
Multienzymatic complexes for the 
biosynthesis of polyketides:
polyketide synthases (PKS)



Antibiotic targets









Structural
organization of 
multienzymatic
complexes FAS 
(fatty acid 
synthase), PKS 
and NRPS



Analogies between polyketide (PKS) and 
fatty acid (FAS) biosynthesis

FAS
Starter unit:
Acetyl-CoA
Extender unit:
Malonyl-CoA

PKS
Starter unit:
Acetyl-CoA
Propionyl-CoA, 
etc
Extender unit:
Malonyl-CoA
Methyl-malonyl-
CoA, etc



Biosynthesis of polyketides

Analogies between fatty acid synthase (FAS) and 
polyketide synthase (PKS)

• FAS type I fungi and vertebrates
iterative ‘modular’: catalytic activities AT-KS-ACP-KR-DH-ER are 
domains of a single polypeptide chain.

• FAS type II bacteria and plants
iterative non modular: each catalytic activity is on separate 
subunits

• PKS type I ‘modular’: the number of modules equals the number
of elongation cycles, the type of domains determine the reduction
state of the b-ketogroup

• PKS type II ‘iterative’: the same domains catalyze all condensation
cycles (mostly synthesize aromatic polyketide products)



Biosynthesis of polyketides

Versatility of PKS in the choice of:
• Starter unit
• Nature and number of extender units
• Control of the reduction state of the b-

ketogroup
• Stereochemistry of the side-chains
• Cyclization



The ACP domain
• The ACP domain contains 4-

phosphopantetheine derived from 
coenzyme A and covalently bound
to a serine residue.

• 4-phosphopantetheine covalently
binds (thioester bond) the 
substrate and provides flexibility
and length (about 2 nm) 
facilitating communication among
active sites. 



Structural models of PKS domains



Interactions of the ACP domain with KS 
and AT domains

KS: ketosynthase condensation
AT: acyl-transferase loading



Erythromycin biosynthesis

Erythromycin A was isolated in 1957 from the Gram-positive 
bacterium Saccharopolyspora erythraea, it has antibiotic
activity against Gram-positive bacteria.
It inhibits protein synthesis by binding ribosomal RNA 23S in 
the peptidyl-transferase site.



Genes involved in the biosynthesis of 
erythromycin



Modular organization of PKS that produces the 
polyketide scaffold of erythromycin, 6-

deoxyerythronolide B (6-DEB)

Starter unit:
Propionyl-CoA

Extender unit:
2-S-Methyl-
malonyl-CoA



Biosynthesis of erythromycin
Modifications of 6-DEB

eryF

eryBV

eryCIII

eryK

eryG

Erythromycin D 
is the first 
intermediate 
with antibiotic
activity



Interactions between erythromycin and 
23S rRNA



Expression of recombinant DEBS for 
structural and functional studies

• Problems in the expression of recombinant PKS:
– large proteins
– folding and post-translational modifications

(phosphopantetheinylation)
– presence of appropriate precursors

The host that was used for expression is the 
Streptomyces coelicolor CH999 strain, which lacks
the aromatic polyketide actinorhodin gene cluster



A simplified PKS formed by DEBS1 with the TE domain, 
has been created for structural and functional studies
and it has been expressed in S. coelicolor.



Control of the methyl group side-chain
stereochemistry

Mini-PKS formed by the 
loading domain and two
modules (DEBS1-TE).

Two condensation
cycles that produce 
side-chains with 
different
stereochemistry
starting from 2S-
methyl-malonyl-CoA. 



Control of the methyl group side-chain
stereochemistry

The correct
mechanism was
identified by analysis
of the products with 
mass spectrometry
and NMR

Epimerization is
mediated by the KR 
domain



Production of polyketide structural analogues



Inactivation of the eryF gene to make
erythromycin resistant to low pH

The C-6 OH group is
involved in the 
formation of 
biologically inactive
anhydro-erythromycin
at acidic pH. 



Inactivation of the ER4 domain

The ER4 domain was
inactivated by 
modifying the binding
site for the NADPH
cofactor

WT   HAAAGGVGMA
Mut HAAASPVGMA

Inactivation of ER4 
causes retention of 
the double bond 
between C-6 and C-7 



Precursor-directed biosynthesis for production 
of structural analogues of erythromycin

KS1 is inactivated to 
avoid competition with 
the natural starter unit
propionyl-CoA: mutation
of the catalytic cysteine
Cys→Ala

New starter units are 
supplied as N-
acetylcisteamine
thioesters (SNAC): 
substrate analogues
(acyl-CoA)



Precursor-directed biosynthesis for production 
of structural analogues of erythromycin

Structural analogues
of 6-DEB are added to 
the growth medium of 
a S. erythraea strain
that does not produce 
erythromycin.
They are processed
and antibiotic activity
is evaluated.



Combinatorial approach for production of 
erythromycin structural analogues: domain 

inactivation and exchange







Molecular recognition between modules



Molecular recognition between modules

Role of the ACP 
domain in substrate
‘channeling’ to the 
KS domain

Substrate release 
is fast when ACP-
TE is in cis



Structure of linker regions between PKS 
DEBS2 and DEBS3 modules

Charge complementarity is
probably at the basis of 
module recognition



Combinatorial approach
for production of 
polyketide structural
analogues: modification of 
sugars.
Glycosyltransferases and 
monoxygenases with broad
substrate specificity



Metabolic engineering in E. coli for production 
of polyketides



Immunosuppressors:
Rapamycin

Rapamycin was isolated in 1975 from Streptomyces
hygroscopicus, it has antifungal, antitumour and 
immunosuppressive activity.
It is an example of a metabolite where the 
polyketide backbone is bound to an amino acid.



Mechanism of action of Rapamycin



Biosynthesis of Rapamycin



Organization of rapamycin PKS



Biosynthesis of Rapamycin

Polyketide release from the 
last module of RAPS3 is
catalyzed by rapP, that
incorporates pipecolate. This
enzyme is highly homologous to  
NRPS

Hybrid multienzymatic
systems PKS-NRPS



Structural organization of multienzymatic systems: 
PKS, NRPS and mixed NRPS-PKS


