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Natural Products Research and Drug Discovery

Role of Natural Products in A PERFECT STORM. ..
Drug Discovery 1940-2010: o~ TR
RESEARCHIN RESEARCHIN |
Anticancer Antibacterial 60 Al INTIBIOTICS: S5 R-R
§ 50 \\l\ ........... \I\//IISESA .......................... 15 SBDD;_
s 40 : R 0 R =T — 12 9
55N“ 'é 30 \ P 9 %
> 80% 2 o NNE s 2
© / o
= 10 3 2
,N“: NPs or NP-derived “ o, , / , , ~ 0 S
Small Molecules 1980 1985 1990 1995 2000 2005 2010 g
Newman & Cragg, JNP 2012 Cooper & Shlaes, Nature 2011

“ ... a_significant number of natural product
drugs/leads are actually produced by microbes

and/or microbial interactions with the “host from
whence it was isolated”, and therefore we

consider that this area of natural product
research should be expanded significantly.
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MYXOBACTERIA

Little studied because of

* slow growth

« difficult isolation procedure
* poorly established genetics

Advantages
* new compounds

* new modes of action
* low risk of isolating
known compounds







Bioactive Compounds from Myxobacteria




Myxobacterial Strain Collection & Screening

> 8000 world-wide isolates

F N

including recently identified novel

families, e.g. Phaselicystideae Soil sample
(Garcia et al., Int. J. Syst. Evolut. Microbiol., 2009) Strain isolation
Biodiversity-
uided
PR N Ll - g
Sorangiineae QI .."
. .0 | -
Cystobacterineae S s Genome- | — p Activity-
Y [ quided [—2€reening— -, e
vy
Nannocystineae
LC-MS/NMR
guided
Myxo base ﬁ HHHHH 1 ULT»Z fiir Pharmazeutische Forschung Saarland
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Myxobacterial Strain Collection & Screening

Media & growth
- optimization
y
Re-activated Production Extract
strain culture
Biodiversity-
gwded
Sorangiineae QI
Cystobacterineae "x s Genome' — Activity-
- [ guided S"’ eening— - jided
vy
Nannocystineae
LC MS/NMR
guided
Myxobase P —
vy e cuune I =




Activity-guided screening

Media & growth
- optimization
Re-activated
strain

‘Initial Screen’
for activity
(crude extract)

Production Extract
culture

HPLC fractionation of crude extract
coupled to biological assays

@‘
®
1'©
‘Q
©

Act/wt of fract/ons |

Fract/onat/on

Int]

g‘.l@& Known




How to find something new?

Media & growth
optimization
Re-activated Production Extract
strain culture
4 N\
Dereplication platform eo:\%
4 mba
= e
Int. § |:>
A = 417.319
418.322
m/z
3 416.316 @
2
E 417.319
= 41Bi322
iz
[M+H]* = 416.3161 m/z
J g Ret. = 7.17 min
L » Ret. CoH4oNO; Myxalamide A )

ECERI



Activity-guided screening — Current status

Media & growth
- optimization
Re-activated Production Extract
strain culture
( ‘Myxo strain collection® D o Percentage showing activity in ‘Initial Screen’
~ 8000 strains 90%

76.3%

80% 69.7%
iyt 7o
60%

~ 1700 strains re-activated 50%

40%

& ‘Initial Screen’ for activity 30% 25 6% 24.6%
@ fgf 81%  7.6%
0% I  Em
~ 330 extracts & & R &
fractionated, de-replicated $$ P \)@Q\(\ P
and in-depth bioactivity | ¢ ol QP o

eening
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Re-screening of the Myxobacterial Strain Collection -
Priorization
Priority 3

3 % Priority 2
10 %

Priority 1
21 % Ongoing isolation
& characterization

Not prioritized
66 % Currently 3 compounds belonging to
completely novel structural classes

= 2 active against MRSA

Criteria for further evaluation = 1 active against Gram-negatives
(done for 330 species):
= Novelty
= Activity
= Yield P —
o O s

[ —
Page 12 |



Argyrin — Lead structures for antibiotic development?

%3%

Page 13

72
Argyrin A HN

Self-resistance
(microbial producer)?

OMe

Antimicrobial activity of argyrins Ato D

Diameter of
inhibition zone [mm]

Test organism

Bacillus subtilis DSM 10 0 0 0 0
Escherichia coliDSM 498 0 0 0 0
E. colitolC GBF 9 8 0 0
Micrococcus luteus GBF 0 0 - 7
Mycobacterium phlei GBF 0 0 0 0
Pseudomonas aeruginosa DSM1117 13 15 14 13
P. acidovorans GBF 16 15 15 14
Staphylococcus aureus GBF 7 0 7 0
Candida albicans CBS 1893 0 0 - -
Hansenula anomala DSM 70263 0 0 0 0
Metschnikowia pulcherrina DSM 70321 0 0 0 0
Botrytis cinerea DSM 877 12 13 11 0
Mucor hiemalis DSM 2655 0 0 - -
Pythium debaryanum DSM 62946 10 10 O 0
Sasse et al, J. Antibiot. 2002 Jr—
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Argyrin Resistance Mechanism & Bacterial Target

1. Generation of argyrin-resistant Pseudomonas aeruginosa mutants

Several rounds of colony picking and
stepwise increase of argyrin concentrations

Increasing argyrin conc. 2. Isolation of thomosomal DNA for.
> next-generation genome sequencing

Bk 2 x Wildtype DNA
8 x Mutant DNA (independent clones!)

Mutant

MICss SMICa0 >sMiCas 3.In s:Ilc_o analysis of t_he genome data
e al for resistance mutations

LR R w A

/fz‘f‘(“\‘ it .{:/,f WT e T ——T N

: g L W .y M1 W—J_-

Wildtype

-

—— - -
\.
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Mutation in Elongation Factor G
confers Argyrin Resistance

] \ . by, ., \ﬁ P x
R | b\ ] A

» ; ; !
- "’%Fusidic sclh @ | V =

1457

Argyrin

-binding site’ 541

Bielecki et al., submitted
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Elansolids: Novel MRSA actives from Chitinophaga sancti

Elansolids A1 and A2: Stable Atropisomers with different activities

HO OH
0 o)
trans-AT PKS L
— = (5 —
HO 10 extension
steps + TE
Starter Ho' g
unit Quinone methide intermediate
( ) N
IZ:> Need for stable derivatives ew target
= Very low plasma stability
> Biosynthetic trickbox
=/ presumably based on equilibrium:
mutasynthesis, precurser directed - Lactone/Quinone
biosynthesis, domain alteration
\. J

utische Forschung Saarland

Steinmetz et al. (2011) Angew. Chem. Int. Ed. Engl. 50, 532.
Dehn et al. (2011) Angew. Chem. Int. Ed. Engl. 50, 3882; Jansen et al. (2012) Chemistry 17,7739 7 ewumoLrz @
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Precursor directed Biosynthesis towards novel Elansolids

-y A
C02H SO3H
%-OFEt HO,C X HO,C
0 1
OMe
§ 2 NH 2 NH 9 NH 2 NH
10 X =H 15 16 17
11 X = OH
HOLC 12X =COH I X OH NH,
NH 13 X = CO,Me Y OH
'S
14X =NH,
8 X=H
18 X = Ph HO,C
19 X = o-F-Ph HO.C g . T
20 X = o,p-difluorophenyl k) -
21 X = p-Cl-Ph v L
22 X = p-OMe-Ph 24X=0 27
23 X = p-SMe-Ph 25X=8
HO,C” ; N
S )»NH
e
h —NH
28
\_ J

Steinmetz et al. (2012) ChemBioChem in press; Jansen et al. (2012) Chemistry 17, 7739

>

Activity slightly decreased

MICs 2 to 8 fold

Stability increased

First step towards drugs
with optimized/ improved
pharmaceutical properties

ﬁ HEI.HHCIL I

EGSDC



Thuggacins from Sorangium cellulosum —
Novel Anti-Mycobacterial Natural Products

Thuggacin A

(Sorangium
cellulosum
So ce895)

rrrrrrrrrrrrrrrrr

BOCK et al-, AngeW. Chem. Int. Ed., 2008 g"itmﬂfﬁm m g:;vinsnﬂr

— | Sii—



Thuggacins — Comparative Cluster Analysis Reveals
Basis for Structural Diversity

Cmc-Thuggacin A

Soce-Thuggacin A

(Sorangium (Chondromyces
cellulosum crocatus
So ce895) Cm cb5)
Cmc gene cluster
tuge tugB tugD
A g S — S S— — #
7/
tugA tugC orf11
Soce Gencluster
tgakE tgaB tgaD
tgaA tgaC
Bock et al., Angew. Chem. Int. Ed., 2008; Buntin et al., Chem. Biol. 2010 é Tg;;*;:;g:m @



Crotonyl-CoA Carboxylase/Reductase (Ccr)

Primary metabolism:
acetyl-CoA  acetyl-CoA ethylmalonyl-CoA pathway, Rhodobacter sphaeroides

/—O\"/O\ Erb T J et al., PNAS. 2007

HsC S-CoA
acetoacetyl-CoA

2[H] i acetoacetyl-CoA reductase ____________ 0 ____________________________________________
(R)-3-hydroxybutyrate  -- - r} H 3C/\)J\S-Co A
; crotonyl-CoA

l Crotonyl-CoA carboxylase/reductase

(o)

| H&%S-COA
! COOH
ethyl-malonyl-CoA

Y ' Erb T J et al., PNAS. 2008
R-methylmalyl-CoA

& SREN
4 REN
malate SUCCinate Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES
Page 20
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In Vitro Studies on Generateion of the unusual Extender
Unit: Reductive Carboxylation

LA

S SH

o
;(S

100 .

70
22 TgaD catalyzes the
o | reductive
carboxylation
30 o of an octenoyl Buntin et al., Chem. Biol. 2010
25 - derivative P —

— | Sii—



Unusual Alkylmalonyl thioester Building blocks by CCR

M —>CinF
X SCoA

X SCoA —— B

/WJ\SCOA

COOH

v\)i SalG
“ X SCoA T B

)\/\)(L Leu10
X SCoA —

Page 22 |

PKS/NRPS
—
%

Cinnabaramide A
Streptomyces sp. JS360
YNy Rachid S et al., ChembioChem. 2011

o PKS/NRPS
— on.
WSCOA i \
COOH N\j Thuggacin A
s Sorangium cellulosum So ce895
5 Buntin K et al., Chem.Biol. 2010
OH
0]
a scon PKS/NRPS Salinosporamide A
Lo > Salinispora tropica CNB-440
Eustaquio AS et al., PNAS. 2009
OMe
I Leut13 OH O PKS/NRPS
SCoA | —I= —» .
Soon SCoA  — Leupyrrin A1
CooH Sorangium cellulosum So ce690

Kopp M et al., Mol. BioSyst. 2011

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES



OH OH OH OH OH

N Dscon B

A

Filipin |
Streptomyces avermitilis

Yoo et al Biosci Biotechnol

o 2 PKS o i
U AN G -y - Biochem 2011
COOH /\§0
3 .
Y Wilsen et al., JACS 2011
Ansalactam A
Streptomyces sp. CNH-189
[e]
0\ |
S OH
NS Germicidin G
o CCR o ?/' Streptonf;::nelglsg]. HKI0576
S o — o
\(\)J\sc A msc A
3
Xu et al., Angewandte Chemie
2011
Divergolide C
OH Streptomyces sp. HKI0576

i TesC i TesD i PKS
NG N4 \/\l)kscw — \/\HJ\SCoA >

4 Mo et al., JACS 2011
i SfaP
Fe ‘\ASCoA S—fai SCoA 4a> ~ 7 scoa
COOH CONH;
5
PKS/NRPS
—
X scon > SCoA
3 Qu et al., Mol Biosys 2011

Unusual Alkylmalonyi
thioester Building
blocks by CCR

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ
ZENTRUM FUR
INFEKTIONSFORSCHUNG
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Cinnabaramides: Potent antifungals

CinA (PKS) CinB (NRPS) CinE

;

>:O O>_ 0]

Key to generation of unusal extender unit: hexylmalonyl-CoA:

o)
/\/\/\)(i CinF W
X SCoA SCoA
COOH

NADPH + CO,  NADP*

Rachid et al., ChemBioChem 2011 e
ﬁHELMHULTz m UNIVERSITAT

INFEKTIONSFORSCHUNG SAARLANDES



Precursor-directed biosynthesis

CinA (PKS) CinB (NRPS)  CinE
— A — - A N —
ACP KS AT, AT, ACP
: :

. (@]
CinF W
SCoA X SCoA
COOH ; ;
NADP* NADPH + CO,

Salinosporamide A

Moore BS et al.,
Curr. Opin. Chem. Biol. 2008

Chlorinated cinnabaramides
exploiting CinF?

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES



Biosynthetic Studies and Enzyme Engineering:
Structure of CinF as 2-octenoyl-CoA carboxylase/reductase

Stereo image of quarternary
structure

Asymmetric unit contains four CinF monomers
in form of tetrameric dimer of dimers assembly.

Quade N and Huo L et al., Nature Chem.Biol. 2012 it s PrarmaeuischeFrchng Serind

Page 26



Biosynthetic Studies and Enzyme Engineering:
Structure of CinF as 2-octenoyl-CoA carboxylase/reductase

Ligands’ binding

Cofactor
binding

- \ domain
Octenoyl- A S NADP

domain

Quade N and Huo L et al., Nature Chem.Biol. 2012 it s PrarmaeuischeFrchng Serind

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES
| INFEKTIONSFORSCHUNG SAARLANDES
Page 27




CinF: 2-octenoyl-CoA Carboxylase/Reductase

Model of CO, docked into the structure of CinF

Double
bond

0=C=0
N

Octenoyl-

CoA
NADP

A

nnnnnnnnnnnnnnnnnn

Page 28



CinF: 2-octenoyl-CoA Carboxylase/Reductase

- Active site

- Substrate binding

- CO, binding

- Potential for engineering

Quade N and Huo L et al., Nature Chem.Biol. 2012

Institut fir P ische Forschun, g Saarland
ﬁ HELMHOLTZ UNIVERSITAT
RRRRRRRRRR DES
|INFEKTIUN5FORSCHU‘NG SAARLANDES
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Precursor-directed biosynthesis

o oH o o Extract HPLC-MS (EIC) chromatograms of extracts
V. Feeding to X rz;(c lon obtained after feeding experiments with S. sp JS360:
or wildtype strain  HPLC/MS analysis Int.
» - 0.9';
(o] ] New derivative?
E A
] AN
0.6 7
o] ]
0'3_; Cinnabaramide A
15.5 16 16.5 17 17.5
Time [min]
New chlorinated
cinnabaramides
ﬁue!_nk.wnz m UMNIVERSITAT

Page 30 |



Precursor-directed biosynthesis

Proposed Biosynthesis of the cyclo-hexenylanaline of salinosporamides:

phosphoenolpyruvate
CcOo;

1 . 1 H

+ Key enzyme: ! on o

! Sa I W, a m i n 0' : on 3-deoxy-D-arabinoheptulosonate prephenate
I
|

| D-erythrose-4-phosphate 7-phosphate (DAHP)

1
co;
Q
-

| transferase ‘\
3-R-cyclohex-2-enyl- 2,3-dihydrophenyl- OH

L alanine pyruvate dinydroprephenate. M, Nett et al., J.Med.Chem. 2009

Streptomyces sp. JS360 — cosmid sequence

cin LG - — B B E)--)- <<

R T S R QPONM L KJ A B C D E F R H I

L CinQ as a putative L-amino acid aminotransferase shows 80% similarity to SalW

Abolishment of cinnabaramide production in S. sp JS360::cinQ- mutant

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES
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Mutasynthesis in Streptomyces sp. JS360::cinQ- mutant

O~_ _SNAC
S.sp. JS360::cinQ- o OH
HoN —>
>
Leucine-SNAC
Intens. Leucine cinnabaramides
10 X
4] EIC of [M+H]+=282 9 x108| EIC of [M+H]+=298 \/\/\%H/
3 \/\/\/<L/g> 10 \\D 0" o
2 : 0" o .
1 J Cinna C_leu 0.5 Cinna A_Ieu
c ‘ bt A 0 'y A . A
5 10 15 20 25 Time 5 10 15 20 25 _
[min] Time [min]
x10 o] x107
41 EIC of [M+H]*=314 NH OH 5{ EIC of [M+H]*=320 o
3 4 NH OH
2 3 HO "y
1 Cinna B_Ieu 2 OF
0* U | P A - . 1 1 A Cinna D_Ieu
5 25Ti i - A —
Time [min] 0 5 10 15 20 25Time
[min]
8
X101 EIC of [M+H]*=316 Yo
1.5
1.0 oo
0.5 Cinna E_Ieu
0.0- A Jﬂ‘
5 10 15 20 25Time [min]
ﬁHEI_.HP_iULTz m UNIVERSITAT
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Summary for all obtained derivatives

R3
HoN ©
OH precursor-directed
or biosynthesis
Rs >
o} mutasynthesis
H,N S
SNAC
Compounds 1 2 3" 4 5 6
R3
Novel
cinnabaramides
derivatives

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES
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Genome Mining: From Genes to Products

Biosynthetic gene cluster O\'fgfL I/kfj :

(usually between 30-100 kb)

Suia) Sorangium
AN ? cellulosum
' | ? Soceb56

Schneiker et al,
Nat. Biotechnol.

S o B i o in il
e R

?x

o} o Lc M:é 42: OT%S / Ho 2007
oi o \_2:, o=$ Q: p

hwo S ot NH
o N]/(\N_\>Yo /I
MNj/ HN CN o n
e
Y L "o o
TN ey
s N N i Me o
0 H o OMe OH/\
7
HN

Bode & MU”er, AngeVV. Chem. Int. Ed. 2005 ﬁ HHHHHHHHH @ UNIVERSITAT

RRRRRRRRRR

sssssssssssssssssssssssssssss
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Myxobacterial Genome Projects

Contigs/Scaffolds
9000
M Contigs M Scaffolds
8000 -
7000 -
6000 -
5000
4000
3000
2000
1000
0
A S
P KR & N o
§ MR NN
. N R ¥
.\)((\ &O (,(a (9(,
Qg N (Io (,Q/
PN 2 NS
@ > &
Q)O (—) c’) (o)
S
N

tut fiir P i Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

| INFEKTIONSFORSCHUNG SAARLANDES
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Natural Products Biosynthesis Potential

Number of clusters

18
[l PKS B NRPS [ Hybrid M Other

16

14

12

10

Corallococcus sp. Myxococcus fulvus  Aetherobacterrufus Myxococcussp.171 Hyalangium minutum Cystobacter armeniaca
Cccl127 Mxf65 SBSr003 NOCb10 Cbab

titut fir Forachung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

| INFEKTIONSFORSCHUNG SAARLANDES
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More Biosynthetic Gene Clusters than Compounds

Genome
22
Mchr
22 Transcriptome
Mvc
M. xanthus DK1622 5
Genome ~ 9 Mbp 5?
: ters Proteome
Xa
?? Schile roteome Res., 2006
? Bode et al., ChemBioChem, 2009
Mche Leinenbach et al., J. Prot. Res., 2000Metabolome
?
?
DKx ? i Q
Myxovirescin ' or WMHJ::OH
|\\\ éH or DKxanthene Ho S e
18 gene clusters, Cg b p >
5 known compounds )K/L I\* Myxalamide
Myxochelin N
© Myxochromide
ﬁ-HEI._‘MHULTI @ UNIVERSITAT

Page37



Introducing an improved analytical platform: LC-coupled
high-resolution electrospray mass spectrometry

I 4093392
I EIC x105 ] +MS, 3.05-3.10 min J N
X10‘:‘ 404.182 +/- 0.001 Da 1.5 - A : Myxochelin A C,3H,5N;0¢ :
____________ _: - ’ 1 1
;. . | [M+H]+ 404.1816 m/z |
47 1.0 4 | |
. 1 1
- : 1 1
3" - / ! 404.1816 1
- 1 1
J 0.5 J 400.2499 | ,
24 1 404.1812 : :
] ] l | |
14 O'O-I T |l'.ll' '\Ll = T T |l g : :
] 399 401 403 405 407 409 M gz : 4051849 :
: 406..1883 :
|\ T T T ,!
A S £ e e e e e e e e e e e e —————— -
BPC
1 (100-2000 m/z)
3 -
1] Target screening
1 c
x105 - s
1 3
2 - s 8
o E
OX @©
-E
1 = £
ol =
S
1 = N o
U =3
=
g - —A
S
=
0 -tTrr¢*+r+fpr4+6vrr o *rvrop¢+rr+r+rro rrr+rpr v+ rr 1 rrorr 1 r o rr°r 1 TP
1 2 3 4 5 6 7 8 Ret. [min] Helmholtz-Institut fir Pharmazeutische Fc-scnur\g Saarland
Krug et al-, AEM 2008; Krug et al-, Ana’- Chim- ACta 2008 ﬁHEZIE.:Tr:?ﬂI;‘TFIUR @ g:sl\rmsw'n
page33 INFEKTIONSFORSCHUNG SAARLANDES




The Strategy

Cultivation MeOH extraction

Targeted Inactivation : .
(50-ml scale + XAD-16 resin) & concentration

N

M. xanthus Genome
~ 9 Mbp

mholtz-Institut fir Pharmazeutische Forschung Saarland

Hein {
ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES
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Genome based Strategy to find novel Compounds

A A
DK1622 “II l'l v DK1622
WT D € Mutant
‘ 4 X I — 4 X \ii
Samples Molecular Features
ool 506.2712
Mutant o
ﬂ O ‘© 304
O (@) o = 506.7727
A 2 © o B WT | |507.2742
R 0 a 10 _ | :
0.04—~ x Mutant 506 508
wTt . 28 32 m/z

Time (min)

. M
Wildtype utant

ﬁHELMHUL z @ UNIVERSITAT
DES
FEKTIONSFORSCHUN SAARLANDES
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Correlating genes to metabolites:
Genomics and metabolomics for the discovery process

? ¢844 Product family Analytical
I\gyxochromlde (# compounds) Discovery method properties abundance

'\ !\,’I yxovirescin Myxalamide (4 genome-based Intense yellow  very high

M. xanthus DK1622

Genome ~ 9 Mbp ! l’\)llyxalamid Myxochromide (3) genome-based Intense yellow  high

Y, c329

Myxochelin (2) genome-based UV 254 nm high
Myxochelin
? Myxovirescin (3) genome-based MS 624 m/z fair
Dkxanthene €506 transposon

DKxanthene (11) Intense yellow  fair

mutagenesis

18 PKS/NRPS pathways

¢506 (8) NRPS/PKS metabolome mining 506.2713%* m/z low

c844 (1) NRPS metabolome mining 844.3742 m/z  ulira low

c329 (1) PKS metabolome mining 329.1861 m/z  ultra low

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES




First Novel Secondary Metabolite found by
Metabolome Mining: Myxoprincomides

(506.271 m/z @ 2.51 min)

Krug et al., AEM 2008

Cortina et al.,
Angew. Chem. 2012

: . ) (-
Strain A2: 38 x yield > )
""""" ’ ﬁ M. xanthus A2
S
LS X i
¥ 0 |‘ Genetic
= optimization,
| M | || l fermentation,
: : Dt full structure
Myxobase _ Selection of a better producer | elucidation
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Genome Mining by Heterologous Expression

Cosmid or BAC
library

OO
QOO0

oop,
i

Natural
producer

253 4

. J

Engineering of biosynthetic gene clusters
by Red/ET recombination in E. coli

--------------------------------------------------------------------------------------------------------
-

Insertion Insertion
of transfer of a

genes promotor

*
--------------------------------------------------------------------------------------------------------

(Heterologous\
host

Wenzel et al., Chem. Biol. 2005
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Genome Mining by Heterologous Expression

Cosmid or BAC Engineering of biosynthetic gene clusters
library by Red/ET recombination in E. coli

--------------------------------------------------------------------------------------------------------
-

e S

é 5 A
O O O y Stitching Insertion Insertion
T P 3 of the of transfer of a
O O cluster genes promotor
N 3 J -

*
-------------------------------------------------------------------------------------------------------

I ubo\o(\‘\ﬂg l
N et 2y - N
Natural - Redl‘a Heterologous

producer N host

24, 3 A 24 3 4

. J \_ J
Wenzel et al., Chem. Biol. 2005 ; Fu et al., Nat. Biotech. 2012
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Direct Cloning by linear DNA Homologous Recombination

Genomic DNA
natural producer

Fu et al., Nat. Biotech. 2012  highlighted in Nat. Biotech and Nat. Methods
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Unknown Gene Cluster Generates Novel Lipopeptides

Chromosomal DNA
of B. glumae

Digest Subcloning
. Gene cluster via Red/ET

Gene cluster

. \

_\ Gene cluster
4 ’ :Th—-—ﬁ/ (a5 : * *
I%f unknown function ) \

| 4 V)
(227 )
OH O
/\/\/\/K/u\ l
H e as
0 %NH J\n/ (j\ff Modification
Production of _ of the vector
novel lipopeptides backbone
] N\ v
Host, e.g. E. coli
9 Gene cluster
=3 * Q . . IR
* P VI
24 — —
@ IR
s° LC-MS b Transfer @) sm2)y—>
C .
=] analysis ) Gene ﬁ:xluster A
10 12 13 14 15 16 17 18 \. 4 4 J
Time [min] Helmholtz-Institut fir Pharmazeutische Forschung Saarland
ﬁHE!.HHOLTI UNIVERSITAT
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De novo Gene Cluster Synthesis for the Production of
bioactive Polyketides/nonribosomal Peptides

O OH O (0] OH O

Epothilone B Ixabephilone

Sorangium cellulosum

Heterologous expression
(Myxobacterium\ of native gene cluster

Native sequence
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Epothilone Biosynthesis
Epothilone biosynthetic gene cluster (~ 60 kb)

€epoA epoP epoB epoC epoD epoE epoF
) EE—) I EE— S
@ Epothilone assembly line
EpoA EpoP EpoB EpoC EpoD EpoE
al d1 d2 el
S S
HS%NHQ )

T

PKS/NRPS assembly line
= 10 Modules
= 50 Catalytic domains

oA
\r_

S N
Macrocyclization \f

Helmholtz-Institut fir Pharmazeutische Forschung Saarland

ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR DES

INFEKTIONSFORSCHUNG SAARLANDES

Epothilone B Epothilone D
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Design of an artificial Epothilone Pathway

€epoA epoP

EpoA EpoP

al b1 c1 c2 c3 c4 d1 d2 el
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Codon usage

I ”ﬂn

1 hd. Ilil
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Slow codon clusters
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Restriction sites
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L il b
O
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Local CAI

e
I

Sequence repeats

Cryptic spllce sites

ECEECA

Epothilone biosynthetic gene cluster (~ 60 kb)

epoD epoE epoF
EEEEE—— )

Epothilone assembly line

EpoD EpoE

‘.E‘E‘.‘.‘.HTBZ%
RTG biosynthetics

Your Partner in Synthefic Biology

Native gene cluster sequence
(from Sorangium cellulosum)

) — ——

-S Design of an artificial
gene cluster sequence
>l

-‘-—_-ﬂ

Artifical gene cluster sequence
(optimized for Myxococcus xanthus)
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Assembly of an artificial Epothilone Pathway
Epothilone biosynthetic gene cluster (~ 60 kb)

€epoA epoP epoB epoC epoD epoE epoF
) EE—) I EE— S
@ Epothilone assembly line
EpoA EpoP EpoB EpoC EpoD EpoE

al b1 c1 c2 c3 c4 d1 d2 el
00'0 X .“
DO G

@ Total synthesis of modules

. E

46kb  4.4kb 6.3 kb 50kb  46kb  63kb  7.5kb 5.0 kb 7.0 kb 8.6 kb
@ Assembly of operons

al-p1-b1 c1-c2-c3-c4 di-d2-e1

@ Assembly of the gene cluster

al-p1-b1 c1-c2-c3-c4 di-d2-ef [




Assembly of an artificial Epothilone Pathway
Epothilone biosynthetic gene cluster (~ 60 kb)

€epoA epoP epoB epoC epoD epoE epoF
s EE— B
@ Epothilone assembly line
EpoA EpoP EpoB EpoC EpoD EpoE

o W22 etodte BB ot .80

@ Total synthesis of modules

al  pt b1
46kb  4.4kb 6.3 kb 50kb  46kb  63kb  7.5kb 50kb  7.0kb 8.6 kb
N
85
~ NN
L4 4 L4
Assembly of ' J - Sequence design allows for various
the first — w10 kb assembly strategies, including
transcription unit - ==_ 5kb , :
P § = 0 = Conventional cloning
al-p1-b1 . Assembly . = Recombination technologies
— VECIO (in vivo & in vitro)
— e—

: ﬁHELMHULTz UNIVERSITAT
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Page 51 |




Assembly of an artificial Epothilone Pathway
Epothilone biosynthetic gene cluster (~ 60 kb)

€epoA epoP epoB epoC epoD epoE epoF
) EE—) I EE— S
@ Epothilone assembly line
EpoA EpoP EpoB EpoC EpoD EpoE

al b1 c1 c2 c3 c4 d1 d2 el
00'0 X .“
DO G

@ Total synthesis of modules

. E

46kb  4.4kb 6.3 kb 50kb  46kb  63kb  7.5kb 5.0 kb 7.0 kb 8.6 kb
@ Assembly of operons

al-p1-b1 c1-c2-c3-c4 di-d2-e1

@ Assembly of the gene cluster

Unstable! at1-p1-b1 c¢1-¢c2-c3-c4 = di1-d2-ef e s




Assembly of an artificial Epothilone Pathway
Epothilone biosynthetic gene cluster (~ 60 kb)

€epoA epoP epoB epoC epoD epoE epoF
) EE—) I EE— S
@ Epothilone assembly line
EpoA EpoP EpoB EpoC EpoD EpoE

al b1 c1 c2 c3 c4 d1 d2 el
00'0 X .“
DO G

@ Total synthesis of modules

. E

46kb  4.4kb 6.3 kb 50kb  46kb  63kb  7.5kb 5.0 kb 7.0 kb 8.6 kb
@ Assembly of operons

al-p1-b1 c1-c2-c3-c4 di-d2-e1

@ Assembly of the gene cluster

‘Multiplasmid
al-p1-b1  c1-c2-c3-c4 approach’ d1-d2-e1 ot s o s "




Heterologous Epothilon Production
mediated by an artificial Biosynthetic Gene Cluster

Intensity 643 > ~
e _<\N]\)«». OH
30000000
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20000000
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40 —

20 272,25 372,24 460,24

0 23820 262,19 302,28 32032 354,24 416,14 44217 46943 N bO’[ﬂeneCkS?

304,18
100 = .
404,21 . N

o0 - 492,28@cid35,00 improvement of

0 - production yields

40 =

474,36
20 = 286,22 386,34 ,
0 232,32 258,29 ,. s 6’121 33‘}‘25 368,37 | 430’.37 4‘&7—\19 1483?48 Helmholtz-Institut fiir Pharmazeutische Forschung Saarland
1 1 1 1 1 1
250 300 350 m/z 400 450 500 ﬁ HELMHOLTZ UNIVERSITAT
ZENTRUM FUR @ DES
INFEKTIONSFORSCHUNG SAARLANDES

Page 54 |



Functional Genomics for novel Anti-Infectives

(I\/Iyxobactenal Genetlc\

4 Pathway Analysis
& Regulation

ey

& Synthetic Biotechnology

Metabolome Mining N

Natural Products Discovery
and Optimization

Mode-of-action of \

Antibacterials
L
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Challenges in Developing Natural Products
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Structural complexity
Fermentative yield

Backbone modifications

Structure & Yield optimization

How are these compounds made?

= |[dentify biosynthetic pathways
(Bacterial genomics)

= Study biosynthesis & gene regulation

How can we engineer production?
» Manipulate the producer strains

= Express pathways in suitable hosts

... Synthetic Biotechnology
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‘Synthetic Biotechnology*
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‘Synthetic Biotechnology‘ — Two stories

OMe

0
\c‘)‘" N_K o) _/go
H NH T /:\(N
HN = NN
O OH O S]’N/;N srl
A\ JH /<

Epothilones

Z,
%
J

Bottromycins

Producer: Sorangium cellulosum

Activity: Anticancer Producer: Streptomyces bottropensis

Activity: Antibacterial (MRSA, VRE)

& .'S}E

Ptk2 cells Ptk2 cells
(plus Epothilone) (control)

Page 59 |




Mutasynthesis in Streptomyces sp. JS360::cinQ- mutant

O~_-SNAC
HoN S.sp JS360::cinQ- o
E—

Phenylalanine-SNAC
Phenylalanine cinnabaramides
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