
Non-ribosomal biosynthesis of 
bioactive peptides



Main antibiotic targets



Most antibiotics derive from natural
compounds



Structures of bioactive peptides
produced by bacteria and fungi



Many bioactive peptides contain non-canonical amino acids



How are these peptides produced?

• They have complex (often cyclic) structures and they
contain modified or non-canonical amino acids.

• Their synthesis requires ATP, but it proceeds also in 
the absence of nucleic acids (DNA/RNA) or in the 
presence of protein synthesis inhibitors.

Non-ribosomal peptide synthesis is catalyzed by large 
multifunctional enzymes: non-ribosomal peptide 
synthetases (NRPS)



Strategies and methods for the study of secondary
metabolites

• Which are the biosynthetic
precursors?

• Which is the sequence of reactions
and which are the biosynthetic
intermediates?

• Which enzymes are involved in 
biosynthesis and which is their
reaction mechanism?

• Which genes are important for 
production and which is their role?

• Feeding of labeled hypothetical
precursors (e.g. with radioactive
isotopes) to growing cells or ‘cell-
free’ systems, isolation of the 
product and analysis of position of 
the label

• Production of ‘blocked’ mutants that
accumulate the intermediate. 

• A labeled intermediate is produced
and the incorporation in the 
metabolite is measured (in the wild 
type strain or in‘cell-free’ systems)

• Purification of enzymes and activity
assay

• Structural and functional
characterization of enzymes

• Identification of genes coding for 
enzymes involved in biosynthesis

• Cloning and expression of proteins
involved in biosynthesis

• Regulation?Protein ð Gene
Gene ð Protein



Peptide synthetases (NRPS)

• NRPS are large multienzymatic complexes
• NRPS have a repetitive structure
• Genes involved in the synthesis of the peptide are 

organized in clusters
• The reaction mechanism of NRPS requires SH groups

and ATP
• Informations obtained on the protein together with 

identification of the NRPS genes have allowed to 
understand the mechanism of action



Gene organization of NRPS



Modular organization of NRPS
The amino acid sequence of the 
peptide is determined by the 
sequence of modules in the 
enzyme structure, which depends
on the gene sequence encoding
the different modules. There is a 
colinearity between the product
of the gene and the product of 
the enzyme. 

Each module is
organized in domains
and it catalyzes
insertion of a single 
amino acid in the 
peptide



Analogies between ribosomal and non-ribosomal
biosynthesis



Adenylation domain (A)

The adenylation domain is formed by about 550 amino acids and 
it performs recognition and activation of the amino acid 
substrate in an aminoacyl-adenilation reaction, with ATP 
hydrolysis and formation of aminoacyl-AMP.



Thiolation domain (T or PCP)

The thiolation domain (T) or peptidyl carrier protein (PCP) is
formed by about 100 amino acids and it transports the amino acid 
by covalently binding aminoacyl-AMP to 4’-phosphopantetheine (4’-
PP) via formation of a thioester bond and release of AMP.



The thiolation domain must be activated by 
phosphopantetheinyl-transferases that use Coenzyme A as 4’-
PP donor and catalyze binding of the cofactor on a conserved
serine residue.



Condensation domain (C)

The condensation domain is formed by about 450 amino acids, it
is localized upstream of the adenylation domain and it catalyzes
formation of the peptide bond between amino acids tethered on 
two adjacent thiolation domains.



Thio-template mechanism of NRPS



How was the NRPS thio-template mechanism
demonstrated?

Identification of the covalent binding site 
for the amino acid substrate(s).

• It is necessary to purify the enzyme.

• It is necessary to have an enzymatic activity
assay to identify fractions that contain the 
enzyme.



Enzyme activity assays for NRPS

1. Amino acid activation

Amino acid + ATP   ↔ amino acyl-AMP + 32PPi

The assay is based on ATP-32PPi exchange: formation
of 32P-labeled ATP takes place in the presence of the 
enzyme and of amino acids recognized as substrates. 

The enzyme is incubated with substrates and then
excess 32PPi is added. ATP that forms is separated
from the reaction mixture by adsorption on activated
charcoal and radioactivity is measured.



Enzyme activity assays for NRPS

2. Formation of the peptide/Covalent bond of the amino 
acid to the enzyme

Precursor amino acids are supplied, at least one is
radioactively labeled (14C or 3H) and radioactivity
incorporated in the peptide is measured.

The peptide and enzyme are separated from the 
reaction mixture by precipitation with trichloroacetic
acid (TCA). TCA makes protein and peptide 
precipitate, but not free amino acids so radioactivity
associated with non-incorporated amino acids will
remain in the supernatant. 



How is radioactivity measured?



How is radioactivity measured?

In liquid scintillation counters the sample containing b-emitting
radioisotopes is placed in liquid scintillation cocktails (a mixture
of solvent and molecules that are excited by electrons emitted
by the radioisotope). Light emission is measured (counted) by the 
instrument, and it will be proportional to the radioisotope
concentration.



Enzyme activity assays for NRPS

3. Covalent bond of the 
amino acid to the enzyme

Fluorescent assay that can 
evaluate substrate
specificity of NRPS (or of a 
single domain).



How was the NRPS thio-template mechanism
demonstrated?

Identification of the covalent
binding site for the amino acid 
substrate.

NRPS are large enzymes so it is
necessary to employ limited
proteolysis in native conditions to 
obtain single modules or domains
that can be chromatographically
separated and further
characterized. 

Gel-filtration
on Superose
•-• valine-
dependent
ATP/PPi
exchange

Limited 
proteolysis of 
Grs2 with 
trypsin to 
isolate the 
valine-binding
domain.
Ion-exchange
chromatography



Identification of the covalent binding site for 
the amino acid substrate:

affinity labeling of the valine binding site on 
gramicidin S synthetase 2

• Protection of the active site –SH group with valine
• Block of all other -SH groups with N-ethyl-maleimide

(NEM)
• Gel-filtration to remove excess NEM
• Reduction with dithiotreitol (DTT) and gel-filtration

to remove valine
• Labeling of the active site with [3H] NEM



Identification of the covalent binding site for 
the amino acid substrate:

affinity labeling of the valine binding site on 
gramicidin S synthetase 2

• Digestion with trypsin to obtain protein fragments
that can be analyzed

• Purification by chromatography of the [3H] labeled
peptide and sequencing by Edman degradation



Determination of amino acid sequences:
Edman degradation



Identification of the covalent binding site for 
the amino acid substrate:

affinity labeling of the valine binding site on 
gramicidin S synthetase 2

• Sequence obtained by Edman degradation of the 
labeled peptide:

LGGH DA LR

DA: dehydroalanine, it is derived from Cysteine or 
Serine

• But…. NEM is not directly bound to the enzyme
otherwise it would have been identified because it
forms a stable adduct with R-SH groups



Thio-template mechanism of NRPS

Experimental evidence in favour of the thio-template mechanism:
• –SH groups are required

–SH inhibitors block activity
a thioester bond is formed between the amino acid and the 
enzyme

the thioester is unstable in the conditions of Edman
degradation (the label is lost also if labeled valine is used)

• Information obtained on the protein: the amino acidic sequence
of the active site peptide indicates the presence of cysteine or 
serine

dehydroalanine
• Information obtained on the gene: the nucleotidic sequence of 

the active site peptide indicates the presence of serine
codon for serine

Where does the SH group that forms the thioester come from???



Mass spectrometry reveals the presence of 
phosphopantetheine bound to the active site 

serine residue



Strategy for labeling and purification of 
gramicidin S synthetase 1 and 2 active site 

peptides



Model of the reaction
mechanism of NRPS: 
multitransporter thio-
template mechanism.
The 4’-PP arms
facilitate transport of 
the substrate and of 
the various
intermediates to the 
catalytic centers of 
the different domains.



Modifications of the peptide

• N-methylation
• Oxidation
• Halogenation
• Heterocyclization
• Epimerization



Epimerization



Release of the product

Product release is catalyzed by a 
thioesterase domain (TE) of about 250 
amino acids, found at the end of the 
last module.
The catalytic mechanism is similar to 
serine proteases and the reaction
generates an acyl-O-TE intermediate. 
Release of the peptide is due to 
intramolecular nucleophilic attack that
generates a cyclic product or by 
hydrolysis in the case of linear 
products.
Product release can also be mediated
by a condensation domain (cyclosporin) 
or by a reductase domain 
(nostocyclopeptides).



Classification of NRPS


