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Antibiotics are majorly important molecules for human health. Following the golden age of antibiotic discovery, a
period of decline ensued, characterised by the rediscovery of the same molecules. At the same time, new culture
techniques and high-throughput sequencing enabled the discovery of new microorganisms that represent a

potential source of interesting new antimicrobial substances to explore.

new NRP-PK antibiotics in silico/in vitro strategies human pathogens bottom-up approach

| 1. Introduction and Historical Context

Antimicrobials are probably one of the most successful forms of medical treatments in the history of medicine.
Their discovery is due both to chance and to the ingenuity of Alexander Fleming, who noticed that Penicillium
notatum inhibited the growth of Staphylococcus aureus colonies. This observation gave rise to the antibiotic era
through the discovery of penicillin. Penicillin was purified and isolated, but not industrialised at this point @,
Industrial production came over 10 years later, led by Howard Florey and Ernst Boris Chain, using Penicillium
chrysogenum 4. René Dubos, a French microbiologist, believed in the principle of the soil providing natural active
substances against pathogenic bacteria. This was based on his experiments on “antibiosis”. In 1939, Dubos
discovered gramicidin, the first clinically used antibiotic Bl. This experimental design inspired researchers to
develop new methods to discover antibiotics. Waksman established a platform that consists of screening mainly
soil-derived bacteria, particularly Actinomycetes 4 and identified actinomycin and streptomycin. These efforts
opened the door to the “golden age of antibiotic discovery” Bl. Pharmaceutical companies have continued to apply
these approaches to extract and purify most of the antibiotics used today, such as erythromycin, tetracycline,
vancomycin, rifamycin, and others [E. In the 1960s, the rate of discovery of new antibiotics dropped sharply due to
the high rate of rediscovery and the difficulties of characterising unknown compounds. This allowed the
pharmaceutical companies to turn away from this type of research W&, |n the past fifty decades, only two new
classes of antibiotics have been discovered. With this, international organisations have noticed a serious problem,

now considering antimicrobial resistance as a major public health problem £,

The use of natural antimicrobial compounds in human treatment is a great example of a diversion of developing
resources from microbes. These secondary metabolites have been reengineered to be used by humans in order to
combat several infectious diseases. They had a positive impact on human health, and they helped to stem the
scourge of several diseases. Fundamentally, however, bacteria use these compounds for their self-defence. They

evolve in complex ecosystems in which they are continuously in “war with one another” to ensure their own
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survival. To this end, and coupled with other strategies, they release antimicrobial substances into the environment.
Then, they consequently contribute to the regulation of the populations of other bacterial populations with which
they compete 2L A nhumber of marketed antibiotics are nonribosomal peptides (NRP) and polyketides (PK),
which have been extracted from microbes in culture media, and have sometimes been modified to have a better
efficiency or to reduce toxicity. It should be noted that the total pharmaceutical synthesis of these compounds is
severely limited by the singularity and specificity of their ribosomally independent natural synthesis process. NRP
and PK are synthetised on large nonribosomal peptide synthetase (NRPS) and polyketide synthase (PKS) enzyme
complexes, respectively. These enzymes are modular enzymes that function in an assembly line fashion 12113,

These mega-enzymes are encoded in the bacterial genome by biosynthetic gene cluster (BGCs) 141,

Because of the antimicrobial properties of NRPS and PKS products, much effort has gone in to the exploration of
novel NRP and PK, with the aim of developing new approaches to fight the emerging resistance profile of
pathogenic bacteria. With the improvement of new sequencing technologies and bioinformatic software 131,
genome mining is becoming a key strategy to discover new antibiotics. This is due to its ability to easily screen for

interesting bacterial genomes and metagenomes at a constantly decreasing cost and with better efficiency.

2. Overview of Polyketide Synthase (PKS) and Nonribosomal
Peptide Synthase (NRPS)

NRP and PK are two diverse families with a broad variety of complex chemical structures and pharmacological
activities [£2l. A large proportion of the antibiotics used in human medicine belong to the NRP and PK classes, and
they are well known in infectiology, for example penicillin, vancomycin, daptomycin, erythromycin, mupirocin, and
oxytetracycline (Table 1). Since the first observations were made by the chemist Jamie Collie at the University of
London in 1893, establishing the structure of orcinol, to the theory of Robert Robinson in 1955 and Birch’s work,
many attempts have been made to characterise the biosynthetic pathways of these secondary metabolites 12, The
multienzymatic thiotemplate model was retained as a plausible explanation, and a growing number of enzymatic
domains have been identified. These domains are involved in a variety of reactions necessary for the basic

assembly line system.
Table 1. Nonribosomal peptide (NRP) and polyketide (PK) molecules used currently in human medicine.

Inspired by the study of the biosynthesis of actinorhodin, (18 researchers identified the erythromycin BGC using
different strategies, including sequencing adjacent parts of the gene coding for erythromycin resistance 17, looking
for sequences similar to fatty acid sequence and other PKS enzymes 17 or mutated genes involved in the
synthesis of 6-deoxyerythronolide B (6-dEB) 2819, Erythromycin polyketide synthase is encoded by three genes,
eryAl, eryAll, and eryAlll, which code for three multienzymatic polypeptide 6-deoxyerythronolide B synthases,
DEBS1, DEBS2, and DEBS3, respectively. Each of these giant proteins contain domains or catalytic sites (121,
Erythromycin is synthetised according to the biosynthesis mode of type | PKS. Type | PKS is a multifunctional
enzyme organised into several modules (Figure 1). Each module contains three core domains necessary for the

definition of type 1 PKS, namely acyl transferase (AT), ketosynthase (KS), and acyl carrier protein (ACP). The
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biosynthesis mode of type | PKS is linear. An acyl-coenzyme A is used as substrate and is selected by the AT. ACP,
then, transfers the acyl-coenzyme A into the next module, and KS catalyses a Claisen condensation between acyl-
coenzyme A and the growing polyketide chain attached to the ACP domain (Figure 1). Recent studies have
questioned the definition of modules in polyketide synthase based on evolutionary analysis 29. The authors show
that domains that migrate together over the course of evolution of PKS assembly lines do not correspond to the
known definitions of modules 2. Two other types of PKS biosynthesis are known: type Il and type Ill PKS 22, The
type Il PKS is iterative; it is composed of two core domains: heterodimeric KS (KS and chain length factor subunits)
and an ACP. Type Il PKS usually acts by loading an a-carboxylated precursor onto an ACP, which is transferred to
the active site of a KS for Claisen condensation and iterative lengthening using malonyl-coenzyme A (CoA) to
result in a poly-B-keto chain 23], This enzymatic machinery is responsible for the synthesis of aromatic polyketide
such as tetracycline. Type Il PKS are ACP independent and iterative homodimeric enzymes, composed of a single
domain KS that plays the main role in the biosynthesis of natural products 24l Type Il PKSs are structurally less

complex than type | or Il PKSs and at least 15 families of type Il PKSs have been identified to date 23,

Non Ribosomal Peptide Synthase BGC Polyketide Synthase BGC
o S—

Antimicrobial test Antimicrobial test

Figure 1. Schematic representation of the biosynthetic gene clusters (BGC) (arrows) and their encoded synthetase
assembly lines (similarly coloured bubbles) involved in the biosynthesis of non-ribosomal peptide (NRP) and
polyketide (PK) molecules. Non-ribosomal peptide synthase (NRPS) core domains are labelled as follow: A—
adenylation domain, C—condensation domain, and PCP—peptidyl carrier protein. Polyketide synthase (PKS) core
domains are labelled as follow: AT—acetylation domain, KS—ketosynthase, and ACP—acyl carrier protein. TE—
thioesterase was a common domain to NRPS and PKS. These domains have various functions in the synthesis of
the final molecule. A and AT domains are involved in the selection and activation of the substrate, C and KS
domains are involved in the condensation of the substrate AA for amino acid or S for acyl-CoA or malonyl-CoA with
the growing NRP or PK, respectively. ACP and PCP play a role in the transfer of the substrate between the
different modules. TE releases the final molecule. The red arrows rather encode for immunity or resistance genes

to the synthesized antibiotic.
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The ribosome-independent synthesis mechanism of NRPS was discovered by studying the biosynthesis of unusual
peptides in the Bacillus species 13, NRPS are multienzyme machineries that assemble peptides with diverse
structures and functionalities [28. Therefore, the amino acid substrate is activated by adenylation and
thioesterification at specific reactive thiol groups, the peripheral cysteines of the multienzyme, on the same model
of the fatty acid synthase. An intrinsic 4'-phosphopantetheine carrier was considered to interact with the
thioesterified amino acids, ensuring a step-by-step elongation of the peptide product in a series of transpeptidation
and transthiolation reactions. Therefore, NRPS are organised into distinct modular sections, each composed of
catalytic domains with different functions. Three domains are considered as core and are essential for peptide
elongation: adenylation (A) domains, peptidyl carrier protein or thiolation (PCP or T) domains, and condensation
(C) domains &4, The A domain is involved in the selection and activation of amino acid substrates with adenosine-
5'-triphosphate (ATP), and it ligates it to the adjacent PCP domain to be incorporated into the NRP 281, A domains
are, therefore, involved in the large diversity of the NRP structure by selecting not only the 20 standard
proteinogenic amino acids but also nonproteinogenic amino acids 12129 A domains own a specific code composed
of 10 amino acids, which are responsible for substrate binding 2%. Some bioinformatics tools are able to predict the
substrate to be selected by an amino acid by A domains and, therefore, the NRP amino acid composition [BH[E2I33],
C domains catalyse amide bond formation between amino acids and the growing peptide; they have a conserved
HHxxxDG motif. This conserved motif is essential for the peptide bond formation 24l Bioinformatic analyses
revealed subclasses that are classified depending on the condensation between acceptor and donor and
noncanonical members of the C superfamily 23, The PCP domains transport the substrate between the different
NRPS modules B3, PCP domains must be post-translationally modified by the addition of the 4"
phosphopantetheine (PPT) to a conserved serin residue of the conserved GGXS motif 33, The PCP domain does
not play an active role in catalysis, but it has a central role in NRPS function. The PCP interacts with the A domain

and other catalytic domains involved in the biosynthesis of NRP (Figure 1) [2€],
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