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Abstract 

Due to the lack of new antibiotics with efficacy against the ESKAPE and other resistant microbes, coupled 
to the demise of major pharmaceutical company antibiotic discovery programs, due to a number of factors 
but mainly ROI calculations and the lack of efficacy of combinatorial chemistry as a substitute, the search 
for novel antibiotics may well have moved to the utilization of older structures with significant synthetic 
chemistry input. This short review demonstrates how modern synthetic chemistry, when applied to either 
modification of current resistant antibiotics such as glycopeptides, or production of novel peptidic agents 
based on natural product sourced antimicrobial peptides (AMPs) and other potential initial peptide-based 
agents from genomic searches and baiting techniques, have produced active agents of significant utility. In 
addition, synthetic chemistry practitioners have now shown that they can produce bioactive molecules of 
greater than 800 Daltons in kilogram quantities under cGMP conditions. 

©2022 by the author. This article is an open-access article distributed under the terms and conditions of the Creative Commons 
Attribution license (http://creativecommons.org/licenses/by/4.0/). 
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Introduction 

With the advent of what might be called the “Dangerous Sextet” of current bacterial infections viz 

Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and Enterobacter spp. (aka the ESKAPE pathogens), came to the frequently 

belated realization that the antibiotics in current use were not effective as single agents against most, if not 

all, of these organisms. In a few advanced countries, expensive antibiotic drugs with suitable activities 

might be available, but these infections ignore economic boundaries. Thus, it behooves researchers to 

reinvestigate and/or modify agents that, in earlier days, were ignored due to their toxicities, difficulty in 

dosing, chemical stability or side effects due to their unknown interactions.  

The World Health Organization included the organisms above in their listing of dangerous microbes, as 

shown below. On the 17th of February 2017, they published a list of twelve microbes that were of concern 

as they were all resistant to a significant number of antibiotics then in current use. This list was meant to be 

a “wake-up call” to the pharmaceutical industry/scientists involved in the discovery of new antibiotics, be 

they natural products, semisynthetic or totally synthetic entities, by showing how widespread resistance is. 
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On the list (www.who.int/mediacentre/news/releases/2017/bacteria-antibiotics-needed/en/), 

 the first three (priority 1 listed as critical) were the Gram-negative organisms Acinetobacter 

baumannii (carbapenem-resistant); Pseudomonas aeruginosa (carbapenem-resistant); Entero-

bacteriaceae (carbapenem-resistant, ESBL-producing). 

 The next 6 (priority 2 listed as high) contained two very well-known Gram-positive pathogens, 

Enterococcus faecium (resistant to vancomycin) and Staphylococcus aureus (MRSA), and four Gram-

negative pathogens. Helicobacter pylori (clarithromycin-resistant); Campylobacter spp. (fluoro-

quinolone-resistant); Salmonellae (fluoroquinolone-resistant) and Neisseria gonorrhoeae (cephalo-

sporin-resistant, fluoroquinolone-resistant). 

 The last three (priority 3 listed as medium) were the Gram-positive Streptococcus pneumoniae 

(penicillin-non-susceptible) and the two Gram-negative Haemophilus influenzae ampicillin-

resistant) and Shigella spp. (fluoroquinolone-resistant). 

What will be described in this article are examples culled from the recent literature where elegant 

chemistry and modernized microbiological techniques have led to modifications of old agents and/or the 

administration of “adjuncts” that has enabled the renewed usage of agents that in the “halcyon days of 

yore”, which covered from the early 1960s until the effective elimination of large-scale antibiotic discovery 

programs in “Big Pharma”, which with a few exceptions would be pre-1990.  

The demise of combinatorial chemistry as a source of antiinfective lead structures 

It would be worth commenting here that possibly the major “player” in the elimination of searching for 

microbial-sourced agents by “Big Pharma” was the concept of large-scale to very large scale (>106) 

syntheses of small compounds via combinatorial chemistry. The idea was that these agents would be 

patentable and “easily synthesized”, rather than have the large-scale systems necessary for natural product 

sourced agents. In addition, a major problem with microbial sourcing (the major source used in all earlier 

cases) was the task(s) associated with what became known as “dereplication”, or the ability to rapidly 

decide whether an isolated compound was new or old and often known under a variety of names. It should 

be noted that the advent of >100 MHz NMR, portable computers, accessible compound databases and 

automated HPLCs were way in the future, even in the early 1980s. The irony in the early days of combichem 

was that the original “successes quoted for increased bioactivity” used peptide-based molecules or small 

compounds based on bioactive natural products as their starting points. 

An excellent example of what happened when combichem structures were substituted for products 

from natural sources and/or their derivatives was the review in 2007, giving the total lack of success when 

massive numbers of combichem structures met up with ~70 isolated targets at GSK [1]. I should point out at 

this stage that I was part of the earlier SK&F antibiotics program based on microbial sources and 

modification of beta-lactam based molecules from 1976 to its sudden demise in April of 1985. That 

program was certainly more successful than its subsequent descendants. A 2015 paper by Blaskovich et al. 

gives more of the subsequent history of the demise of promising antibiotic programs by large pharma in the 

subsequent years to 2015 [2].  

In the following sections, I will illustrate how, by building upon “old or at times new structures” by 

competent scientists (chemists and microbiologists), and/or by utilizing modern techniques based on earlier 

systems, old structures suddenly became significant candidates for clinical trials, and nowadays utilization 

of the enormous capabilities of genetic manipulation can lead to novel agents with the desired attributes 

against the ESKAPE pathogens and their subsequent descendants. 
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Vancomycin and other glycopeptides; Initial and later history 

For a significant number of years, vancomycin (1) and then later its close chemical relatives were often 

defined as the “antibiotic of last resort”. Vancomycin was originally introduced into clinical medicine by Lilly 

in the middle to late 1950s, though there is a debate in the literature as to the actual date. The IntegrityR 

database (now Clarivate Analytics) uses 1955, but Butler et al. in a review in 2014 [3] used 1958. as the FDA 

approval date. However, the actual structure was not fully defined until 1982 when the presence of 

asparagine was confirmed [4].  

Resistance to vancomycin occurred relatively early, but before the advent of advanced structural 

techniques, including amino acid analyses of Gram-positive cell walls, the reason for the resistance was not 

known. With the advancement of knowledge, it became apparent that vancomycin (and its later naturally 

occurring or semisynthetic “chemical cousins”) inhibited bacterial growth by binding to the L-Lys-D-Ala-D-

Ala-CO2H terminals in the cross-links in the Gram-positive cell wall. Subsequent work demonstrated that 

the VanR phenotype was as a result of the simple change to D-Lactate in place of the terminal D-Ala residue 

in the cases of vanA, vanB, vanD and to D-Ser for vanC, vanE, vanG clinical phenotypes. In addition to 

vancomycin resistance, S. aureus cultures that were classified as Methicillin Resistant (MRSA), were also 

becoming vancomycin-resistant as well. The vancomycin resistance level due to the D-Lac substitute was 

approximately 1000-fold and for the D-Ser modification approximately 140-fold. 

Interestingly, the idea that resistance was due to the use of glycopeptide antibiotics in animal feeds that 

then led to the resistance seen was shown to be inaccurate by two reports. One in 2011 by D’Costa et al., 

[5] and the other by Wright et al. [6] the following year, both papers demonstrating that microbes over 

10,000 years old isolated from Yukon ice fields had similar resistance phenotypes. 

In the last few years, three semisynthetic glycopeptides entered clinical use in the USA and other 

countries. In 2009 telavancin (a close relative of vancomycin) was approved by the FDA and then in 2014, 

dalbavancin, which was derived from part of the A40926 complex, and oritavancin derived from 

chloroeremomycin were approved. The drug complex teicoplanin, which is a mixture of closely related 

compounds, is used in Europe and interestingly, there are some VanR phenotypes that are not resistant to 

this mixture and the reverse also occurs, though in general, most strains are resistant to all. 

Synthetic modifications of vancomycin 

The laboratory that has had the greatest effect on “modifying” the basic structure of vancomycin (1), 

with the aims of reducing resistance and potentially expanding the range of microbes that it can “inhibit”, 

is, without doubt, the Boger laboratory at the Scripps Research Institute in La Jolla, California. Over the last 

ten plus years, that laboratory has published papers showing how by making internal modifications to the 

peptide backbone in this molecule, that were simple in concept but required very clever synthetic chemical 

processes to achieve, have led to a series of related vancomycin molecules that demonstrated very 

significant antibiotic activities against MRSA and E. faecalis (both VanA & VanB phenotypes) depending 

upon very simple changes in one position. Then the Boger group extended the synthetic chemistry to other 

parts of the base molecule by adding small parts from other glycopeptides in clinical use.  

Structure (2), which was redrawn from the Proceedings of the National Academy of Science paper by 

Okano et al. [7] shows the substitutions used. The compilation of vancomycin structural changes and the 

tables in that report demonstrated how these various modifications “converted” total resistance to E. 

faecalis and E. faecium (MICs of vancomycin > 250 µg mL-1) to molecules with MICs from 5 to 0.005 µg mL-1 

for these Van A/E resistant microbes.  
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Then in 2020, the same group reported the results of further guanidino modifications on the C-terminus 

of vancomycin that improved antimicrobial activity and appeared to provide a synergistic mechanism of 

action independent of D-Ala-D-Ala [8]. By using structure (2) as the base, then coupling the 4-

chlorobiphenyl)-methyl (CBP) modification, which they had previously shown to give significant increases in 

activity, with X = O and R = a variety of guanidino substituents, they produced a series of relatively simple 

modified vancomycins that displayed sub-microgram activities (MIC levels) against significant vancomycin-

resistant clinical specimens.  

The following is a direct quote from that paper. “a prototypical member of the series, G3-CBP-

vancomycin (15) exhibits no hemolytic activity, displays no mammalian cell growth inhibition, possesses 

improved and especially attractive in vivo pharmacokinetic (PK) properties, and displays excellent in vivo 

efficacy and potency against an especially challenging multidrug-resistant (MRSA) and VanA vancomycin-

resistant (VRSA) Staphylococcus aureus bacterial strain.”  

The structure (15) mentioned in the direct quote above from Wu et al. [8] is shown as structure (3) in 

Figure 1. 

 

Figure 1. Vancomycin and Boger Lab Modifications; Structures 1 to 3 
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In addition to the papers referred to above, another recent paper from the Boger lab [9] gives an 

excellent precis of the modified vancomycin derivatives mentioned above, plus others from the Boger lab. 

They comment that these agents are now known in that laboratory as “maxamycins”. This paper is well 

worth reading to gain further insight into these chemical modifications of a microbial product that first saw 

“light of day” in the middle to late 1950s, in order to overcome microbial resistance. 

A comment on modern synthetic methods as a route(s) to cGMP product(s) 

It should be emphasized at this juncture that synthetic organic chemists have succeeded in the last few 

years in producing large quantities of cGMP-quality, partial or complete natural products that have either 

become drugs, eribulin (4) MW 730 being the prime example utilizing data from the Kishi synthesis of 

halichondrin B (5) MW 1111. Or nowadays as potential leads to drugs, with the total synthesis of a 

derivative of halichondrin B E7130 (6); MW 1111 at the 10-gram level, reported by the same Eisai group 

that synthesized eribulin [10], which is currently in Phase I clinical trials. These structures are shown in 

Figure 2. 

 

Figure 2. Halichondrin B and Synthetic Derivatives; Structures 4 to 6 

Tetracycline-like molecules 

Rather than cover the modified tetracyclines Omadacycline, Eravacycline and Saracycline (structures not 

given), that came from the Lederle (then Wyeth and now Pfizer) laboratories in the 1990s with these 

variations being approved as drugs in 2018, there were two compounds reported that had the basic 

nucleus of the tetracyclines but with extensions on the base four-ring scaffold. These compounds were the 

Viridicatumtoxins, now known as A (7) and B (8). They were first reported by Hutchinson et al. in 1973 from 

the fungus Penicillium viridicatum [11] as Viridicatumtoxin. Subsequently the B variant was reported by 

Zheng et al. in 2008 [12], and the synthesis of the B (8) variant was originally reported by the Nicolaou 

group in 2013, [13] with a subsequent structure revision and syntheses of related “microbiologically active 

compounds” in 2014 [14]. This molecule (as the mixture of enantiomers) was significantly active against 

resistant strains of E. faecalis, E. faecium and MRSA, and the natural A isomer was comparably active 

against the same strains.  

Recently the biosynthtetic gene cluster (BGC) for Viridicatumtoxin was identified in A. nidulans, a fungus 

not previously reported to produce this agent. That report also identified the same cluster in P. brasilianum 

and in three other Aspergillus spp [15]. Interestingly, the Capon group at the University of Queensland 

reported five years earlier in 2015, that the Paecilomyces sp., known as CMB-MF010, which they had 

isolated from the inner tissues of the intertidal pulmonated mollusk Siphonaria sp., yielded 

viridicatumtoxins A (7) and B (8) and the new viridicatumtoxins C- F (9-12), and spirohexaline (structure not 
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given). Of these compounds, viridicatumtoxins B (8) and C (9) demonstrated the largest separation of 

antimicrobial activity versus cell-line cytotoxicity with between 15-to-40-fold differences in favor of the 

antimicrobial activity. Of the six Viridicatumtoxins, A (7) and B (8) were the most active against MRSA and 

vancomycin-resistant E. faecalis. What is also of interest is that the Capon group demonstrated that 

“regular tetracyclines” could be transformed by ring-opening by the Paecilomyces sp., mentioned above, 

perhaps demonstrating a resistance methodology by fungi against these molecules, since none of the 

modified agents demonstrated any significant bioactivity [16]. 

In 2020, the antibacterial mechanism of these agents was proven by Li et al. in a report in ACS Infectious 

Diseases [17]. This report confirmed that, as reported earlier, this series of molecules bind directly to the 

undecaprenyl pyrophosphate synthases (UPPS) of E. faecalis, S. aureus and E. coli in a direct and high-

affinity manner. This paper is worth consulting as the models can be used for further optimization of these 

molecules and analogues as UPPS is an essential component of cell wall biosynthesis.  

Since the Nicolaou group have successfully synthesized these molecules, viridicatumtoxin A (7) and B (8) 

and the Capon group have shown the simple difference in C (9), these are excellent candidates for large 

scale production, synthetically or genomically via modification of the BGC plus fermentation, to provide 

another candidate for use against members of the Gram-positive ESKAPE series. The relevant structures are 

shown in Figure 3. 

 

Figure 3. Viridicatumtoxins; Structures 7 to 12  

Peptidic candidates (other than vancomycin) 

This section will include both naturally occurring and partially synthesized molecules. In some cases, the 

molecules will be well-known and not in others. 

Colistins and polymyxins 

These peptidic antibiotics were frequently the “bane” of microbiologists and chemists in the 1960s to 

late 1970s when pharmaceutical companies with active antibiotic search programs based on microbial 

fermentation were in vogue. This was because these compounds and their close chemical relatives, had 

“for then” significant toxicities when compared to the tetracyclines, aminoglycosides etc. They were usually 

just “tossed aside” and no further work was done with them, nor with the microbe(s) producing them. 
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With the current advent of multiple resistant microbes, combination therapy including these agents has 

been utilized, using both polymyxins and colistin (aka polymyxin E). However, in 2016, a report was 

published [18] giving details of a transmissible plasmid expressing the mcr gene. This gene encoded the 

phosphoethanolamine transferases (pEtN) that catalyzed the addition of a phosphoethanolamine moiety to 

lipid A in the outer membrane of Gram-negative bacteria, thus generating resistance to the antibiotics in 

current use, including these peptidic agents. A major problem with the bacteria that contain this plasmid 

(or close variants) is that they are easily transmissible as “water-borne” microbes, and thus have spread 

from their original source in mainland China, to become significant problems in multiple areas, as shown by 

the 2021 paper by Cherak et al [19]. 

In an effort to produce new variations on the old and well used/known polymyxin B and colistin, a group 

of researchers from China, South Australia and Germany recently (2021) published the results of a large-

scale program to discover potential agents against resistant A. baumannii [20]. At the time of writing of that 

paper over 2000 polymyxin analogues had been reported in the literature, with some early and some more 

recent examples also reported by Vaara in 2019 [21]. Of the 2000 plus variations referred to earlier, only 3 

demonstrated improved activities against Gram-negative pathogens.  

Using clever chemistry and sequential alanine substitution, Jiang et al [20] derived a potent and novel 

polymyxin analogue, FADDI-287 (13) that folded similarly to PMB3 (14) and demonstrated MICs of 0.125-0.5 

µg mL-1 against A. baumannii compared to polymyxin B. FADDI-287 is covered by the patent 

WO2015149131 which has also been granted in the USA and China. 

Very recently, the Brady group presented details on a semisynthetic, optimized AMP based upon a 

genomic analysis of sequences in bacteria that might well produce agents that are analogues of colistin 

(15). They reported the modified colistin known as biphenyl macolacin (16) in Nature in early 2022 [22]. 

Interestingly a major substitution was the biphenyl group, one that Boger used in his successful synthesis of 

the highly bioactive maxamycins. 

Vancomyxins 

Although this discussion could fit under the discussion of vancomycin modifications above, because it 

now extends the activity of vancomycin analogues into Gram-negative space, and does not come from the 

Boger group, it is probably a better fit in this section.  

Although vancomycin by itself (as described earlier) is effectively inactive against Gram-negative 

bacteria, it will bind to the lipid II component in Gram-negative bacteria if the outer membrane is “made 

permeable.” It has been known since 1989 that coadministration of suitable “penetrating” agents with 

vancomycin will synergize the effects of vancomycin against the Gram-negative bacterium E. coli [23]. Then 

in 2010, Gordon et al demonstrated significant activity of a vancomycin-colistin physical combination 

(i.e.co-administration of the two antibiotics) [24].  

Moving to 2021, van Groesen et al came up with what they are calling “Vancomyxins,” where a short 

spacer was inserted between vancomycin and what they called the “polymyxin E nonapeptide PMEN (17).” 

Depending upon the specific combination of these molecules, they could be linked via the C-terminus of 

vancomycin, or in other examples, linked to the vancosamine amino group via a slightly more complex 

method involving a triazole linker, giving rise to a series of compounds [25].  

Their structures are not given due to their complexity/sizes, but the combinations were evaluated 

against four Gram-negative and five Gram-positive bacteria with vancomycin and PMEN separately, and 

then vancomycin plus a constant 8 µg mL-1 of PMEN versus six of the vancomyxins. In most cases, one or 
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more of the vancomyxins demonstrated MICs of between 8 and 16 µg mL-1, against microbes that were 

resistant to the unpaired molecules with no activities at or below 128 µg mL-1 for the Gram-negative 

microbes except for one outlier, the P. aeruginosa strain (ATCC 27853) that gave the only positive result 

when the unlinked combination was used. As would be expected, against the Gram-positive microbes 

significant activities were seen, even as low as less than 0.008 µg mL-1 for an S. simulans strain that had an 

MIC of 0.125 µg mL-1 against vancomycin alone. 

Thus, in contrast to the very interesting Boger compounds referred to earlier, simple combined “old” 

antibiotics did provide some excellent results. Their hemolytic and nephrotoxic activities were assessed by 

means of a viability assay using conditionally immortalized proximal tubule epithelial cells (ciPTECs), with 

relative mitochondrial activity after 24 h as the end point. In those assays, toxicity arose at concentrations 

well above the MIC values reported. However, in vivo activities and toxicities were not measured and would 

have to be performed in the future. 

 

Figure 4. Colistin and Polymyxin Derivatives; Structures 13 to 17 
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Antibacterial-active cyclic peptides (excluding polymyxins and colistins) 

What is not often realized is that the first natural product antibiotic to go into clinical use but not under 

terms equivalent to formal approval as a drug entity in the modern sense, was not penicillin as most people 

think, but the cyclic peptide tyrocidine and the probable second, a derivative of “gramicidin” that was 

initially mentioned in a 1940 report [26], with the structure of tyrocidine A (18), reported later in 1952 [27]. 

These two molecules are usually not mentioned in any discussion of early antibiotics. However, contrary to 

what most people in the West may think, the aminoglycoside streptomycin (19) was not the next antibiotic 

to go into use for battlefield wounds at around the same time as penicillin in World War II. The next 

antibiotic to go into use for these conditions was gramicidin S (20), first used by the USSR for battlefield 

injuries in 1943 [28,29]. Further reports in the same basic time frame from the then USSR, covered more 

clinical aspects [30,31]. Then in 1946, Gause discussed the large-scale production and chemistry of this 

agent [32]. Even today, variations on this cyclic peptide are still being investigated. 

Very recently there have been three reviews relating to antimicrobial peptides from naturally occurring 

and synthetic sources. In 2020, an excellent review by Lazzaro et al [33] discussed the evolution of 

antimicrobial peptides. In this paper they suggested that there was evidence showing adaptive 

maintenance of polymorphism in AMP genes, and perhaps adaptative loss of AMP activity. They also 

suggested as shown earlier with the polymyxins/colistins, that synergy might well occur with “conventional 

antibiotics”. What is interesting, is that they show synergy between magainin 2 and the AMP PGLa [34] 

both of which are AMPs found in the skin of the African frog Xenopus laevis and eukaryotes can rapidly 

deploy multiple distinct classes of AMPs simultaneously. Although it was always thought that AMPS have 

broad spectrum activities, genetic disruption of AMP genes result in different responses to infections by S. 

aureus in the beetle Tenbrio molitor. Similar separation of activities/genes in other insects have caused an 

alteration in the idea that “broad spectrum responses” may not be the case every time, but specificity in 

responses appears to be one response across many eukaryotic phyla.  

In 2021 a group from Malaysia [35] reported the results of a literature review from 2011 to 2021 using a 

variety of available databases. Table 1 in that review (which is an Open Access paper) covers analogies 

between naturally occurring and synthetic agents, with the rest of the review covering methodologies and 

some history of both natural and synthetic AMPs, with an up-to-date series of references [35].  

Closely following the Malaysian paper was one from an Italian group covering semisynthetic and 

synthetic AMPs, with an extension into some with antifungal and antiviral activities [36]. This review 

finishes with a comment on the semisynthetic AMP Murepavadin (21), a cyclic beta hairpin peptidomimetic 

based on the antimicrobial peptide, protegrin (PG-1). It is nonlytic and targeted the LptD protein 

transporter in P. aeruginosa. It reached Phase III clinical trials as an IV-preparation against pneumonia, but 

in July 2019, the two trials were terminated due to high levels of unexpected kidney injury. In December 

2020, the UK Medicines Agency permitted a Phase I trial to begin targeting oral inhalation route in people 

with cystic fibrosis who are infected with P. aeruginosa. 

An excellent and very recent paper that covers some of the above examples, and other potential agents 

that can be targeted against the outer membrane(s) of Gram-negative microbes, is the review by Klobucar 

and Brown in 2022 that should be consulted as they cover other agents as well [37]. 
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Figure 5. Early (1943) and Late (2010 Plus) Antibiotics; Structures 18 to 24 
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Other peptide-based antibiotic classes with potential 

Due to the ability today to synthesize natural-product derived agents, particularly peptidic molecules 

under GLP and when necessary, cGMP conditions in bulk, once a suitable compound has been identified by 

using up to date versions of the classical searching methods from microbes, they can be synthesized and/or 

modified as needed in order to extend testing schedules. 

Two examples and three recent reviews will be discussed under this rubric. The first will be the material 

found by the Lewis’ group at Northeastern University, and the second will be what I call the “Grasslands 

DNA Program” at Rockefeller University. 

Teixobactin  

In 2015, the Lewis group at Northeastern University reported the isolation of a previously unknown 

microbe that they discovered by use of what can be best described as a “baiting technique”, though it was 

similar in concept to a technique used years earlier by a company named “One-Drop” that was eventually 

purchased by Diversa, though details were lost when Diversa went under financially. 

The compound that was isolated was active against multiply resistant Gram-positive bacteria, and it was 

found to target pyrophosphate and sugar moieties present in Lipid II and III. Lipid II is linked to 

peptidoglycan (target of the glycopeptide antibiotics) and the lipid III binding is linked to down-regulation of 

cell wall teichoic acid biosynthesis. Over the last few years, there have been three reports on the total 

synthesis of this agent, plus several dozen reports covering analogues and SAR studies as shown by 

references in Gao et al. [38], all using solid-phase techniques. In 2019, Gao et al. published the first 

solution-phase synthesis, thus adding to the synthetic repertoire for this agent and the potential for many 

analogues [38]. Thus there are at least two different routes to the compound and derivatives. An example 

of modifying the agent and adding activity against P. aeruginosa can be seen in the report by Ng et al. in 

2018 [39]. 

Grasslands DNA 

In 2014, the Brady group at Rockefeller published an article in Current Opinion in Microbiology 

describing the varied then current methods that used metagenomic studies to obtain potential antibiotic 

information without isolating the microbe(s) [40]. In 2015 Charlop-Powers and Brady published an 

informatic package that linked geographic analysis and related microbiome data [41]. Following on, in 2016, 

the group published their initial data on “Urban Park Microbiomes” as sources of biosynthetic diversity 

(hence the title for this section) [42]. In this work, they reported a gene cluster that could be linked to a 

novel calcium-dependent antibiotic (CDA).  

In 2018 they reported on the culture-independent synthetic-bioinformatic natural product (syn-BNP) 

discovery approach covering the survey of analogues of paenimucillin A (23) that led to the discovery of 

paenimucillin C (24) which inhibited the growth of multidrug-resistant A. baumannii isolates, including a rat 

cutaneous wound model, with mechanistic studies implying a membrane-associated mode of action [43].  

In 2020 this report was expanded by the same group giving details of the synthesis of 157 cyclic peptides 

from 96 NRPS clusters. These compounds were then tested against the ESKAPE pathogens yielding nine 

antibiotics with activities against some of these microbes as well as M. tuberculosis [44]. 

That same year, the group reported on the culture-independent discovery of the CDA compound 

referred to in their earlier general paper in 2016, demonstrating excellent activities (MIC values between 

0.1 to 0.8 µg mL-1) for malacidin A (25) depending upon the particular resistant organism tested. These 
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included microbes resistant to β-lactams, tetracyclines, vancomycin and aminoglycosides. The other CDA 

that they reported, malacidin B (26), differs by one methylene group from malacidin A [45]. This paper has 

over 180 citations in Scopus as of the middle of January 2022. Then in 2020, the complete synthesis of 

malacidin A was published by a joint group from the University of Hong Kong and Rockefeller [46]. As a 

result of the malacidin findings, a second total synthesis of malacidin A and analogues was recently 

published by the Brimble group in New Zealand [47]. 

Three recent reviews on other peptidic antibiotics 

In 2021, two interesting reviews on peptidic antibiotics were published, with a third in 2022. The first in 

2021 discussed emerging peptides with therapeutic potential, with one author from the biotech company 

Polyphor in Switzerland, which has been involved in clinical trials with such agents, demonstrating the 

variation in linear and cyclic peptides with significant bioactivities against resistant microbes [48]. The 

second in 2021, was from a group in China and an interesting part of that review is a long table listing 

natural, semisynthetic and synthetic agents reported in the last five years. That table makes interesting 

reading, as it aptly demonstrates what can be done with current synthetic methods [49]. The third, 

accepted at the very end of December 2021 and currently online, is full of up to date listings of agents, 

sources, and clinical trial results, plus discussions as to probable and actual mechanisms of action [50]. 

Conclusion 

Synthetic chemists have now shown that they can modify natural product-based antibiotics that have 

ceased to be viable due to the build-up of multiple resistance profiles. As an example of what can be done 

today by competent synthetic chemists, the recent review by Nicolaou and Rigel shows some of the 

capabilities of experts in this field [51]. To this review can be added the work referred to earlier on the total 

synthesis of a derivative of halichondrin B E7130 (MW 1111, 6) producing 10 grams of a cGMP product [10], 

together with the production of 1 gram of cGMP Bryostatin 1 by the Wender group [52].  

The compounds referred to in the previous paragraph and those alluded to in the body of the text are 

just some examples of the many totally synthetic methods described in the literature for bioactive agents 

from natural product sources in the relatively recent past, covering compounds in many biological areas. It 

should also be noted that semi-syntheses starting from a natural product precursor have been a routine 

technique practiced by many chemists, particularly with marine-sourced bioactive agents and have been 

covered in detail by many authors. 

As a result, for “antibiotic discoverers/developers” of today, a close relationship between 

microbiologists, natural products and synthetic chemists may well be the current optimal linkage to find 

and subsequently develop novel agents with clinical relevance. In addition, the advent of searchable 

databases that cover compounds, activities and genomic information should also be part of the mixture 

required to discover and develop agents against the ever-increasing number of resistant microbes. 
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Figure 6. Malacidin A and B; Structures 25 to 26 
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