Complessi multienzimatici nella
biosintesi dei polichetidi:
le polichetide sintasi (PKS)
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Structures, producers, and biological activities of some notable fatty acid, polyketide, and nonribosomal peptide natural products.
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Figure 1. Structures of selected natural products derived from modular polyketide synthases.
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Organizzazione
strutturale dei
sistemi
multienzimatici
FAS (fatty acid
synthase), PKS e
NRPS
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FAS/PKS/NRPS Domain Abbreviations

E] = acyl carrier protein
E = acyltransferase
E‘ = ketosynthase
[E = ketoreductase
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Fig.3 Domain organization for FAS, PKS, and NRPS enzymes. (a) Domain abbreviations used in this manuseript. (b) Mammalian and bacterial
FAS. Both produce the primary metabolite palmitic acid (1), but while mammalian FAS houses each necessary enzymatic activity on a single
multienzyme, in bacteria they function in frans. (¢) Type | PKS responsible for 6-deoxyerythronolide (2) production. Menomer units are color
coded to indicate module of origin. Jagged ACP-KS junctions indicate intermodular communication. (d) Type I NRPS responsible for tyrocidine

(3) production.



Analogie tra biosintesi dei polichetidi
(PKS) e biosintesi degli acidi grassi (FAS)

HOJ\I/KSCoA PKS
Substrate Unita d'inizio:
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:°" etc
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allungamento:
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allungamento:
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Biosintesi dei polichetidi

Versa’rlln‘a delle PKS nella scelta di:

» Unita di inizio
* Natura e numero delle unita di allungamento

» Controllo dello stato di riduzione del [3-
chetogruppo

- Stereochimica delle catene laterali
- Ciclizzazione



Il dominio ACP

Il dominio ACP contiene 4- a
fosfopanteteina che deriva dal
coenzima A ed ¢ legata
covalentemente ad un residuo di
serina.

La 4-fosfopanteteina lega
covalentemente (legame tioestere)
il substrato e fornisce flessibilita
e lunghezza (circa 2 nm)
facilitando la comunicazione tra i
siti attivi.

Coenzyme A (Cod)




Le PKS sono omodimeri

DEBS1 DEBS2 DEBS3
LM-M1-M2 M3-M4 M5-M6-TE
| ->
LCl TPCIS.IOCGZ lone ACP KS = ketosynthase TE = thioesterase
KS avviene sulla stessa AT = acyltransferase @ = KS-AT linker

ACP = acyl carrier protein

catena polipeptidica.

La traslocazione KS ->
ACP per l'allungamento
avviene tra le due

catene polipeptidiche.

KR = ketoreductase

KRe = redox inactive KR

DH = dehydratase + \)CJ)\S,C(,A + -och?LS,cm + NADPH
ER = enoylreductase




Interazioni del dominio ACP con i domini
KS e AT durante il ciclo catalitico

DEBS1 M1 (KS-AT-KR-ACP)
Struttura cryoEM
dell'omodimero

Q =F_1B2

@ = module subunit A
@ = module subunit B
) = ACP [subunit B)
@ = flexad AT

i = 4'-phosphopantstheine
(Fpant)

4-PP legata a Ser1449 ¢ in
contatto con Cys205 del sito
attivo di KS




Biosintesi dell'eritromicina

L'eritromicina A e stata isolata nel 1957 dal batterio Gram-

positivo Saccharopolyspora erythraea, ha attivita antibiotica
verso i batteri Gram-positivi.

Inibisce la sintesi proteica legandosi al'RNA ribosomiale 23S
nella cavita del sito peptidil-trasferasico.

Macrolides Macrolides
a
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Figure 4 Relative position of chloramphenical, clindamycin and macrolides with respect  peptidyl transterase centre of D. mdiodurans. Light blue, 3'-CA end of A-site tRNA; light

to CC-puromycin and the 3'-cytosine-adenine (CA) end of P-site and A-site tRNAs. yellow, 3'-CA end of P-site tRNA; grey, puromyein; gokd, chloramphenicol; green,
The location of CC-puromycin was obtained by docking the position reported by ref. 2into clindamycin; cyan, macrolides (erythromycin). Oxygen atoms are shown in red and
the peptidy! transferase centre of 0. mdiodurans. The location of the 3'-CA end of nitrogen atoms in dark blue. CHCL, indicates the location of the dichloromethyl moiety of

P- and A-site tRNAs was obtained by docking the position reported by ref. 42 into the chioramphenicol.



Geni coinvolti nella biosintesi
dell’'eritromicina
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Figure 2. Map of regions of the 5. eryvtfiraea genome containing genes associated with the late stages of the eryvthromycin
biosynthetic pathway.

Table 1. Summary of Known or Proposed Functions of Erythromycin Biosynthesis Genes

locus role in Er biosynthesis function
eryAl macrolactone synthesis polyketide synthase
eryAll macrolactone synthesis polyketide synthase
eryAlll macrolactone synthesis polyketide synthase
eryBI L-mycarose synthesis not known
eryBII L-mycarose synthesis 3-ketoreductase
eryBIII L-mycarose synthesis not known
eryBIV L-mycarose synthesis 4-ketoreductase
eryBV L-mycarose attachment mycarosyltransferase
eryBVI L-mycarose synthesis not known
eryBVII L-mycarose synthesis 5-epimerase
eryCI D-desosamine synthesis 3-aminotransferase
eryCII D-desosamine synthesis not known
eryCIII D-desosamine attachment desosaminyltransferase
eryCIV D-desosamine synthesis 3,4-dehydratase
eryCV D-desosamine synthesis not known
eryCVI D-desosamine synthesis 3-aminodimethyltransferase
eryF C-6 hydroxylation P450 monooxygenase
eryG C”-3 O-methylation O-methyltransferase
eryl not known thioesterase
eryK C-12 hydroxylation P450 monooxygenase

ermE resistance N-methyltransferase




Organizzazione modulare della PKS che sintetizza lo
scheletro polichetidico dell'eritromicina, il 6-
deossieritronolide B (6-DEB)
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Biosintesi dell'eritromicina
Modificazioni del 6-DEB

Erythronolide B (8) 3—-O-Mycarosyl-
iii, erythronolide B (9)

eryCIII
0

L'eritromicina D
e il primo )
intermedio a
mostrare attivita
antibiotica

Erythromycin C (11)

o 1v eryG

““0  OMe
o) OH

Erythromycin B (12) Erythromycin A (1)



Interazioni tra eritromicina e rRNA 23S

AZ2058EC

O  G2s505Ec

NH,

”—x G2057Ec
=HN—{ N (A2040Dr)

Ny N—

cladinose

Figure 2: Schematic of enythromycin & (1) bound to 235 rnbosomal RMA of the 505 subunit of the Deinococcus mdindurans (Dr) rbosome. The inter-
actions between the polyketide and the nuclectides [Escherichia coli (Ec) numbering) are indicated with colored arrows (reactive groups are less than
4 4 A apart). Adapted from [5].



Espressione DEBS ricombinanti per studi
strutturali e funzionali

Problemi espressione PKS ricombinanti:
- Grandi dimensioni delle proteine

- Folding e modifiche post-traduzionali
(fosfopanteteinilazione)

- Presenza di precursori appropriafti

L'ospite tradizionalmente piu utilizzato per I'espressione & il
ceppo di Streptomyces coelicolor CH999 al quale manca (per
delezione) il cluster genico che produce il polichetide aromatico
actinorodina

In alternativa sono utilizzati Aspergilli oppure S. cerevisiae che
esprime la 4'-PP trasferasi npgA di A. nidulans.

Per I'espressione di singoli moduli o sistemi bimodulari puo
essere utilizzato anche E. coli.



Per facilitare studi funzionali delle PKS e stata creata una
variante semplificata costituita da DEBSI a cui e stato aggiunto
il dominio TE, questa proteina & stata espressa in S. coelicolor.

Gene level — N a —
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lactone 9 | G-deoxyerythronolide B

Figure &: Creation by genetic engineering of the DEBS 1-TE model system. The region of the ernpdill gene encoding the thivesterase (pink) was relo-
cated to the end of gene enpdl. The resulting protein, DEBS 1-TE, produces a small triketide lactone 3 nstead of the heptaketide -demoyerythrono-
lide B. The two methyl centers in [actone 9 are of opposite stereochemical configuration, and thus DEBS 1-TE s an attractive protein for studying the
control of sterenchemistny.



Controllo della stereochimica dei gruppi metilici

Mini-PKS costituita dal
dominio di caricamento e
due moduli (DEBS1-TE).

Due cicli di condensazione
che danno origine a catene
laterali con stereochimica
diversa a partire da 25-
metil-malonil-CoA.

laterali

Extender unit:

Starter unit: (25)-methylmalonyl-CoA
propionyl-CoA or
n-butyryl-CoA COzH
R _$=o
>= 0 CD\HS
Cuﬁts Iuadng “ loading
| loading bl

| e
= '3=
@o— o&o

OH
R R o7 o
il |
Module 1 L R o
condensation 1a: R = Et
Module 2 1b: R=Pr
condensation

FIGURE 1: Operations to carry out two chain extension cycles by
the “triketide lactone synthase”. 6-deoxyerythronolide B synthase
l-thioesterase (DEBS 1-TE). DEBS 1-TE is organized into two
modules which catalyze the stereospecific condensation of an
extender unit onto the growing chain and set the reduction level of
the F-keto group of the resulting intermediate. When supplied with
NADPH and a suitable starter (e g.. propionyl-CoA or n-butyryl-

CoA) and the correct (25)-stereoisomer of the chain-extending
methylmalonyl-CoA., DEBS 1-TE produces the d-lactones 1a and
1b. respectively.



Controllo della stereochimica dei gruppi metilici
laterali
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Figure 9: Experiment in witro to determine the stereochemistry of condensation in modular PES [46). Use of specifically C-2-deuterium abeled
extender unit 10 during biosynthesis with DEBS 1-TE (alongside starter unit butyryl-Co& 11 and NADPH 12), resulted in a labeling pattern in the trike-
tide lactone product 13, which allowed discrimination between the four possible mechanisms for condensation in modules 1 and 2 of the PKS (the C-2
methyl center of the product is established by module 2 and the C-4 center by module 1). The obtamed patten (exclusive deuterium Iabeling at the
C-2 position) was consistent with mechanism 11l {boxed) — inversion of stereschemistry in both modules as found fior fatty acid synthase, with an addi-
tional epimerization cccurming in module 1 to give the observed final configuration.




Relazioni struttura-funzione (SAR)
dell'eritromicina

Medbyl groups (CI0, £2)
in beta comfiguralion:
essential for mduction H5C
of amtibacterial activity
HO

Methyl groaps (C12, C8, C6, C4)
im alpha configuration:

exsential for indection

ol anlshactemal actvily

H;

Lactonic macrocyehe:
integrily essential for

CO-ketone: site of nucleophilic attacks
of OH (Ch, C12) = formation of
inactive hemiketal and spiroketal

| &

C13 ethyl group in alphs
configuration: prevenis
the apening of the lactone
macrocycle! essential for

aniibacterial nctivity

0 antihacterizl sctivity
Hydroxyl groups (O6, CHTCIE)
HJ in hets configwration:
exsenlul for
imdwctson of antibacie mal
OH aciivily
. * |'|3, Hy*
_L'__I'ZII}
0 - = HO
b )
O-Cladinose | Beta-hydroxyl groups (C12, C6);
D ime at % responsible for nucleophilic
£ m.:::-.;r attacks on the C8-ketone
for antibacieral formation of i naetive
activity hemiketal and spiroketal

Functional elements of Erythromycin essential for the induction of
antibacterial activity

CB-beta hyd rogen: its dehy drati on
in an acidic medium = formation of
inactive anhydrohemiketal

Leglplinase in C°3:
its hydralysis in acidic
medium = formation

of inaciive
3-hydroxy crythromycin
O
CH,
on

CH,

Erythromyein inactivation and pharmacomodulation sites



Analoghi semi-sintetici dell'eritromicina

N(CH3)2
CHj
CHg CHg CHg CHg
e} OH o OH
CH CH H
Erythromycin 9 Clarithromycin 8 Azithromycin S
Fermentation product 6 steps from erythromycin 4 steps from erythromycin
US FDA approval: 1952 1991 1991
NH,
—N
e ="
N / \ / N Y
N
Z
A
N(CH3)2 N(CH3)2 N(CH3)2
0] CH3 O CHj (0] CH3
HsC F
Telithromycin Cethromycin Solithromycin
12 steps from erythromycin 9 steps from erythromycin 16 steps from erythromycin

US FDA approval: 2004 Clinical candidate Clinical candidate



Produzione di analoghi strutturali di polichetidi

Reduction

Oxidation
Glycosylation

/|
o

Uond
O

Starter unit +— Methylation

Extender unit 0 OH

Fig. 3 Several biosynthetic targets for genetic engineering to generate
novel macrolides. A wide vanety of structural changes can be
introduced into macrolactone ring biosynthesis by genetic engineering
as follows: alteration of starter and extender units required for PKS
and alteration of the extent of 3-carbon processing and chain length.
Modification of glycosylation and oxidation pattems by flexible GTs
and monooxygenases, respectively, can lead to the generation of
structurally-altered non-natural macrolides



Inattivazione del gene eryF per rendere
I'eritromicina stabile a basso pH

A o Compound Ry
woH oy, O 8-deoxyEr A CoHs

6-deoxyEr B CoHs

WCHy HOy, ’ 6-deoxyEr C CgHs
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Fig. 2. {A) Structure (indicating stcreochemistry) of 6-deoxyEr A and its biosynthetic precursors,
6-deoxyEr B, C, and D. Also shown are 6-deoxy-15-norEry A and its biosynthetic precursors. (B) Acid
decomposition pathway of Er A to form anhydroEr A (17, 18), which involves the C-6 hydroxyl group
(highlighted). 6-deoxy Er A is more resistant o acid inactivation because the C-6 hydroxyl group is absent

@n.



Inattivazione del dominio ER4

Scheme 8

DEBS 2 DEBS 3

module 4 module 6
module 5

end

Il dominio ER4 é stato = _moues
inattivato modificando @09@3 g AR
il sito di legame per il ! ! I !

(o} OH

cofattore NADPH ..

o]
OH

WT HAAAGGVGMA
Mut HAAASPVGMA

L'inattivazione di ER4
causa il mantenimento

del doppio legame tra
C-6eC-7




Biosintesi diretta da precursore per la
produzione di analoghi strutturali
dell'eritromicina

KS1 inattivato per e s
eliminare la competizione A~ Jiw. —
con l'unita starter 20

naturale propionil-CoA:
mutazione della cisteina
catalitica Cys—Ala N DEBS AKS]
@vklim —
Le nuove unita starter 30

vengonho fornite come

tioesteri dell'N-

acetilcisteammina \aimc —
(SNAC): analoghi del Lon _
substrato (acil-CoA) 1

Figure 14. Precursor-directed biosynthesis of novel
polyketides using genetically blocked modular polyketide
synthases.



Biosintesi diretta da precursore per la
produzione di analoghi strutturali
dell'eritromicina

Gli analoghi strutturali del
6-DEB vengono aggiunti al
terreno di un ceppo di S.
erythraea non produttore
di eritromicina.

Vengono processati e se ne
valuta l'attivita antibiotica.

36

Figure 15. Bioconversion of structurally altered polyketide
aglycons into novel erythromycin analogs.



Approccio combinatoriale per la produzione di
analoghi strutturali dell'eritromicina:
inattivazione di domini e scambio di domini

Single j o
mutation ,
|“'“'N‘“O e
O%Y'-,OH
Triple
mutation

O
L
o e
w Is] .,
O%\l/ 'f.-OH

DEBS1 DEBSZ DEBS3
mod 1 mod 3 mod 5 TE
LD mod 2 mod 4 mod 6 —
| AT2 ke KRS ATE
(a) rapDH/ER/KR1 (b) AKRS (c) rapAT2

Combinatorial manipulation of DEBS. Single domain alterations that result
in a functional PKS can be combined to generate multiple mutant PKSs.
In this example, taken from [10%], three different single mutants could be
combined to yield a functional triple mutant. The three mutations are:

(a) substitution of the KR in module 2 with the DH/ER/KR domain from
module 2 of the rapamycin (rap) PKS; (b) a KR deletion in module 5; and
(c) substitution of the methyimalonyl-specific AT in module & with the
malonyl-specific AT from module 2 of the rapamycin PKS.
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Fusioni per lo scambio di domini o moduli
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Le regioni linker KS-AT e post-AT
intferagiscono!
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Struttura delle regioni linker ACP-KS tra
moduli delle PKS DEBS2 e DEBS3

A)

T ———ee % DEES 3 N

B)
! = Dimerization
F67 YQG \ goucl;la;helical
> undle
a5, L70
LO7" =" k74
\ -
/- N101
7, :
Docking
(four a-helical
bundle)

Dimerization
(coiled coil)

Figure 6. Residues Involved in Docking between DEBS 2 and DEBS 3
(A) The parallel four-helix bundle is held together by a series of hydrophobic interactions between helix 3 and 3’ and the coil

by helices 4 and 4’.
(B) Partially buried salt bridges at the ends of helices 3 and 3' may play a role in determining the specificity of docking in the ‘

Figure 13. The structural basis for docking in modular PKS. A) PKS docking domains are located at the extreme C

La CO mp l em enTa r' i e"'& d i CG r‘ i Ca é and N termini of the subunits. The complex of docking domains solved by NMR spectroscopy models the junction

between polypeptides DEBS 2 and DEBS 3 in the erythromycin PKS. B) NMR solution structure of the DEBS dock-
ing complex. The dimeric C-terminal docking domain is shown in blue and yellow (three helices), while the dimer-

p r‘o ba b' l menTe GI I a base del ic N-terminal docking domain is shown in green and orange. Two dimerization elements are present, an inter-
twined four a-helical bundle formed by helices 1, 1/, 2, and 2/, and a coiled-coil motif formed by the N-terminal
. . d I . docking domain. Docking between the two domains, results in formation of a second four «-helical bundle, as
r‘l CO n Os C' me nTO Tr.a m 0 u l indicated. The linker region between helices 2 and 3 is highly mobile, and therefore is represented as a dashed
line in the structure. C) Charged residues located at critical positions in the interface (see box in B) are likely to
contribute to the specificity of docking.
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Fig. 5 Concept of combinatarial biosynthesis of post-PKS modifica-
tion steps. Combinatorial biosynthesis is the application of genetic
engineering to the modification of natural product biosynthetic
pathways in order to produce umnatural or hybrid natural products.

Generating glycosylated and/or oxygenated metabolites via combina-
torial biosynthesis requires a flexible GT and/or monooxygenase
active toward the sugar acceptor (aglycone) and sugar donor substrates
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Ingegneria metabolica in E. coli per la
produzione di polichetidi

(a) Expression of DEBS1 DEBSZ2 DEB33 from 5. erythraesa
large proteins ~ 45

l Sfp from B. subtilis

(b) Post-translational
modification

DEBS1 DEBS2 DEBS3
[ 55
- SH SH SH SH SH SH SH
o S-CoA
o n {25) Methylmalonyl-CoA
OH
+ PCCase
fram 5. coelicolor
S-CoA
(c) Precursor 035 Propionyl-CoA
supply
T PrpE from E. coli
OH
o .
J> Propionate
Current Opinion in Microbiclogy
Engineering E. coli to produce polyketides. (a) Conditions for propionyl-CoA synthase and PCC propionyl-CoA carboxylase from
expression of large protein complexes, (b) a suitable 5. coelicolor required for appropriate precursor metabolism were all

phosphopantetheinyl transferase (Sfp). and (¢) native PrpE necessary to achieve biosynthesis of 6-dEB in E. coli.



Immunosoppressori
Biosintesi della Rapamicina
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La rapamicina & stata isolata nel 1975 da Streptomyces
hygroscopicus, ha attivita antifungina, antitumorale e
Immunosoppressoria.

Rappresenta un esempio di metabolita in cui lo scheletro
polichetidico ¢ legato ad un amminoacido
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Fig. 2 Mechanizm of action of immunosuppressive agents, such as
rapamycin, FEK506, and cyclosporin. Rapamycin inhibits mammalian
target of rapamycin (mTOR) by binding to its intracellular receptor
FE306-binding protein 12 (FKBP12). mTOR is the catalytic subu-
nit of two structurally distinct complexes, such as mTOR complex 1
(MTORC1) and mTOR complex 2 (mTORC2). While the mTORCI
is rapamycin sensitive (sofid line), mTORC2 is affected by chronic
exposure (doffed ling) to rapamycin. Rapamycin bound mTORCI
led to the inhibition of the cell cycle progression of T cells from Gl
o 5 phases, thereby suppressing T-cell proliferation. In contrast,
FE506 and cyclosporin bind to FKBP and cyclophylin, respectively,
and the resulting complexes block the calcineurin that is required for

dephosphrylation of the cyvtoplasmic component of the nuclear fac-
tor of activated T cells (NF-ATc). This results in the inhibition of the
translocation of NF-ATc to the nucleus and the binding of NF-ATc
to the nuclear component of the nuclear factor of activated T cells
(NF-ATn) preventing interlenkin 2 (IL-2) production and subse-
quent T-cell proliferation. Protein abbreviations: mLSTE mammalian
homolog of protein Lethal with SEC12, Depror DEP-domain contain-
ing mTOR-interacting protein, PRASO proline-rich AKT substrate
of 40 kDa, Raptor regulatory-associated protein of mTOR, mSIN
mitogen-activated protein Kinase-associated protein, Rictor rapamy-
cin-insensitive companion of TOR, Protor proline-rich protein, CDE
cyclin dependent kinases



Biosintesi della Rapamicina
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Organizzazione della PKS che sintetizza la
Rapamicina
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Biosintesi della Rapamicina

Il rilascio del polichetide
dall'ultimo modulo di RAPS3 e
catalizzato da rapP, che
incorpora il pipecolato. Questo

enzima ha elevata omologia con
le NRPS

Esistono sistemi
multienzimatici ibridi
PKS-NRPS

module 14
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Organizzazione strutturale di sistemi
multienzimatici: PKS, NRPS e ibridi NRPS-PKS
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Figure 12. Multi-multienzyme organization of PKS, NRPS, and mixed PKS-NRPS systems. A) The 6-deoxyerythronolide B synthase (DEBS) responsible for eryth-
romycin biosynthesis incorporates three subunits, DEBS 1, 2, and 3. Two intermodular junctions are formed across intersubunit interfaces (boxed gray re-
gions). B) NRPS subunits TycA, TycB, and TycC cooperate to assemble the polypeptide tyrocidine. Chain extension occurs across two intersubunit interfaces
(boxed gray regions). C) Tubulysin is assembled by a hybrid PKS-NRPS that incorporates three NRPS subunits (TubB, TubC, and TubE), a PKS subunit (TubF),
and a mixed PK5-NRPS subunit (TubD). Both chain extension (NRPS-NRPS) and chain transfer (NRP5-PKS) are accomplished by domains located at intersub-
unit junctions (boxed gray regions). Abbreviations are: Ox, oxidase; C-MT, C-methyltransferase.



Sintesi del mevalonato, il precursore del

colesterolo
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Ruolo delle statine:
inibitori della HMG-CoA reduttasi

|
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Fig. 5 Model explaining the great variety of biological effects of
statins; and hence, current and potential uses. Inhibiton of HMG-CoA
reductase not only reduces cholesterol levels, but also of isoprenoid
mtermediates, affecting G protems (i.e., Ras) prenylation. This can
result in the modulation of signal transduction from receptors o gene

expression, directly affecting proliferation/apoptosis balance, inflam-
matory chemokines, and the cytogenic messages medated by G
proteins. Modified from: Cummings and Bauer 2000; Davignon and
Leiter 2005; Massy and Guijarro 2001



Struttura di HMG-CoA
reduttasi con il substrato
0 unha statina

Le statine sono inibitori
Y B ! Fig. 2. Stati loit th f jonal flexibility of HMGR drophobic bindi
competitivi di HMG-CoA, o e et s Ao e oG e e ok

The active site is located at a monomer-monomer interface. One monomer is colored yellow, the
: A P other monomer is in blue. Selected side chains of residues that contact the substrates or the statin
no n l are shown in a ball-and-stick representation (20). Secondary structure elements are marked by
black labels. HMG and CoA are colored in magenta; NADP is colored in green. To illustrate the
molecular volume occupied by the substrates, transparent spheres with a radius of 1.6 A are laid
over the ball-and-stick representation of the substrates or the statin. (B) Binding of rosuvastatin to
HMGR. Rosuvastatin is colored in purple; other colors and labels are as in (A). This figure and Figs.
3 and 4 were prepared with Bobscript (22), GLR (23), and POV-Ray (24).
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Biosintesi delle statine: o .
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Fig. 4. Lovastatin biosynthetic gene cluster, The blue genes are encoding enzymes that operate in the metabolic pathway of lovastatin; green genes are encoding camiers; orange genes
encode regulatory molecules; gray genes are encoding proteins invalved in drug resstance and red genes have unknown function,




Biosintesi della lovastatina
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FIGURE 4 The proposed biosynthesis of lovastatin. The PKS steps are outlined by the dotted areas.
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