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Abstract

The Gram-positive cell envelope serves as a molecular platform for surface display of capsular 

polysaccharides, wall teichoic acids (WTAs), lipoteichoic acids (LTAs), lipoproteins, surface 

proteins and pili. WTAs, LTAs, and sortase-assembled pili are a few features that make the Gram-

positive cell envelope distinct from the Gram-negative counterpart. Interestingly, a set of LytR-

CpsA-Psr family proteins, found in all Gram-positives but limited to a minority of Gram-negative 

organisms, plays divergent functions, while decorating the cell envelope with glycans. 

Furthermore, a phylum of Gram-positive bacteria, the actinobacteria, appear to employ oxidative 

protein folding as the major folding mechanism, typically occurring in an oxidizing environment 

of the Gram-negative periplasm. These distinctive features will be highlighted, along with recent 

findings in the cell envelope biogenesis.

Introduction

The biochemical, biological, and protective nature of bacterial cell envelopes defines what 

they are. On the basis of membranous enclosure, Gram-positive bacteria are monoderm, i.e. 

single membrane, lacking the outer membrane seen in the Gram-negative counterparts. They 

are further classified into Firmicutes and Actinobacteria, based on the low and high GC 

content of their genomes, respectively. Intriguingly, several actinobacteria, such as 

Corynebacterium glutamicum and Mycobacterium tuberculosis, produce mycolic acids that 

constitute the mycobacterial outer membrane, often referred as the mycomembrane [1]; 

whether or not this mycomembrane would provide actinobacteria an oxidizing environment 

for oxidative protein folding (discussed below) is up for debate. By definition, the 

cytoplasmic membrane, thick layers of peptidoglycan, and accessory factors are part of the 

cell envelope of Gram-positive bacteria. Recent discoveries of the Escherichia coli flippase, 

a transporter protein that translocates lipid II across the cytoplasmic membrane, provide 

To whom correspondence should be addressed: Hung Ton-That, Department of Microbiology and Molecular Genetics, University of 
Texas McGovern Medical School, 6431 Fannin Street, R224/MSE, Houston, TX 77030, USA. ton-that.hung@uth.tmc.edu; Tel. (+1) 
713 500 5468; Fax (+1) 713 500 5499. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Microbiol. Author manuscript; available in PMC 2017 December 01.

Published in final edited form as:
Curr Opin Microbiol. 2016 December ; 34: 31–37. doi:10.1016/j.mib.2016.07.015.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



insights into the mechanism of peptidoglycan biosynthesis not only in Gram-negative but 

also Gram-positive bacteria. Considerably equivalent to the Gram-negative bacterial LPS, 

wall teichoic acids (WTAs) and lipoteichoic acids (LTAs) are cell wall- and membrane-

anchored anionic polymers, respectively, that play various cellular functions. Likewise, 

capsular polysaccharides form another class of anionic polymers that give rise to many 

serotypes of streptococci. Readers are referred to several recent reviews describing these 

topics in detail [2–4]. Perhaps there is only a single class of surface proteins that are 

covalently anchored to the cell wall of Gram-positive bacteria, those with the cell wall 

sorting signal (CWSS). The biosynthesis pathway of these proteins will be discussed at 

length below, along with flippase that helps build the cell wall for surface proteins to attach 

to, folding of these proteins, and some new aspects of surface glycoproteins that are also 

covalently linked to the cell wall.

Building the Cell Wall

Early investigations into the mechanism of action of penicillin might have marked the 

beginning of molecular studies of bacterial cell wall biogenesis [5,6]. Work in 

Staphylococcus aureus has essentially provided the basic principle of cell wall synthesis in 

Gram-positive bacteria, which can be divided into three stages: the cytoplasmic synthesis of 

Park’s nucleotide (UDP-MurNAc-L-Ala-D-iGlu-L-Lys-D-Ala-D-Ala), generation of lipid II 

in the membrane, and assembly of peptidoglycan. The details of each stage have been well 

described in several excellent reviews [7–9], which are briefly summarized here. Initially, 

Park’s nucleotide is synthesized in the cytoplasm. At the cytoplasmic face of the membrane, 

Park’s nucleotide is then attached to an undecaprenyl-pyrophosphate carrier molecule (C55-

PP) to form lipid I. The attachment of N-acetyl-glucosamine to lipid I yields lipid II. In S. 
aureus, a pentaglycyl cross-bridge is added to lipid II by a set of peptidyl transferases, called 

FemA, FemB and FemX [10,11], before the resulting product is flipped to the outer leaflet 

of the cytoplasmic membrane. Finally, peptidoglycan is built from lipid II by the action of 

transglycosylases and transpeptidases (also called penicillin binding proteins).

While the above pathway is widely acknowledged, the exact identity of a factor that flips 

Lipid II across the membrane has been controversial [12]. In the Gram-negative bacterium 

E. coli, in vitro assays have implicated FtsW to act as a flippase [13], contrary to the 

previous view that MurJ is likely the lipid II flippase [14]. More recently, with an in vivo 
assay for lipid II flippase activity that takes advantage of ColM, which cleaves lipid II once 

it is flipped to the periplasmic face of the inner membrane, Sham and colleagues elegantly 

demonstrate that MurJ is the lipid II flippase in E. coli [15]. On the other hand, a quest for 

flippase(s) in Gram-positive bacteria has been less bumpy. In C. glutamicum, RodA, a SEDS 

(shape, elongation, division and sporulation) family protein highly similar to FtsW, appears 

to be the flippase of this organism [16]. In Bacillus subtilis, amj, identified to form a 

synthetic lethal pair with murJ, encodes a novel lipid II flippase named Amj that is a 

functional alternative to MurJ [17]. The observation that Amj expression is under the control 

of σM and the activity of σM increases in the absence of MurJ raises the possibility that Amj 

provides the bacterium a countermeasure in case that MurJ is antagonized by inhibitors by 

other soil-dwelling organisms [17]. It is interesting to know if non-soil-dwelling Gram-

positive bacteria would possess this capability.
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Attaching Surface Proteins and Pilus Polymers to the Bacterial Cell Wall

In Gram-positive bacteria, less than 10% exported proteins are covalently attached to the 

bacterial cell wall. The precursor form of these proteins contains a signal peptide and a C-

terminal cell wall sorting signal (CWSS), which is comprised of a LPXTG motif, followed 

by a hydrophobic domain and a short tail of positively charged residues [18]. The CWSS is 

necessary and sufficient for cell wall attachment mediated by a conserved transpeptidase 

enzyme named sortase SrtA first discovered in S. aureus [19,20]. Results from structural 

studies and in vivo studies of SrtA [21,22], as well as in vitro reconstitution of cell wall 

anchoring [22,23], put forth a well-known model of sortase-catalyzed cell wall anchoring of 

surface proteins [18,24,25], whereby the membrane-bound sortase SrtA enzyme cleaves the 

LPXTG motif between threonine and glycine and links the cleaved substrate to the amino-

group of the pentaglycyl cross-bridge within lipid II; the generated product is ultimately 

incorporated into the cell wall. The enzymatic activity of sortase requires two conserved 

residues Cys and His [26], which constitute a catalytic pocket within the β-barrel structure 

of SrtA [21].

SrtA is not the only sortase that has cell wall anchoring activities; among six classes of 

sortase enzymes reported to date,, i.e. A–F with S. aureus SrtA as the prototype class A 

sortase [27], S. aureus SrtB (class B sortase) and two class E sortases, Corynebacterium 
diphtheriae SrtF and Actinomyces oris SrtA, have been shown to mediate cell wall 

anchoring of surface proteins. In S. aureus, SrtB specifically catalyzes cell wall anchoring of 

IsdC, a heme transport protein, which harbors an NPQTN motif [28]. In C. diphtheriae, SrtF 

recognizes a slightly different sorting signal motif, LAXTG, present in pilus base proteins 

[29,30]. On the other hand, the housekeeping SrtA enzyme of A. oris appears to 

accommodate both LPXTG- and LAXTG-containing surface proteins and pilins [31,32]. It 

is interesting to know what determines this broad range of substrates; the availability of A. 
oris SrtA structures would be helpful in this regard.

Compared to class A sortases, and possibly other sortases of the remaining classes, class C 

sortases are structurally and functionally distinct. While class C sortases have a typical 

sortase fold, i.e. β-barrel, they possess a lid that covers their catalytic pocket [33]. They are 

the only sortase enzymes that have polymerizing activities or pilus polymerization, i.e. 

linking monomeric proteins into covalently bonded polymers, hence called pilus-specific 

sortase [18,27]. Sortase-mediated pilus polymerization was first described in C. diphtheriae 
with the SpaA pilus, which is comprised of the pilus shaft SpaA, pilus tip SpaC and pilus 

base SpaB, with all pilins containing the CWSS [34]. In addition, SpaA harbors a pilin motif 

with the conserved lysine residue participating in pilus crosslinking reactions [34,35]. In 

principle, pilus polymerization is the same as the transpeptidation reaction resulting in cell 

wall anchoring of surface proteins (see Fig. 1 for detail). Currently, it is not known how the 

switch between pilus polymerization and termination is determined, but it may be well 

related to pilin stoichiometry. Consistent with this view, overexpression of SpaA leads to 

formation of exceedingly long pili [34], whereas overexpression of SpaB results in short pili 

[30]; the finding also implies that SpaB expression in cells is subject to regulation. Another 

possibility is that incorporation of SpaB into the pilus base may force the pilus system to 
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switch from pilus polymerization to cell wall anchoring because the housekeeping sortase 

SrtF has high affinity for SpaB [30].

To understand the molecular nature of pilin linkages, Baker and colleagues have solved a 

three-dimensional structure of the C. diphtheriae shaft pilin SpaA by X-ray crystallization 

[36], revealing conserved features found in other Gram-positive pilins [37,38]. SpaA is 

composed of three tandem IgG-like domains, with the middle and the C-terminal domains 

containing an intramolecular Lys–Asn isopeptide bond [36]. These isopeptide bonds 

contribute to the protein stability that sustains mechanical forces up to 525 pN, making 

SpaA one of the most mechanically stable proteins known [39]. Intriguingly, the C-domain 

also contains a disulfide bond that is essential for post-translocational protein folding [40] 

(see below). Disulfide bonds appear to be a common feature in only Actinobacterial pilins 

[41], as they are completely absent in Firmicutes pilins reported to date [42]. Currently, there 

is no three-dimensional structure of SpaB or SpaC, but based on the protein sequence of 

each pilin, one could predict that SpaC may possess disulfide bonds, but SpaB does not.

Not all pili of Gram-positive bacteria are heterotrimeric as is the case of the C. diphtheriae 
SpaABC pili. Pili of Actinomyces spp., Bacillus cereus, and Streptococcus suis are 

heterodimeric, i.e. only shaft and tip pilins [43–45]; hence the last shaft pilin subunit serves 

as the pilus base [43,46,47]. This poses some intriguing possibilities. Since there is no SpaB 

that acts as a switch, termination of pilus polymerization may be dependent on the cell wall 

anchoring sortase. Secondly, pilus-specific sortases in these organisms may be able to 

efficiently anchor pilus polymers to the cell wall. Recent studies of the housekeeping sortase 

SrtA in A. oris lend some truth to these possibilities; it was observed that extremely long pili 

remain attached to the cell surface in the absence of srtA [32]. It remains to be determined if 

A. oris SrtA is indeed involved in regulation of pilus length and possesses additional features 

that gives rise its dual enzymatic activities.

Sugar Coating the Cell Envelope

Gram-positive bacteria decorate their cell envelope with various forms of sugars and sugar 

derivatives, such as capsular polysaccharides and WTAs and LTA glycopolymers; the latter 

are found variably within Gram-positive species. WTAs are composed of phosphodiester-

linked polyol repeat units (polyribitol phosphate – polyRboP or polyglycerol phosphate – 

polyGroP) and a disaccharide linkage unit, which is covalently attached to peptidoglycan via 

a phosphodiester bond to the C6 hydroxyl of N-acetyl muramic acid (MurNAc) [3]. LTAs 

are basically polyGroP polymers tethered to the membrane via a diacylglycerol lipid, and 

many types of LTAs based on the chemical structures of polyGroP polymers have been 

classified [2]. Of particular interest is the type IV LTA of Streptococcus pneumoniae that has 

the backbone of pseudopentasaccharide repeating units comprised of 2-acetamido-4-amino- 

2,4,6-trideoxy-D-galactose, glucose, ribitol phosphate, and two N-acetylgalatosamine 

molecules [2,48]. The backbone is built on undecaprenyl phosphate in the cytoplasm and 

flipped across the membrane by TacF. The resulting backbone is then either linked to a 

glycolipid lipid anchor or peptidoglycan by LytR-CpsA-Psr (LCP) family enzymes to 

generate LTAs or WTAs, respectively [2] (Fig. 2). First functionally demonstrated in B. 
subtilis [49], LCP proteins are widespread in Gram-positive bacteria and often present in 

Siegel et al. Page 4

Curr Opin Microbiol. Author manuscript; available in PMC 2017 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



multiple copies [50]. In B. anthracis, for example, six LCP enzymes are presumably 

involved in transferring of cell wall polysaccharides to discrete sites within the cell envelope 

[51]. Interestingly, the role of the LCP enzymes seems to extend beyond WTA and LTA 

biosynthesis. In A. oris, an LCP protein is thought to catalyze the transfer of an unknown 

glycopolymer to an LPXTG-containing protein called GspA, before it is attached to the cell 

wall by the housekeeping sortase SrtA [32] (Fig. 2). The nature of this GspA glycosylation 

by LCP is currently unknown, so is the conservation of this pathway in other Gram-positive 

bacteria.

Life after Membrane Translocation

Unlike proteins exported by the twin-arginine translocation (TAT) system, Gram-positive 

bacterial proteins with a signal peptide are translocated by the Sec machine in an unfolded 

state. How these translocated proteins acquire their native conformation has been an 

intriguing question. More than 15 years ago, Beckwith and Henriques-Normark groups 

reported that the secretome of Actinobacteria, such as Corynebacterium glutamicum and 

Mycobacterium tuberculosis, comprises a high number of proteins with two or more 

cysteine residues; in contrast, the secretome of Firmicutes, such as S. aureus and B. subtilis, 

is largely devoid of incorporated cysteine residues [52,53]. In line with this, recent studies in 

the two actinobacteria A. oris and C. diphtheriae support the notion that Actinobacteria 

employ disulfide bond formation as the major mechanism of post-translocational protein 

folding [54]. In both actinobacteria, a membrane-bound thiol-disulfide oxidoreductase called 

MdbA catalyzes disulfide bond formation in a manner that is similar to E. coli DsbA 

[40,41]. In fact, crystal studies reveal that both MdbA enzymes harbor a DsbA-like fold, i.e. 

a thioredoxin-like domain and an extended α-helical domain, despite little sequence 

similarity with DsbA and known DsbA-like proteins [40,41]. Given that more than 60% 

secreted proteins in A. oris and C. diphtheriae contain two or more cysteine residues, it has 

been proposed that MdbA is the primary thiol-disulfide oxidoreductase that catalyzes 

oxidative protein folding in these two organisms [40,41] (see Fig. 1). Consistent with this 

notion, mutant strains devoid of mdbA fail to form adhesive pili [40,41] and are attenuated 

in virulence [40]. In addition, deletion of mdbA is lethal in A. oris [41] and in C. diphtheriae 
at 37°C [40]. The basis of this essentiality may be that components vital to cell envelope 

biogenesis, e.g. penicillin-binding proteins, require MdbA-mediated postranslocational 

protein folding since mdbA-depleted strains exhibit aberrant cell morphology and growth 

arrest [54]. If this is the case, inhibitors of MdbA may augment the effectiveness of cell 

envelope-targeting antibiotics and lessen antibiotic resistance.

The essentiality of MdbA-mediated oxidative protein folding and cysteine inclusion of 

exported proteins in the actinobacteria raises an interesting question of how post-

translocational folding of exported proteins lacking cysteines in the actinobacteria and those 

in the firmicutes takes place. One possibility is that chaperones, foldases and peptidylprolyl 

isomerases, such as PsrA and PpiA [55], may provide an alternative pathway.
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Concluding Remarks

Cell envelope biogenesis in Gram-positive bacteria has been subject to extensive 

investigations for more than six decades. It started with molecular studies of how antibiotics 

affect the cell envelope, and great progress has been made to unlock various steps of cell 

envelope biogenesis. Future experiments may be directed at examining the exoplasmic 

compartment surrounding the Gram-positive cytoplasmic membrane and what makes it 

suitable for oxidative protein folding in actinobacteria (Fig. 3), as well as how folded 

proteins are translocated across the thick layer of Gram-positive peptidoglycan. In this 

regard, recent technical advances in cryo-electron microscopy may allow detailed 

examinations of the cell envelope at high resolution in the native state. Finally, the protective 

and immunological nature of the cell envelope may present a challenge as to how its 

constituents of individual bacteria and microbiome as a whole impact the host organism, yet 

it offers tremendous opportunities as targets for antimicrobial development.
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Highlights

• Many Gram-positive bacteria assemble on the cell envelope covalently 

linked pili that are polymerized by a conserved transpeptidase called 

pilus-specific sortase.

• LytR-CpsA-Psr family proteins present in all Gram-positive bacteria 

are involved not only in transferring teichoic acids to peptidoglycan or 

glycolipid anchors but also linking glycans to a cell wall-anchored 

protein.

• The high GC content bacteria or actinobacteria utilize a membrane-

bound thiol-disulfide oxidoreductase as the major protein folding 

machine for exported proteins.
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Figure 1. 
Pilus assembly in Gram-positive bacteria – modeled after the SpaA pilus of C. diphtheriae. 

The SpaA pilus, encoded by the pilus gene cluster spaA-srtA-spaB-spaC, is built from the 

SpaA shaft pilins, with SpaC located at the tip and SpaB at the pilus base. Pilus assembly 

begins with the synthesis of pilin precursors in the cytoplasm, followed by the Sec-mediated 

transport of the precursors in an unfolded state. A membrane-bound thiol-disulfide 

oxidoreductase named MdbA catalyzes post-translocational protein folding, permitting 

membrane insertion of the precursors, which are polymerized by a pilus-specific sortase via 

lysine-mediated transpeptidation. Pilus polymerization is terminated when SpaB enters to 

the pilus base in a similar transpeptidation reaction mediated by a lysine residue [30]. 

Subsequently, the housekeeping sortase catalyzes the linkage of SpaB to lipid II; the 

resulting polymer is incorporated into the cell wall [29]. Of note, flipping of lipid II across 

the membrane is presumably mediated by unknown flippase.
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Figure 2. 
LCP-mediated glycosylation in Gram-positive bacteria. The LytR-CpsA-Psr (LCP) family 

proteins are widespread in Gram-positive bacteria. In S. pneumoniae, LCP enzymes are 

involved in WTA and LTA biosynthesis, whereby they catalyze the joining of glycopolymers 

to peptidoglycan or a glycolipid anchor, hence generating WTAs and LTAs, respectively 

(modified after Percy and Grundling [2]). In A. oris, it is proposed that an LCP enzyme 

mediates the transfer of an unknown glycan chain to a LPXTG-containing protein named 

GspA, which is then anchored to the cell wall by the housekeeping sortase SrtA. It is unclear 

about the constituents of this glycan chain.
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Figure 3. 
Electron microscopic analysis of Gram-positive bacteria. Fresh bacterial cultures of the 

firmicutes S. aureus (strain Newman) (A) and the actinobacteria C. diphtheriae (strain 

NCTC 13129) (B) and A. oris (strain MG1) (C) were deposited onto holey carbon grids, 

which were rapidly frozen in liquid ethane. Cryo-EM images of the frozen-hydrated 

specimens were taken on a direct electron detector (Gatan K2) on a cryo-electron 

microscope (FEI Polara). (D) Shown is an A. oris cell obtained by three-dimensional 

reconstructions by cryo-electron tomography [56]. Note a less dense layer between the 

membrane and peptidoglycan; a scale bar of 0.2 μm.
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