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Abstract

The peptidoglycan (PG) cell wall is an extracytoplasmic glycopeptide polymeric structure that 

protects bacteria from osmotic lysis and determines cellular shape. Since the cell wall surrounds 

the cytoplasmic membrane, bacteria must add new material to the PG matrix during cell 

elongation and division. The lipid-linked precursor for PG biogenesis, Lipid II, is synthesized in 

the inner leaflet of the cytoplasmic membrane and subsequently translocated across the bilayer so 

that the PG building block can be polymerized and crosslinked by complex multiprotein machines. 

This review focuses on major discoveries that have significantly changed our understanding of PG 

biogenesis in the last decade. Particularly, we highlight progress made towards understanding the 

translocation of Lipid II across the cytoplasmic membrane by the MurJ flippase, as well as the 

recent discovery of a novel class of PG polymerases, the SEDS (shape, elongation, division and 

sporulation) glycosyltransferases RodA and FtsW. Since PG biogenesis is an effective target of 

antibiotics, these recent developments may lead to the discovery of much-needed new classes of 

antibiotics to fight bacterial resistance.
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1. Introduction

Most bacteria build a peptidoglycan (PG) cell wall outside their cytoplasmic membrane. 

The rigid PG structure, or sacculus, surrounds the membrane and protects these unicellular 

microorganisms from osmotic lysis that would otherwise be caused by the high osmotic 

pressure in their cytoplasm.1,2 Indeed, the PG cell wall is so strong that it can be isolated 

from other cellular components by subjecting cells to extensive boiling in the presence 

of detergents.3 The PG cell wall can also serve as a structure onto which other envelope 

components such as proteins and polysaccharides can be attached. The essential role of PG 

in bacterial physiology has been exploited by many antibiotics that target PG biogenesis 

factors.4,5

The chemical composition of the PG structure is rather simple and highly conserved, 

but the three-dimensional structure is not only complex and diverse among bacteria but 

also responsible for the cell shape that is faithfully maintained through generations. From 

rod, to coccus, to spiral, and even star to name a few, bacterial cell shape is diverse 

but characteristic of each species.6,7 The PG cell wall is a polymeric mesh built in 
situ by enzymes that utilize a building block that is conserved across bacteria, except 

for some minor chemical alterations in some species. The conserved structure of the 

PG precursor is a disaccharide-pentapeptide composed of N-acetyl glucosamine-N-acetyl 

muramic acid (GlcNAc-MurNAc) and a stem pentapeptide. To build the mesh-like structure, 

glycosyltransferases polymerize the disaccharide into glycan chains that are covalently 

crosslinked via their stem peptides by transpeptidases.8 How and when these reactions 

occur dictate the final design of the PG structure and therefore cell shape. Not surprisingly, 

the foundational framework of the PG structure is directed by cytoskeletal elements that 

determine where the expansion, driven by synthesis or controlled lysis, of the PG sacculus 

and the building of a division septum occur during the cell cycle. How cells coordinate and 

accomplish these architectural activities using cytoskeletal and PG-biogenesis factors has 
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fascinated scientists for decades and continues to motivate a significant amount research 

even today. Also impressive is the fact that when cells grow, they continuously add newly 

synthesized PG material to the pre-existing cell wall structure to accommodate the change in 

cell size without compromising cell integrity.

Many bacterial species have been historically classified into two groups based on their 

reaction towards the Gram stain: Gram-negative (e.g. Escherichia coli) and Gram-positive 

(e.g. Bacillus subtilis) bacteria. The differential staining is reflective of significant 

differences in the architecture of their cell envelope.9 Gram-negative cell envelopes consist 

of a cytoplasmic (or inner) membrane and an outer membrane, which are separated by 

an aqueous periplasm that contains a thin PG cell wall that is a few nanometers thick 

(Figure 1). By contrast, Gram-positive bacteria have only a cytoplasmic membrane fenced 

by a much thicker PG cell wall, ranging from 30 to 100 nm in thickness, into which 

teichoic acids and proteins are often embedded (Figure 1). Because of their thicker PG cell 

wall, Gram-positive bacteria retain the crystal violet primary stain during the Gram stain 

procedure, while Gram negatives lose it in the decolorization step.10,11

The PG disaccharide-pentapeptide precursor is made as a lipid-linked molecule known as 

Lipid II, which is synthesized via a biosynthetic pathway that starts from nucleotide-sugars 

and amino acids in the cytoplasm and then transitions to the inner leaflet of the cytoplasmic 

membrane when an isoprenoid lipid is added as a membrane anchor (Figure 2). Tethering 

the PG precursor to the membrane via a lipid prevents the diffusion of an otherwise soluble 

precursor and, as we will describe in this review, allows the cell to precisely control the 

site of PG polymerization. Once Lipid II synthesis is completed in the cytoplasmic side 

of the membrane, it is transported or flipped across the lipid bilayer and used by PG 

synthases to build new PG material. This overall biosynthetic strategy is not unique to PG 

biogenesis, as it is widely used by cells in the three domains of life for the biogenesis 

of diverse glycoconjugates such as surface-exposed polysaccharides and glycosylation of 

proteins.12,13,14

Despite having studied PG for decades, we continue to discover new proteins associated 

with cell wall synthesis and reveal the elusive role of others, while also investigating 

how bacteria utilize dynamic and transient multi-protein complexes to build their PG 

sacculus.15 Numerous exciting developments have been made in the past decade, largely 

from studies of the rod-shaped model organisms Escherichia coli and Bacillus subtilis. A 

combination of genetic, biochemical, structural, and microscopy approaches have advanced 

our knowledge about PG biogenesis and challenged several old assumptions. In this review, 

we will mainly discuss two discoveries that have fundamentally changed our view of PG 

biogenesis with respect to the translocation of Lipid II across the cytoplasmic membrane and 

PG polymerization. Specifically, we will review recent advances made in the past decade 

towards our understanding of the physiological function and mechanism of the Lipid II 

flippase MurJ, and a newly discovered class of PG glycosyltransferases, the SEDS (shape, 

elongation, division and sporulation) proteins RodA and FtsW. Although most of the work 

we discuss was carried out in the Gram-negative bacterium E. coli and to a lesser extent the 

Gram-positive B. subtilis, these proteins seem to be conserved among known PG producers.
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2. Lipid II: Precursor for Peptidoglycan biogenesis

2.1. Structure of Lipid II

In the late 1960s and early 1970s, Strominger, Sweeley, and collaborators discovered that 

bacteria synthesize the monomeric unit precursor of PG, a disaccharide pentapeptide, on 

a lipid carrier.16–18 The lipid-linked precursor, called Lipid II, is an amphiphilic lipid 

consisting of a hydrophobic undecaprenyl (C55) tail with a pyrophosphate linkage to a β-1,4-

linked heterodisaccharide of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc), and a pentapeptide branching off the 3’ carbon of MurNAc (Figure 2).16–18 As 

we describe below, Lipid II is synthesized in the inner leaflet of the cytoplasmic membrane 

and, once translocated across the lipid bilayer, its disaccharide unit is utilized to form a 

linear heteropolymer, or glycan strand, which is cross-linked to adjacent glycan strands via 

the peptide side-chains to build the mature PG cell wall structure. During glycan strand 

synthesis, the lipid carrier is released as undecaprenyl pyrophosphate (Und-PP), which is 

subsequently recycled. It is estimated that each lipid carrier undergoes a cycle of Lipid II 

synthesis and utilization and Und-PP recycling every 90 seconds.19

Notably, the C55 isoprenoid component of Lipid II is longer than the typical C14-C18 acyl 

chains of phospholipids present in bacterial membranes.20 Molecular dynamics simulations 

show that the isoprenoid chain on Lipid II is flexible and highly dynamic. With its 

pyrophosphate serving as an anchor at the water-membrane interface, the C55 isoprenoid 

is modeled to sample a large conformational space within the hydrophobic core of the 

membrane by acquiring extended and bent conformations.21,22 Accordingly, the highly 

dynamic Lipid II is predicted to disturb the surrounding lipids.21,22 As we discuss in 

section 3, Lipid II is translocated across the cytoplasmic membrane by transporters (i. e., 

flippases) during PG biogenesis. It is unknown whether the flexibility of Lipid II and its 

effect on the membrane play a role in this translocation, and by extension in the transport of 

phosphorylated forms of undecaprenol.

While the undecaprenyl-pyrophosphoryl-MurNAc-GlcNAc moiety of Lipid II is largely 

invariant between different organisms, the stem pentapeptide portion can vary widely. In 

general, Gram-negative bacteria synthesize the peptide L-Ala-γ-D-Glu-mDAP-D-Ala-D-Ala, 

where mDAP is a non-proteinogenic amino acid called meso-diaminopimelic acid; Gram-

positive bacteria, on the other hand, synthesize L-Ala-γ-D-Gln-L-Lys-D-Ala-D-Ala, where 

the γ-D-Glu residue found in Gram-negative bacteria is amidated and the mDAP residue 

is replaced with L-Lys.23–25 The conversion of γ-D-Glu residue to D-Gln occurs at the 

membrane after Lipid II synthesis.25 Other amino acids can also exist at the first and 

third positions and, in some cases, they can vary depending on growth conditions.26,27 

The reader is directed to an excellent review for a discussion of Lipid II variabilities in 

Gram-positive bacteria.28 The third amino acid (mDAP or L-Lys) of the stem peptide is 

particularly important when building the PG structure because it is responsible for forming 

cross-links to stem peptides on adjacent glycan strands by acting as a nucleophilic agent 

towards acyl-enzyme intermediates in the transpeptidation step of PG biogenesis. Most 

cross-links connect the third residue of one peptide with the fourth (most frequently) or 

third residue of another stem peptide. Notably, in some Gram-positive bacteria such as 
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Staphylococcus aureus, the L-Lys residue is modified intracellularly with a peptide “bridge” 

(usually 2-5 amino acids depending on the bacterial species), resulting in longer distances 

between cross-linked stem peptides, which may become more frequent due to the flexibility 

of the type of linkage (Figure 2).23

The structural diversity of the stem peptide can also be a source of resistance to antibiotics 

targeting Lipid II. Lipid II is usually considered a very good antibiotic target because 

it is essential for viability but not abundant in cells (~1,000 molecules per E. coli cell) 

and there are few ways its structure can be altered to confer resistance while preserving 

function.29,30 Nevertheless, resistance resulting from alterations to Lipid II structure can still 

occur. For example, the glycopeptide antibiotic vancomycin acts by binding to the D-Ala-D-

Ala terminus, preventing cross-link formation.31 Vancomycin-resistant enterococci replace 

D-Ala with either D-lactate or D-serine, reducing the H-bonding ability of vancomycin while 

preserving the ability of Lipid II to be used in polymerization reactions to build the PG 

matrix.32–34

Researchers have taken advantage of the fact that certain alterations to Lipid II are permitted 

by cells in order to develop chemical probes that can serve as tools to study PG biosynthesis. 

Reagents such as those that lead to metabolically labeled MurNAc or stem peptides have 

revolutionized the PG biogenesis field by providing means to monitor PG biogenesis in real 

time in cells via imaging.35,36 We refer the reader elsewhere for excellent reviews on this 

newly developing field. 37–39

2.2. Biosynthesis of the Lipid Carrier Undecaprenyl Phosphate.

Undecaprenyl phosphate (Und-P) is a C55 polyisoprenoid lipid that plays a central role 

in bacterial physiology owing to its utilization in the biogenesis of bacterial envelope 

glycopolymers such as PG, the O antigen of lipopolysaccharides (commonly known 

as LPS), wall teichoic acids, capsular polysaccharides, and enterobacterial common 

antigen.40–42 In all these polysaccharide biogenesis pathways, Und-P is attached to 

hydrophilic sugar moieties to form lipid-linked intermediates that are synthesized in the 

inner leaflet of the cytoplasmic membrane and then translocated to the outer leaflet.40–42 

Und-P is produced by dephosphorylation of Und-PP in both de novo synthesis and recycling 

pathways (Figure 3). In the de novo synthesis pathway, the prenyl transferase Und-PP 

synthase (UppS) catalyzes the sequential condensation of isopentyl pyrophosphate (C5-PP) 

with farnesyl pyrophosphate (C15-PP) units to generate Und-PP. On the other hand, in the 

recycling pathway, Und-PP is released by pathway-specific transferases such as the PG 

glycosyltransferases during glycopolymers polymerization.40,42,43 In both cases, the cellular 

pool of Und-P is generated from the dephosphorylation of Und-PP by pyrophosphatases 

such as the membrane-integral pyrophosphatase BacA and members of the phosphatidic 

acid phosphatase (PAP2) super-family of phosphatases (PgpB, YbjG, and YeiU/LpxT). In E. 
coli, BacA is responsible for the majority of the Und-PP phosphatase activity, with smaller 

contributions by the PAP2 enzymes PgpB, YbjG, and LpxT (Figure 3).44,45 Interestingly, 

although undecaprenol (Und-OH) is absent in Gram-negative bacteria, it can be present in 

Gram-positive bacteria such as S. aureus and B. subtillis, where it is phosphorylated to form 

Und-P by an enzyme homologous to the diacylglycerol kinase of E. coli, DgkA.17,46
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A question that has been debated for years is how pyrophosphatases access both de novo 
synthesized Und-PP present in the inner leaflet of the cytoplasmic membrane and Und-PP 

released from transferase activity in the outer leaflet of the cytoplasmic membrane, given 

that active sites of the Und-PP phosphatases are thought to be present on the periplasmic 

side of the membrane.42,47–49 Moreover, Und-P enters polysaccharide biogenesis pathways 

from the inner leaflet of the cytoplasmic membrane; therefore, once Und-P is made by 

the pyrophosphatases, it must somehow be translocated across the lipid bilayer (Figure 

3). It is possible that an unidentified flippase translocates Und-P to the inner leaflet of 

the cytoplasmic membrane after being produced in the outer leaflet by pyrophosphatases. 

It is also possible that de novo synthesized Und-PP undergoes a “flip-flop” mechanism 

of dephosphorylation in which Und-PP is first flipped towards the outside side of the 

membrane, dephosphorylated, and then flipped back to the cytoplasmic side of the 

membrane for utilization in polysaccharide biogenesis pathways.42 Moreover, one or more 

Und-PP pyrophosphatases might be capable of flipping Und-PP and/or Und-P. In support 

of pyrophosphatases functioning also as flippases, the structure of E. coli BacA displays an 

inverted repeat topology, a common feature of transporters that use an alternating-access 

mechanism of transport. In addition, although BacA’s active-site cavity opens to the 

periplasm, its active site is located mid-line with respect to the membrane. Based on 

these observations, and some structural similarities with MurJ, the Lipid II flippase that 

is described in detail in sections below, it has been recently speculated that BacA might 

function as both Und-PP phosphatase and Und-P(P) flippase.42,50,51 Although this model of 

BacA having dual function is undoubtedly novel and exciting, further studies are required to 

test it. For more information, the reader is directed to recent comprehensive reviews on the 

current knowledge of Und-P synthesis, its metabolism and recycling.40,42,46

2.3. Biosynthesis of Lipid II

Lipid II is synthesized in a linear sequence of reactions starting from fructose-6-phosphate 

in the cytoplasm to the completion of the lipid intermediate in the cytoplasmic side of the 

membrane (Figures 3 and 4). Over the past 50 years, this pathway has been characterized in 

detail through the efforts of many researchers. In the early years, biochemical and analytical 

analyses led to the identification of precursors and products of each step.52 Once the genes 

encoding the biosynthetic enzymes of this pathway were identified, they were found to be 

essential. Biochemical reconstitution and crystallization studies of the enzymes facilitated a 

better understanding of their mechanism of function and the development of inhibitors that 

could be used as antibiotics.52–54 The literature on the Lipid II biogenesis pathway has been 

reviewed extensively elsewhere. 30,41,52,55,56

Lipid II synthesis depends on the synthesis of both Und-P in the membrane (described 

in section 2.2) and nucleotide-sugar precursors in the cytoplasm (Figures 3 and 4). The 

nucleotide-sugar precursors UDP-GlcNAc and UDP-MurNAc-pentapeptide (also known 

as Park’s nucleotide) are synthesized by the Glm enzymes (GlmSMU) and the Mur 

enzymes (MurABCDEF enzymes), respectively, with MurA catalyzing the first committed 

step in the synthesis of PG.56 The integral membrane protein MraY catalyzes the first 

membrane-bound step by transferring the phospho-MurNAc-pentapeptide moiety of UDP-

MurNAc-pentapeptide to Und-P to produce uridine-monophosphate (UMP) and Lipid I 
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(undecaprenyl-pyrophosphoryl-MurNAc-pentapeptide). MurG then transfers the GlcNAc 

moiety from UDP-GlcNAc to Lipid I to yield Lipid II (Und-PP-MurNAc-(pentapeptide)-

GlcNAc).41,55 A key finding made by Bupp and van Heijenoort was that MurG is associated 

with the cytoplasmic side of the membrane, indicating that fully synthesized Lipid II needed 

to be translocated across the cytoplasmic membrane for glycosyltransferases to make new 

glycan chains in the periplasm (Figure 3).57 At the time, nothing was known about Lipid 

II transport, but the past decade has witnessed significant discoveries in the transport and 

utilization of Lipid II by flippases and PG synthases, respectively, which are the focus of the 

next sections of this review.

3. Flipping Lipid II Across the Cytoplasmic Membrane

The demonstration by Bupp and van Heijenoort that Lipid II is synthesized in the 

cytoplasmic side of the membrane led to a highly debated question in PG biogenesis: 

How does Lipid II translocation across the membrane occur?57 Lipid II molecules 

present on either side of the membrane are chemically and structurally identical and thus 

thermodynamically equivalent (assuming no significant differences in charges between the 

cytoplasmic and periplasmic sides). Unassisted flip-flopping of Lipid II was not thought 

possible since it would require that the hydrophilic PP-GlcNAc-MurNAc-pentapeptide 

moiety traverse the hydrophobic interior of the membrane, a process which has a very 

high energy barrier and thus is kinetically disfavored. Bupp and van Heijenoort therefore 

proposed that one or more proteins would have to be responsible for the transport of Lipid 

II across the cytoplasmic membrane. Indeed, in vitro translocation assays using liposomes 

and fluorescently labeled Lipid II by Dam et al. later showed that flipping cannot occur 

spontaneously.57, 58

After much debate about the identity of the Lipid II transporter, the integral membrane 

protein MurJ was discovered as the main bacterial Lipid II flippase.59–62 Like other 

flippases of Und-P-linked glycoconjugates, MurJ is thought to reduce the energy barrier 

of translocation by providing a central aqueous cavity that protects the hydrophilic portion 

of Lipid II as it traverses the membrane, while maintaining the isoprenoid C55 tail in the 

hydrophobic core of the membrane. Based on an estimated translocation rate of ~5.4×104 

Lipid II molecules per minute and ~78 copies of MurJ per E. coli cell in minimal medium, 

one expects that each MurJ protein can potentially translocate nearly 700 Lipid II molecules/

min. 19,63

In the next sections, we describe how transporters of Lipid II were identified and the great 

progress towards our understanding of Lipid II translocation made over the last decade. We 

also highlight the fundamental questions that remain unanswered, many of which greatly 

depend on the yet-to-be-developed in vitro reconstitution of Lipid II flippase activity and 

future analyses of transport intermediates through biochemical and structural studies.

3.1. Identification of Lipid II Flippases

Identification of transporters of bacterial lipid-linked glycoconjugates is often driven 

by the location of their respective genes in the chromosome. In those instances, the 

flippase-encoding gene is within a locus containing the biosynthetic genes of the oligo/
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polysaccharide. As these transporters are integral membrane proteins, their transmembrane 

helix segments can be easily predicted bioinformatically from their gene sequence. Thus, 

being in the right gene neighborhood and encoding a membrane protein of unknown 

function often results in the designation of being the putative flippase for the lipid-

linked oligo/polysaccharide. This designation can be strengthened by homology to known 

transporters. For example, the flippase for the lipid-linked wall-teichoic acid intermediate 

TarGH, belongs to the ABC (ATP-binding cassette) superfamily of transporters, which 

are easily identified through primary sequence conservation.64,65 However, it is important 

to recognize that these predictions need to be tested experimentally as they could be 

misleading. In fact, this prediction strategy led to the reasonable suggestion that FtsW could 

be a Lipid II flippase because, in many bacteria, this integral membrane protein is encoded 

in the same operon as mraY, murG, and murCDEF, the genes for enzymes required for the 

synthesis of Lipid II.66 However, as we describe in section 3.1.3, experimental evidence does 

not support that FtsW functions as a Lipid II transporter in cells.

3.1.1. Identification of MurJ—MurJ was the first Lipid II flippase to be identified. 

Since it is not encoded within a PG-related genomic locus, its identification as a Lipid 

II flippase candidate relied on different strategies when it was independently identified 

in two studies published in 2008. Using a reductionist bioinformatics approach, N. Ruiz 

searched for Lipid II flippase candidates by conducting a comparative conservation analysis 

between the inner membrane proteins of E. coli and the small proteome (<600 proteins) 

of related endosymbionts.60 This bioinformatics strategy, which had been proven to be a 

successful tool for the discovery of other proteins essential for cell envelope biogenesis, 

identified MurJ (previously known as MviN) as the only Lipid II flippase candidate in E. 
coli.67 In agreement with that prediction, Ruiz showed that MurJ is essential for growth 

and that depleting its cellular levels inhibits PG biosynthesis, leading to an accumulation 

of nucleotide and lipid-linked PG precursors. Similar in vivo evidence was independently 

obtained by Inoue et al., who uncovered that murJ is essential for PG biogenesis when 

systematically constructing large chromosomal deletions in E. coli.61 The authors observed 

that strains containing a temperature-sensitive allele of murJ lysed after being shifted to 

the nonpermissive temperature and displayed a two-fold increase in levels of lipid-linked 

PG intermediates.61 Neither study specified if the increase of lipid-linked precursors 

corresponded to Lipid I, Lipid II, or both. Nevertheless, a key piece of evidence that 

significantly strengthened the proposal that MurJ was a Lipid II flippase was the fact that it 

belongs to the MOP (Multidrug/Oligosaccharidyl-lipid/Polysaccharide) exporter superfamily 

of proteins, which include multidrug exporters of the MATE (Multidrug and Toxic 

compound Extrusion) family as well as Wzx proteins, which flip Und-PP-oligosaccharides 

across bacterial cytoplasmic membranes. Within the MOP exporter superfamily, MurJ is 

the founding member of the MVF family.59,61,68 The MviN (mouse virulence factor N) 

reference stems from a misnomer for MurJ resulting from erroneous mapping of a mutation 

affecting virulence to murJ instead of a nearby gene involved in motility.60

Addressing whether the loss of MurJ leads to the accumulation of Lipid II in the inner 

leaflet of the membrane, as it would be expected from the loss of Lipid II translocation, was 

crucial. Answering this question required the development of new methodology to overcome 
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two technical barriers: 1) how to distinguish Lipid II located in the inner leaflet vs. the 

outer leaflet of the cytoplasmic membrane; and 2) how to quickly eliminate MurJ function 

in cells instead of relying on the slow depletion of MurJ protein, which makes distinguishing 

primary vs. secondary effects difficult. Both of these challenges were overcome by Sham 

et al., who developed an in vivo Lipid II flippase assay and a chemical genetic strategy to 

quickly and specifically inhibit MurJ function in E. coli cells (Figure 5).62 To differentiate 

the topological location of Lipid II with respect to the membrane, this Lipid II flippase assay 

makes use of the colicin M (ColM) toxin.69 When exogenously added to cells, ColM crosses 

the outer membrane to enter the periplasm where it specifically hydrolyzes periplasmic 

Lipid II into Und-OH and PP-disaccharide pentapeptide. Several lines of evidence indicate 

that ColM acts in the periplasmic side of the cytoplasmic membrane, not being able to 

target newly synthesized Lipid II that is yet-to-be flipped across the membrane.70 In 

addition, PP-disaccharide pentapeptide was shown to be further processed presumably 

by periplasmic carboxypeptidases into PP-disaccharide-tetrapeptide.62 Consequently, ColM 

specifically converts periplasmic (i.e. flipped) Lipid II into a molecule, PP-disaccharide-

tetrapeptide, that is chemically different, and therefore can be separated and distinguished, 

from cytoplasmic Lipid II.62 To specifically inhibit MurJ function with fast kinetics, Sham 

et al. engineered functional MurJ variants containing single cysteine substitutions in their 

periplasmic-exposed portion (e.g. MurJA29C) that when chemically modified with the thiol-

labelling reagent MTSES (2-Sulfonatoethyl methanethiosulfonate) induce rapid cell lysis, 

implying that PG synthesis is inhibited because of the loss of MurJ function (Figure 5). We 

now think, based on structural information, that these modifications (e.g. at position A29C 

of MurJ) leave MurJ unable to adopt all the structural conformations that are required for 

transport (see sections 3.2).71 With these methods in hand, Sham et al. monitored Lipid 

II translocation in cells before and after the specific fast inhibition of MurJ.62 They found 

that loss of MurJ function causes the simultaneous accumulation of cytoplasmic Lipid II 

and reduction in the levels of the PP-disaccharide-tetrapeptide derived from the soluble 

ColM product, which could be rescued upon compromising the structure of the cytoplasmic 

membrane. These critical results, together with the body of evidence we have highlighted in 

this section, led to the conclusion that MurJ is the Lipid II flippase in E. coli.

3.1.2. Identification of Amj—Is MurJ conserved among PG-producing bacteria? 

Mohamed and Valvano found that the MurJ homolog in the Gram-negative Burkholderia 
cenocepacia is not only indispensable for PG biosynthesis and growth but can also substitute 

for the native MurJ in E. coli and vice versa, demonstrating that the two proteins are 

functionally equivalent.72 Essentiality for growth and PG biogenesis of the MurJ homolog 

were also demonstrated in Mycobacterium tuberculosis, although curiously this homolog 

contains additional non-essential domains that are thought to be involved in regulation 

of PG synthesis (see section 3.4). More recently, García-Heredia et al. also demonstrated 

that depletion of MurJ results in an accumulation of PG precursors in Mycobacterium 
smegmatis.73 Thus, MurJ is conserved across distant bacteria. However, the search for and 

functional characterization of MurJ homologs in Gram-positive bacteria was more difficult. 

A traditional BLAST homology search focused on targeting Gram-positive bacteria using 

the E. coli MurJ as query only revealed candidates with low homology levels, with YtgP 

being at the top of the list.74,75 The possibility of YtgP being the Gram-positive functional 
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homolog of MurJ gained some traction following the demonstration that Streptococcus 
pyogenes YtgP complements E. coli strains depleted of their endogenous MurJ, and 

that YtgP is essential in Staphylococcus aureus and Streptococcus pneumoniae.76–78 

Paradoxically, YtgP was shown to be not essential in B. subtilis despite being able to 

substitute for MurJ in E. coli, calling into question MurJ’s role in the essential process of 

Lipid II translocation across the cytoplasmic membrane.79,80 This dispute was solved by 

Meeske et al., who showed that ytgP is not essential in B. subtilis because this organism 

encodes a protein, AmJ, that is functionally redundant with YtgP (MurJ).81 B. subtilis 
encodes for 10 members of the MOP exporter superfamily including YtgP; Meeske et al. 
demonstrated that a mutant strain lacking all of them grows similarly to the wild type. 

The authors reasoned that given that YtgP/MurJ was essential in other bacteria, the lack 

of essentiality in B. subtilis likely stemmed from functional redundancy with a yet-to-be 

identified non-MOP protein(s). To identify this putative protein, Meeske et al. screened for 

transposon insertions that would cause synthetic lethality with a ∆ytgP allele, a strategy that 

resulted in the discovery of ydaH (renamed to amj, for “alternate to MurJ”). The authors 

confirmed that the simultaneous loss of Amj and YtgP in B. subtilis results in aberrant 

cell morphologies and extensive cell lysis, consistent with impaired cell wall synthesis. 

Importantly, they demonstrated that Amj and MurJ are functionally redundant for Lipid 

II translocation by showing that Amj can substitute for MurJ in E. coli cells using the 

aforementioned ColM-based flippase assay.81

Interestingly, Amj lacks sequence similarity with members of the MOP exporter superfamily 

including MurJ, or members of the ABC transporter superfamily, suggesting that it belongs 

to a new class of transporters of Und-PP-linked sugars.81 Alternatively, Amj could be a 

transporter of an unknown substrate that can promiscuously transport Lipid II. In fact, 

there is precedent for relaxed substrate specificity among transporters of Und-PP-linked 

oligosaccharides belonging to the MOP (i.e. Wzx) and ABC transporter superfamilies.81 An 

example relevant to substrate promiscuity involving Lipid II was illustrated by Elhenawy et 
al., who showed that Wzk, the ABC transporter that transports the lipopolysaccharide (LPS) 

O-antigen-Und-PP precursor in Helicobacter pylori, can substitute for MurJ in both H. pylori 
and E. coli.82

Collectively, the studies discussed in this section reveal the power of homology-driven 

studies as well as their most obvious limitations. They can be used to identify orthologs 

(i.e. genes that have a same function in diverse species and evolved from a common 

ancestral gene) among distantly related species, but they cannot inform on non-homologous, 

functionally redundant proteins. They also showed that lack of essentiality of a protein 

should not be used as evidence that the protein cannot perform an essential function, since 

paralogs can encode proteins that can substitute for each other. 74,80,83,84

3.1.3. Are FtsW and RodA Lipid II Flippases?—As mentioned earlier, the SEDS 

protein FtsW (and by extension its homolog RodA) was proposed to function as a Lipid II 

flippase based on its predicted membrane topology and its corresponding gene being located 

in a locus encoding for enzymes involved in Lipid II synthesis.66,85 In vitro reconstitution 

of FtsW into proteoliposomes seemed to support the Lipid II flippase function, but, 

paradoxically, the in vitro assay also led to the conclusion that FtsW could flip Lipid II 
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even when its last 6 transmembrane helices were removed.66,86 Although FtsW’s structure 

is yet to be elucidated, the structure of its close homolog RodA is available. It is hard to 

envision how removing 6 of FtsW’s 10 transmembrane helices would result in a functional 

or even stable protein.87,88 As described in the next paragraph, there are concerns about the 

interpretation of the results obtained with the truncated proteins in the in vitro flippase assay.

As we discuss in section 4, RodA and FtsW were recently reported to function 

as PG glycosyltransferases that utilize Lipid II to synthesize PG glycan strands.89–91 

Some researchers have speculated that these proteins could still function as both 

glycosyltransferases and flippases.92 Although this dual-function model seems formally 

possible, it is only based on the assumption that the in vitro FtsW reconstitution assay is 

truly reporting Lipid II flippase activity. As mentioned earlier, it is difficult to reconcile that 

extensively truncated FtsW variants can be functional flippases.86 In addition, the in vitro 
FtsW reconstitution assay also reported FtsW’s ability to translocate various phospholipids, 

but could not detect flippase activity when MurJ was incorporated into liposomes.66,86 

Together, these findings call into question the specificity and interpretation of data obtained 

from the in vitro flippase assay. An alternative explanation for the reported results is that 

the in vitro assay was reporting on the integrity of proteoliposomes instead of Lipid II 

and phospholipid translocation. This is so because the assay relies on quenching of labeled 

substrates (Lipid II or phospholipids) with chemicals that cannot cross the proteoliposome; 

consequently, defects in liposome integrity (e. g. caused by misfolded proteins) could lead 

to misinterpretation.66,86 Moreover, at present, there is no in vivo experimental evidence 

supporting that FtsW functions as a Lipid II flippase. Instead, depleting E. coli cells of FtsW 

(even in the absence of RodA) was shown to not inhibit Lipid II translocation in the ColM 

assay described in section 3.1.1.62 Recent genetic evidence from B. subtilis also argues 

against a dual glycosyltransferase/flippase function for SEDS proteins. This bacterium can 

survive with RodA and FtsW as the only glycosyltransferases (see section 4.2.1), yet it 

still requires MurJ/Amj flippase activity.81,93 Thus, we believe that there is no convincing 

evidence supporting that FtsW flips Lipid II.

3.2. Structure of the MurJ flippase

MATE transporters are the best characterized members of the MOP exporter superfamily, 

which includes MurJ.68 Although MATE transporters do not share a high level of sequence 

identity, they share a common structure: 12 transmembrane helices (TM1-12) arranged 

into two bundles or lobes (TM1-6 and TM7-12) that form a V-shaped solvent-exposed 

central substrate-binding cavity (Figure 6a). Using in silico structural predictions and in 
vivo topological studies, Butler et al. showed that MurJ has 14 transmembrane domains 

and proposed that TM1-12 assemble into a structure similar to that reported for MATE 

transporters.94 This and a follow-up study also demonstrated that the predicted central 

solvent-exposed cavity includes residues whose charge is essential for MurJ function. These 

findings led the authors to propose that these charged residues in MurJ might interact with 

the hydrophilic portion of Lipid II and that the MurJ’s cavity might undergo conformational 

changes via an alternating-access mechanism of function during the transport cycle.94,95 

Pushing structural predictions and structure-function analyses further, Butler et al. proposed 

that despite the low level of primary sequence homology between MurJ from E. coli and 
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YtgP from S. pyogenes, these two proteins are structurally similar and demonstrated that 

both proteins contain 3 positively charged residues that are essential for function and 

similarly positioned in their predicted structures. When these studies were published in 

2013 and 2014, the debate regarding whether MurJ or FtsW were Lipid II flippases was 

at its peak.59 Although these studies only provided very low-level-resolution structural 

information and structural predictions, they were empowered by extensive in vivo structure-

function analyses and became key evidence supporting MurJ as a Lipid II flippase.

The much awaited first high-resolution structure of MurJ was revealed in 2017. Kuk et 
al. successfully obtained a 2Å-resolution structure of MurJ from the hyperthermophilic 

bacterium Thermosipho africanus by lipidic cubic phase (LCP) crystallography.71 The 

MurJ structure revealed 14 transmembrane helicesarranged into two lobes called the N-lobe 

(TM1-6) and C-lobe (TM7-12), respectively (Figure 6b). These lobes are related by two-fold 

pseudo-rotational symmetry and form a V-shaped central cavity, as reported in MATE 

transporters.96,97 Interestingly, this MurJ structure was the first of a MOP exporter with 

its V-shaped central cavity captured in the inward-open conformation. Unlike other known 

MOP transporters, MurJ has two additional transmembrane helices (TM13-14) that form a 

~20 Å-long, curved hydrophobic groove that lines the outside of the C-lobe and leads into a 

membrane portal region between TMs 1 and 8 that opens into the putative substrate-binding 

cavity (Figure 6b and 6c). Based on results from docking Lipid II into the MurJ structure, 

Kuk et al. proposed that the groove formed by TM13-14 associates with the undecaprenyl 

tail of Lipid II while the pyrophosphate-disaccharide-pentapeptide moiety associates with 

the central cavity (Figure 6d).71 This groove region has not yet been fully functionally 

characterized, and the proposed association between TM13-14 and the undecaprenyl tail of 

Lipid II is yet to be directly demonstrated by biochemical or structural data.

A prominent feature of this MurJ structure is the large internal cavity mainly lined by 

TMs 1, 2, 7 and 8 that is proposed to bind and shield the substrate during translocation 

(Figure 6b).71,94 The MurJ cavity is ~20 Å wide and opens to the cytoplasm, reaching 

~20 Å up into the membrane. It contains multiple positively charged residues, including 

three essential arginine residues (R18, R24, R255 in T. africanus; R18, R24, R270 in E. 
coli) located near the aforementioned portal region between TM 1 and 8.94,95,98 These 

observations are consistent with a model in which the cavity interacts with Lipid II, which 

is large (~1,900 Da) and negatively charged. The cavity can be further subdivided into a 

proximal and a distal site with respect to the hydrophobic groove formed by TM13-14 

(Figure 6d).71 The proximal site contains the three essential arginines, while the distal site 

has an overall negative charge. Docking data showed that the proximal and distal sites are 

likely to respectively bind to the PP-MurNAc-GlcNAc and pentapeptide moieties of Lipid II 

(Figure 6d).71 Based on these structural features and previous work on MATE transporters, 

Kuk et al. proposed that the MurJ cavity undergoes transitions between inward-open and 

outward-open states during the transport cycle. Furthermore, the inward-facing structure also 

led to a model explaining the fast inhibition of MurJ used in the in vivo flippase assay 

that was accomplished by chemically modifying specific engineered cysteine residues (e. 

g. A29C) located in the periplasmic region of MurJ with the sulfhydryl-reactive reagent 

MTSES (described in section 3.1.1). Kuk et al. proposed that these modifications cause 
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steric hindrance between residues located in the periplasmic region of the N- and C-lobes 

and prevents MurJ from acquiring the inward-open state.71

Despite a low overall sequence identity (~28%) between T. africanus MurJ (MurJTa) and 

E. coli MurJ (MurJEc), the inward-open structure of MurJEc later solved by Zheng et al. 
revealed that the two proteins share the main structural features discussed above.99 Zheng 

et al. presented additional important insight regarding MurJ. By employing large-scale 

mutagenesis, the authors identified key residues in MurJ, although it is unclear whether 

changes affected activity or protein levels, since expression was not monitored.99 They also 

used evolutionary coupling analysis to predict additional conformational states, since this 

type of covariance technique can computationally identify pairs of residues that coevolve 

based on spatial proximity and interactions in the three-dimensional protein structure.100–102 

These analyses predicted conserved contacts that are under evolutionary selection between 

the N- and C-lobes on both the cytoplasmic and periplasmic sides of MurJ, suggesting that, 

as hypothesized for MOP exporters, the MurJ cavity attains both inward- and outward- 

open states. A thin “periplasmic gate” containing the conserved D39-S263 interaction was 

predicted to stabilize the inward-open state, while several interactions on the cytoplasmic 

side were predicted to stabilize a “cytoplasmic gate” in the outward-open state. Collectively, 

these data led the authors to suggest that MurJ functions using a rocker-switch alternating-

access mode of transport in which MurJ switches conformations that result in the cavity 

opening to one side of the membrane or the other to load or unload Lipid II. In a seminal 

2019 study, Kuk et al. remarkably solved structures of MurJTa in inward-closed, inward-

occluded, and the long-sought-after outward-open conformation, providing further support 

for an alternating-access mechanism of flipping and the importance of these periplasmic 

and cytoplasmic gates (Figure 7a).98 The structural snapshots obtained by Kuk et al. are 

discussed in section 3.3.3 together with the model for the mechanism of transport.

3.3 Mechanism of Lipid II Translocation by MurJ

To formulate a model for the mechanism of function of a transporter, at a minimum, 

one must consider the following fundamental issues: how the transporter interacts with 

its substrate; the type of conformations the transporter undergoes to complete each 

transport cycle; and, the source of energy driving transport. Addressing these questions 

experimentally is difficult because of how inherently dynamic and fast transport is in cells. 

It requires combining complementary biochemical, structural, and genetic approaches that 

can probe transport in vivo and in vitro, and analyze structural and substrate-transporter 

intermediates. In this section, we highlight the work that has advanced our understanding of 

how MurJ may interact with Lipid II and undergo conformational changes to translocate its 

substrate across the membrane, as well as questions that need to be addressed in future work.

3.3.1. Lipid II-MurJ Interactions—As described above, structural and in vivo 
structure-function analyses proposed that the central cavity mainly formed by TM1, 2, 7 and 

8 interacts with the hydrophilic portion of Lipid II and undergoes conformational changes 

via an alternating-access mechanism of function to translocate Lipid II. Although we still 

lack experimental evidence demonstrating direct contacts between Lipid II and the central 
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cavity of MurJ, recent studies have shown that MurJ binds Lipid II in vitro and in living 

cells.103–106

The first direct evidence that Lipid II and MurJ interact in cells was recently demonstrated 

by Rubino and Mollo et al. using site-specific cross-linking.103 In this study, we adapted 

a strategy previously developed to capture and detect transport intermediates of LPS 

(substrate) as they travel through the Lpt system (transporter).107,108 The strategy relies 

on genetically introducing single substitutions in the transporter so that a native residue 

is replaced with an unnatural amino acid that can be cross-linked to the substrate upon 

exposure to UV light if they are within ~2Å of each other.109 In order to detect Lipid II-

MurJ cross-linked species in protein extracts from cells exposed to UV light, we developed 

an immunoblot-like method. In this method, the 5th amino acid on the stem peptide of 

Lipid II (D-Ala) is enzymatically exchanged with D-Lys-biotin in the MurJ:Lipid II cross-

linked product; biotin can then bind to streptavidin conjugated with horse-radish peroxidase, 

allowing detection of the modified crosslinked product by chemiluminescence.110 Using 

this technique, we detected on-pathway intermediates of MurJ:Lipid II in living cells, 

providing evidence that MurJ and Lipid II molecules interact and that MurJ is directly 

responsible for Lipid II transport.103 The position on MurJEc that was crosslinked to Lipid 

II (residue F22 in TM1, Figure 6c) is localized at the lateral gate between TM1 and 8 

that opens into the central cavity. Interestingly, the observed crosslinking of Lipid II was 

not significantly reduced in MurJ variants with substitutions in the conserved arginine 

residues located in the MurJ cavity (residues R18, R24, R270 in MurJEc) that are essential 

to support growth.94,95,103 As a result, we proposed that binding of Lipid II (likely via its 

pyrophosphate) to these essential arginines is subsequent to the initial association event, and 

leads to a conformational change in MurJ that is needed to proceed through the Lipid II 

transport cycle.71,94,95,98,103 This in vivo crosslinking technique should be further applied to 

reveal additional sites on MurJ that interact with Lipid II so that the translocation pathway 

can be elucidated.

The first studies to probe substrate specificity and quantify Lipid II binding to MurJ were 

carried out by Bolla et al. using purified, detergent-solubilized MurJ and native mass 

spectrometry (MS). The authors observed 1:1 high-affinity binding (with a dissociation 

constant Kd ~3 μM) of Lipid II to MurJ.106 This binding could be abrogated in the 

previously mentioned MurJA29C variant (see sections 3.1.1 and 3.2) upon modification 

with MTSES, which presumably prevents access to the inward-open state(s).62,71 To further 

investigate the binding mechanism, the authors used two antibiotics that specifically bind to 

different regions of Lipid II. They found that ramoplanin, which binds to the MurNAc and 

pyrophosphate moieties of Lipid II, dissociates Lipid II from MurJ, whereas vancomycin, 

which forms hydrogen bonds with the terminal mDAP/Lys-D-Ala-D-Ala segment of the 

pentapeptide, still binds to form a stable ternary complex with MurJ:Lipid II.31,111 Given 

these results and their inability to detect binding of MurJ to Und-P, Bolla et al. proposed 

that the pentapeptide stem and the undecaprenyl chain are not critical for binding to MurJ, 

whereas the pyrophosphate, MurNAc and GlcNAc moieties of Lipid II are essential for 

recognition.106 However, we note that their study did not specifically probe interactions of 

the GlcNAc component of Lipid II, so this putative interaction remains to be demonstrated. 

This is an important question to address because requiring binding to both MurNAc and 
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GlcNAc would allow MurJ to differentiate between Lipid II and its precursor Lipid I. 

It is also possible that the first two amino acids of the stem peptide (L-Ala and D-Glu) 

may be important in the recognition of Lipid II by MurJ since, in S. aureus, Lipid II 

molecules that only contain the first two or three amino acids (owing to the absence 

or inhibition of specific Mur ligases) are translocated and incorporated into the bacterial 

peptidoglycan.112,113 Thus, the binding studies could not rule out contributions that the 

undecaprenyl chain, pentapeptide chain, and GlcNAc moieties might make to the transport 

cycle. They also did not reveal the region(s) or conformation(s) of MurJ mediating the 

reported binding between Lipid II and MurJ. In a follow-up study, however, Bolla et al. used 

a MS-based method to differentiate non-specific from specific lipid binding to MurJ to show 

that Lipid II, when bound to MurJ, does not readily exchange with detergent, presumably 

because it is sequestered inside the cavity.105

There are many questions still unanswered about the binding and specific recognition of 

Lipid II by MurJ. For example, how does MurJ differentiate between Lipid I and Lipid 

II? Can MurJ flip other substrates? To our knowledge, there is no evidence that MurJ can 

translocate substrates other than Lipid II. However, Bolla et al. reported that purified MurJ 

associates with the phospholipid cardiolipin to interfere with Lipid II binding, leading them 

to propose a regulatory role for cardiolipin in MurJ flippase activity.106 The physiological 

relevance of this interaction remains unknown. Requirements for substrate specificity are 

also not well understood in the related Wzx flippases of Und-PP-oligosaccharides of the 

MOP exporter superfamily. To address this question, Sham et al. performed a genetic 

selection that would allow for a Wzx flippase to substitute for MurJ in E. coli. Specifically, 

the authors focused on WzxC, the flippase of the capsule precursor Und-PP-colanic acid 

and found some WzxC variants that could translocate both their native substrate and 

Lipid II. Based on the positioning of the substitutions in a structural model of WzxC, 

they hypothesized that the alterations destabilize the inward-open conformation of the 

transporter.114 Accordingly, Sham et al. suggested that when a MOP transporter recognizes 

and loads its specific substrate in the inward-open state, it is destabilized, causing transition 

to the outward-open conformation and, therefore, substrate translocation. Studies like this 

one by Sham et al. are important not only for advancing our understanding of the nature of 

substrate specificity of MOP exporters but also to better understand how cross-specificity 

among MOP exporters could lead to resistance to inhibitors of MurJ.

3.3.2. Energetics Driving Transport in MurJ—MOP exporters are thought to 

share a common V-shaped structure that facilitates transport through an alternating-access 

mechanism. Accordingly, the directional transport of their substrates must include the 

transition of the inward-open substrate-bound structure to the outward-open state, the release 

of the substrate, and the subsequent resetting of the substrate-free transporter to the inward-

open state. It is critical to understand the energy source driving these steps.

The MATE transporter family is proving to be a valuable case study when investigating 

MurJ. MATE exporters are secondary active antiporters in which the uphill export of 

amphipathic drugs is coupled to the import of an ion. Through this coupling, the cell 

uses the electrochemical gradient of the counter ion across the membrane (i.e. higher 

concentration of the ion in the periplasm than the cytoplasm) to power drug export. 
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Several MATE transporters have been structurally and biochemically characterized in the 

past decade (>20 structures reported thus far; and their ion-coupling mechanisms are 

diverse).115–124 NorM from Vibrio cholerae (known as NorM-VC) was the first MATE 

transporter to be crystallized and is one of the best characterized MOP transporters.123 

Like its homolog from Neisseria gonorrhoeae (NorM-NG), NorM-VC is a Na+-coupled 

transporter. Free energy from the binding of the substrate (a drug) to the inward-open 

conformation is thought to promote the transition to the outward-open conformation through 

an occluded state intermediate.124

A different mechanism of extrusion was proposed for PfMATE from Pyrococcus furiosus, a 

H+-coupled transporter. Two structures have been reported at two different pHs: a structure 

showing a bent TM1 helix at an acidic pH, and a structure with a straight TM1 helix 

at a basic pH.116 The protonation state of residue D41 was proposed to be responsible 

for this structural difference. Because the substrate-binding site does not overlap with this 

acidic site, it was proposed that protonation of the critical aspartate (D41) by extracellular 

protons causes TM1 bending, the collapse of the N-lobe cavity and concomitant extrusion 

of the substrate into the periplasm, and eventually the return to the inward-open state. 

However, Ficici et al. recently revisited available crystal structures of the PfMATE exporter 

and identified a putative Na+-binding site in the N-lobe of PfMATE that appears to be 

highly conserved across bacterial MATE exporters.125 They concluded that the Na+ ion had 

been previously wrongly assigned as a water molecule (H2O and Na+ have similar electron 

densities at low resolution). This novel site would imply that substrate release can also 

be induced by competition with Na+. The authors argued that the Na+-binding site is also 

weakly specific against H+, explaining why MATE exporters containing this motif, including 

PfMATE, have been thought to be H+-driven. These results are provocative as they suggest 

that MATE transporters might be much more accommodating with their counterion coupling 

than previously appreciated and that different experimental conditions may favor one ion 

over the other. Furthermore, Ficici et al. also proposed that some transporters might still 

contain additional H+-binding sites elsewhere in the protein.125 This proposal might explain 

why NorM-VC had been previously reported to simultaneously couple transport to both Na+ 

and H+ ions.126 These studies offer guidance when studying MurJ, but also illustrate the 

complexity of studying the energetics and mechanistic details of these transporters.

Not having the ability to study MurJ’s activity in an in vitro reconstitution has greatly 

limited our ability to study the energy source powering this transporter. Nevertheless, 

guided by the knowledge learned from MATE transporters, we, together with collaborators, 

recently showed that MurJ couples the membrane potential across the bacterial cytoplasmic 

membrane to Lipid II export in Rubino et al.127 The proton motive force or PMF, has 

two components: the membrane potential or Δψ (negative inside the cytoplasm relative 

to the periplasm), which is a measure of charge differences across the membrane; and 

the pH difference or ΔpH (alkaline inside the cytoplasm relative to the periplasm), 

which measures the proton concentration difference across the membrane.127,128 When the 

membrane potential (ΔΨ) was dissipated in live E. coli cells with the protonophore TCS 

(3,3′,4′,5-tetrachlorosalicylanilide), Lipid II pools increased by over an order of magnitude 

presumably because their translocation was inhibited. Treatment with valinomycin (a K+ 

ionophore that disrupts ΔΨ but not ΔpH) also led to Lipid II accumulation, whereas 
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nigericin (an H+/K+ antiporter that disrupts ΔpH but not ΔΨ) failed to do so. These results 

led us to propose that the energy source of Lipid II transport by MurJ in E. coli is likely an 

ion other than H+.

Insights into the identity of a possible counterion used by MurJ came from the structural 

studies described in Section 3.2. The first inward-open structure of T. africanus MurJ 

(MurJTA) reported by Kuk et al. revealed a chloride ion bound to the proximal site 

near the essential arginines R24 and R255 (R24 and R270 in MurJEC).71 Because the 

protein was crystallized under high concentrations of Cl−, the authors suggested that the 

ion might have been non-specifically bound. However, they later found that omission of 

Cl− from the purification and crystallization buffers led to solving structures of MurJ 

in a range of different conformations.98 We think that the fact that Cl− restricts the 

available conformational landscape accessible to the protein by locking it in an inward-

open conformation could argue in favor of a role of Cl− in the transport cycle of MurJ. 

Specifically, Cl− ions could be imported into the cytoplasm, driving the switch from 

outward-open to inward-open conformation. Indirect support in favor of such a hypothesis 

comes from Zakrzewska et al., who observed spontaneous binding of a Cl− ion to the 

inward-open structure of PfMATE by molecular dynamics simulations.119 Notably, this is 

the only inward-open structure obtained for a MATE exporter, and structural alignments 

revealed that the Cl− ion in MurJ is bound to an analogous location on PfMATE. These 

findings suggest that Cl− transport might be a conserved feature of MurJ and at least some 

MATE exporters.

The 2019 structural study by Kuk et al. discussed in the next section demonstrated the 

presence of a possible Na+-binding site in the C-lobe of MurJTA.71,98 The Na+ ion is 

kept in place by a trigonal bipyramidal coordination sphere formed by the side chains 

of residues D235, N374, D378, and T394, as well as the backbone carbonyl of V390 

(Figure 7b). The placement of residue D235 at the hinge region of TM7 suggests that 

Na+ binding might induce the conformational changes in TM7 that were observed in the 

inward-to-outward transition. However, the relevance of this binding site in transport is yet 

to be demonstrated and difficult to assess since disrupting it leads to the loss of protein 

expression or degradation.

Lastly, we should note that the previously described study by Bolla et al. reported that Lipid 

II binding to purified MurJ measured by native MS is not sensitive to Na+ concentration but 

is affected by changes in H+ concentration with optimal binding at pH 7.0, consistent with 

the pH in the cytoplasm of E. coli (pH 7.2-7.8) where initial Lipid II binding to MurJ would 

take place.106 However, it is important to clarify that this assay does not assess the driving 

force for Lipid II transport by MurJ. Together, these studies and the sometimes seemingly 

conflicting conclusions we have discussed here highlight the need of developing an in vitro 
reconstitution system for MurJ that can be used to experimentally determine which, if any, 

of these ions—singly or in combination—drive specific conformational changes in MurJ 

during the transport cycle.

3.3.3 Alternating-Access Mechanism of MurJ—As discussed, the alternating-

access model of Lipid II transport by MurJ was proposed early on once the structural 

Kumar et al. Page 17

Chem Rev. Author manuscript; available in PMC 2023 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



similarities between MurJ and MATE transporters became evident.71,94,95,98,99,114 However, 

only recently have the biochemical and structural studies discussed in this section provided 

direct support of this model.

To probe the conformational changes of MurJ in growing E. coli cells, we developed 

a method using structure-guided cysteine cross-linking and proteolysis-coupled gel 

analysis.129,130 This method required introducing a cysteine residue into either the 

periplasmic or the cytoplasmic side of each of the lobes (N-lobe and C-lobe) of MurJEC. 

Structural studies predicted that, in each pair, residues would be near each other only 

in one of the predicted inward-open or outward-open conformations. Homo-bifunctional 

cross-linkers of various lengths were then added to cells to test if the specific cysteine pairs 

could be crosslinked. To clearly differentiate cross-linked vs. uncross-linked proteins via 

immunoblotting, a functional variant of MurJ containing a thrombin protease site in the 

loop connecting the N and C lobes was engineered. In this modified variant, the N and 

C lobes can be separated by gel electrophoresis after thrombin cleavage in uncross-linked 

MurJ but remain together in crosslinked species. Using this method, we demonstrated that, 

in vivo, MurJ adopts both inward- and outward-open conformations. This study also showed 

that MurJ relaxes into an inactive, outward-open state in cells treated with ionophores that 

collapse the membrane potential.129,130

Based on these results and those of others, we proposed the following model for Lipid II 

transport by MurJ (Figure 7a).129 Newly synthesized Lipid II localized in the cytoplasmic 

leaflet of the membrane binds to MurJ in the inward-open conformation. The undecaprenyl 

tail of Lipid II likely associates with the hydrophobic groove formed by TM13-14 while 

the pyrophosphate-disaccharide-pentapeptide moiety interacts with MurJ’s hydrophilic 

cavity.71,98,99 After engaging with Lipid II, the cavity undergoes the transition from inward-

open to outward-open, similar to the proposed mechanism for some members of the MOP 

exporter superfamily.96,114 During this conformational change, the C55 lipid tail of Lipid 

II either remains associated with the hydrophobic groove (or other parts of MurJ) or is 

free in the hydrophobic core of the membrane, where its flexibility and ability to affect 

its surrounding lipid environment might aid in substrate translocation.21,22 Either way, the 

lateral gate between TM1 and TM8 that opens into the cavity would allow the unhindered 

flipping of Lipid II.71,95,98,99 Once in the outward-open conformation, MurJ releases Lipid 

II so that it can be used to build new PG cell wall. Based on both its dependence on 

membrane potential (∆ψ) and similarity with MATE exporters, MurJ is likely to bind to a 

cation in the outward-open conformation to release Lipid II and/or undergo the transition 

from the outward-open to the inward-open state during the Lipid II transport cycle.96 

However, as discussed in section 3.3.2, alternative models such as voltage-driven or anion-

coupled exchanger mechanisms cannot be ruled out.129

A major contribution to our understanding of MurJ and support in favor of the alternating-

access model was the 2019 study by Kuk et al. reporting a series of structural snapshots of 

the MurJ conformational cycle.98 Since the inward-open conformation of MurJTA appeared 

to be stabilized by a Cl− ion (section 3.3.2), the authors strategically omitted the ion in 

purification and crystallization conditions, which successfully resulted in structures in the 

inward-closed, inward-open, inward-occluded and outward-facing conformations.71,98 As 
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we describe below, these structures not only support the alternating-access mechanism but 

provide insight into molecular details driving the conformational cycle.

The different structural conformations obtained by Kuk et al. highlight the importance 

of H-bond interactions between N- and C-lobe residues in the periplasmic gate region in 

stabilizing the inward-facing state that allows loading of Lipid II.98 These structures also 

show that the size of the membrane portal that is proposed to serve as the entry gate for the 

hydrophilic portion of Lipid II into the central cavity of MurJ is regulated by rearrangements 

of TM 1 and TM8 and the cytoplasmic loop between TM4 and TM5. Examination of the 

inward-occluded conformation (Figure 7a), which presumably corresponds to a substrate-

bound state that precedes the outward-open state, reveals a rigid-body rotation of the C-lobe 

towards the N-lobe by ~15° relative to the preceding inward-facing state; in addition, inward 

bending of TM2 towards the central cavity places residue E57 (located N-lobe) in proximity 

to residue R352 in TM10 (C-lobe), forming a thin gate that was proposed to sequester 

Lipid II inside the cavity prior to transition to the outward-open state (Figure 7c). The 

structures also revealed that the cavity in the outward-open structure is much shallower and 

narrower than in the inward-open structure. This difference in cavity size is similar to the 

one observed in MATE transporters and thought to be responsible for ejecting the substrate 

into the periplasmic space.115–118,131 The inward-to-outward open transition itself appears to 

be driven by the straightening of TM7 (the only helix bridging the N- and C-lobes) coupled 

to the lowering of the cytoplasmic loop connecting TM6 and TM7. TM1 also straightens en 
route to the outward-facing state, closing the lateral gate into the cavity.

An interesting result described in this study was the analysis of electron densities in the 

various structures along with tentative assignment of a Na+-binding site in the C-lobe 

(Figure 7b). The Na+ site in MurJ is analogous to the one in PfMATE but located in 

the C-lobe instead of the N-lobe as reported for MATE exporters. Furthermore, Kuk 

et al. postulated that Na+ binding to residue D235 is coupled to the aforementioned 

conformational changes in TM7. However, as described earlier, the significance of this 

putative Na+-binding site for MurJ function or structure could not be determined because 

mutations altering most of the coordination sphere residues led to significant or complete 

loss of expression, suggesting that the Na+-binding site might serve a structural role. 

Unfortunately, this problem prevents ruling out whether this Na+-binding site also has a 

functional role.

Lastly, by comparing the different crystal structures to one another, Kuk et al. identified 

R24-D25-R255 (residues R24-D25-R270 in MurJEC) as the putative substrate-binding triad 

responsible for coordinating the pyrophosphate group on Lipid II. 98 The triad is in close 

proximity to unmodeled electron density which cannot be reliably assigned but might 

originate from Lipid II that was added into the LCP for crystallization. Higher occupancy 

will be required in future structures to reliably place Lipid II inside the cavity. In addition, 

it would be very valuable to obtain equivalent structures of the transport cycle of the E. coli 
MurJ protein since we have already accumulated extensive structure-function data that could 

help interpret and validate such structures.94,95,99
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3.4. Regulation of Lipid II Flippases

PG biosynthesis must be tightly regulated in time and space to balance cell growth with 

division and generate the appropriate cell shape and size.92 PG biosynthesis must also be 

coordinated with the growth of other envelope components such as the cytoplasmic and 

outer membranes in Gram-negative bacteria, but we know very little about this envelope-

scale level of regulation.92,132 Ultimately, PG regulation must integrate both internal 

(i.e. metabolic) and extracellular cues. Given the complexity of PG biogenesis, there are 

multiple steps that could be subject to regulation, including Lipid II translocation across the 

membrane. There are three main mechanisms so far described that cells use to regulate Lipid 

II transport: regulating the production, the activity, and localization of Lipid II transporters. 

Although MurJEC is the best characterized Lipid II flippase in vivo, most of what we know 

about the regulation of Lipid II flippases comes from other orthologs and even Amj.

3.4.1. Regulation of Flippase Production—As described in Section 3.1.2, B. subtilis 
encodes Amj, a membrane protein not homologous to MurJ that can transport Lipid II and 

substitute for MurJBS protein (YtgP).81 One obvious question that this discovery raised 

is whether Amj is a ‘true’ Lipid II flippase or, rather, a promiscuous flippase that can 

translocate Lipid II in addition to its native (unknown) substrate. We favor the former model 

based on a significant finding reported by Meeske et al.81 The authors showed that amj 
is expressed under the control of the envelope stress-response sigma factor σM, which can 

be activated by antibiotics targeting PG biogenesis, providing a mechanism for regulating 

Lipid II flipping possibly in response to environmental cues.133,134 Meeske et al. suggested 

that the soil-dwelling B. subtilis bacterium might be exposed to MurJBS inhibitors produced 

by other microorganisms in the soil, and that such inhibition of MurJBS would activate the 

σM-dependent production of Amj, a Lipid II flippase that would likely be resistant to the 

inhibitor given its lack of homology to MurJBS.

Transcriptional regulation connecting cell wall stress to MurJ production was also recently 

discovered in Vibrio cholerae.135 In this bacterium, which lacks Amj, the two-component 

signal transduction system VxrAB increases murJ transcription upon β-lactam-induced cell 

wall stress.135,136 Whether upregulation of the expression of Lipid II flippases like the 

examples discussed here is widespread among bacteria is unknown.

3.4.2. Regulation of Flippase Activity—The first indication that MurJ could be 

subject to any type of regulation came from Mycobacterium tuberculosis. In this bacterium, 

MurJMtb is unique in that its conserved TM1-14 MOP superfamily domain is connected 

to three additional components: a pseudo-kinase domain, a transmembrane helix, and an 

extracellular domain found in some carbohydrate-binding proteins.137 While the conserved 

MOP superfamily domain is essential for viability, these additional C-terminal domains are 

not. The extracellular domain remains uncharacterized, but Gee et al. demonstrated that 

T947 in the pseudo-kinase domain of MurJMtb is phosphorylated by the essential Ser-Thr 

kinase PknB, which senses and becomes active in the presence of excess uncross-linked 

PG.137 Upon phosphorylation, MurJMtb binds to a forkhead-associated domain-containing 

protein called FhaA, which they proposed downregulates the activity of MurJMtb.137 

However, this regulation was suggested from indirect evidence showing that overproduction 
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of PknB inhibits PG synthesis and is lethal in M. tuberculosis, and that depletion of FhaA, 

while not lethal, leads to morphological effects. Yet, it is puzzling that the authors also 

showed that depletion of FhaA does not alter the levels of cytoplasmic nucleotide PG 

precursors, which have been shown to increase upon loss of MurJ function.60,62,127,137,138

In addition, it was recently shown that PknB also phosphorylates a protein called CwlM, 

which is essential for PG biogenesis139 and can associate with either FhaA or MurJMtb 

depending on its phosphorylation state. When phosphorylated, CwlM associates with FhaA; 

when unphosphorylated, CwlM binds to MurJMtb.139 These physical interactions have been 

proposed to lead to the downregulation or activation of MurJ activity, respectively. Thus, 

according to the model proposed by Turapov et al., the kinase activity of PknB affects 

MurJMtb activity in two manners: it removes the MurJMtb activator CwlM and stimulates 

association of FhaA with MurJMtb to downregulate Lipid II transport.139 Although this is an 

attractive model, and the physical interactions of CwlM and FhaA with MurJMtb and their 

regulation through PknB have been experimentally determined, there is no experimental 

evidence demonstrating that either CwlM or FhaA affect the activity of MurJMtb. Moreover, 

it appears as if FhaA also affects other steps of PG biosynthesis.140 It is therefore important 

that efforts are focused on testing the functional connection between MurJMtb and these 

factors, as well as whether this proposed regulation could also affect the localization of 

MurJMtb described in section 3.4.3. It is also yet to be determined if analogous systems 

regulating the activity of Lipid II flippases (MurJ or Amj) exist in other bacteria.

3.4.3 Regulating the Localization of Lipid II Translocation—Given that the PG 

cell wall is a rigid three-dimensional structure, it is critical that insertion of new PG material 

occurs at the right location. This is accomplished by directing PG biosynthetic complexes to 

specific sites in the cell, which vary according to cell shape and the state of the cell cycle.92 

In rod-shaped bacteria like E. coli and B. subtilis, there are two modes of PG synthesis 

with respect to the cell cycle: elongation and septal PG synthesis. During cell elongation, 

PG-building blocks are added into the preexisting PG structure to accommodate the increase 

in cell size along the long axis of the cell by a protein complex called the elongasome 

(Figure 8).141 On the other hand, during cell division, the mother cell builds a septum 

containing a PG wall that will separate both daughter cells. The septum is built from entirely 

new material by means of a multiprotein complex termed the divisome (Figure 8).142 The 

cell division and elongation machineries contain multiple proteins and are characteristic of 

rod-shaped bacteria and functionally independent (Figure 8 and Section 4).143 In contrast, 

spherical cells (i.e. cocci) such as S. aureus rely primarily on the divisome and lack most 

components of the elongasome.144

Liu et al. conducted the first localization studies of MurJ in E. coli.145 Using fluorescent 

protein fusions, they showed that MurJ localizes in the lateral membrane and is recruited to 

the septum with divisome proteins alongside MraY and MurG, the enzymes that synthesize 

Lipid I and Lipid II, respectively. The authors also found that MurJ septal localization is 

dependent on the synthesis of Lipid II and the presence of a mature and active divisome 

capable of synthesizing septal PG. However, MurJ flippase activity is not required for its 

septal localization. These results led the authors to conclude that the localization of MurJ 

to the divisome is mediated by affinity towards its substrate, Lipid II, rather than protein-
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protein interactions.145 Whether a similar type of recruitment occurs at the elongasome is 

yet to be determined.

Monteiro and Pereira et al. examined the localization of PG biogenesis proteins in coccoid 

S. aureus using fluorescent protein fusions and found that septal PG synthesis requires the 

recruitment of MurJ to the septum by some divisomal proteins.146 Interestingly, the authors 

found that MurJ recruitment coincides with a turning point in cytokinesis. Prior to MurJ 

recruitment, early cytokinesis is characterized by slow membrane invagination driven by 

treadmilling of the tubulin homolog FtsZ, which recruits divisomal proteins (Figure 8); once 

MurJ arrives at the septum, cytokinesis becomes faster, independent of FtsZ treadmilling, 

and driven by PG synthesis activity. Monteiro and Pereira et al. proposed that MurJ directs 

PG synthesis to the septum because through its own septal localization, it exclusively 

localizes flipped Lipid II to the septum, which in turn recruits PG synthases.146

While many rod-shaped bacteria such as E. coli and B. subtilis elongate by dispersing 

insertion of newly synthesized PG along the cell cylinder through the action of the 

elongasome, others such as members of the Alphaproteobacteria and Actinobacteria grow 

using a polar mode of growth by inserting new PG material at their poles.147–149 Among 

polar-growing bacteria, the localization of MurJ has been characterized in Mycobacteria. In 

M. smegmatis, Morita et al. showed that the cytoplasmic (or plasma) membrane is organized 

into distinct domains that can be separated using sucrose density gradient fractionation 

of cellular lysates.150 These domains include the intracellular membrane domain (IMD), 

which is not associated with the PG cell wall, and the conventional plasma membrane (PM-

CW), which is tightly associated with the cell wall.150 Lipidomics and proteomics analyses 

revealed that the lipid and protein content of the IMD and PM-CW are different.150,151 

Taking advantage of this difference in protein content, Hayashi et al. modified proteins 

specific to each domain with fluorescent tags and visualized them using live-imaging 

microscopy to find that the IMD forms distinct patches in the polar region where cell 

elongation occurs.151 In a following-up study, Garcia-Heredia et al. demonstrated that the 

Lipid II synthase MurG localizes to the IMD where it makes the PG precursor; Lipid 

II then moves to the PM-CW where MurJ and penicillin-binding proteins (PbpA/PbpB) 

reside to flip the precursor and use it to build new PG wall, respectively.138 The authors 

proposed that this functional partitioning of the membrane and PG biogenesis factors leads 

to directionally organized and more efficient PG synthesis in rod-shaped bacteria.138,152 

Interestingly, Garcia-Heredia et al. also found that the protein DivIVA is involved in a 

feedback mechanism between PG wall synthesis in the PM-CW and the partitioning of the 

membrane into domains.138

Although the localization of MurJ is just beginning to be characterized, a common theme 

is emerging that highlights a role for the localized delivery of flipped Lipid II by MurJ in 

driving PG cell wall synthesis at specific cellular locations.

3.5. Inhibitors of MurJ

Since the discovery of penicillin, targeting PG biogenesis has proven to be an excellent 

strategy in the development of antibiotics. Being essential for PG biogenesis in important 

pathogens and absent in humans, MurJ represents a potentially ideal target for much-desired 
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novel antibiotics.60,61,72,138,153 A few different types of MurJ inhibitors have been reported 

to date but none of them has entered clinical development.153–156 These inhibitors fall into 

two major classes according to their source: small molecules derived from large synthetic 

chemical libraries and naturally occurring inhibitors.

The first evidence that MurJ could be a novel antibiotic target came before MurJ was 

proposed to be a Lipid II flippase when scientists at Pfizer discovered that overexpression 

of and mutations in the S. aureus SA1575 gene conferred resistance to a novel type of 

anthranilic acid that inhibits PG synthesis.157 Mott et al. proposed that the compounds were 

inhibiting SA1575, a membrane protein of unknown function at the time, which we now 

know is MurJSA.157 Shortly thereafter, Huber et al. at Merck & Co. identified two novel 

MurJ inhibitors in a screen of a synthetic chemical library for compounds that restored 

β-lactam activity against methicillin-resistant S. aureus (MRSA).153 The resulting two 

structurally-related indole compounds, 3-1-methyl-2-pyridin-4-yl-1H-indole (DMPI) and 

2-(2-Chlorophenyl)-3-[1-(2,3-dimethylbenzyl)piperidin-4-yl]-5-fluoro-1H-indole (CDFI), 

were shown to target MurJSA based on independent genetic approaches to identify genes 

with altered sensitivity.153 Unfortunately, these compounds are not effective in Gram-

negative bacteria, likely because of their inability to penetrate the outer membrane or their 

susceptibility to efflux pumps; however, they were instrumental in studies by Monteiro and 

Pereira et al. described in section 3.4.3 on the localization of MurJSA and PG synthases in S. 
aureus.146,153

Recently, while investigating the mechanism of action of the lysis protein LysM of the E. coli 
levivirus M, Chamakura et al. discovered the first known natural inhibitor of MurJ. Phage 

M is a small RNA virus that induces lysis of its host after replication.154 Chamakura et 
al. demonstrated that LysM, a 37-residue hydrophobic protein, causes host lysis of E. coli 
cells by inhibiting the translocation Lipid II across the cytoplasmic membrane presumably 

by targeting MurJ.154,158 Although its mode of inhibition is yet to be determined, it is 

interesting that single-residue substitutions in TM2 and TM7 of MurJ confer resistance to 

LysM; recall that the transition in MurJ’s cavity from inward-open to outward-open has 

been proposed to be driven by the straightening of TM7. Whether LysM binds to the TM7 

region to interfere with the transport cycle awaits future structural analysis of the MurJ:LysM 

complex.

In an independent study, Chu et al. discovered that humimycin antibiotics target MurJ.156 

The authors conducted a bioinformatics search for natural products by identifying putative 

metabolite gene clusters found in the human bacterial microbiome. They then chemically 

synthesized the predicted products and tested for potential antimicrobial activity.156 

Applying this approach, Chu et al. discovered the humimycin antibiotics, which are 

naturally produced by Rhodococcus species. Humimycins inhibit MurJ and potentiate 

β-lactam activity against some Gram-positive pathogens, including MRSA.156 In their 

initial characterization of humimycin, Chu et al. showed that most humimycin-resistant 

mutations they obtained change residues located in the cytoplasmic side of MurJ’s 

N-lobe.155,156 Interestingly, after optimizing humimycin, resistance to the more potent 

derivative humimycin 17s has so far not been detected.155 Although their mechanism of 

inhibition is currently unknown, it was proposed that humimycins might stall MurJ in an 
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inward-open conformation by disrupting the closure of the cytoplasmic gate that is required 

for its transition to the outward-open conformation (Figure 7a).71,98,155

Together, these studies demonstrate that MurJ can be targeted by small molecules and even 

peptides. However, in all these examples, resistant MurJ variants could be readily isolated in 

the laboratory. Thus, whether MurJ inhibitors will be effectively developed for clinical use is 

yet to be determined.

4. Building the PG Cell Wall Structure: Glycosyltransferases and 

Transpeptidases

Once Lipid II is flipped across the cytoplasmic membrane, glycosyltransferases polymerize 

its GlcNAc-MurNAc-pentapeptide moiety into glycan strands that are cross-linked into 

the growing PG cell wall by transpeptidases (Figure 9). The activities and regulation of 

glycosyltransferases and transpeptidases are tightly coupled to one another to allow for a 

controlled expansion of the PG cell wall.92 These enzymes are targeted by many widely 

used antibiotics, underscoring their essential function in bacterial cells and the advantage 

that they offer as antibacterial agents localized outside of the cytoplasm. In this section, we 

will limit our discussion to recent developments on glycosyltransferases and transpeptidases 

that have called us to change our view of PG biogenesis. Specifically, we will describe the 

paradigm change involving the role of bifunctional penicillin-binding proteins (aPBPs) and 

SEDS/bPBP pairs, and discuss in detail recent studies of RodA/PBP2 and FtsW/PBP3, the 

SEDS/bPBP pairs that drive PG synthesis in the elongasome and divisome, respectively.

As described earlier, rod-shaped bacteria have two modes of PG synthesis with respect to 

the cell cycle: elongation catalyzed by the elongasome and septal PG synthesis catalyzed 

by the divisome (Figure 8). The elongasome is organized by the cytoplasmic actin-like 

protein MreB, which oligomerizes into filaments that localize to the lateral wall of bacteria 

to direct the movement of PG biosynthetic complexes.159,160 In E. coli, MreB interacts 

with the Rod complex, which includes the RodA-PBP2 synthase, RodZ, MreC, and MreD. 

RodZ physically links cytoplasmic MreB to the Rod complex.15 High-resolution microscopy 

has revealed that MreB organizes the insertion of new PG cell wall during elongation by 

localizing in discrete patches that create tracks perpendicular to the long axis of the cell 

that guide PG synthases.161,162 In Section 4.2, we will discuss how recent studies have 

shown that, as the complex moves around the cell, RodA synthesizes PG glycan strands that 

are crosslinked by PBP2. Incorporation of this new material into the pre-existing PG wall 

requires the concerted recruitment and activity of PG synthases and hydrolases. Many of 

the molecular details about the regulation of the localization and activity of the elongasome 

remains unknown.

The composition of the divisome is more complex than that of the elongasome. During 

cell division, at least twenty proteins are recruited in a sequential fashion to the septum 

to assemble the divisome (Figure 8). First, the tubulin homolog FtsZ is anchored to the 

cytoplasmic membrane at the location of the future septum by FtsA and ZipA. FtsZ 

polymerizes to build a dynamic Z-ring that undergoes treadmilling and recruits other 

divisome proteins by a diffusion-and-capture mechanism.163,164 The arrival of early-stage 
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divisome proteins (e.g. Zap proteins and FtsEX) at the Z-ring forms the proto-ring, which 

then recruits the late-stage divisome proteins FtsK, FtsQ, FtsL, FtsB, FtsW, FtsI (also known 

as PBP3), PBP1b, FtsN, hydrolases, and regulatory proteins. FtsN marks the completion of 

the assembly of the core divisome and the start of septal PG synthesis.15,142 In Section 4.2, 

we will discuss recent work describing FtsW/PBP3 as the divisomal PG synthase.

4.1. High-Molecular Weight Penicillin-Binding Proteins (HMW-PBPs)

PBPs are among the most well-studied PG biogenesis factors. They first came into the 

spotlight because they are targets of some of the oldest and most successful antibiotics, the 

β-lactams, which include penicillin.165 Bacteria use varying numbers of PBPs (e.g. 13 in 

E. coli) for the synthesis, degradation, and modification of PG.165 Based on their size and 

functional domains, PBPs are conventionally divided into high- and low-molecular weight 

(HMW, LMW) PBPs. Unfortunately, the traditional nomenclature of PBPs (e.g. PBP2, 

PBP3) is confusing, as their numbers derive from their migration pattern on protein gels, 

which often does not correlate among different species.165 PBPs have been extensively 

reviewed elsewhere, and readers are directed to comprehensive reviews on structural, 

functional, and mechanistic details of PBPs and their inhibitors.165–168

HMW-PBPs are glycosyltransferases and/or transpeptidases that build the PG cell 

wall, while LMW-PBPs are primarily involved in its remodeling, recycling, and 

maintenance.165,166,169 The general structure of HMW-PBPs consists of an N-terminal 

cytoplasmic tail, a transmembrane helix, and two extracytoplasmic (or periplasmic) domains 

that are connected by a β-rich linker domain.165,166 Based on the structure and the 

enzymatic activity of their periplasmic domains, HMW-PBPs are further assigned to two 

classes: class A PBPs (aPBPs), which carry both glycosyltransferase and transpeptidase 

activities, and class B PBPs (bPBPs), which only have transpeptidase activity. The first 

periplasmic domain of aPBPs possesses glycosyltransferase activity and is responsible 

for synthesizing long glycan chains. In contrast, the equivalent domain of bPBPs lacks 

glycosyltransferase activity and is thought to mediate protein-protein interactions within 

PG biosynthetic complexes.165,170 Both aPBPs and bPBPs carry a C-terminal periplasmic 

domain that binds penicillin and provides the transpeptidase activity necessary to cross-

link stem peptides of adjacent PG glycan chains. Although the LMW (or class C) PBPs 

are mainly composed of a transpeptidase domain, this domain generally acts as either a 

carboxypeptidase that removes the terminal residues from cross-linked stem peptides or as 

an endopeptidase that cleaves amide bonds between amino acids in stem peptides.166,167,171

E. coli expresses three bifunctional aPBPs (PBP1a, PBP1b, and PBP1c), belonging to the 

well-characterized GT51 family.165 The function of PBP1c is not entirely understood and 

will not be discussed further. In contrast, we know that PBP1a and PBP1b are required 

for the bulk of PG synthesis.91 In E. coli, both PBP1a and PBP1b have a non-catalytic 

domain (called ODD in PBP1A and UB2H in PBP1B) connecting their glycosyltransferase 

and transpeptidase domains.172,173 This linker domain functions as a binding site for 

LpoA and LpoB, which are outer membrane-anchored lipoproteins that activate PBP1a and 

PBP1b, respectively (Figure 8). Notably, Gram-positive bacteria do not appear to encode 

the LpoA and LpoB proteins. Binding of the lipoprotein activators to the respective ODD 
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or UB2H domains induces conformational changes that increase both catalytic activities of 

the aPBPs.173–177 Early on, PBP1a and PBP1b were classified as enzymatically redundant, 

although, as discussed below, it was thought that PBP1a was functionally specialized to 

be the main PG synthase during elongation, while PBP1b was specialized in septal PG 

synthesis during division. In support of having redundant activities, cells lacking either 

PBP1a (or LpoA) or PBP1b (or LpoB) alone are viable under certain standard laboratory 

conditions, but cells lacking both are not.178,179 More recently, Mueller et al. demonstrated 

that the viability of single mutants lacking either PBP1a or PBP1b can be compromised in a 

pH-dependent manner as a result of pH affecting the activity of these seemingly redundant 

enzymes.180 It was always puzzling that, in addition to the aPBPs, E. coli possesses 

two monofunctional bPBPs whose respective transpeptidase activity is also essential for 

viability: PBP2, which is necessary for cell elongation, and PBP3, which is required for 

septum formation.165 Indeed, it was recognized decades ago that treatment of rod-shaped 

bacteria with the PBP2 inhibitor mecillinam resulted in the production of round cells, 

while PBP3 (FtsI) thermosensitive mutants formed filamentous cells under non-permissive 

conditions.181,182 Similarly, defects in RodA and FtsW were shown to alter morphology 

of E. coli by producing round and filamentous cells, respectively.183,184 Recent discoveries 

described below explain this paradox.

Traditionally, it was thought that PBP1a mediated PG synthesis in the elongasome, whereas 

PBP1b was responsible for PG synthesis in the divisome, but that the two enzymes could 

still somehow substitute for each other.185,186 This paradigm was mainly based on reported 

physical interactions between the aPBPs and protein members of cytoskeletal complexes 

(Figure 8), as well as on the synthetic lethality caused by the combined loss of PBP1a and 

PBP1b. However, as we describe in the next section, this paradigm in PG synthesis has been 

recently revised owing to the discovery that SEDS and their partner bPBPs (section 4.2) are 

the main PG synthases in the cell-cycle-specific cytoskeletal complexes that are organized 

by MreB and FtsZ to direct elongation and cell division, respectively (Figure 8).88,91 The 

precise role of aPBPs is now unclear, but it is important to note that despite functioning 

outside of the elongasome and divisome, they are still responsible for ~80% of the total PG 

synthesis in E. coli.91 A model we favor to explain the role of SEDS/bPBPs and aPBPs in 

PG biogenesis was proposed by Cho et al. and states that while SEDS/bPBPs pairs build the 

foundational structure of the PG cell wall, the aPBPs complete (or fill in) the remaining PG 

matrix during growth. Ultimately, both roles would be critical for properly building a strong 

PG sacculus.91 In agreement with this model, Vigouroux et al. recently showed that aPBPs 

do not contribute to determining cell shape but instead ensure the mechanical stability of 

the PG cell wall, which also led them to propose that PBP1b can sense and repair cell wall 

defects.187 A role for PBP1b in repairing the PG structure also agrees with findings by More 

et al. showing that PBP1b is required to prevent lysis of E. coli cells that have a defective 

outer membrane because of a compromised assembly of LPS at the cell surface.188 We 

remind readers that the Gram-negative envelope contains two load-bearing structures, the 

PG cell wall and the outer membrane, both contributing to cell integrity and prevention of 

osmotic rupture.189,190

It is worth mentioning here that not all bacterial species conform to the general model 

described in the next section in which SEDS/bPBP pairs build the foundational structure 
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of the PG cell wall while aPBPs fill in the gaps and repair the PG structure. For 

example, members of the Rhizobiales, which includes the plant pathogen Agrobacterium 
tumefaciens, possess an FtsW-PBP3 pair used during cell division, but lack a Rod complex 

and, as such, must use a different cell wall synthase(s) to drive polar growth during cell 

elongation.191,192 Recently, Brown and co-workers used a combination of microscopy, 

genetic and biochemical analyses to demonstrate that in A. tumefaciens, PBP1a, a class-A 

PBP, is the main PG synthase that drives elongation at the poles.192 In fact, when PBP1a 

activity is lost in A. tumefaciens and other Rhizobiales, cells lose their rod shape and 

fail to grow. Similar findings on PBP1a essentiality for elongation has also been reported 

in Mycobacteria. This essential role of PBP1a contrasts what is known for most other rod-

shaped bacteria and reminds us that bacteria can modify and reorganize their PG synthesis 

machinery and its regulation to accommodate different modes of synthesis and growth.192

Future work needs to focus on investigating the role of aPBPs and further testing the 

models presented above. We also note that many bacteria encode monofunctional murein 

glycosyltransferases (MGTs) whose function in PG cell wall biogenesis is unclear. The 

reader can refer elsewhere for a more in-depth discussion on the possible role of aPBPs in 

the biogenesis of PG in both Gram-negative and Gram-positive bacteria. 92,193–195

4.2. Shape, Elongation, Division, and Sporulation (SEDS) Protein Family

4.2.1. Discovery of Glycosyltransferase Activity of RodA and FtsW—For 

decades, aPBPs and MGTs were thought to be the only PG glycosyltransferases. However, 

recent landmark studies from various research groups discovered that the SEDS proteins 

RodA and FtsW serve as the primary glycosyltransferases of the elongasome and divisome, 

respectively (Figure 9).89–91,196 Early work by Ishino et al. hinted at the presence of an 

unidentified family of glycosyltransferases in bacteria.197 However, these findings were 

overlooked until McPherson and Popham showed, over a decade ago, that B. subtilis mutant 

cells lacking all known glycosyltransferases were viable and rod-shaped, and therefore could 

make PG.93 The paradigm about aPBPs being the only PG synthases was further challenged 

when Liechti et al. revealed that chlamydial species, which were previously thought to be 

wall-less, synthesize functional PG even though they lack aPBPs and MGTs, signifying that 

an unidentified glycosyltransferase was involved in synthesizing PG.198

Ishino et al. provided the first hint that eventually led to the identification of the proteins 

responsible for the missing glycosyltransferase activity 30 years later.197 They found that 

membranes of E. coli cells overexpressing the SEDS protein RodA and the bPBP PBP2 

together, but not separately, could synthesize PG. Using PBP2-specific antibiotics as well as 

thermosensitive mutants of RodA and PBP2, they further showed that RodA was required 

for chain elongation, while the transpeptidase PBP2 was, as expected, needed for cross-

linking of PG. Surprisingly, they rejected the possibility of RodA being a glycosyltransferase 

and instead inferred that PBP2 itself had glycosyltransferase activity that was somehow 

stimulated by RodA.15,197 These data were not considered for decades in models for PG 

biogenesis. In addition, the proposal that SEDS proteins functioned as Lipid II flippases (as 

discussed in section 3.1 and elsewhere) likely further diverted attention from the possibility 

that they might function as glycosyltransferases.59,66,85

Kumar et al. Page 27

Chem Rev. Author manuscript; available in PMC 2023 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recent seminal studies from various labs have provided paradigm-shifting information 

regarding the roles of the SEDS proteins. Using homology and structural predictions, 

Meeske et al. identified similarities between SEDS proteins and O-antigen ligases 

and polymerases, which are glycosyltransferases that use Und-PP-linked-O-antigen and 

Und-PP-linked oligosaccharides to complete the periplasmic steps of LPS synthesis in 

Gram-negative bacteria.89,199 The homology to known glycosyltransferases of Und-PP-

saccharides suggested that RodA/FtsW might function as PG glycosyltransferases that 

utilize Lipid II. Indeed, Meeske et al. demonstrated that purified B. subtilis RodA possesses 

glycosyltransferase activity in vitro.89 In an independent study, Emami et al. used a 

candidate-gene approach to find that overexpression of RodA suppresses the growth defect 

of B. subtilis mutants lacking all aPBPs, which was also independently observed by Meeske 

et al.89,196 Additionally, Cho et al. developed a novel assay to monitor PG polymerase 

activity in E. coli cells, which, together with localization studies of PG synthases, showed 

that elongasome-dependent PG synthesis still occurs when all aPBP activity is lost.91 Based 

on their results, Cho et al. concluded that cell wall synthesis is facilitated by two discrete 

polymerase systems functioning semi-autonomously: SEDS-family proteins, which work 

within the elongasome and divisome machines, and aPBP enzymes, which operate outside 

of these cytoskeletal complexes.91 More recently, Straume et al. reported that in the oval-

shaped Gram-positive bacterium S. pneumoniae, aPBPs also function autonomously from 

the SEDS/bPBPs PG synthases present in the elongasome and divisome (RodA/PBP2b 

and FtsW/PBP2x, respectively), suggesting that they are not involved in primary PG 

synthesis.200 In addition, Reichmann and colleagues have shown that, in S. aureus, there 

are two SEDS/bPBP complexes (RodA-PBP3 and FtsW-PBP1) with different roles in PG 

synthesis and whose activities must be coordinated to maintain the characteristic coccoid 

shape of these bacteria. 201 The authors proposed that while the RodA-PBP3 complex 

mediates PG synthesis along the cell sidewall, the FtsW-PBP1 pair incorporates PG at the 

septum.

Taguchi et al. later provided important insight into the role of the physical interaction 

between SEDS proteins and their bPBP partners. They reported that divisome-associated 

FtsW orthologs from several organisms only have glycosyltransferase activity in complex 

with their cognate bPBPs.90,202 These results echoed those mentioned earlier obtained 

by Ishino et al. in 1986 showing that the combined overexpression of both RodA and 

PBP2 (bPBP) is needed for PG synthesis in E. coli membranes. Thus, the two-protein 

SEDS-bPBP complex represents a functionally integrated PG machine that recapitulates 

the bifunctionality of aPBPs.89–91,196 ( In the next section, we describe the structural 

characterization of RodA-PBP2 complexes that provides information on how these proteins 

may work as a unit, although it is notable that purified B. subtilis RodA was reported to have 

PG polymerization activity in vitro in the absence of its bPBP partner.89 87,88

The discovery of the glycosyltransferase activity of the SEDS proteins was a 

groundbreaking development in our understanding of how bacterial PG is synthesized 

during cell division and growth. Currently, only a few mechanistic details about SEDS 

activity are known, such as the requirement for divalent cations and insensitivity towards 

the antibiotic moenomycin, which targets aPBPs and MTGs, pointing towards a novel 

catalytic mechanism distinct from the aPBP-mediated PG polymerization.90,202 Elucidating 
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the catalytic mechanism and possible regulation of these proteins will be critical towards 

understanding a reaction that is fundamental for bacterial growth and a potential target for 

novel antibiotics.

4.2.2. Structural Insights into the Function of SEDS/bPBP Complexes—In 

2018, Sjodt et al. presented the first structure of a SEDS family protein, RodA from 

Thermus thermophilus.87 The structure was solved using LCP and refined to 2.9 Å 

resolution. Given the absence of prior similar structural data, the traditional mechanism 

of molecular replacement was not possible, so phase calculation was aided instead 

by evolutionary covariance (which was also used to model the outward-open MurJ 

structure, see section 3.2). The resulting structure revealed a unique fold consisting of 

10 transmembrane helices positioned largely perpendicular to the plane of the membrane 

(Figure 10a). Large extracellular loops (ECLs) known to be involved in the protein’s 

catalytic activity were ordered in the crystal structure, except for the largest loop, ECL4, 

located between TM7 and TM8.87,89 The structure contained a lipid molecule (monoolein) 

nestled into a hydrophobic groove between TM2 and TM3, which led the authors to 

postulate might represent a binding site for the undecaprenyl moiety of Lipid II (Figure 

10a). A large aqueous channel proximal to this groove contains a strictly conserved and 

essential Glu-Lys salt bridge whose function in transglycosylation remains to be determined.

Two years later, Sjodt et al. solved the structure of the same T. thermophilus RodA protein 

in complex with its cognate bPBP, PBP2 (Figure 10a and 10b).88 The complex observes a 

1:1 stoichiometry, with the single transmembrane helix of PBP2 packed against TM8-9 of 

RodA. In the structure, the so-called pedestal domain of PBP2 is located directly on top of 

the ECLs of RodA, while the transpeptidase domain is right above the membrane ~80 Å 

from the core structure of RodA. Unlike in the structure obtained in the absence of PBP2, 

ECL4 of RodA is almost completely ordered in the complex as a result of its interaction with 

PBP2’s pedestal domain.

Since bPPBs induce the transglycosylase activity of their SEDS partners, Sjodt et al. tested 

for a possible role of the pedestal domain of PBP2 in regulating RodA’s function.87 Using 

an in vitro transglycosylase activity assay, they demonstrated that, indeed, the pedestal 

domain plays a significant role in the allosteric activation of RodA. The authors proposed 

a possible mechanism for this activation by comparing the structures of RodA alone and in 

association with PBP2. In the complex, RodA’s TM7 is tilted by as much as 20° away from 

the core of the protein (Figure 10b), creating a membrane-accessible cavity that is smaller 

and not accessible in the structure of RodA alone (Figure 10c). The authors postulated 

that the tilt of TM7 results from the interaction of the pedestal domain with ECL4, which 

connects TM7 and TM8. Because the cavity is large enough to accommodate Lipid II, the 

authors also proposed that the tilt of TM7 creates a putative substrate entry/exit site in 

RodA. The fact that residues in this cavity are highly conserved is in line with its proposed 

role, but additional experimental evidence is needed to support this model.

Finally, Sjodt et al. also proposed that this allosteric regulation might ultimately coordinate 

the transglycosylase and transpeptidase activities of this two-protein complex (Figure 

10d).87 They speculated that the RodA-PBP2 complex is dynamic in cells, adopting a 
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compact and an extended conformation. In the compact complex, the pedestal domain of 

PBP2 is in close contact with RodA, presumably stimulating its transglycosylase activity; 

however, PBP2’s catalytic domain would be too far to reach the PG structure for its 

transpeptidase domain to introduce cross-links. In contrast, in the extended conformation, 

the pedestal domain pulls away from RodA, which would prevent activation of RodA’s 

transglycosylase activity but allow PBP2 to reach the PG matrix and crosslink the newly 

synthesized glycan strand to preexisting glycan chains. This is an attractive model that needs 

to be thoroughly tested.

SEDS/bPBP complexes are part of the elongasome (RodA/PBP2) and the divisome (FtsW/

PBP3) (Figure 8). We believe that to understand the function of these PG synthases, one 

must consider how their activities are regulated in vivo so that the cell can grow and 

divide while maintaining its characteristic shape. Protein interaction studies have led to the 

proposed architecture of these PG synthesis complexes, but it is poorly understood how 

dynamic some of the observed (and possibly yet-to-be identified) interactions are. Since the 

activities of components of these complexes have been often inferred by studying single 

proteins in isolation or as part of incomplete complexes in vitro, we caution readers to keep 

this in mind when revisiting the relevant literature.

4.3. Inhibitors of Glycosyltransferases and Transpeptidases

Although there is still a lot more to learn about how cells orchestrate the function of 

transglycosylases and transpeptidases to build their PG cell wall, these activities are clearly 

essential for viability of bacteria. PG biosynthesis depends primarily on the combined 

activities of the SEDS proteins and their cognate bPBPs, and to some extent on the action 

of aPBPs and MGTs. While no small-molecule inhibitors of SEDS proteins have been 

discovered to date, the transpeptidase activity of the PBPs is inhibited by the well-known 

class of antibiotics called the β-lactams. These antibiotics have been covered in much 

detail elsewhere,166,203 but, in short, they work by mimicking the natural D-Ala-D-Ala 

terminal of the stem peptide and acylating the nucleophilic serine in the active site of 

the transpeptidase. Structures of β-lactams are varied and encompass several sub-classes. 

Figure 11a provides the structure of an acylated transpeptidase along with the structure 

of the antibiotic subsequent to nucleophilic attack.204 The only natural product known to 

inhibit the active site of aPBP’s and MGT’s glycosyltransferase activity is moenomycin, 

produced by Streptomyces bacteria and active against a broad spectrum of Gram-positive 

bacteria.205,206 Used in the farming industry for decades, moenomycin acts as a mimic of 

the growing glycan chain to enter and compete for the donor site (Figure 11b), with very 

few known instances of resistance to date. 207,208 Several analogs have been designed and 

shown to have potent antibacterial activity, but thus far none have made it to the clinic, 

hindered in large part by adverse pharmacodynamics related to the necessity of a lipid tail to 

achieve the full antibacterial activity.209,210 That being said, the ability to carry out in vitro 
polymerization reactions with purified Lipid II holds great promise for the discovery of new 

inhibitors of the aPBPs as well as the SEDS proteins.89,90,110,202,211,212

Lastly, we should mention that there are several other compounds that inhibit the 

periplasmic steps of PG synthesis. They do not directly inhibit transglycosylases and 
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transpeptidases, but instead prevent PG cell wall synthesis by binding to and sequestering 

Lipid II. These antimicrobials include the well-known glycopeptides (vancomycin, Figure 

11c, left), which, as stated above, can also prevent transpeptidation reactions by binding 

to the D-Ala- D-Ala terminus in Lipid II, as well as the (poly)cyclic antibiotics (nisin, 

ramoplanin; Figure 11c, right). 213,31

5. Conclusions

In this review, we focused most of our attention on two classes of PG biogenesis factors that 

have been the subject of recent developments that have redrawn the textbook picture of PG 

biogenesis: the Lipid II flippase MurJ, and the SEDS transglycosylases.

Both in vivo and crystallographic studies have shed light on the function and structure of 

MurJ, leading to a model of alternating-access mechanism of flipping Lipid II. Despite these 

advances, fundamental details about its mechanism of function remain unclear. Among them 

is our lack of understanding of the energetics of transport and the interactions between Lipid 

II and MurJ during the transport cycle. A barrier that needs to be surpassed to address 

fundamental questions like these is the lack of an in vitro reconstitution assay. This technical 

advance would not only allow for better biochemical characterization of MurJ but also aid 

in the identification and characterization of small-molecule inhibitors that may be novel 

antibiotics. In addition to the biochemical reconstitution, we also need to expand in vivo 
work on this flippase to better understand how cells may regulate MurJ and coordinate its 

function with other PG biogenesis factors. The less-characterized Amj transporter also needs 

to be investigated as it will expand our understanding of how cells transport polyisoprenoid-

linked sugars across membranes, an essential process in all domains of life. It is possible that 

its functional characterization might lead to the discovery of similar transporters that cannot 

be simply identified through standard homology searches.

Impressive progress has also been recently accomplished on SEDS/bPBP proteins. The 

ability to monitor polymerization activity of SEDS proteins in vitro has been crucial in these 

discoveries. Undoubtedly, future studies will focus on understanding the mechanistic details 

of how the activity of these proteins is coordinated with that of their partner bPBPs and 

the cytoskeletal proteins that direct them to build the PG wall. For this, reconstitution and 

structural studies should be expanded to complexes that include the main components of the 

elongasome and divisome machineries – a challenging goal. The discovery of SEDS/bPBP 

as the main PG synthases in the elongasome and divisome has called for a change in our 

view of PG biogenesis. We need to probe further not only how SEDS/bPBPs function in 

cells, but also the role of the bifunctional aPBPs in building the PG sacculus.

With antibiotic resistance set to become one of the main challenges facing humanity in the 

21st century,214 the proteins we have focused on in this review represent promising novel 

antibiotic targets present in most bacteria. We hope that the growing knowledge about their 

function and experimental tools available will ultimately lead us to the discovery of new 

classes of antibiotics.
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Figure 1. Architecture of the Gram-negative and Gram-positive cell envelopes.
The Gram-negative inner membrane (IM) and the Gram-positive cytoplasmic membrane 

(CM) are phospholipid bilayers. In contrast, the outer membrane (OM) of Gram-negative 

bacteria is asymmetrical with phospholipids in the inner leaflet and lipopolysaccharide 

(LPS, with sugars in blue) in the outer leaflet. IM: inner membrane, PG: peptidoglycan, 

OM: outer membrane, LTA: lipoteichoic acid, WTA: wall teichoic acid. In the PG 

cartoon structure, the glycan strands are represented as polymers of hexagons, with N-

acetylglucosamine (GlcNAc) in dark green and N-acetylmuramic acid (MurNAc) in light 

green, while the stem pentapeptides are shown as light orange, blue, purple and dark orange 

spheres. For more details on the structure of the PG building block, refer to Figure 2 and 

Section 2.1.
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Figure 2. Chemical and cartoon structures of Lipid II.
Functional groups specific to Gram-positive and Gram-negative bacteria are summarized in 

the table. The same cartoon representation for Lipid II is used in subsequent figures.
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Figure 3: Schematic of the PG cell wall biogenesis pathway in E. coli.
PG precursor synthesis starts in the cytoplasm where nucleotide-linked precursors UDP-

N-acetylglucosamine (UDP-GlcNAc), UDP-N-acetylmuramic acid (UDP-MurNAc) and 

UDP-N-MurNAc-pentapeptide are synthesized. The latter precursor is linked to Und-P by 

MraY to generate Lipid I. Then, MurG utilizes Lipid I and UDP-N-GlcNAc to synthesize 

Lipid II. MurJ translocates Lipid II across the IM so that glycosyltransferases (GTs) can 

polymerize the disaccharide-pentapeptide into glycan chains and transpeptidases (TPs) 

catalyze cross-linking between stem peptides. After that, recycling of Und-P takes place 

by dephosphorylation of Und-PP by one of three enzymes (BacA, PgpB, YbjG, and LpxT) 

on the periplasmic side of the IM and subsequent flipping by an elusive flippase. A 

significant amount of undecaprenol (Und-OH) is present in Gram-positive bacteria where 

DgkA catalyzes the phosphorylation of Und-OH to Und-P.
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Figure 4. Stepwise synthesis of Lipid II in E. coli.
UTP: uridine triphosphate, PEP: phosphoenol pyruvate, NADPH: reduced nicotinamide 

adenine dinucleotide phosphate, A2pm: diaminopimelic acid, Ala: alanine, Glu: glutamic 

acid, GlcNAc: N-acetylglucosamine, MurNAc: N-acetylmuramic acid. Cytoplasmic 

intermediates are shown in blue boxes, while membrane-bound intermediates are shown 

in cream boxes.
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Figure 5. ColM-based in vivo flippase assay to measure translocation of Lipid II in E. coli cells.
(a) Purified ColM toxin is added to actively growing E. coli cells producing MurJA29C, 

a functional variant that can be inactivated when the engineered cysteine at position 29 

is modified with MTSES. ColM enters the periplasm and cleaves periplasmic Lipid II 

into membrane-bound undecaprenol and soluble PP-disaccharide-pentapeptide, which is 

further converted by periplasmic carboxypeptidases (CPs) into PP-disaccharide-tetrapeptide. 

Adding 3H-meso-diaminopimelic acid specifically labels PG and its DAP-containing 

precursors (not shown). When adding ColM, labeled cytoplasmic Lipid II and ColM-

dependent PP-disaccharide-tetrapeptide can be separated and measured. Their ratio reflects 

the extent of Lipid II translocation across the cytoplasmic membrane. (b) Adding the 

cysteine-reactive compound MTSES causes inhibition of MurJ function, leading to an 

increase in the levels of Lipid II and the loss of ColM-dependent PP-disaccharide-

tetrapeptide species.
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Figure 6. Crystal structures of PfMATE and MurJ
(a) Inward- and outward-open structures of PfMATE (PDB ID: 6FHZ and 6GWH, 

respectively). The N- and C-lobes are color-coded blue and cyan, respectively. The 

approximate location of the membrane is indicated with a cream-colored box. (b) Inward-

open structure of MurJTa (PDB ID: 5T77) as shown from the membrane plane (left) 

and the periplasm (right). Transmembrane helix numbers (1-14) are indicated. The color 

scheme for the N- and C- lobes is the same as in panel (a), and TM13-14 are shown 

in red. (c) Surface representation of the hydrophobic groove extending from the central 
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cavity into the TM13-14 pocket via the portal region located between TM1 and TM8. 

Regions corresponding to the cytoplasmic and periplasmic gates are also marked. Residue 

corresponding to F22 in E. coli MurJ is shown as gold sphere (see Section 3.3.1) (d) 
Docking model of Lipid II and MurJTa. This panel was reproduced with permission from 

reference 71. Copyright 2016, Nature Publishing Group. The proximal (containing essential 

arginines) and distal (negatively charged) sites discussed in the text are labeled.
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Figure 7. Proposed flipping mechanism and membrane potential-driven resetting of MurJ.
(a) Model showing proposed steps in the transport cycle. Structures were obtained from 

the PDB (inward-closed: 6NC6; inward-open: 6NC7; inward-occluded: 6NC8; outward-

open: 6NC9). (b) A sodium ion (yellow sphere) is found in the outward-open structure, 

coordinated by TMs 7, 11 and 12. The coordinating residues are shown in the close-up. (c) 
The E57-R352 ion pair forms the thin gate. The Lipid II-binding pocket is indicated on the 

inward-occluded structure.

Kumar et al. Page 51

Chem Rev. Author manuscript; available in PMC 2023 May 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 8. Key components for PG biogenesis in the elongasome and mature divisome of E. coli.
Lipid II is synthesized in the inner leaflet of the cytoplasmic or inner membrane (IM) 

and colocalizes with both the elongasome (left) and divisome (right) complexes. The exact 

molecular architecture of the elongasome and divisome, as well as how they insert new 

material into the pre-existing PG layer, remain unknown. LpoA and LpoB are lipoproteins 

that are anchored to the outer membrane (OM). For simplicity, PG hydrolases that are 

known to associate with each complex and to be important for their correct activity are not 

shown.
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Figure 9. Overview of polymerization and cross-linking steps of PG biogenesis.
Newly synthesized Lipid II is flipped across the cytoplasmic membrane by MurJ. Glycan 

strand synthesis (i. e. polymerization) is catalyzed by either bifunctional aPBPs, MGTs (not 

shown), or SEDS proteins (RodA or FtsW) through their glycosyltransferase (GT) domain. 

Crosslinking of stem peptides is catalyzed by the transpeptidase (TP) domain of aPBPs and 

bPBPs. SEDS proteins function in conjunction with their cognate bPBP.
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Figure 10. Structure and function of the RodA-PBP2 complex.
(a) Structure of RodA (top, PDB ID: 6BAR) and the RodA-PBP2 complex (bottom, PDB 

ID: 6PL5), both from T. thermophilus. For RodA, helix numbers are indicated (H1-10), 

along with the location of the monoolein molecule. ECL4, shown as a dashed loop, is 

not resolved. For RodA-PBP2, the resolved ECL4 is highlighted, along with the various 

domains of PBP2 (TM: transmembrane anchor; PD: pedestal domain; TP: transpeptidase 

domain). (b) Alignment of RodA with or without PBP2. The bottom inset shows tilting 

of TM7 by ~20° in the presence of PBP2. (c) Surface slices showing enlargement of the 

central cavity in RodA-PBP2. The location of TM7 is highlighted. (d) Proposed model 

for glycosyltransferase and transpeptidase activity of RodA-PBP2 in its ‘compact’ and 

‘extended’ conformations.
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Figure 11. Inhibitors of glycosyltransferases and transpeptidases.
(a) Crystal structure of PBP3 from P. aeruginosa in complex with piperacillin (PDB ID: 

4KQO). The chemical structure of the covalent adduct between the catalytic serine and 

piperacillin is shown. (b) Crystal structure of the glycosyltransferase domain from A. 
aeolicus and neryl moenomycin A (chemical structure shown on the right). (c) Structures of 

a representative glycopeptide antibiotic (vancomycin, left) and a cyclic peptide (ramoplanin, 

right).
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