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Abstract
Modern therapeutics underwent a major transformation upon first industrially microbial exploitation for their ability to
generate antibiotic agents. Peptide secondary metabolites have an important pharmacological potential due to their
extensive biological properties. Exhaustive screening for bioactivity has lead to the discovery of hundreds of these
bioactive metabolites, whose rediscovery led to wastage of exploratory efforts. Microbial genomes have still
demonstrated us that full metabolomic potential of microbes are remaining yet to be discovered and many more non-
ribosomal peptides are silently lying undiscovered. Now the modern challenge and opportunity lies in our capacity to
link genomic and metabolomic data, using novel informatics techniques to get new bioactive peptides. The “mass
spectroscopy” approach mainly ICMS and ‘‘genome-mining’’ approach, in combination with other recent informatics
platforms for discovering non-ribosomal peptides will be the prime focus of this review. The singularities in the
biosynthesis of these natural products by the microbes led to the development of genome-mining strategies which relate
them to their original biosynthetic gene clusters in the genomes of the microbes. Majorly, these peptides present
conspicuously complex architectures that make their identification cumbersome. Combining metabolic tandem MS
spectral data with bio- and chemo- informatic search engines which are capable of predicting and detecting genetically
encoded bioactive molecules from complex metabolomic natural mixtures will make it feasible to a seamless merger of
metabolomic capabilities of microbes with their genomic potential.

KEYWORDS: Microorganisms; peptide secondary metabolites; non-ribosomal; de-replication; mass spectroscopy;
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INTRODUCTION
Peptide secondary metabolites is a diverse family of natural secondary metabolites which are embraced with
diverse properties and bioactivities such as toxins, siderophores, pigments, antibiotics, cytostatics,
immunosuppressant, anticancer or cytotoxic agents [1, 2] and have a peculiarity that their synthesis is
independent of ribosomal machinery. Soil dwelling microorganisms such as Actinomycetes, Bacilli and
eukaryotic filamentous fungi like Trichoderma, Aspergillus etc. are prominent producers of peptide secondary
metabolites of non-ribosomal origin, but marine microorganisms have also emerged as a source of plethora of
such peptides [3]. Structural features of these peptides are unusual having non-proteinogenic amino acids like
ornithine or imino acids, and their structures can be macrocyclic, branched macrocyclic, dimers or trimers of
identical structural elements [4]. Usually such peptide secondary metabolites are synthesized on megaenzymes
called non-ribosomal peptide synthetase (NRPS) complexes, defined as modular multidomain enzymes.
Nevertheless more than half of the NRPS enzymes found in a genome-mining study of 2699 genomes are non-
modular NRPS enzymes Wang et al. [1]. Non-modular NRPS enzymes are found as a stand-alone peptidyl
carrier protein such as BlmI from the bleomycin gene cluster [5] and in siderophore biosynthetic pathways
like EntE and VibH in enterobactin, and VibE in vibriobactin [6]. NRPS enzymes have been demonstrated in
the three domains of life, being prevalent in bacteria, less frequent in eukarya and rarely in archaea.
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Proteobacteria, Actinobacteria, Firmicutes, and Cyanobacteria were the phyla with major abundance of these
enzymes within bacteria domain, and a correlation between genome size and the number of NRPS’s clusters
has been observed [1].

Biosynthesis of peptide secondary metabolites
The biosynthesis of peptide secondary metabolites of non-ribosomal origin is done by NRPSs which are
multi-enzyme complexes, modularly organized, and serve as templates and biosynthetic machinery via a
thiotemplate mechanism independent of ribosomes [2]. A module is a section of the NRPS enzyme that
incorporates one amino acid into the peptide backbone in a specific manner. The modules can be divided into
domains, which catalyze the individual steps of unusual non-ribosomal peptide synthesis and consists of three
domains, adenylation (A) domain, peptidyl carrier protein (PCP) or thiolation (T) domain, and condensation
(C) domain which carry out the synthesis of non-ribosomal peptides [7] and their order of modules is usually
co-linear to the product peptide sequences [8, 9]. Non-ribosomal peptides synthesis proceeds in a N- to C-
terminal, producing peptides usually about 3-15 amino acids long and the released peptides can be linear,
cyclic or branched-cyclic [3]. Domains contain sequence motif conserved that facilitates the identification of
using sequences search tools like BLAST to identified NRPSs in the genome
of Xanthomonasaxonopodis and X. campestri as reported by Etchegaray et al. [10]. A-domain recognizes and
performs activation of amino acid substrate via adenylation using Mg-ATP; result in an aminoacyl adenylated
intermediate [11]. A-domain consist of ~550 amino acids and has ten amino acid residues designated as the
“codons” of NRPS and essential for substrate specificity [12]. Substrates of A-domain include D and L forms
of the 20 amino acids used in ribosomal proteins synthesis as well as non-proteinogenic amino acids such as
ornithine, imino acids, hydroxy acids such as α-aminoadipic and β-butyric acids [2]. A-domain have the same
chemistry as of aminoacyl-tRNA synthetases (AARSs) which catalyzes first step of ribosome-driven protein
synthesis [8, 13]. PCP-domain of ~80 amino acids covalently binds the activated amino acid to 4′-
phosphopantetheine (PP) arm via a thioester bond and transfer the activated substrate and the elongation
intermediates to C-domain [12, 14]. C- domain comprising ~450 amino acids catalyzes peptide bond
formation between the carboxyl group of the nascent peptide and the amino acid carried by the flanking
module, thus allowing translocation of the growing chain to the next module [12, 13]. The release of linear
intermediate peptide so formed is catalyzed by thioesterase (TE) domain by either hydrolysis or internal
cyclization in bacteria, and less frequent in NRPSs of fungi. In fungi, release of the peptide chain is catalyzed
by a variety of mechanisms, which includes (1) a terminal C domain, which catalyzes release by inter- or
intra-molecular amide bond formation, and (2) a thioesterase NADP(H) dependent reductase (R) domain
catalyzing reduction with NADPH to form an aldehyde [2]. The primary product so formed by this synthesis
may be modified post-synthetically to obtain its mature form by tailoring enzymes which are not part of NRPS
by N-, C- and O- methylation, glycosylation, hydroxylation, acylation, halogenation or heterocyclic ring
formation [3, 15, 16]. These reactions catalyzed by tailoring enzymes contribute to generate the structural
diversity of non-ribosomal peptides [10].

Strategies for NRPs discovery
Employing de-replication strategies for exploring the metabolome potential of the microorganisms is a very
effective approach (17). Various de-replication approaches have been studied in detail in the following
subsections.

Proteomics in NRPs discovery
Proteomic approaches have emerged as useful tools for the study of bioactive peptides, especially mass
spectrometry-based peptidomics profiling, a promising strategy for bioactives discovery. The rapidly
expanding fields of genome mining and genome sequencing techniques, as well as mass spectrometry, have
revolutionized the discovery of NRPs from complex biological samples (18, 16).
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Intact Cell Mass Spectroscopy (ICMS) for screening of NRPs
This strategy can detect the microbial potential for exorbitant novel metabolites. ICMS is an expeditious
analytical snap shot technique to capture the metabolic profile of microbial colonies with minimal sample
requirement where preceding chromatographic fractionation is superfluous (19, 20). Sub colony amount of
soil microbes, at very early stage from culture plates when applied directly, overlaid with matrix solution,
gives its full chemical profile (21). Mass spectrometry serves as a valuable tool for the initial steps in
dereplication, structure confirmation and elucidation of peptides as limited material often complicates direct
characterization by NMR spectroscopy. Matrix-assisted laser desorption/ionization mass spectrometry
(MALDI-MS), a soft ionization MS technique, enables two-dimensional mapping of a broad spectrum of
biomolecules present at the surface of an analyte and the identification and analysis of secondary metabolites
originating from microbes (22, 23). Very recently, MALDI-MS has become increasingly indispensable in
microbiology where versatility of the technique is perfectly suited to monitor the metabolic dynamics of
microbial colonies. MALDI MS employs a laser (most of the time, a UV laser), to desorb and ionize the
molecules of interest present in the analyte. The energy of the laser beam is transferred to the analyte through
a MALDI matrix, usually, a small organic molecule, absorbing at the wavelength of the laser. Chemical
reactions such as proton transfer from the ionized matrix to the analyte, leading to protonated ions, noted
[M+H] + take place in the ionization source. Biological samples analyzed without purification steps, often led
to detection of [M+Na] + or [M+K] + ions (24). MALDI-MS, a very powerful tool allows the localization of
potentially hundreds to thousands of compounds (peptide, proteins, lipids, drugs, metabolites, etc.)
simultaneously. The technique has gained interest in the microbiological field usually dedicated to proteomic,
metabolomic or lipidomic studies (25). Recently, publications showed, exploiting the unique features of
MALDI-MS, to detect metabolites, including notably the surfactin-type cLP, secreted during bacterial
competition (26, 27), even in 3D (28). Also, high-resolution MALDI-MS was used to map the secondary
metabolites (triterpenoids) of two basidiomycetes Cyathus striatus and Hericium erinaceus (29). Secondary
metabolites from microorganisms are most often encoded by biosynthetic gene clusters, including NRPS and
PKS systems.  Recently, considerable progress has been made in this zone by applying MALDI-MS to
directly visualize and identify metabolites produced by one organism in response to another (30, 23). More
recently, MALDI-MS applied to microorganisms has known new developments in the implementation of
MALDI-MS imaging (MALDI-MSI) to microbial samples. MALDI-MS Imaging of Lipopeptides is routinely
employed in microbiology labs as a tool for microbial identification, based on the detection of a species
characteristic pattern of proteins (23).

Proteomic Investigation of Secondary metabolism (PrISM) approach
This proteomics screening approach can be used to guide the discovery of potentially new non-ribosomal
peptides. Complementing the bioassay-based and the genome mining as natural product discovery approaches,
a proteomics approach was developed by the Kelleher group, termed Proteomic Investigation of Secondary
Metabolism (PrISM) (31). PrISM avoids pursuing “cryptic” pathways by initially detecting the actively
expressed biosynthetic proteins and natural products are predicted and discovered in a targeted way. Several
new bioactives including koranimine, flavopeptins, gobichelin A and B, as well as the identification of
biosynthetic pathways for many known molecules has been discovered by the PrISM approach (32, 33).
Genome-enabled PrISM involves evaluation using an actinomycete strain with its genome sequence,
justifying the depth of PrISM application i.e., detecting expression of gene clusters at low levels (34). NRPSs
or PKSs are often represented by the high molecular weight proteins (>150kDa), protocol for the PrISM
screening of Actinobacteria strains for the expressed NRPS and PKS proteins. In this, actinobacteria grown
under a variety of culture conditions are harvested at several time points and cells lysed by mechanical
disruption using bead beating. The proteomes are fractionated by size employing one dimensional sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). High molecular weight proteins (>150kDa),
usually representing NRPSs or PKSs, are digested by in-gel trypsination followed by LC-MS analysis whose
data are automatically analyzed using proteomics software and identifications reveal which NRPS and/or PKS
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pathways are actively expressed under peculiar growth conditions thus guiding the discovery of the
corresponding natural products (35).

Discovery of NRPs through genome-mining
Genome-based approach is particularly pertinent, when screening for new NRPs, because this strategy allows
the identification of silent genes and genes from uncultured bacteria (36). Till now, characterised NRPS
enzymes mainly come from terrestrial organisms and peculiarly from actinobacteria belonging to
Streptomyces species. The genomic strategies precludes discovering any non-databank-indexed structures,
highlights the need for a combinatorial strategy of genomic analyses and microbiological strategies, like
natural NRPs purification and characterisation. Rapid development of bioinformatics tools as well as
improved microbial genome sequencing and annotation during the last decade, led to identification of new
NRPS gene clusters (37, 38). Streptomyces genus is known to be a primary bacterial group in terms of
producing many antibiotics as well as peptides and polyketides. The first cryptic cch gene cluster, an NRPS
consisting of three modules produced a tetrapeptide siderophore named coelichelin, discovered through
genome mining in the genome of Streptomyces coelicolor was reported in 2000 (39, 40). Laspartomycins are
lipopeptide antibiotics produced by Streptomyces viridochromogenes. ECO-02301, a linear polyene
discovered from Streptomyces aizunensis with antifungal activity (41). Orfamide A and Pf-5 antibiotic are
recently discovered NRPS metabolites using a genome mining of P. fluorescens (42). Natural product
peptidogenomics (NPP), a systematic genome mining technique, has been developed that combines the
computational power of bioinformatics with the detection sensitivity of tandem mass spectrometry (43). This
technique exploits the repertoire of mass spectrometry based techniques that have been used to study bacterial
chemistry (particularly antibacterial peptides) (44). It relies on comparing the peptide structures, determined
from the MSn fragmentation patterns, with the sequence-based predictions to match the secondary metabolites
present in the sample with the biosynthetic clusters responsible for their production.

Bio-computational tools for the discovery of new NRPs
Basic Local Alignment Search Tool (BLAST) and HMMER, the profile hidden Markov model suite of tools
are widely employed algorithms in NRPS discovery. BLAST determines proteins having a common short
region with known NRPS but they might be functionally unrelated while HMMER identifies proteins that
contain a specific domain, such as C domain, characteristic of NRPS (45). Norine
(http://bioinfo.lifl.fr/norine/) represents a unique resource dedicated to nonribosomal peptides comprising a
combination of database together with computational tools for data analysis. Norine currently constitutes more
than 1100 peptides, submitted directly by researchers or coming from the scientific literature (46). Detailed
annotations such as structure, activity, producing organisms or bibliographical references are provided by
Norine with a unique feature of provision of visualizer and editor for monomeric structures, along with tools
to search for monomeric structures (47). AntiSMASH (http://antismash.secondarymetabolites. org/), a
recently published online platform, extends user’s abilities to analyze secondary metabolite biosynthetic gene
clusters (48). The antiSMASH can identify NRPS gene clusters encoding secondary metabolites, in a plethora
of bacterial and fungal genomes and further reveal information about their chemical structure and function.
For discovery of novel NRPS metabolites through genome mining, the aforementioned bioinformatics tools
and softwares may prove to be valuable.

OTHER APPROACHES
Some approaches have also been developed to detect novel bioactive natural products predicted from genome
analysis, including differential analysis of 2D NMR spectra of crude extracts (49) or isotopic enrichment from
predicted amino acid incorporation (42). Also, LC-MS studies remain the detection and isolation method of
choice, owing to its high sensitivity, rapidity in processing, and ability to scale from analytical to preparative
loads. The new emerging frontier for discovery will incorporate the development of genomic and
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metabolomic prediction algorithms which can analyze diverse and complex architecture, thus facilitating the
identification and isolation of new chemical entities in a high throughput fashion.

CONCLUSION
Since the completion of first bacterial genome, the number of sequenced genomes increases exponentially,
now reaching into the thousands. This new genomic plethora has enabled researchers to associate vast
genomic diversity with enormous microbial secondary metabolites. Genome-mining and informatics based
approaches are an efficient method to discover novel bioactive natural products to develop new therapeutics.
Combining tandem MS spectral data of microbial metabolome with bio- and chemoinformatic search engines
capable of predicting and detecting genetically encoded molecules from natural complex mixtures with a
seamless merger of metabolomic capabilities with genomic potential is a possible approach. It is critical to the
discovery of new entities that metabolomic–genomic interfaces continue to develop at a rapid pace, in order to
harness the hidden and cryptic biosynthetic potential by sequencing efforts, and to drive the discovery and
development of novel bioactives.
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