Strategie di analisi e modificazione
delle NRPS
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Meccanismo tio-templato delle NRPS
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FIG. 4. Chemical principles of nonribosomal peptide synthesis. Domains in action are indicated in red and the respective crystal structures are
shown above. First, the A-domain specifically recognizes a dedicated amino acid and catalyzes formation of the aminoacyl adenylate under
consumption of ATP. Second, the activated aminoacyl adenylate is tethered to the free thiol group of the PCP-bound phosphopantetheine (ppan)
cofactor. Third, the C-domain catalyzes peptide elongation. Here, the nucleophilic amine of the acceptor substrate nucleophilically attacks the
electrophilic thioester of the donor substrate (a, acceptor site; d, donor site). The crystal structure of the A-domain is derived from the
Phe-activating A-domain (PheA) of the first module of gramicidin S synthetase of B. brevis (22). The NMR-structure of the PCP is derived from
the third module of the B. brevis tyrocidine synthetase (141), and the C-domain is derived from the crystal structure of VibH, a stand alone
C-domain of the V. cholerea vibriobactin synthetase (60).




Meccanismo tio-templato delle NRPS

Per I'attivita delle NRPS é necessaria l'aggiunta della 4-
fosfopanteteina sulla serina del sito attivo del dominio di
tiolazione. Questa modifica post-sintetica e catalizzata dalle 4-
fosfopanteteina trasferasi (4-PPTasi), enzimi codificati da geni
appartenenti al cluster della NRPS.
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Sfp e la 4-PPTasi piu utilizzata negli studi sulle NRPS
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Fig. 2 Timeline of some notable events in the study of carrier-protein-mediated FAS, PKS, and NRPS bioswnthetic enzymes.

L'espressione delle NRPS o di singoli moduli o domini ricombinanti
permette di avviare lo studio a livello molecolare della struttura e
del meccanismo d'azione di questi enzimi.



Strategie per la produzione di analoghi
strutturali dei peptidi bioattivi

Alterazione delle condizioni di crescita del
microrganismo produttore
- Biosintesi diretta da precursore

Riprogrammazione delle NRPS

- Alterazione mirata della specificita di
riconoscimento (dominio adenilazione)

- Costruzione NRPS ibride per scambio di moduli o
domini
» Sostituzione domini A (A-T)
» Sostituzione domini C-A (C-A-T)
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Produzione di analoghi della ciclosporina A

La ciclosporina A & un
immunosoppressore prodotto dal
fungo Tolypocladium niveum. La
ciclosporina sintetasi e costituita
da circa 15000 amminoacidi
organizzati in 11 moduli.

Sono stati isolati numerosi
analoghi strutturali della
ciclosporina A da colture in
terreni contenenti precursori
diversi.

= la NRPS ¢ in grado di inserire
amminoacidi diversi in alcune
posizioni del peptide.
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peptide 1 2 3 4 5 6 7 8 9 10 11
CyA p-Ala MeLeu MeLeu MeVal MeBmt Abu Sar MeLeu Val MeLeu Ala
CyB  pAla  Meleu Meleu MeVal MeBmt Ala Sar  MeLeu Val MeLeu Ala
CyC p-Ala MeLeu MeLeu MeVal MeBmt Thr Sar MeLeu Val MeLeu Ala
CyD p-Ala MeLeu MeLeu MeVal MeBmt Val Sar MeLeu Val MeLeu Ala
CyE p-Ala MeLeu MeLeu Val MeBmt Abu Sar MeLeu Val MeLeu Ala
CyF p-Ala MeLeu MeLeu MeVal MeBmt Nva Sar MeLeu Val Meleu Ala
CyG p-Ala MeLeu MeLeu MeVal MeBmt Abu Sar MeLeu Val MeLeu Ala
CyH p-Ala MeLeu MeLeu D-MeVal MeBmt Abu Sar MeLeu Val MeLeu Ala
Cyl p-Ala Leu MeLeu MeVal MeBmt Val Sar MeLeu Val MeLeu Ala
CyK p-Ala MeLeu MeLeu MeVal MedBmt Val Sar MeLeu Val MeLeu Ala
CyL p-Ala MeLeu MeLeu MeVal Bmt Abu Sar MeLeu Val MeLeu Ala
CyM  Dp-Ala MeLeu MeLeu MeVal MeBmt Nva Sar MeLeu Nva MeLeu Ala
CyN p-Ala Leu MeLeu MeVal MeBmt Nva Sar MeLeu Val MeLeu Ala
CyO p-Ala MeLeu MeLeu MeVal MeLeu Nva Sar MeLeu Val MeLeu Ala
CyP p-Ala MeLeu MeLeu MeVal Bmt Thr Sar MeLeu Val MeLeu Ala
CyQ - Dp-Ala MeLeu MeLeu MeVal MeBmt Abu Sar Val Val MeLeu Ala
CyR p-Ala Leu? MeLeu MeVal MeBmt Abu Sar MeLeu Val Leu? Ala
CyS p-Ala MeLeu MeLeu MeVal MeBmt Thr Sar Val Val MeLeu Ala
CyU p-Ala Leu MeLeu MeVal MeBmt Abu Sar MeLeu Val Leu Ala
CyV p-Ala MeLeu MeLeu MeVal MeBmt Abu Sar MeLeu Val MeLeu Abu
CyW p-Ala MeLeu MeLeu Val MeBmt Thr Sar MeLeu Val MeLeu Ala
CyX p-Ala Leu MeLeu MeVal MeBmt Nva Sar MeLeu Val MeLeu Ala
CyY D-Ala MeLeu MeLeu MeVal MeBmt Nva Sar MeLeu Val Leu Ala
CyZ p-Ala MeLeu Meleu MeVal MeAOA Abu Sar Meleu Val Meleu Ala
Cy26 p-Ala MeLeu MeLeu MeVal MeBmt Nva Sar MeLeu Leu Meleu Ala
Cy27 p-Ala MeLeu MeLeu MeVal Bmt Val Sar MeLeu Val Meleu Ala
Cy28 D-Ala Meleu MeLeu MeVal MeLeu Abu Sar MeLeu Val MeLeu Ala
Cy29 p-Ala MeLeu Meleu MeVal MeBmt Abu Sar Melle Val MeLeu Ala
C}30 D-Ala MeLeu MeLeu MeVal MeLeu Val Sar MeLeu Val MeLeu Ala
Cy31 p-Ala MeLeu MeLeu MeVal MeBmt Abu Sar Ile Val MeLeu Ala
Cy32 D-Ala MeLeu MeLeu MeVal MeBmt Abu Sar MeLeu Val MeLeu Ala




Strategie per la riprogrammazione delle NRPS

E necessario avere informazioni sulla struttura e i
dettagli molecolari del meccanismo d'azione delle

NRPS

- Quali sono le basi della specificita di
riconoscimento nel dominio di adenilazione?

- I domini di tiolazione e di condensazione sono
specifici per il substrato?

- Quali sono le basi del riconoscimento tra domini e
moduli?

=> Studi biochimici in vitro sulle proteine purificate



Basi molecolari del riconoscimento del
substrato nel dominio di adenilazione

Figure 3. The Phenylalanine binding Pocket of PheA as a Prototype
Substrate binding Pocket for the Superfamily of Adenylate-Forming
Enzymes

The green ribbon elements are located in the larger N-terminal do-
main and comprise helix 8 and B sheets B5, B6, and B7 (left to right,
blue in Figure 2a). The red loop coming from the top belongs to the
smaller C-terminal domain of PheA. For amino acid activating A
domains, the Asp235 (yellow) and Lys517 (red) residues are invari-
ant. The sidechains in blue vary only slightly between different A
domains and are mostly hydrophobic, whereas residues in orange
are highly variant and their composition confers the greatest part
of the substrate recognition. The phenylalanine substrate of PheA
is shown in gray. (The figure was prepared using the program MOL-
MOL [38].)

1. Determinazione della struttura del
dominio di adenilazione PheA della

Gramicidina Sintetasi A in presenza
di Phe

2. Identificazione dei residui
amminoacidici che fanno parte della

tasca di riconoscimento del substrato
Phe



Basi molecolari del riconoscimento del
substrato nel dominio di adenilazione

The selectivity-conferring code of A domains. 3 . A l | i neam enT 0 d i
Position . e e .
Domain | 235 236 239 278 299 301 322 330 331 517 Biosynthetic template Similanty Seq Uenze d l d 0 m l nl d l
Aad E P R N | v E F v K AcvA 94% d I I l
Ala D L L B G I A v L K CssA, His1 55% aaentiazione con
Asn D L T K L G E \ G K BacA, CepA, Dae, Gigt, TycC 20% e _*a) d N
Asp D L T K Vv G H | G K BacC, SHiAB, LicB, LchAB 100% Sp ecCl f IClI TG |
Cys(1) D H i S D v G | T K AcvA 96% . .
Cys(2) o} L Y N L S L I W K BacA, HMWP2 B8%
ow ol ¢ e W N T T v s |« Sy 100% riconoscimento nota
Dhb/Sal | P L P A Q G v v N K EntE, DhbE. MbtA, PchD, VibE, YbtE B3%
Gin D A Q D L G v v D K LicA, LchAA 100%
Gilul1) D A W H F G G Vv D K FanA, FenC, FenE, PPS1, PPS3, PPS4 95%
Glu(2) D A K D L G v v D K BacC, SrfAA 953 4 d ' f H N d N
s 131 & £ % £ 3 % § Wk sr e eeme o 4. Identificazione dei
te (2) D A = r Y G I T F K FenB, PPS5 100% . . .
te(t) | D] A w i L G N v Vv | K| Bach LicA LchAA, LicB, LchAB, SFAA, SHAB 99% resi dU| pr‘esenfl nel Ie
Leu(2) D A w L Y G A v M K CssA 100%
Leu{3) D G A Y T G £ v v K GrsB, TycC 100% 11 N N d N
e D] A F M G MV Fol o« LicA, LchAA, SrfAA 97% POSlZlonl Co r‘r'ISpon enti
Om(1) D M a N L G L I N K FbC 100% . A
Om(2) D v G 3 | G S 1 D K BacB, FenC, GrsB, PPS1, TycC 98% q l l h P h
Phe ‘ D A W T | A A Vv C K GrsA, SnbDE, TycA, TycB 884 G ue e C e l n e
PhgmPhg D | F L L G L L C K CepB. CepC, SnbDE 80% I . l b
PoPpgd D] F a L L G VvV AV K FKbP, RapP, SnbA, SnbDE 76% eg ano Il substrato
Pro D Vv Q L | A H v ) K GrsB, FenA, PPS4, SnbDE, TycB 87%
Ser D v w H L s L D K EntF, SyrE 90%
The/Dht D F w N I G M v H K AcmB, Fxb, PPS2, PyoD, SnbC, SyrB, SyrfE  91%
Tyr{1) D G T | T A E v A K FenA, PPS2, PPS4 100% C . 9
Tyri2) D A L v T G A v Vv K TycB, TyeC 80% l
Tyri3) D B s T v A A v C K BacC, CepA, CepB 78% o r.r.e azl one ¢
Val(1) D A F w | G G 11 F K | GrsB, FenE, LicB, LchAB, PPS3, SHAB, TycC  96%
Val(2) D F E S T A A v Y K AcvA 94%
Val(3) D A w M r A A v L K CssA 95%
Vanabxlity] 3% 16% 16% 39 13% 26% 23% 26% 0% »like ins




Tasche di riconoscimento del substrato in
diversi domini di adenilazione

Aspartato Ornitina Valina
@ yss17 — = ©@ Lys517 (€ Lys617 —
Gly331 Asp331 Leu331
Asp2356 Asp235 Asp235
\- Gli'301 / Gly301/ Ala301
1e330 lle330 Val330
D O — T =) = G
/'— His322 /- Ser322 /- Alad22
Laa3h Val299 Vai236 le299 A0 Phe209
-y (5 Lo 2 S Gl
Thr230 Gly239 Trp239
Lys278 G278 '\ Met278

Chermisiry & Biokogy

A simplified representation of the proposed binding pockets of three A
durnaing, The putative binding pockel constituents of (a) an spariale
activating domain (SrtAB2), (b) an ornithine-activating domain (GrsB3)
and (c) a valine-activating domain (CssA9). determined in Figure 2,
were projected onto the binding pocket of PheA shown in Figure 1b.
The assessed aliphatic (blue), polar (yellow), acidic (red) and basic

(green) sidechains are shown schematically. In all cases, Asp235 and
Lys517 mediale key interactives wilh Ure waminu and wecarbuaylate
group of the substrate, and all other residues facilitate recognition of
the substrate sidechains and {ideally} complement the polarity of the
recognized substrate.



Il codice non-ribosomiale

No. of sa sed Hydrophobic Polar  Acidic  Bas [ ositon 331
16 510% 26% 1580 R%

No. of sa used Hydrophcbic  Polar Acidic Basc

S il

No. of saused Hydrophobic  Poler Acioc Basc
No.of saused Mydrophobic Polar  Acidic  Basic Position 235 i 93% 7% 0% 0%
3 % 19 Q8%
1
No. of as used Hydrophobic  Polar Acidic Basc
| No.ofsaused Hydrophcbic Polw  Ackic  Basc 12 850 165 1% %
7 H3% 7% 0% 0%
Pasition 236 poemon 200
No. of sa used Hydrophobic  Polar Ac-dc ety O Noduwod maom Polr  Acdc  Basc
11 3% 3% 196 an 1%
Position 230
Position 278
No. ol as used Hydrephobic  Polar Acidic Buvc Noduund Hydrophobic Pvlr Acdc Basic
13 59% 24% 11% 41% N 1%
No. of Substrates
adenylation comains | Hydrophobic Polar Acidic Basc
160 A4% 340 13% L) Chemistry & Biology |

L
Obsarved variations of amino acids that constitute substrate-binding
pockets. The proposed signalure sequences from 180 different

A domains were investigated (compare with Figure 2). The proportional
distribution of the nature of their substrates is shown in the lower table.
The yellow table inked to each position displays the number of different
amino acids found in that position, and the proportional oocurrence of
hydrophobic, polar, acidic and basic sidechains. According to these

data, the ten constituent amino acids can be classified into three
subgroups. Positions 235 (aspartate: acidic, red) and 517 (lysine:
basic, green) are considered "nvariant’. Positions 236, 301 and 330 are
only ‘moderately variant'. The vast majonty (93%) of the A domains
examined use hydrophobic sidechains in these positions (blue). 'Highly
vanant' are the resicues at positior}s 239, 278, 299, 322 and 331 |
(gray), which reveal the highest variability of amenc-acid usage.




Alterazione mirata della specificita di
riconoscimento di PheA e AspA

Targeted alteration of the substrate specificity (@) (b) p
of PheA and AspA. The specificity of wild-type 1oo~" 100{|
(green) and mutant (red, orange and blue)
proteins was investigated using the ATP- 80- 80-
pyrophosphate exchange assay. The applied 2 ‘ s
substrates are shown on the x axs, and the = g0l < 8ol
maxmum value obtained for each protein was 2 ‘ -g '
set to 100%. (a) In PheA, single substitutions g <
towards the ‘Leu(4)’ codon (Thr278—Met and g 401 g 40
Aa301-Gly) modestly increased the W 7
specificity for leucine, athough the preferred 204 20
substrate was still phenylalanine. The
corresponding double mutant, however, 0-
preferentially activated leucine with a catalytic L-Phe L-Leu L-Asp L-Asn
efficiency approaching that of wild- PheA, .
(b) A sinyglopHMQ';‘-?Gb mmatlionty::spA B FheA (wild type) ® AspA (wild type)
was sufficient to completely alter the substrate B PheA (T278M) W AspA (H322E)
specificity of the mutant protein from aspartate ® PheA (A301G)
to asparagine. The observed activation pattern | PheA (T278M/A301G) —— '
of the mutants coincides with the appearance akihey A S0y
of their signature sequences in the phylogenetic
tree shown in Figure 3 (green boxes). Catalytic efficiency of wild-type and mutant enzymes.
K Kat KooK
Protein Substrate (mM) {min~*)  (mM-! min-1)
PheA (wi) L-Phe 0.9 62 69
. . . o e p-Phe 0.9 66 72
Espressione in E. coli del dominio A o va b ona
PheA 1-Phe 5.2 68 11
. . . . : 278M/A301G Phe 1.4 57 41
isolato e saggio di scambio ATP/PPi  ° D m W %
Asp (wt) L-Asp 2.9 29 10
L-Asn nd nd nd
AspA(H322E) L-Asp nd nd nd
L-Asn 27.6 30 1

nd, not determined.



Il dominio di condensazione
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Ruolo di His147 nel dominio di condensazione

Per confermare il ruolo del dominio di condensazione & stata costruita una
NRPS formata da due moduli: PheATE e ProCAT. I due moduli sono stati
espressi in E. coli e attivati dalla 4'-PP trasferasi sfp.

Fornendo Phe e Pro marcati € stata studiata la sintesi del dipeptide.

qf §
E N Ha
o—(l o | B
x"\“‘\‘_/l\ﬁ Uh]f/\‘*i’fj
Phe HX
haolo- + 0
PhcATE Pro -
+ ( =
+ ATP H,;r
& fast) (slow)
Pﬂ:wt'l' (Fast) ( i DPhe-LPro-diketopiperazine
' Phe ATE ProCAT PheATE ProCAT (MW: 244.28 g mol 1)

Fic. 7. Reaction sequence of p-Phe-L-Pro and diketopiperazine formation. A proposed simple model for peptide bond and diketopipera-
zine formation is shown. The single domains of the modules PheATE and ProCAT are illustrated as black (adenylation), striped (thiolation), gray
(epimerization), and white (condensation) circles. PheATE and ProCAT are loaded with their cognate amino acids. His'*" of ProCAT, a strictly
conserved residue of the condensation domain, acts as a base to promote the nucleophilic attack of the imino group of L-Pro onto the carboxy carbon
atom of p-Phe. Another residue should reprotonate the thiol moiety of the liberated P-pant. The black line indicates protein-protein interactions
between ProCAT and the C-terminal region of PheATE. In a second step, diketopiperazine formation is believed to occur by an intramolecular,
noncatalyzed cyclization reaction.



% enzyme (charged)

T enzyme {charged)

Fic. 4. Dipeptide formation is eatalyzed by PheATE and Pro-
CAT. PheATE and ProCAT were separately incubated with their cog-
nate amino acids (“H-labeled »-Phe and 1-Pro) in order to achieve a
complete charging of both enzymes (stage I). At ¢t = 180 s, equivalent
amounts of both enzymes were combined. Dipeptide formation was
monitored by taking samples at various time points, precipitation by
the addition of 10% trichloroacetic acid (w/v), and quantification of the
acid-stable label by LSC. Stage II corresponds to the formation of the
n-Phe-1-Pro dipeptide bound to ProCAT. Stage I11 is explained with the

Ruolo di His147 nel dominio di condensazione

——  PheATE (pre-incubaced)

——  with PraCAT ipre-incubared)

—s—  without ProCAT
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Il dipeptide Phe-Pro non si
forma nel mutante H147V.



Il dominio di tiolazione

Struttura del dominio T (PCP)
La serina del sito attivo e il cofattore
4-PP sono esposti al solvente

Struttura del complesso Sfp-PCP



Attivazione del dominio di tiolazione

Le 4'-PP trasferasi hanno bassa specificita di substrato e quindi
possono attivare i domini di tiolazione con acil-CoA, che sono
normalmente presenti nella cellula

Questo processo puo causare il blocco della NRPS

I domini di tiolazione possono essere riattivati da tioesterasi
che catalizzano l'idrolisi dei gruppi acilici indesiderati e
potrebbero agire anche da filtri di selettivita discriminando fra
amminoacidi corretti e non corretti in vivo

In vitro ¢ possibile attivare il dominio di tiolazione con
amminoacil-CoA o derivati funzionalizzati del CoA



Sfp, la 4-fosfopanteteina trasferasi di B.
subtilis possiede bassa specificita di substrato
e puo utilizzare analoghi del CoA

Fig. 6 Crystal structure of Sfp, the promiscuous PPTase from the B. subtilis surfactin biosynthetic pathway (PDB:1QRO0). (a) Structure of Sfp
with CoA substrate and Mg " cofactor bound in active site. (b) Close-up of CoA bound to Sfp. The terminal B-alanine and cystamine portions of
CoA extend into the solvent and make no clear interactions with the enzyme, helping explain the permissivity of Sfp for CoA analogues modified at
the thiol-terminus.
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Fig. 7 Notable examples of CoA analogues transferred to carrer
proteins using Sfp.



Selettivita dei domini di condensazione

Per poter valutare la selettivita dei domini di condensazione é
necessario superare il controllo esercitato dai domini di
adenilazione.

Il dominio di tiolazione viene attivato in vitro da sfp con
amminoacil-CoA

NRPS bimodulare Phe ATE e ProCAT: i due moduli possono essere
caricati indipendentemente

~voc-aa-0OH + HS-CoA —MNvoc-aa-5-Cof—sMNvoc-aa-S-Ppant-T domain
v 350 nmj_ PPTase lh'-.'EE-l.'.lnm
aa-S-CoA  —+  aa-5-Ppant-T domam

Il gruppo Nvoc blocca il gruppo NH, dell'amminoacido rendendo
'amminoacil-CoA piu stabile senza interferire con il
riconoscimento da parte di sfp e puo essere facilmente rimosso
irradiando con luce UV.



Selettivita dei domini di condensazione

Selettivita del sito donatore (elettrofilo)

PheATE + aa-CoA
ProCAT + [3H]Pro

L,D-Phe L,D-Ala L-Leu

Bassa selettivita: il prodotto si forma con tutti gli amminoacidi

Selettivita del sito accettore (nucleofilo)

PheATE + [3H]Phe
ProCAT + aa-CoA

Alta selettivita: il prodotto si

forma solo con L-Ala

A
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Selettivita dei domini di condensazione

Acceptor  Loadin Donor - ;
e e (1) Loading-site
H x l / SH
" SN A P
Initiation module Elongation module  Elongation module
(PheATE) (ProCAT) (ValCAT) F 4 —= 7

/| (2) Acceptor-site

*Phe Pro , Val 2

Pro Val ;5 g
) Doner-site
Fhe/' L
Fig. 3. Three-site model for Ppant tethers in nonribo- [0 ¥l
somal peptide biosynthesis. The first three modules of

the gramicidin synthetase (6) are displayed. The ini-
tiation module PheATE activates and epimerizes the
first amino acid (Phe) as a separate subunit from the modules that activate the second (ProCAT)
and third (ValCAT) amino acids. To account for the multiple tasks of acceptor recognition, donor
recognition, and chain translocation, the Ppant arm of a T domain is postulated to adopt three
distinct configurations (20), detailed here for the T domain of ProCAT. In the loading site (panel 1),
the free thiol of Ppant is acylated by Pro-O-AMP that was formed by the adjacent A, domain. The
Pro-S-Ppant arm must reach upstream to the acceptor site (panel 2) on the C;,, domain and wait
for the donor Ppant from the upstream T domain (here Phe-S-Ppant-T) to fill the donor site. At this
juncture the C domain catalyzes peptide bond formation and the dipeptidyl (D-Phe-L-Pro)-S-Ppant
arm can exit the Cp,, domain and swing downstream to the donor site (panel 3) in the C,,, domain.

(panel 4), there must be carefully orchestrated kinetic control of occupancy of the C domain donor
and acceptor sites for the Ppant arms of every T domain. The PheATE initiation module has no C
domain to trap its aminoacylated T domain and presumably can only occupy the donor site on the
Cp,, domain to initiate chain growth.




BIOSYNTHETIC ENZYMES 2019
Structures of a dimodular nonribosomal peptide

synthetase reveal conformational flexibility

Janice M. Reimer'*, Maximilian Eivaskhani®, Ingrid Harb’, Alba Guarné?, Mokiel Slodak2
Martin Weigt?, T. Martin Schmeing't ©h G n o, Adenylation Thiolation
1 r: o 2P 2 AMP

T ‘@/ Formylation

mf Peptide Transfer
Peptide Transfer  § (Condensation
v HUDEO <<
A Condensation Conformation
Donor T Co Acceptor T

binding site

FATCA

}'A\j._vdr._, ovenay
B  FAT...CA Moleculel FATviCA Molecule2 Overlay

Fig. 5. Different dimodular conformations for the same catalytic states. (A) FATCAT and FATCA both
show T, binding to the donor site of C; but have very different overall conformations. (B) The two
crystallographically independent molecules of FAT,,,CA both show module 1 in thiolation conformation

but have very different positions of module 2 (C) The distances between positions of residue Asp'?® in the
four dimodular conformations. The structures are superimposed by their Ay .



Strategie per la riprogrammazione delle NRPS

(A) A and A-T domain substitution
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\ \
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(B) A domain binding pocket modification

o fafrfe] Al

(C) C-A and C-A-T domain substitution
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Strategie per la riprogrammazione delle NRPS
Comunicazione tra moduli e domini in cis e in trans

Sistema modello Tirocidina sintetasi TycA (modulo di caricamento), TycB (3
moduli) e TycC (6 moduli e dominio Te per la ciclizzazione e il rilascio).

TycC

module 5 dules 60 module 10

tyrocidine
3 -




Tirocidina sintetasi:costruzione NRPS ibride
per fusione di moduli

A module 1 maodule 10 Te c module 1 module 8
module 2 _madule 2_ Te
e T A ¥ _r’ )
et T @@e®  Emp (o @@
SH =H éH 8H
TycA/ProCAT-LeuCATTe TycA/ProCAT-OmCAT-Te
B module 1 module 10 D module 1 module 8
module 2 module 2
s . - =
(PhelT—" ( (:\_(Pm)fb“? (Phe)qg:) % T(C @i‘i
e — M | S o
SH SH SH SH gH iH
TycA/ProCAT-LeuCAT TycA/ProCAT-OrnCAT

Fig.3. Construction of artificial trimodular NRPS systems. Artificial trimodular NRPS systems were obtained by extension of the first two modules of tyrocidine
synthetases, TycA and TycB 1 (here referred to as ProCAT). Fusion of the last module of TycC, containing the Te-domain, to ProCAT yielded TycA/ProCAT-LeuCATTe
(A). TycA /ProCAT-LeuCAT is devoid of the Te-domain (B). Fusion of the second last module of TycC, OrnCAT, resulted in the system TycA/ProCAT-OrnCAT (D),
which was extended in a second fusion step to Tyc& /ProCAT-OrnCAT-Te (C). The purified Hiss-tagged enzymes are shown on a Coomassie blue-stained SDS/PAGE
(7.5% polyacrylamide) in E. M = marker. Lanes 1-5: TycA, ProCAT-OrnCAT, ProCAT-OrnCAT-Te, ProCAT-LeuCAT, and ProCAT-LeuCATTe, respectively. The gel
could not sufficiently resolve the dimodular enzymes, which are 234-265 kDa in size.

Analisi delle sequenze tra domini T-C e T-Te: individuazione di regioni linker
poco conservate sfruttate per costruire le proteine di fusione

T-domain linker C-domain
20 50 £0 0
1

HSLE o KECRrD v F T cc|leE s a ¥ L AaARMre 0 rEPDEA Y B -] R R
H L K E RE FIT B L | T SIECARAGHLARNECEN:E PR ¥ FVSsSHE R
H L K = B (M E L F T SIEETEY T ARBEOENY & &LERE F PV s5HE R
HELE 0 RS v o v F T Alem ety v ARl RV B < lE v RalIRE 5 LR
HSLE E R E VEL F T Sl e T veopleEln P LT ¥ ERCIREY S -1
B L K B ET ¥ E L F T 8 F FETEECREEY E F A F FV S R
s 1@ 1 E K E v D1 F T T v OE I B ¢ KBRS iy rv s %R
HS L KSZ Y E Y IEL F T i E RYGTAILLNEIETARNVF 1

Bam H|
Fig.2. Linkersequence between T- and C-domains. An alignment of the seven sequencesin tyrocidine synthetases TycB and TycC that connect T- and C-domains,
aswell as the terminal T- and the Te-domains, reveals a stretch with very little conservation. This stretch was defined as linker between the domains. All fusions

were performed at the site indicated by introducing a BamHI restriction site in the correspending gene fragments, which itself codes for the amine acids glycine
and serine.
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] | "'*’(,,;'” o ij\{m‘ Table 1. Electrospray ionization-MS analysis of the tripeptide
. b|/ et v products
5 u \ o "—’?1"(:'" Mass
H i e n 00 calculated Mass found
| 1 A Product [M + H]+ [M + H]*
N TycA/ProCAT-LeuCATTe
pPhe-Pro-Leu 376 376
pPhe-Pro-lle 376 376
oPhe-Pro-NVal 362 362
poPhe-Sar-Leu 350 350
oPhe-Abu-Leu 364 364
oTrp-Pro-Leu 415 415
E . TycA/ProCAT-OrnCAT
2 he pPhe-Pro-Orn.y, 359 359
/  romn TycA/ProCAT-OrnCAT-Te
k A o oPhe-Pro-Orncy. 359 359
: e e oPhe-Pro-Orn 377 377
Fosten fmrl oPhe-Pro-Lys 391 391

Fig. 4. Formation of the predicted peptides. The product pattern of the
trimodular NRPS systems was monitored by using Phe, Pro, and the third
amino acid in radiolabeled form, TLC separation of the products and subse-
quent radioactivity scanning. (4) TycA/ProCAT-LeuCATTe with [*C]-Leu. (B)
TycA,/ProCAT-OrnCAT with [14Cl-Orn. (C) TycA/ProCAT-OrnCAT-Te with [14C]-
orn and (D) ["C]-Lys.



Strategie per la riprogrammazione delle NRPS
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Sequence comparison of proposed COMP and COMA domains derived from 12 biosynthetic systems: actinomycin (Acm), bacitracin (Bac), complestatin
(Com), calcium-dependent antibiotic (CDA), fengycin (Fen), Grs, lichenysin (Lic), microcystin (Mcy), pliplastatin (Pps), pristinamycin (Snb), SrfA, and Tyc. Invariant

residues are shown in black and conserved residues in gray.

Fig. 2.
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Diverse fusioni per lo scambio di domini e
moduli

A. Domain and Module Exchange Netermingl Goop Crterminal Cps,
NRPS '

e -«
%OQ. CAT

@O@ eXchange Unit

XU Condensation domain
(XUC)

X}O XU Thiolation domain (XUT)



Costruzione di una NRPS ibrida usando lo

~

schema XUT

W Xids KolS
B xXabABC M GxpS
XtvB

—1 o : Loopt | a2 a3 H o4

GXpS T2 MYVAPQGDME | AVAA IWCE LIEG | EQUIGR HDINIFE A L GGHISINIAVRMMNR | AA - 'S VDL PIIAABEVSRESHATFTEK 1 C

AQl

XtvB T2 I'SEERLTS IEQKVK S LWQKVIIP NRQIKAGDNEEN | GGHSTEATQLVY L LRKQENADFPIEK LIFFS TRTERDMAAS VD YL
| mnm v VIl
B Fusion NRPS Products Production
site [mg/l]
O I 46 1.2+0.1
4 o | 29 47 3.5+ 0.2
\(\/)J]\ n\)J\ 48 1.5+0.03
nit : @i 46 72+0.4
_ 2 1] 30 47 216+0.5
48 5.7 +0.02
Products n " 31 :6 2(‘)/ gi O.g
7 9+0.7
46 11
47 12 48 5.7+0.1
48 13 46 1.7+0.2
VI 32 47 41+0.1

48 1.8+0.1




Lipopeptidi

I lipopeptidi hanno attivita antibiotica: interferiscono con
I'integrita della membrana cellulare perché sono in grado di
inserirsi nel doppio strato lipidico.

Di solito sono presenti come una miscela di varianti strettamente
affini che differiscono nella componente peptidica o lipidica in
dipendenza da fattori esterni (es. disponibilita dei precursori).
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Daptomicina

La daptomicina & un lipopeptide acido prodotto da Streptomyces
roseosporus. L'attivita antibatterica della daptomicina & mediata dal calcio.

OH

Daptomycin

La daptomicina € usata nel trattamento di patogeni resistenti per i
quali ci sono poche alternative terapeutiche (enterococci resistenti
alla vancomicina, S. aureus e S. pneumoniae resistenti alle penicilline)



Daptomicina sintetasi

La daptomicina € sintetizzata dalla NRPS DptA-BC-D. DptE e DptF
catalizzano I'attivazione e l'incorporazione della catena di acido grasso.

N o OH
iy X
0% ™ o
15050 5
NH, ‘o " )L
H H " TOH
R N\)’LN N\-)LN | , ; HN S
’H o 1 H 4 NH N N S
NH }—OH \—‘( O L< DptBC Asp9 -
o 0
C}‘OH D-Ala8 Gly 10 {
daptomycin N / \
| Asp7 DSevng
factor R 3 k .............. } i
A21978C-C: 8-methyldecanoyl (aCi) [ D tD """""""
A21978C-C2 | 10-methylundecanoyl (iCx2) i omé PW mGiu2
A21978C-Cs 10-methyldodecanoyl (aCis) :fﬁ::ffff&'\:::::: ......... i /
daptomycin n-decanoy| (nC10) Glys i Kmi3
i i
DptA Thra e
PR NN AP Al Asp 3
decanoic acid \%HS H H
ATP PPi
D-Asn 2
AMP |
FA Trp1
n i

FIG. 5. Proposed mechanism of the lipidation of daptomycin. Dec-
anoic acid is activated as decanoyl-adenylate under the consumption of
ATP (1). This step is catalyzed by DptE. The fatty acid is transferred
on to the ppan cofactor of the putative acyl-carrier protein DptF (2).
DptF interacts with the starter C-domain of DptA, which catalyzes the
subsequent acylation of Trp, (3). Finally, DptF is released (4).
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Meccanismo d'azione della Daptomicina

Daptomycin ?
° o

. Ca® .
Disruption of 0 faatage
Cellmembrane Oligomerization ~ membrane
m «m ‘\ f
3
o o
Cargiciipin Phosphatidylglycerol ° K*
o
Hi
NH3 IRD‘H ,LT
02 "o 0.0 -0.,° Q,.oH "o 00
g © g © o o | 07 g o
n—{ u—< g{ } ﬂ{
0 0 o o o
o g o g
0 {n} ] O 0
PE PG cardiolipin (CL} iysyl-PG

Figure 5. Major phospholipids of Gram-positive bacteria. Phosphatidylethanolamine (PE) is the major neutral phospholipid, whereas phosphatidylglycerol (PG) and
camdiolipin (CL) are acidic; with O, only one of the phosphate groups is usually deprotonated, Lysy PG carries a net positive charge. While the figure shows the myristoyl
variants of all lipids, the fatty acyl residues in vivo are subject to variation in length and degree of unsaturation.



Surfactina sintetasi

La Surfactina ¢ un lipopeptide prodotto da Bacillus subtilis che
contiene un B-idrossiacido di 13-15 atomi di C. Il piu comune e
I'acido 3-idrossi-13-metil-tetradecanoico

Geni che codificano per la surfactina sintetasi
Operone SrfA

SrfA-A = El1A 400 kDa Hsg StAA

SrfA-B = EIB 400 kDa W el e > e
SrfA-C = E2 150 kDa o-%l:uo}{—o—Leu»—Asp-—Val
SrfA-D tioesterasi 25 kDa e e

psrfA oor.ns

Sfp associata a SrfA
indispensabile per la biosintesi della surfactina
4-fosfopanteteina trasferasi 26 kDa



Surfactina sintetasi

Purificate per gel-filtrazione tre frazioni con attivita enzimatica
SrfA-A E1AGlu-Leu-Leu (D)
SrfA-B E1B Val-Asp-Leu (D)

SrfA-CE2 Leu

E3 attivitd aciltrasferasica: inizia la sintesi trasferendo p-HA- CoA al
residuo di Glu su E1A. In assenza degli altri componenti funziona
da tioesterasi. Non sembra essere codificato in SrfA, forse e
correlato ai geni del metabolismo degli acidi grassi

aciltrasferasi 40 kDa

Ingegnerizzazione della surfactina sintetasi
Spostamento modulo tioesterasico
Scambio di moduli con altre sintetasi



Surfactina sintetasi
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Fig. 5. Amino-acid binding activity of (A) sfAORF1, (B) srffAORF2 and (C) srfAORF3. Each enzyme subunit was incubated in the presence of

ATP and one [**C}labelled amino acid. After 30 min incubation at 37°C, proteins were precipitated with 5% TCA, filtered through cellulose
nitrate filters (MFS. USA) and the TCA precipitated material was counted.
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Fig. 6. Amino-acid Pinding competition experiments. Either stfAORF1 (A) or sffAORF3 (B) were incubated simultaneously with two amino
acids. one of which “*C-labelled. Samples were processed as described in Fig. 5. See text for details.



Surfactina sintetasi

Costruzione sintetasi ibride per scambio di moduli (domini AT) con
GrsA, GrsB e ACV

0 2 4 B B 10 12 14 16 18 20 22 24 26 28 Kkt
! " L 1 i " 1 i | i ' e L 1 i 1 M 1
pgsp pgrs
I . |
gs0 grsT grsd
peata i -3 —4 kb pefp
- Val % Leu g
srfA- A sria-H armA-C sriA-TE sip
3 EXE
acvA
Grad, GrsB Hy SriA-A AcwA -
1 o-Phe — = Pro—=Val—=0m—=Lsu | 2 PH{CH), GH-Chg "GO Lo Glu—=Leu— :r!_.ﬂ 3 aad —= Cys—= c-Val
T — HaC *
[ Leu=—Om-=—VWYal= Pruj —o-Phe | G—LBL.HLD—LEIJ = Agp=-—Val |
GraR Grea SrfA-C Sria-B

Fig. 1. Multidomain structure of peptide synthetases. (A) Schematic diagram of the highly conserved and
ordered domain organization of peptide synthetases encoded by the bacterial operons grs (row 1) and
srfA (row 2), and the fungal gene acvA (row 3) [aad, b-(L-a-aminocadipyl)] (3, 5, 6). The homologous
domains are each about 650 amino acid residues in length and contain modules involved in amino
acid-specific adenylation (black boxes) and thioester formation (shaded boxes) (7). They are separated by
nonhomologous regions (white areas). The locations of promoters (p) and genes associated with antibi-
otic production (gsp/sfo, grsT/srfA-TE, and cornS) are indicated (3, 5, 17, 19). (B) Primary structure of the
nonribosomally synthesized peptides gramicidin S (row 1), surfactin (row 2), and the tripeptide &-(L-a-
aminoadipyl)-cysteinyl-D-valine (ACV), an intermediate of penicilins and cephalosporins (row 3). The
amino acid sequences and enzymes that catalyze peptide synthesis are shown.



Surfactina sintetasi

Strategia per la
produzione di Srf
sintetasi ibride in vivo in
Bacillus subtilis per
alterare la specificita
dell'ultimo modulo e
inserire amminoacidi
diversi da Leucina in
posizione 7 nel peptide.
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Surfactina sintetasi

Table 1. Summary of domain exchanges in srfA-C. The numbers in the domain indicate the location of
the domain-coding regions within the DNA sequence of the corresponding gene, as reported for srfd (5),
grs (3), and acvA (6). Hemolytic activity (Hem. act.) was monitored on blood agar plates as described (13).
MS, mass spectra; E. c., E. coll; B. s., B. subtilis. The Phe domain originates in the grsA gene; the Orn and
Leu domains criginate in the grsB genes.

Expression® in Hem MS datat
Domain act ’ (major Peptide product
E. c. B. s. ' peaks)
B. subtilis (wild-type srfA-C)
Leu (22960-24850) + - + 1023,1037 [Leu?])surfactin
Aleu7 (22960-24850) - - - 928, 942 [ALeu|surfactin, linear
B. brevis (grs)
Phe (1890-3760) + + - 1057,1071 [Phe]surfactin
O (12770-14670) - + + 1024,1038 [Om7]surfactin
Leu (15920-17790) + + - 1023,1037 [Leu’]surfactin
P. chrysogenum (acvA)

Cys (5280-7180) + + + 1013,1027 [Cys"]surfactin
Val (8490-10460) + + + 1009,1023 [Val’]surfactin

*Expression was tested by protein immunoblot analysis as described (20). Tholecular weights have been deter-
mined from mass spectra derived for the various lipopeptides extracted (12, 74).

Si ottengono i prodotti previsti, ma le rese sono molto basse
« Selettivita dominio C?
« Comunicazione tra moduli/domini?
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Rational strain improvement for surfactin G

production: enhancing the yield and generating
novel structures

Fangxiang Hu®, Yuyue Liu and Shuang Li"

Abstract

Surfactin, one of the most powerful microbial surfactants, is a lipopeptide-type biosurfactant which combines
interesting physicochemical properties and biological activities. However, the high cost caused by its low productiv-
ity largely limits the commercial application of surfactin. Hence, many engineered bacterium have also been used to
enhance surfactin biosynthesis. This review briefly summarizes the mechanism of surfactin biosynthesis, highlighting
the synthesis pathway of N-terminally attached fatty acids, and outlines the main genetic engineering strategies for
improving the yield and generating novel structures of surfactin, including promoter engineering, enhancing efflux
systemns, modifying the transcriptional regulatory genes of surfactin synthase (srf4), genomics and transcriptomics
analysis, non ribosomal peptide synthetase (NRPS) domain and combinatorial biosynthesis. Finally, we discuss the
future prospects of the research on surfactin.

Keywords: Surfactin, Branched chain fatty acids, Biosynthesis, Structure, NRPS
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