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Abstract

A peptidoglycan (PG) cell wall is an essential component of nearly all bacteria, providing 

protection against turgor pressure. Metabolism of this PG meshwork must be spatially and 

temporally regulated in order to support growth and division. Despite being an active area of 

research for decades, we have only recently identified the primary PG synthesis complexes that 

function during elongation (RodA-PBP2) and division (FtsW-FtsI), and we are still uncovering the 

importance of the other seemingly redundant cell wall enzymes. In this review, we highlight the 

discovery of the monofunctional glycosyltransferases, RodA and FtsW, and describe how these 

findings have prompted a reevaluation of the auxiliary role of the bifunctional class A penicillin 

binding proteins (aPBPs) as well as the L,D-transpeptidases (LDTs). Specifically, recent work 

indicates that the aPBPs and LDTs function independently of the primary morphogenetic 

complexes to support growth, provide protection from stresses, mediate morphogenesis, and/or 

allow adaptation to different growth conditions. These paradigm-shifting studies have reframed 

our understanding of bacterial cell wall metabolism, which will only become more refined as 

emerging technology allows us to tackle the remaining questions surrounding PG biosynthesis.

Introduction:

The cell wall is a critical structural component of almost all bacteria, and regulating cell wall 

metabolism is central to growth and division. Made of peptidoglycan (PG), the cell wall is a 

rigid structure that provides protection from lysis as the cell experiences high intracellular 

turgor pressure. PG is both necessary and sufficient to maintain bacterial cell shape, and 

spatially regulated PG synthesis and remodeling underlies morphogenesis. PG metabolism is 

mediated by a host of enzymes, many of which are direct targets of highly effective 

antibiotics. Despite being studied for over half a century, we continue to discover new 

essential PG enzymes and uncover the unique roles of others that were assumed to be 

functionally redundant.

PG comprises alternating N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid 

(MurNAc) sugars polymerized into glycan strands that are covalently linked to each other 

through short peptide bridges to create a large mesh (Figure 1). PG synthesis and remodeling 

are mediated by cell wall enzymes and are especially important during two essential periods 
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of dramatic cell shape change—growth and division. Two major biosynthetic functions are 

required to create the PG mesh: transglycosylation to polymerize the glycan strands and 

transpeptidation to crosslink them together (Figure 1). In the best-studied transpeptidase 

reaction, D,D-transpeptidases (TPases) catalyze a 4-3 linkage between peptide stems, where 

the numbers correspond to the position of the crosslinked amino acids in the peptide stem 

[1]. Alternatively, L,D-TPases (LDTs) can form 3-3 linkages [1]. D,D-TPase activity is 

carried out by two classes of penicillin binding proteins (PBPs) with distinct roles. The 

aPBPs are bifunctional, containing a TPase domain and a glycosyltransferase 51 (GT51) 

domain, whereas the monofunctional bPBPs have only transpeptidase activity [2]. In 

addition to the glycosyltransferase activity of the aPBPs, some species also produce 

monofunctional GT51 domain-containing proteins [2]. Until recently, GT51 domain-

containing proteins were the only known GTases for PG synthesis. However, transformative 

studies over the past five years revealed that the Shape, Elongation, Division, and 

Sporulation (SEDS) family proteins RodA and FtsW are the primary glycosyltransferases 

(GTases) associated with elongation and division, respectively.

This review will focus on recent advances in our understanding of the physiological 

functions and regulation of the major PG biosynthetic enzymes. The field currently posits 

that protein complexes containing a GTase of the SEDS family and a bPBP TPase are 

primarily responsible for cell wall synthesis during growth and division. These are supported 

by secondary PG enzymes, including aPBPs and LDTs, that promote PG enlargement, 

maintenance, and modification. The functions and importance of aPBPs and LDTs vary 

across bacterial species and growth conditions [3–6]. Through the essential activities of 

these PG enzymes and their regulators, a bacterial cell is able to coordinate the tight spatio-

temporal control of PG synthesis necessary for survival.

SEDS family proteins function as glycosyltransferases

PG synthesis begins with roughly a dozen cytoplasmic enzymes that catalyze the synthesis 

of lipid II, the cell wall precursor molecule [1]. Lipid II, consisting of a lipid-linked 

disaccharide pentapeptide, is flipped across the cytoplasmic membrane by MurJ, where it 

becomes available for incorporation into the nascent cell wall [1] (Figure 1). The first step of 

incorporation links lipid II to a glycan strand via a GTase. Until recently, aPBPs and other 

GT51 domain-containing proteins like MtgA in Escherichia coli were thought to be the 

primary mediators of this function [1]. Surprisingly, however, some bacteria, notably 

Bacillus subtilis, are viable even when all known GT51-domain containing GTases are 

deleted [3,4,7]. This observation suggested the existence of novel enzymes with GTase 

activity and ultimately led to the paradigm-shifting discovery of the GTase activity of the 

SEDS family proteins, RodA and FtsW.

Multiple groups sought to identify the unknown essential cell wall factor(s) that functions as 

the primary GTase during elongation and/or division [3,4]. When looking for potential 

candidates, the SEDS family proteins RodA and FtsW stood out due to the conspicuous fact 

that each is a member of an essential morphogenetic complex—RodA being associated with 

the elongation machinery (elongasome/Rod complex) and FtsW with the division machinery 

(divisome). This was initially studied in a B. subtilis mutant lacking all four aPBPs (∆4), 
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which, though viable, has an increased propensity for lysis and decreased cell width [3,4,7]. 

Consistent with a PG synthetic role for RodA, overproduction of RodA in the ∆4 mutant 

restored cells to wild type morphology and growth, while depletion of RodA in the ∆4 

background was lethal [3,4]. Additionally, in E. coli, on deletion or inhibition of all aPBPs, 

elongasome-dependent PG synthesis still occurred, implicating RodA as the GTase [6]. In 
vitro assays of purified RodA in the presence of lipid II directly demonstrated its GTase 

activity and implicated two essential residues (W105 and D280) that are necessary for PG 

synthesis in vivo and in vitro [3].

Like RodA, the division-associated SEDS protein FtsW was recently demonstrated to be a 

GTase [5]. Previously, FtsW was proposed to function as a lipid II flippase, but in vitro 
assays established FtsW as the division-associated SEDS family GTase [5]. The in vitro 
GTase activity of FtsW requires its partner TPase, in this case FtsI [5]. However, FtsW’s 

GTase activity is not reliant on the TPase activity of FtsI, as either a catalytically dead 

variant or simply the transmembrane helix of FtsI is sufficient to stimulate PG 

polymerization in vitro [5]. These findings solidify the GTase activity of the SEDS protein 

FtsW and highlight the question of enzymatic regulation, which will be discussed in the 

following section. Overall, discovering the GTase activity of the SEDS proteins was a 

seminal advance in our understanding of how bacterial PG is synthesized during growth and 

division. As the essential functions of RodA and/or FtsW are required in nearly all bacteria, 

they present exciting new targets for antibiotic development; further work to fully 

characterize the catalytic mechanism and regulation of this group of enzymes is therefore 

crucial [4].

Regulation of the SEDS-bPBP cell wall synthetic complexes

Unlike the SEDS family GTases, the essential monofunctional bPBPs required for 

elongation and division are well-characterized TPases. These TPase enzymes are PBP2 for 

elongation and FtsI (PBP3) for division in E. coli. Since the bPBPs are known to interact 

directly with the SEDS family proteins [5,8–10] and crosslinking is required for PG mesh 

formation after strand polymerization, it is logical to hypothesize that their activities and 

regulation are linked. Disrupting the balance between GTase and TPase activities can be 

lethal, as during treatment with β-lactam antibiotics, suggesting that the SEDS-bPBP pairs 

require a high level of coordination [11].

Regulation of SEDS-bPBP activity was first explored in E. coli, where RodA-PBP2 were 

already known to be spatially regulated by the components of the elongasome. The 

elongasome consists of the actin homolog MreB, regulatory proteins MreC, MreD, and 

RodZ, and the PG synthase complex RodA-PBP2. These proteins form a dynamic complex 

that moves around the cell’s circumference, driven by cell wall synthesis [12] (Figure 2). A 

PG synthesis activation pathway for the elongasome was first suggested when a hyperactive 

variant of PBP2 was found to suppress mutations in or loss of the elongasome proteins 

MreC, MreD, or RodZ, and to stimulate the in vitro and in vivo cell wall synthesis activity of 

RodA-PBP2 [13]. Further work implicated MreC and MreD in regulating RodA-PBP2 

activity. MreD, which directly interacts with PBP2, is proposed to hold the PG synthases in 

an inactive state [14]. Crystal structures of the MreC-PBP2 complex from Helicobacter 
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pylori revealed an MreC-dependent conformational change of PBP2 [15]. Collectively, these 

data led to a model wherein MreC binding to PBP2 displaces MreD and activates the RodA-

PBP2 PG synthases [13,14]. Additionally, a recent structure of RodA in complex with its 

cognate bPBP established the role of PBP2’s pedestal domain as an allosteric activator of 

RodA, providing molecular resolution of the coordinated activity of the SEDS-bPBP pairs 

[8]. Two lines of evidence also suggest positive feedback from RodA-PBP2 to assembly of 

the elongasome in E. coli: (1) activating mutations in PBP2 increase the number of moving 

MreB foci, while decreasing MreB filament length [13] and (2) single molecule tracking 

indicated that PBP2 binding to a substrate (independent of its catalytic activity) initiates 

elongasome recruitment to sites of new PG synthesis [16].

Though it has not yet been directly shown, a similar mechanism of regulation for the 

divisome complex seems likely. Like the elongasome, the divisome is a multi-protein 

complex made up of a cytoskeletal protein (the tubulin homolog FtsZ), regulators (including 

FtsA, FtsK, the FtsQ-FtsL-FtsB complex, and FtsN), and a SEDS-bPBP pair (FtsW-FtsI). 

Also like the elongasome, the divisome moves dynamically, but its movement is driven by 

treadmilling of FtsZ filaments rather than by PG synthesis in E. coli and B. subtilis [12] 

(Figure 2). A large body of genetic evidence suggests that the divisome requires activation to 

drive constriction. The current model in E. coli proposes that FtsA acts through FtsN to 

initiate constriction [17]. Genetic evidence implicates other division proteins in this 

activation pathway, as suppressors of an inactive FtsN variant were found in the division 

proteins FtsB and FtsL [18,19].

The constriction activation pathway in E. coli is presumed to culminate in PG synthesis by 

FtsW and FtsI. The most direct evidence in support of this model comes from hyperactive 

mutants of FtsW and FtsI (called FtsW-FtsI*) that were identified in Caulobacter crescentus. 

The FtsW-FtsI* mutant enzymes are proposed to be biased towards an active state, as FtsW-

FtsI*-producing cells constrict faster and are shorter than wild type [20–22]. These 

hyperactive division mutants appear to function comparably to their elongasome 

counterparts, as one of the mutations in FtsW (A246T) is directly analogous to an E. coli 
RodA(A234T) variant with increased PG synthesis activity in vivo [13]. In Caulobacter, the 

FtsW-FtsI* mutant is able to render the normally essential division protein FzlA 

nonessential, suggesting that FzlA participates in the activation of FtsW-FtsI [23]. 

Hyperactivity of FtsW-FtsI* both impacts the rate of constriction and increases sensitivity to 

cell wall antibiotics that primarily target PBP2 or FtsI, reflecting the importance of FtsW-

FtsI regulation in building a robust cell wall [20,21,23]. The evolving model for divisome 

regulation requires biochemical exploration and confirmation, but it highlights the complex 

regulation of the PG synthetic machinery required to maintain cell envelope integrity during 

growth and division. Moreover, as divisome regulation is explored in more bacteria, we are 

likely to uncover variations on the themes described here, as some of the characterized 

components of the E. coli or C. crescentus activation pathways are not broadly conserved.

Daitch and Goley Page 4

Curr Biol. Author manuscript; available in PMC 2021 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bifunctional PBPs fulfill a PG repair role and are required under stress 

conditions

With the discovery of the SEDS proteins as the primary GTases for growth and division, the 

physiological function of the aPBPs must now be re-examined. Emerging research is 

revealing that the aPBPs fulfill a unique maintenance role during growth and stress 

conditions. Recent evidence establishes a division of labor where the SEDS-bPBP 

complexes build a PG foundation at the site of elongation or division, while the aPBPs can 

expand and repair the PG mesh for growth and support as needed [6] (Figure 2). In E. coli, 
the two major aPBPs - PBP1a and PBP1b - are individually dispensable, yet it is clear that 

they collectively fulfill an essential role, as loss of both is lethal [24]. PBP1a and PBP1b are 

also regulated, requiring interaction with their respective activators, LpoA and LpoB [25,26]. 

In E. coli, the aPBPs were thought to be coordinated with the primary PG synthetic 

machinery since there is in vitro and in vivo evidence of an interaction between the aPBPs 

and bPBPs [27,28]. The aPBPs also have a direct interaction with divisome proteins that 

stimulate the aPBP’s GTase activity. In E. coli, the divisome proteins ZipA and FtsN 

increase the GTase activity in vitro of PBP1a and PBP1b, respectively [29]. However, in 
vivo single molecule studies revealed that the movements of the aPBPs are not linked to the 

cytoskeletally-associated SEDS-bPBP pairs, implying spatial separation of aPBP activity 

from the dynamic morphogenetic complexes [6,30,31] (Figure 2).

Despite their apparent redundancy, there are morphological consequences of loss of aPBP 

activity. Loss of the aPBPs in E. coli or B. subtilis decreases cell width, reduces the rate of 

cell wall incorporation, and impacts overall cell wall integrity [6,7,27,31]. In E. coli, 
deletion of PBP1b results in reduced cell wall stiffness, suggesting an ability of aPBPs to 

find and repair cell wall defects [31]. Other work in B. subtilis discovered a balance between 

the two PG synthesis systems to achieve optimize cell size: the elongasome decreases cell 

width, and the aPBPs increase cell width [32]. This supportive role of the aPBPs has been 

corroborated in other species including Streptococcus pneumoniae, where the aPBPs modify 

and strengthen the newly synthesized PG made by the SEDS-bPBP complexes [33]. These 

findings imply a conserved role of the aPBPs in normal growth as maintenance enzymes that 

fill in the gaps in the cell wall as they arise (Figure 2).

Though the aPBPs do not appear to function as the primary PG synthases in normal growth, 

recent studies reveal a major responsibility of these enzymes during fluctuating 

environmental conditions. For instance, growth of E. coli in acidic or alkaline environments 

was found to be dependent on the presence of PBP1b and PBP1a, respectively [34]. This 

impact on viability likely does not involve a novel enzymatic activity - the global cell wall 

composition is unchanged in altered pH [35] - but rather reflects the ability of specific 

synthases to retain enzymatic activity and act as repair enzymes under conditions when 

others are inactive [34]. Interestingly, PBP1b also appears critical in the context of β-lactam 

sensitivity, as loss of PBP1b or its regulator LpoB results in hypersensitivity to cell wall-

targeting antibiotics [36]. The aPBPs also appear to be important for adapting to osmotic 

changes and mechanical stresses, as well as for initiating de novo PG synthesis [37,38]. 

Daitch and Goley Page 5

Curr Biol. Author manuscript; available in PMC 2021 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



These findings are likely the beginning of a complete understanding of the PG enzymes and 

their distinct roles in cell wall homeostasis and repair.

LDT activity can protect against cell envelope stress

Among the cell wall enzymes, the less-well studied LDTs occupy a unique category within 

the TPases. Though the LDTs crosslink peptide stems, they are not members of the PBP 

family. Rather, they have minimal amino acid similarity and a distinct active site from the 

PBPs, explaining their insensitivity to inhibition by penicillin [39]. In E. coli, the 

predominant 4–3 crosslink is between a meso-diaminopimelic acid (mDAP) in the third 

position of a tetra-peptide to a terminal D-alanine (D-ala) in the fourth position of a 

neighboring tetra-peptide stem. However, roughly 3–10% of the crosslinks in E. coli consist 

of a 3–3 linkage, mDAP-mDAP, which is synthesized by the LDTs from already processed 

tetrapeptides [40] (Figure 1). Similar to the SEDS-bPBP pairs, PG remodeling by the LDTs 

functions in concert with a GTase, specifically an aPBP [41,42]. Though nonessential in E. 
coli, LDTs appear to be important under stress conditions: inhibiting the LDTs with copper 

ions results in cell envelope defects [43], increased LDT activity provides resistance to cell 

lysis during OM stress [41], and LDT-mediated crosslinking can confer resistance to broad 

spectrum β-lactam antibiotics in E. coli and Enterococcus faecium [42,44].

In contrast to E. coli, LDTs appear to play a major role in organisms that exhibit polar 

growth, notably Mycobacterium tuberculosis and Agrobacterium tumefaciens (Figure 2). 

LDT-generated 3-3 linkages comprise about 80% of the total crosslinks in M. tuberculosis 
and more than 50% of the crosslinks in A. tumefaciens [45,46]. In these organisms, the 

abundance of 3-3 crosslinks appears to be important for resistance to certain cell wall-

targeting agents. For instance, loss of LDT activity in M. tuberculosis results in growth 

defects, loss of virulence, and increased sensitivity to the β-lactam antibiotics that target 

PBPs [47]. Similarly, the PG of A. tumefaciens is highly resistant to lysozyme-mediated 

degradation [48]. The distinct chemistry of the cell wall resulting from LDT activity likely 

underlies these protective effects.

LDTs are also important for generating spatially discrete areas within the cell wall of 

uniquely crosslinked PG and for formation of polar structures, as was found in C. crescentus 
[48,49]. C. crescentus forms a unipolar appendage called the stalk, which contains all 

elements of the cell envelope and requires PG synthesis for its formation (Figure 2). 

Interestingly, stalk morphology is unaffected by treatment with β-lactams and cell wall 

digesting enzymes like lysozyme, which can be attributed to increased LDT activity in the 

stalk [48,50]. Though the physiological significance of high LDT activity in the stalk is 

unknown, it highlights a spatially-regulated PG metabolic activity that provides protection 

against PG assaults. As with the aPBPs, we are only now learning the importance of these 

previously overlooked enzymes as we push the limits of stress and culture conditions and 

explore PG metabolism in diverse bacteria.

Daitch and Goley Page 6

Curr Biol. Author manuscript; available in PMC 2021 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions and Perspectives:

Only a decade ago, our understanding of the bacterial cell wall synthesis machinery was 

profoundly different than it is today. Previously, the primary biosynthetic PG machinery was 

thought to consist of the monofunctional TPases and the GTase activity of aPBPs. The SEDS 

family proteins had an unknown essential function and we knew very little about the 

activation of cell wall synthesis during growth and division. The SEDS-bPBP complexes are 

now characterized as the primary morphogenetic PG enzymes, and we are beginning to 

understand their activity and regulation. In retrospect, it seems the SEDS GTases were 

hidden in plain sight - some bacteria lack aPBPs, but encode at least one bPBP and a SEDS 

protein [3] – making it somewhat surprising their activity was not discovered earlier. Despite 

the progress made in recent years, there are still many unknowns. For one, the activation 

pathway and regulatory machinery for SEDS-bPBP pairs is undoubtedly complex. In 

addition to identifying the activating factors, the link between these enzymes and the 

dynamic cytoskeletal complexes with which they associate is poorly understood. Through 

single molecule studies we are now able to observe the directed movement of the 

cytoskeletal components and associated enzymes, which will begin to reveal more about the 

distribution of morphogenetic proteins and corresponding PG synthesis [12]. A more in 

depth understanding of these highly conserved PG synthetic enzymes is also pivotal as they 

can be exploited as antimicrobial targets.

As the genomes of a growing number of bacteria have been sequenced, we can identify most 

of the cell wall family enzymes of either known or unknown physiological function. With 

this knowledge, we can continue to dissect the importance of apparently “redundant” PG 

enzymes, which are likely not redundant at all. The recent work on the aPBPs and LDTs has 

scratched the surface of identifying conditions when apparently nonessential PG enzymes 

become essential for viability. Future work will expand this paradigm to other cell wall 

enzymes, potential activators, and novel cell wall chemistries. One avenue that will inform 

this work is the study of PG biochemistry and regulation in a diversity of bacterial systems. 

Many of the discoveries discussed above were only possible as a result of studying different 

bacterial systems, each offering unique technical strengths and/or occupying distinct 

biological niches. This could immediately be applied to one outstanding question in this 

realm which is the apparent lack of aPBP activators, e.g. the LpoA/B proteins, outside of the 

γ-proteobacteria. It is unlikely that the aPBPs do not require activators and/or regulators in 

other species; rather we simply have not yet discovered them. Ultimately, we marvel at the 

rapid advancement of the field of PG biogenesis in recent years and anticipate an increasing 

rate of discovery as tool development continues to push the limits of what is discoverable.
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Figure 1: The basics of peptidoglycan (PG) synthesis.
The PG precursor is synthesized in the cytoplasm to create the lipid-linked disaccharide-

pentapeptide moiety, lipid II. Lipid II is then flipped across the cytoplasmic membrane by 

MurJ. Once in the periplasm, a glycosyltransferase (GTase) polymerizes the lipid II moiety 

onto the growing glycan strand, through the action of either a SEDS protein (RodA or 

FtsW), a bifunctional class A penicillin binding protein (aPBP), or a GT51 containing 

enzyme. Once polymerized, the peptide stem can then be crosslinked to a neighboring strand 

through the action of a transpeptidase (TPase). A monofunctional bPBP (PBP2 or FtsI) or a 

bifunctional aPBP acts as a D,D-TPase, creating a 4-3 linkage, shown in teal. For simplicity, 

only the SEDS/bPBP synthases are shown to depict transglycosylation and transpeptidation 

steps. The peptide stem can alternatively be crosslinked in a 3-3 linkage (shown in purple) 

through the action of an L,D-transpeptidase (LDT).
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Figure 2: Dynamics and functions of distinct PG synthetic enzymes.
SEDS-bPBP pairs are associated with morphogenetic complexes to direct spatially-regulated 

PG synthesis, while movement of the aPBPs and LDTs are independent of the division/

elongation machinery. Left panel: The importance of LDT activity varies among species. In 

some organisms, LDT-mediated crosslinking is important in specific regions in a cell, such 

as during stalk formation or unipolar growth. LDT activity also appears important for 

resistance to antibiotic treatment. Movement of the aPBPs is diffusive followed by periods 

of confinement. The bifunctional aPBPs likely act as repair machinery necessary for 

efficient growth and/or PG synthesis during stress conditions. Middle panel: In almost all 

bacteria with a cell wall, PG synthesis associated with the divisome is carried out by the 

FtsW-FtsI enzyme pair. The movement of FtsW-FtsI is bidirectional around the short axis of 

the division plane, directed by treadmilling of FtsZ filaments. The conserved activation 

pathway for FtsW-FtsI likely requires the divisome proteins FtsA, FtsK, FtsN, and FtsQLB. 

Right panel: In many rod-shaped organisms, RodA-PBP2 synthesize PG for elongation and 

are regulated by elongasome proteins, notably MreC. The elongation machinery moves 

bidirectionally about the circumference of the short axis of the cell but, unlike the divisome, 

movement is directed by PG synthesis rather than MreB dynamics.
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