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Abstract

The inexorable spread of resistance to clinically used drugs demands that we maintain a full 

pipeline of antibiotic candidates. As organisms have struggled to survive and compete over 

evolutionary history, they have developed the capacity to make a remarkably diverse array of 

natural products that target the cell envelope. A few have been developed for use in the clinic but 

most have not, and there are still an enormous number of opportunities to investigate. Substrate-

binding antibiotics for Gram-positive organisms, phage-derived lysins, and outer membrane 

protein-targeting agents for Gram-negative organisms represent promising avenues where nature’s 

gifts may be repurposed for use in the clinic.

Introduction

The widespread introduction of penicillin toward the end of World War II transformed 

medicine, curing infections that were once death sentences and enabling invasive surgical 

procedures. Several new classes of antibiotics were introduced shortly thereafter, providing 

an arsenal of drugs that have saved countless lives over the last seventy-five years. However, 

resistance to all clinically-used antibiotics has emerged, and our ability to cure bacterial 

infections is increasingly threatened. Solving this problem is a public health priority.

Many of the world’s most successful antibiotics target the cell envelope due to its 

accessibility and the fact that many of its components are both essential and unique to 

bacteria. The cell envelope is a complex structure, consisting of the cell membrane, a 

peptidoglycan (PG) cell wall, a variety of associated polymers, and, in Gram-negative 

bacteria, a highly impermeable outer membrane (OM) [1, 2] (Figure 1A). The PG cell wall 

is a crosslinked polymer that encases the cytoplasmic membrane, and its assembly, reviewed 

in this issue by Grangeasse et al., is targeted by some of the world’s most important 

antibiotics. For example, penicillin and other beta-lactam antibiotics inhibit enzymes that 

crosslink PG chains, while vancomycin binds to Lipid II, the precursor substrate from which 

PG is assembled, preventing it from being used to build PG (Figure 1B). One way the drug 

industry has kept ahead of antibiotic resistance is by developing analogs of successful 
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antibiotics and by using antibiotics in combination with other compounds that target 

important resistance mechanisms [3]. Although these approaches have been successful, high 

rates of antibiotic resistance reveal a pressing need for continued discovery of antibiotics 

with novel mechanisms of action.

Here, we highlight some recent discoveries of antibacterial agents that target the cell 

envelope. We focus on peptide-based natural products, recognizing that these antibiotics 

have been tailored and selected by nature for broad-spectrum activity over a long 

evolutionary history.

PG substrate binders

Vancomycin, which disrupts PG synthesis by binding to a PG substrate rather than an 

enzyme in the PG biosynthesis pathway, is the drug of choice for many drug-resistant 

infections caused by Gram-positive bacteria. First approved by the FDA in 1958, 

vancomycin binds D-Ala-D-Ala in the stem peptide of Lipid II [4] (Figure 2A), sterically 

blocking both the polymerization and crosslinking steps of peptidoglycan synthesis. 

Vancomycin has been a useful drug for so long because its mechanism makes it hard for 

bacteria to develop spontaneous resistance. Whereas bacteria often develop high level 

resistance to enzyme inhibitors through single amino acid changes in the enzyme target, 

altering a substrate in a biosynthetic pathway requires changing the selectivity of multiple 

enzymes. The probability that this would occur spontaneously through random mutation is 

extremely low. Vancomycin was used for more than thirty years before resistance began to 

spread widely due to transfer of resistance cassettes from glycopeptide-producing bacteria 

[5].

Vancomycin’s substrate-binding mechanism of action was for decades thought to be very 

unusual, but it is now known that nature makes a remarkably diverse array of PG substrate 

binders [6]. These natural products, many of which are made by Gram-positive 

Actinobacteria [7] or Gram-negative Proteobacteria found in soil, generally contain a mix of 

L- and D-amino acids and have one or more rigidifying rings or crosslinks (Figure 3). 

Although vancomycin binds the stem peptide of Lipid II, most PG substrate binders 

recognize a different part of Lipid II. For example, the depsipeptides ramoplanin [8], 

lysobactin [9], and the recently discovered teixobactin [10] all recognize the reducing end of 

Lipid II, which includes the diphospho-sugar linkage (Figure 2B). Like Lipid II, other cell 

envelope glycopolymers such as wall teichoic acids (WTAs) are also assembled on 

undecaprenyl pyrophosphate (Und-PP), and many PG substrate binders can also bind to 

these precursors. In cells, however, many PG substrate binders lead to Lipid II accumulation 

[9, 11]. Because carrier lipid flux directly connects PG synthesis to assembly of other Und-

P-linked substrates, Lipid II accumulation titrates away the carrier lipid used to make these 

substrates. In this manner, Lipid II binders may simultaneously block PG synthesis and 

synthesis of other pathways, but their binding to PG substrates is likely the direct cause of 

cell death. Some Lipid II binders, including nisin and the lysocins, have features that 

promote membrane perturbation, which may also contribute to their lethality [12, 13].
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Daptomycin, an important drug used to treat resistant Gram-positive infections, has now 

been shown to form a complex with Lipid II. Daptomycin has an unusual history: clinical 

trials were initially abandoned due to muscle toxicity, but a perspicacious pharmacologist 

later recognized that dosing adjustments could solve the toxicity problem and brought it 

back to the clinic [14]. Daptomycin gained FDA approval in 2003 even though its 

mechanism of action was unknown. Initial studies suggested that daptomycin inhibits PG 

synthesis [15], and its structure resembles those of other calcium-dependent cyclic 

lipopeptides like amphomycin [16] and friulimicin [17], which bind Und-P (Figure 2B). All 

these molecules also share some structural features with bacitracin, a cyclic peptide that 

inhibits dephosphorylation of Und-PP, preventing its recycling [18]. However, in vitro 
studies failed to demonstrate a specific target for daptomycin in the PG synthesis or 

recycling pathways. Focus turned to daptomycin’s membrane-disrupting properties as a 

likely mechanism of cell death [19], but a unique target to explain its specificity for bacteria 

was not identified. Reconciling many of the prior results, Grein et al. have now shown that 

daptomycin-Ca2+ binds Lipid II, but that complexation requires the membrane lipid 

phosphatidylglycerol [20]. This requirement may explain why it took so long to show an 

interaction with Lipid II. Recent bioinformatic analyses have also uncovered other novel 

calcium-dependent antibiotics, the malacidins [21] and cadasides [22], further demonstrating 

the wealth of such molecules that exist in nature.

Lipid II binders represent promising avenues for clinical development because, as with 

vancomycin, resistance cannot easily develop through spontaneous mutations to alter the 

target. Other mechanisms of resistance are possible, of course, including strategies to modify 

the antibiotics themselves. There are widespread D-stereospecific peptidases that can 

inactivate D-amino acid-containing peptide antibiotics [23]. Moreover, low levels of 

resistance to substrate binders can arise through cell envelope changes that limit access of 

these antibiotics to their targets. Even modest reductions in pathogen susceptibility to 

substrate binders can have serious consequences in the clinic [24, 25]. Nevertheless, 

substrate binders remain exceptionally attractive candidates for new antibiotics because the 

probability of spontaneous high-level resistance is extremely low.

A recent discovery suggests that some natural products may target fully formed PG. In 2020, 

the antibiotic complestatin and a novel compound, corbomycin, were reported to bind PG 

and proposed to inhibit cell growth by sterically blocking access of multiple cell wall 

hydrolases to their substrates [26] (Figure 2B). Cell wall hydrolases are important in PG 

maturation, remodeling, and daughter cell separation [27]. They are typically not 

individually essential; however, deleting a number of cell wall hydrolases can result in 

growth defects. The proposed mechanism of action for complestatin and corbomycin is 

novel and merits further investigation, although previous data demonstrating broad effects of 

complestatin, including inhibition of complement, may preclude its clinical use [28]. It is not 

known if corbomycin will have the same undesired effects. One potential limitation of 

corbomycin is that it would not be useful in combination with beta-lactams or other cell wall 

synthesis inhibitors. By blocking hydrolases, corbomycin prevents the cell wall lytic activity 

that these drugs rely on for killing. This limitation would likely apply to other pan-selective 

cell wall hydrolase inhibitors. However, because removing certain cell wall hydrolases can 

increase susceptibility to beta-lactam antibiotics, agents that selectively target these 
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hydrolases might be useful adjuncts to beta-lactam therapy [29, 30]. The bulgecin natural 

products, which inhibit lytic transglycosylases important in Gram-negative bacteria, are 

attracting attention for this use [31, 32].

Lysins as drugs

Some cell wall hydrolases may also be used as therapeutic agents themselves. Bacteria and 

bacteriophages have weaponized hydrolases to lyse competitors or their hosts [33], raising 

the possibility that we, too, could deploy them as antibiotics. Bacteriophages are a 

particularly rich source of bacteriolytic proteins and peptides; most encode lysins, PG 

hydrolases that degrade the cell wall, although some produce lytic agents with other 

molecular targets in the PG synthesis pathway [34, 35] (Figure 1B). As potential treatments 

for bacterial infections, lysins are appealing because they are specific for PG and rapidly 

cause lysis [36]. In degrading PG rather than inhibiting an enzyme target, lysins, like 

substrate-binding antibiotics, may be slow to engender resistance.

A bacteriophage lysin, PlySs2 (also called CF-301 or exebecase), is currently undergoing 

Phase 3 clinical trials as an addition to the standard of care for treating S. aureus bacteremia, 

including endocarditis (https://clinicaltrials.gov/ct2/show/NCT04160468). PlySs2 was 

originally identified in 2013 from a Streptococcus suis phage [37]. It has an N-terminal 

CHAP (cysteine-histidine-dependent amidohydrolases/peptidases) domain and a C-terminal 

SH3b cell wall-binding domain, an architecture characteristic of some Gram-positive cell 

wall hydrolases. Unlike many other identified lysins, PlySs2 has relatively broad activity, 

lysing a range of Gram-positive organisms including S. aureus and several Streptococcus 
species, some of the most common causes of endocarditis. PlySs2 is particularly exciting 

because it disrupts biofilms, which pose a formidable barrier to antibiotics in many clinical 

infections [38]. Notably, the precise enzymatic activity of PlySs2 has not been determined. 

Preliminary studies showed that it acts as a D-Ala-Gly endopeptidase to cleave stem peptide 

crossbridges, but this activity cannot alone explain its broad cellular activity, including that 

against organisms lacking this linkage in their stem peptides [39]. As has been demonstrated 

for other phage lysins, the CHAP domain may possess both endopeptidase and amidase 

activity. Recent advances that make it possible to obtain defined PG substrates from a wide 

range of bacteria should enable studies to precisely determine this hydrolase’s substrate 

preferences [27].

Although bacteriophage lysins have shown promise for treating Gram-positive infections, 

the OM barrier prevents most of them from being effective against Gram-negative 

organisms. Efforts to improve the delivery of lysins to the periplasm have included adding 

hydrophobic tails or linking the enzymes to bacteriocins that facilitate transport across the 

OM [40]. Some lysins, however, naturally possess amphipathic tails that allow them access 

to the periplasm [41]. Many of these hydrophobic Gram-negative lysins bind serum 

components, which may limit their use to superficial or lung infections. Yet promise 

remains, and new Gram-negative-targeting lysins are under development [36, 42].
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Outer membrane-targeting antibiotics

The OM not only blocks access of lysins to their targets in the periplasm, but restricts access 

of many antibiotics that work well against Gram-positive organisms. Strategies to 

compromise the OM barrier are therefore highly sought, and attention is now being focused 

on the machinery that assembles the OM. One essential machine in the OM is Bam, for β-

Barrel assembly machine, which is described in more detail by Kahne et al. in this same 

issue. The central component of Bam is itself a β-barrel protein called BamA, which is 

required to assemble the OM translocon (LptDE) that puts lipopolysaccharide in the outer 

leaflet of the membrane to create a highly impermeable barrier [43, 44, 45, 46, 47]. BamA 

consists of five periplasmic, N-terminal polypeptide transport-associated (POTRA) domains 

and a 16-stranded ß-barrel OM protein with eight loops exposed to the cell surface. The N-

terminus of the ß-barrel holds the C-terminus of ß-barrel substrates as folding proceeds [48, 

49, 50]. The ability of BamA to open at the seam between its N- and C-terminal β-strands is 

crucial to allow binding of substrates [51] (Figure 4A). Strategies to disrupt BamA gating or 

to prevent substrate binding or release from BamA could lead to new treatments for Gram-

negative infections.

The discovery of a BamA-binding antibody with activity against some E. coli strains 

provided initial validation that it is possible to target BamA [52]. Other evidence that BamA 

can be targeted is supplied by the example of lectin-like bacteriocins like LlpA, which are 

secreted by Proteobacteria [53]. These proteins contain two lectin domains, one of which 

binds rhamnose in lipopolysaccharide, while the second seems to have a different function 

important for strain selectivity. Though these toxins’ mechanism of action is not yet fully 

clear, killing is dependent on particular polymorphisms within BamA, and they are 

suggested to interact directly with Bam. Similar to the lectin-like bacteriocins, a series of 

new chimeric peptidomimetic antibiotics are proposed to target both BamA and 

lipopolysaccharide for binding [54]. Recent work has also identified a peptide antibiotic that 

apparently inhibits BamA. Darobactin, a ribosomally-encoded peptide isolated from the 

nematode symbiont Photorhabdus khaini, has activity against a broad range of Gram-

negative organisms (Figure 4B). Darobactin may stabilize BamA in a closed-gate 

conformation, preventing substrate engagement for folding [55]. BamA and the OM 

translocon are both attractive targets because they are essential and accessible, and agents 

that target them from outside would not be subject to efflux pumps [56]. Moreover, by 

compromising the OM barrier, OM-targeting drugs are expected to synergize well with other 

antibiotics.

Conclusion and future directions

The cell envelope, including the PG cell wall synthesis machinery, still holds a wealth of 

untapped targets. For example, members of the SEDS (for shape, elongation, division, and 

sporulation) family of proteins, which includes the Rod complex protein RodA and the 

divisome complex protein FtsW, were recently shown to have PG polymerase activity [57, 

58]. FtsW is conserved and essential in all bacteria, and RodA is required in rod-shaped 

organisms, which include many problematic Gram-negative pathogens. These proteins 

represent important new targets for investigation, and recently obtained structural 
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information may facilitate development of inhibitors [59]. It is conceivable that molecules 

that inhibit these targets are found in nature [60]. Lipid II flippases have also emerged as 

promising targets for which natural product inhibitors are known [35, 61, 62]. In addition to 

PG, other polymers like teichoic acids in Gram-positive organisms [63, 64] and 

lipopolysaccharide in Gram-negative organisms [65, 66] are intrinsic resistance factors. 

Targeting them in combination with other drugs may be a valuable strategy [3]. To combat 

antibiotic resistance, it is crucial that we continue to uncover new targets, pursue drugs with 

novel mechanisms of action, and explore compound combinations that can overcome, or 

mitigate the spread of, antibiotic resistance.
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Highlights

• Nature produces abundant cell envelope-targeting antibiotics.

• Substrate-binding antibiotics are diverse, plentiful, and slow to cause 

resistance.

• Peptidoglycan-degrading lysins are an alternative to small molecule 

antibiotics.

• Outer membrane proteins can be directly targeted to kill Gram-negative 

bacteria.
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Figure 1: The cell envelope, including the peptidoglycan cell wall, is a complex structure that 
protects bacteria from the surrounding environment.
A) Gram-positive bacteria have a single membrane surrounded by a thick layer of 

peptidoglycan (PG). Wall teichoic acids (WTAs) are attached covalently to PG, while 

lipoteichoic acids (LTAs) are anchored in the membrane. Gram-negative organisms have two 

membranes that sandwich a thin layer of peptidoglycan in the periplasm. The outer 

membrane (OM) contains outer membrane proteins (OMPs), as well as lipopolysaccharide 

on its outer leaflet. B) PG is synthesized by glycosyltransferases (GTs) that polymerize 

Lipid II and transpeptidases (TPs) that enact crosslinking. Hydrolases, including lysins, 

cleave PG at diverse positions.
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Figure 2: Substrate-binding antibiotics recognize various features of Lipid II, inhibiting different 
stages of peptidoglycan synthesis and lipid recycling.
A) The chemical structure of Lipid II. R1, R2, and R3 vary by species. In S. aureus, for 

example, R1 = NH2, R2 = H, and R3 = Gly5. B) When a Lipid II monomer is added to the 

existing PG matrix, undecaprenyl pyrophosphate is released. It is metabolized to 

undecaprenyl phosphate, which then gets flipped across the membrane for recycling. This 

lipid carrier is used in both the PG monomer, Lipid II, and in WTA precursors. Teixobactin, 

ramoplanin, and lysobactin bind the hydrophilic head group of Lipid II, vancomycin binds 

the stem peptide, and corbomycin and complestatin are proposed to bind formed PG. 

Bacitracin inhibits the metabolism of undecaprenyl pyrophosphate to undecaprenyl 

phosphate, preventing recycling of this lipid carrier, while amphomycin and friulimicin bind 

undecaprenyl phosphate.

Page and Walker Page 13

Curr Opin Microbiol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Structures of natural products that bind to Lipid II or peptidoglycan.
Vancomycin, corbomycin, ramoplanin, daptomycin, and amphomycin are produced by 

Gram-positive Actinobacteria, which include Streptomyces. Teixobactin is produced by 

Gram-negative Proteobacteria. Bacitracin is produced by certain strains of the Firmicute 

Bacillus.
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Figure 4: BamA catalyzes folding and insertion of beta-barrel proteins into the OM and is a 
highly promising antibiotic target.
A) As part of the Bam complex, BamA folds ß-barrels for insertion into the outer 

membrane. A gate within BamA opens to engage the substrate, with the N-terminal side of 

the BamA ß-barrel forming hydrogen bonds with the C-terminus of the substrate. Darobactin 

is proposed to stabilize the closed conformation of BamA such that the substrate cannot be 

inserted into this gate. B) The structure of darobactin.
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