predicted structure of MurJ includes a V-shaped, solvent-exposed cavity that 

contains several charged residues required for its function (Butler et al., 2014). Modification 

of engineered cysteine substitutions in this cavity with sulfhydryl-reacting probes inactivates 

MurJ in E. coli (Sham et al., 2014). Exploiting this technique to rapidly inhibit MurJ, in 

combination with a new in vivo assay to monitor translocation of lipid II, has helped to clear 

up the MurJ versus FtsW controversy. The ability of colicin M toxin to enter the periplasm and 

hydrolyse lipid II into its constituents, undecaprenyl and pyrophosphate-disaccharide-

pentapeptide forms the basis of the in vivo assay (Cherier et al., 2016). Since the toxin cannot   
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Figure 1.3.1.1 Peptidoglycan biosynthesis.  

A cartoon depiction of peptidoglycan (PG) biosynthesis in three cellular locations. Muropeptide 

synthesis in the cytoplasm, synthesis of lipid I and lipid II in the cytoplasmic leaflet of the IM, and 

PG chain elongation in the periplasm. First UDP-NAG is converted into UDP-NAM-pentapeptide 

by a series of Mur enzymes (MurA to MurF), that act in a catalytic cascade. UDP-NAM-pentapeptide 

is then transferred onto undecaprenyl phosphate to form lipid I, through the action of an integral 

membrane protein called MraY. UDP-NAG is then used as a substrate to convert lipid I into the 

muropeptide-containing lipid II, which is subsequently flipped by MurJ to the periplasm where it 

attaches to a growing muropeptide chain.  Growth of the muropeptide chain requires 

glycosyltransferases (GTase) to polymerise the glycan chains and transpeptidases (TPases) to cross-

link the stem peptides. Depicted here is a class A penicillin-binding protein 1B (PBP1B), that can 

perform both roles.  
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cross the IM, the cytoplasmic form of Lipid II is not degraded. Thus, the amount of 

pyrophosphate-disaccharide-pentapeptide produced after addition of the toxin correlates with 

the activity of lipid II flippase. Combining both techniques showed that all lipid II flippase 

activity detectable in E. coli cells was abolished upon rapid inactivation of MurJ (Sham et al., 

2014). In contrast, depletion of FtsW still resulted in lipid II hydrolysed products. These data 

demonstrate that lipid II translocation requires MurJ, and suggest that FtsW is not required. 

However, it is still not clear whether MurJ is the flippase itself or a factor required to assist 

lipid II translocation across the IM.  

1.3.1.3 The periplasmic steps: Polymerisation and cross-linking  

The final step of PG synthesis involves the incorporation of the GlcNAc-MurNAc pentapeptide 

from lipid II into the growing sacculus. Two main reactions take place: Transglycosylation to 

polymerise the disaccharide units, and transpeptidation to cross-link the peptide moieties. (van 

Heijenoort, 2001; Vollmer, 2008) 

1.3.2 Regulation of peptidoglycan synthesis in E. coli by outer membrane lipoproteins  

Synthesis of the PG requires coordination of glycan synthesis and hydrolysis of the pre-existing 

sacculus so that new PG material can be incorporated without compromising cell integrity. The 

factors involved in this process are localised in the OM, IM and the periplasm. Recent findings 

suggest that the growth of PG is synchronised with that of the OM, which would provide for 

the two envelope layers to grow in unison. 

PG synthases catalyse the glycosyltransferase (GT) and transpeptidase (TP) reactions 

mentioned in the previous section. The reactions require glycosyltransferases (GTases) that 

catalyse the transglycosylation reactions and transpeptidases (TPases) that catalyse the 

transpeptidation reactions. These enzymes have historically been called penicillin-binding 

proteins (PBPs), based on their ability to bind penicillin covalently (Suginaka et al., 1972), and 

are the target for penicillin drugs. There are three main types of PBPs: Class A PBPs, which 

have both GTase and TPase activities (bifunctional), Class B PBPs with only TPase activity 

(monofunctional), and monofunctional GTases (Vollmer & Bertsche, 2008). E. coli has three 

bifunctional synthases (PBP1A, PBP1B, PBP1C), a GTase (MgtA) and two monofunctional 

TPases (PBP2 and PBP3). PBP1A and PBP1B are functionally partially redundant as they are 

synthetic lethal (Yousif et al., 1985), while the function of PBP1C is unknown but may be 

required in host cells (Budd et al., 2004). PBP2 is required for cell elongation, and PBP3 is 

required for cell division (Typas et al., 2011). 
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PBP1A and PBP1B are encoded by mrcA and mrcB, respectively. Employing genetic 

approaches that relied on synthetic lethality identified two OM lipoproteins, LpoA and LpoB, 

as factors that activate PBP1A and PBP1B, respectively (Paradis-Bleau et al., 2010; Typas et 

al., 2010). The authors showed that E. coli depends on at least one of the LpoA-PBP1A or 

LpoB-PBP1B protein complexes for growth, with deletion of two proteins in both complexes 

resulting in cell lysis. The Lpo proteins activate their cognate PBPs by direct interaction with 

a specific docking domain (Paradis-Bleau et al., 2010; Typas et al., 2010), which requires a 

membrane-spanning topology since the Lpo proteins are located in the OM while the cognate 

PBPs are IM anchored (Figure 1.3.2.1).   

Structural analysis of LpoA and LpoB revealed that they are long enough to span the periplasm 

and contact their specific docking domains. (Egan et al., 2014; Jean et al., 2014). LpoB 

interacts with a small non-catalytic UB2H domain in PBP1B (Egan et al., 2014). This 

interaction increases the GT activity of PBP1B, which indirectly stimulates its TP activity 

(Lupoli et al., 2014). NMR spectroscopy showed that LpoB has a small globular C-terminal 

domain, which serves as the interaction site for the UB2H domain of PBP1B (Jean et al., 

2015b).  

LpoB also has an elongated proline-rich unstructured flexible N-terminal region providing a 

reach of 14.5 nm across the periplasm, allowing LpoB to reach PBP1B UB2H domain from 

the OM (Egan et al., 2014) (Figure 1.3.2.1).  

Structural studies show that LpoA is larger and more rigid than LpoB. There is no long, flexible 

region in LpoA to reach PBP1A. Instead, LpoA adapts an elongated shape through two 

structured domains (Jean et al., 2014). NMR and SAXS data of LpoA suggest that there is no 

flexibility between the two domains, but that the overall shape of the molecule is elongated 

giving a length of approximately 14 ï 15 nm (Egan et al., 2015). This length is sufficient for 

LpoA to reach its PBP1A partner (Figure 1.3.2.1). From NMR information derived from the 

N-terminal domain, LpoA adopts a series of five tetratricopeptide-repeats (TPR) (Jean et al., 

2015a). 

1.4 Lipoproteins: structure, function, and biosynthesis 

Lipoproteins are proteins with a covalently attached lipid moiety added as a post-translational 

protein modification. A wide range of protein structures can be anchored to a membrane via 

this common lipid structure. About 2.7% of all proteins encoded in prokaryotic genomes are   
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Figure 1.3.2.1: Activation of penicillin -binding proteins by lipoproteins.  

Model of stimulation of penicillin-binding proteins (PBPs) by E. coli OM Lpo proteins. On the left, 

LpoB (PDB: 2MII) uses its extended å 14.5 nm long, flexible N-terminal region to span the periplasm 

and places the globular domain in position to interact with the UB2H domain of PBP1B (PDB: 

3VMA). On the right, cartoon representation of PBP1A activation by LpoA. The N-terminal domain 

of LpoA is anchored to the OM, whereas the C-terminal domain interacts with the ODD domain of 

PBP1A. The overall shape of the molecule is elongated, giving a total length of å 14 ï 15 nm and a 

thickness of å 3 nm. These dimensions should enable the protein reach PBP1A through the periplasm 

and cross the å 6 nm thick peptidoglycan (PG) layer, which has å 4 ï 6 nm wide pores (Demchick & 

Koch, 1996). The thickness of the PG layer and the distances to the OM and IM are according to 

Matias et al. (2003). Abbreviations: TP., transpeptidase domain; GT., glycosyltransferase domain.  

  






















































































































































































































































































































































