
Strategies for analysis and 
modification of NRPS



Classification of NRPS



Thio-template mechanism of NRPS



Thio-template mechanism of NRPS

Addition of 4-phosphopantetheine on the active site serine of 
the thiolation domain is required for NRPS activity. This post-
translational modification is catalyzed by 4-phosphopantetheine 
transferases (4-PPTases), accessory enzymes encoded by genes
belonging to the NRPS cluster. 

Sfp is the 4-PPTase most widely used for the studies of NRPS.



Recombinant expression of NRPS or of single modules
and domains allows to set up the studies of the structure
and function of these enzymes at the molecular level.



Strategies for production of structural
analogues of bioactive peptides

• Alteration of growth conditions of the producing
microorganism

• Precursor-directed biosynthesis
• Reprogramming of NRPS

– Targeted alteration of recognition specificity
(adenylation domain)

– Construction of hybrid NRPS by module or domain 
exchange

• A domain substitution (A-T)
• C-A domain substitution (C-A-T)





Production of cyclosporin A analogues

Cyclosporin A is an immunosuppressor
produced by the fungus Tolypocladium
niveum. Cyclosporin synthetase is
constituted by about 15000 amino acids
organized in 11 modules.

Numerous structural
analogues of cyclosporin A 
have been isolated from 
cultures in media containing
different precursors.
è NRPS is able to insert
different amino acids in 
some positions of the 
peptide.



Strategies for NRPS reprogramming

• It is necessary to have information on the structure
and the molecular details of the mechanism of NRPS
– Which is the molecular basis of substrate-

specificity of the adenylation domain?
– Thiolation and condensation domains are 

substrate-specific?
– Which is the molecular basis of recognition

between domains and modules?

• è Biochemical studies in vitro on purified proteins
(simplified versions: isolated domains or modules)



Molecular basis of substrate binding in 
the adenylation domain

Structure determination of the 
adenylation domain PheA from 
Gramicidin Synthetase A in the 
presence of Phe

Identification of amino acid residues
that form the Phe substrate binding
pocket



Molecular basis of substrate binding in 
the adenylation domain

Sequence alignment of 
adenylation domains with 
known substrate binding
specificity

Identification of residues
present in positions 
corresponding to PheA
binding site

Is there a correlation ?



Substrate binding pockets in different
adenylation domains

Aspartate Ornithine Valine



The non-ribosomal code



Targeted alteration of substrate specificity of 
PheA and AspA

Expression in E. coli of 
isolated A domain and 
ATP/PPi assay







The condensation domain

Consensus sequence HHxxxDG



Role of His147 in the condensation domain

To confirm the role of the condensation domain an NRPS formed by two
modules: PheATE and ProCAT. The two modules have been expressed in E. 
coli and activated by 4’-PP transferase sfp.
Dipeptide synthesis was studied by supplying labeled Phe and Pro. 



Role of His147 in the condensation domain

The Phe-Pro dipeptide does
not form in the H147V 
mutant.



The thiolation domain

Structure of the Sfp-PCP complex

Structure of the T (PCP) domain
The active site serine and the 4-
PP cofactor are solvent-exposed



Activation of the thiolation domain

• 4’-PP transferases have low substrate specificity and can 
activate thiolation domains with acyl-CoA, that are normally
present in the cell

• This process can block NRPS
• Thiolation domains can be reactivated by thioesterases that

catalyze hydrolysis of undesired acyl groups and could act as
selectivity filters between correct and uncorrect amino acids in 
vivo

• In vitro it is possible to activate the thiolation domain with 
aminoacyl-CoA or functionalized derivatives of CoA



B. subtilis 4-phosphopantetheine transferase
Sfp has low substrate specificity and can utilize

CoA analogues





Selectivity of condensation domains

To evaluate condensation domain selectivity it is necessary to 
overcome substrate specificity control exerted by adenylation
domains.
The thiolation domain is activated in vitro by sfp with aminoacyl-
CoA
Bimodular NRPS PheATE and ProCAT: the two modules can be 
charged independently

The Nvoc group blocks the amino acid NH2 group to stabilize
aminoacyl-CoA without interfering with binding by sfp, and it can 
be easily removed by UV exposure.



Selectivity of condensation domains

Selectivity of the donor site (electrophilic)
PheATE + aa-CoA L,D-Phe L,D-Ala L-Leu
ProCAT + [3H]Pro
Low selectivity: the product is formed with all amino acids

Selectivity of the acceptor site (nucleophilic)
PheATE + [3H]Phe
ProCAT + aa-CoA
High selectivity: the product
is formed only with L-Ala



Selectivity of condensation domains



Selectivity of 
condensation domains: 
epimerization
precedes
condensation

The condensation
domain is
stereospecific



The central role of the thiolation
domain



Structural
models of the 
module and 
domain 
organization of 
NRPS





Strategies for NRPS reprogramming



Strategies for NRPS reprogramming
In cis and in trans module and domain 

communication
Tyrocidine synthetase TycA (loading module), TycB (3 modules) and TycC (6 
modules and Te domain for cyclization and release). 



Tyrocidine synthetase:construction of hybrid
NRPS by module fusion

Analysis of sequences between T-C and T-Te: identification of linker
regions with low conservation employed to construct fusion proteins



Tyrocidine synthetase
Catalytic efficiency is similar to wild 
type NRPS: communication is retained
and C and Te domains are able to 
accept different substrates. 



Strategies for NRPS reprogramming
Comunication between modules and domains in 

trans

Identification of sequences at the extremes of E domains (C-
terminal) and C domains (N-terminal) defined COMD and COMA.  



‘The Universal Communication System’

Hybrid trimodular system formed byTycA, BacB2 and SrfA engineered to 
have the same COMD and COMA domains.  



Communication
between modules

in trans

Structural analysis
of COMD and COMA

regions.

Charged residues and 
hydrophobic residues
contribute to binding
specificity



Lipopeptides

Lipopeptides possess antibiotic activity: they interfere with 
membrane integrity because they are able to insert in the lipid
bilayer.
Lipopeptides are usually found as a mixture of variants that may
differ in the peptide or lipid moiety depending on external
factors (e.g., precursor availability).



Daptomycin

Daptomycin is an acidic lipopeptide produced byStreptomyces roseosporus. 
The antibacterial activity of daptomycin is mediated by calcium.

Daptomycin is used for treatment of multidrug resistant pathogens
(vancomycin-resistant enterococci, penicillin-resistant S. aureus and 
S. pneumoniae)



Daptomycin synthetase

Daptomycin is produced by NRPS DptA-BC-D. DptE and DptF catalyze
activation and incorporation of the fatty acid chain.



Mechanism of Daptomycin



Surfactin synthetase
Surfactin is lipopeptide produced by Bacillus subtilis that
contains a 13-15 C atom b-hydroxyacid. The most frequent is 3-
hydroxy-13-methyl-tetradecanoic acid 

Genes for surfactin synthetase
SrfA operon
SrfA-A  ð E1A 400 kDa
SrfA-B  ð E1B 400 kDa
SrfA-C  ð E2 150 kDa
SrfA-D  thioesterase 25 kDa

Sfp associated to SrfA
necessary for surfaction biosynthesis
4-phosphopantheteine transferase 26 kDa



Surfactin synthetase

Three fractions with enzymatic activity were purified by gel-
filtration

• SrfA-A E1A Glu-Leu-Leu (D)
• SrfA-B E1B Val-Asp-Leu (D)
• SrfA-C E2 Leu
• E3 acyltransferase activity: starts synthesis by transferring b-HA-

CoA to Glu on E1A. In the absence of other components it has
thioesterase activity. It may be related fatty acid metabolism
genes because it is not found in the SrfA cluster
acyltransferase 40 kDa



Surfactin synthetase

Assignment of 
specificity of 
SrfA-A, -B and –C: 
ATP/PPi exchange
assay and activity
assay with labeled
amino acids

SrfA-A  Srf-B Srf–C



Surfactin synthetase

Construction of hybrid synthetases by module exchange (AT 
domains) with GrsA, GrsB and ACV



Surfactin synthetase

Strategy for 
production of hybrid
Srf synthetases in 
vivo in Bacillus
subtilis to alter 
specificity for the 
last amino acid in the 
last module and 
replace Leucine in 
position 7 of the 
peptide.



Surfactin synthetase

Expected products are obtained but yields are low
• C domain selectivity?
• Module/domain communication?




