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Combinatorial Biosynthesis of Cyclic Lipopeptide Antibiotics: A
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Secondary Metabolite Biosynthetic Pathways
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ABSTRACT: Nonribosomal peptide synthetases (NRPSs)
are giant multi-enzymes that carry out sequencial assembly
line couplings of amino acids to generate linear or cyclic
peptides. NRPSs are composed of repeating enzyme domains
with modular organization to activate and couple specific
amino acids in a particular order. From a synthetic biology
perspective, they can be considered as peptide assembly
machines composed of devices to couple fatty acids to L-amino
acids, L-amino acids to L-amino acids, and D-amino acids to L-
amino acids. The coupling devices are composed of specific
parts that contain two or more enzyme domains that can be
exchanged combinatorially to generate novel peptide assembly
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machines to produce novel peptides. The potent lipopeptide antibiotics daptomycin and AS414SE have identical cyclic
depsipeptide ring structures and stereochemistry but have divergent amino acid sequences. As their biosynthetic gene clusters are
derived from an ancient ancestral lipopetide pathway, these lipopeptides provided an attractive model to develop combinatorial
biosynthesis to generate antibiotics superior to daptomycin. These studies on combinatorial biosynthesis have helped generate
guidelines for the successful assembly of NRPS parts and devices that can be used to generate novel lipopeptide structures and
have established a basis for future synthetic biology studies to further develop combinatorial biosynthesis as a robust approach to

natural product drug discovery.
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Streptomyces cloning hosts

he goal of synthetic biology is to “improve the process of

genetic engineering” and to progress to a future “where
the design of genetic systems and the ideosyncrasies of DNA
are decoupled, and one can compose living systems by mixing-
and-matching genetic parts”.! Nature has been mixing and
matching genetic parts for at least a billion years while evolving
complex secondary metabolite biosynthetic pathways that
utilize modular polyketide synthase (PKS) and NRPS multi-
enzymes. The products of these pathways have impacted the
well-being of mankind as antibiotics, antitumor agents, immune
modulators, anthelmintics, and insect control agents. Establish-
ing the methodology for rapid evolution of novel, functional
PKS- and NRPS-based biosynthetic pathways could have many
important future applications. The goal is to develop synthetic
biology processes to direct the evolution of PKS and NRPS
multi-enzyme complexes, coupled with accessory processes
(e.g, lipidations, amino acid modifications, glycosylations,
methylations, and hydroxylations) in highly restricted time
and space (a few years in a few scientific laboratories) rather
than in natural evolutioary time and space (~billion years and
150 million Km? of earth surface land). In other words, the goal
is to speed the evolutionary process by about 10'7-fold. As
natural evolution uses mutation, recombination, and selection
for fitness as driving forces, a successful synthetic biology
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process must undoubtedly incorporate and vastly accelerate
these fundamental processes. For accelerated evolution,
selection for fitness can be split into two stages: selection for
targeted biological activity (fitness I) and selection for robust
fermentation production (fitness II). Likewise, mutagenesis can
be applied at both stages of selection for fitness: deletion
mutagenesis in the first stage and focused base-pair substitution
mutagenesis to optimize production titer in the second stage
(Figure 1). This sounds like a tall order, but it may be
achievable based on current understanding of the “rules” for
engineering secondary metabolic pathways that utilize modular
NRPS multi-enzyme assembly lines and on the current state of
the art on expression of engineered NRPS pathways in
streptomycete hosts.

From a synthetic biology perspective (see refs 2 and 3 for
terminology), NRPS modular multi-enzymes can be considered
to be assembly line peptide coupling machines, composed of
parts, devices, and accessory components to optimize the
process in microbial expression hosts (chassis). Giessen and

Special Issue: Natural Products

Received: July 26, 2012
Published: August 9, 2012

dx.doi.org/10.1021/sb3000673 | ACS Synth. Biol. 2014, 3, 748—758


pubs.acs.org/synthbio

ACS Synthetic Biology
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7. Focused Mutagenesis
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Figure 1. Evolutionary process for synthetic biology to engineer
lipopeptide biosynthesis.

Marahiel* have pointed out conceptionally how synthetic
biology might be used to generate diverse peptides based upon
standardization of modular NRPS parts and tailoring enzymes
coupled with directed mutagenesis and MS-based screening for
enhanced product yield, and Nannemann et al.> have reviewed
methods for carrying out directed evolution of secondary
metabolic biosynthetic genes. Others have reviewed applica-
tions of synthetic biology to genome mining and reprogram-
ming natural products biosynthesis.” > In the present review, I
focus on what has been learned about the “rules” for successful
recombination of NRPS functional domains (parts) to generate
functional peptide coupling devices that can be expressed in
engineered expression hosts and selected for specific biological
activity parameters (fitness I), based upon combinatorial
biosynthetic studies on lipopeptide antibiotics related to
daptomycin. I also discuss experiments that address focused
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Figure 2. Structures of daptomycin and A45145 (A) and organization of NRPS subunits (B). Reproduced from Nguyen et al.*®
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Table 1. Proteins Encoded by A21978C (dpt) and A54145 (Ipt) Gene Clusters

Dpt protein size (aa) function
DptA 5830 NRPS
DptBC 7338 NRPS
NRPS
DptD 2379 NRPS
DptE 597 Fatty acyl ligase (AL)
DptF 89 Acyl carrier protein (ACP)
DptG 75 MbtH-like chaperone
DptH 271 Editing thioesterase
Dptl 328 a-ketoglutarate methyltransferase
Dpt] 245 Tryptophan 2,3-dioxygenase
L-Asp9 hydoxylase
L-hAps9 methyltransferase
L-Asn3 hydroxylase
DptM 319 ABC trasporter: ATP-binding
DptN 289 ABC transporter: permease
DptP 206 Transport/resistance
DptR1 341 LuxR family regulatory protein
DptR2 371 Lacl family regulatory protein

MerR family regulatory protein

Lpt protein size (aa) % identities (aa/aa)
LptA 6292 53 (3175/5920)
LptB 2148 47 (1014/2156)
LptC 5246 49 (2673/5369)
LptD 2384 53 (1273/2397)
LptEF 732 51 (305/598)

(87) 39 (34/86)
LptG 80 58 (40/68)
LptH 264 54 (242/261)
LptI 352 37 (128/339)
Lpt] 331
LptK 262
LptL 319
LptM 353 55 (167/300)
LptN 279 50 (139/276)
LptP 206 94 (194/206)
ORF46 312

mutagenesis to quickly optimize engineered peptide assembly
machines for enhanced production (fitness II).

A21978C (Including Daptomycin) and A54145. The
cyclic lipodepsipeptide antibiotics A21978C” and A354145%°
were discovered at Eli Lilly and Company and are
biosynthesized by NRPS mechanisms.'°”"> A21978C and
AS414S are produced as mixtures of related factors during
fermentation by strains of Streptomyces roseosporus and
Streptomyces fradiae, respectively. Both contain 10 amino
acids in the cyclic peptide ring and three exocyclic amino
acids coupled to long chain fatty acids (Figure 2). The fatty
acids can be removed by a deacylase enzyme produced by
Actinoplanes utahensis,'®'>'* and the resulting cyclic peptides
have been reacylated with different chain length fatty acids.
Derivatives with very good antibacterial activities against Gram-
positive pathogens were generated,m_16 leading to the
discovery and development of daptomycin.

Daptomycin entered clinical development in the late 1980s,
but the trials were discontinued after muscle toxicity was
encountered in a dose escalation study.'’ Lilly licensed
daptomycin to Cubist Pharmaceuticals in 1997, and Cubist
determined in preclinical and clinical studies that muscle
toxicity could be minimized by dosing once per day rather than
twice per day.'” After FDA approval, Cubicin (daptomycin for
injection) was launched by Cubist for treatment of skin and
skin structure infections caused by Gram-positive pathogens'®
and for bacteremia and right-sided endocarditis caused by
Staphylococcus aureus strains.'® Surprisingly, daptomycin failed
to show non-inferiority versus standard treatment for
Streptococcus pneumoniae pneumonia,20 even though it is very
potent at killing S. pneumoniae in vitro.' 7>* The failure to
adequately treat S. pneumoniae appeared to be due to inhibition
of antibacterial activity by pulmonary surfactant.** To expand
the spectrum of daptomycin to include community acquired
pneumonia, Cubist carried out medicinal chemistry and genetic
engineering studies to alter the lipid side chains and amino acid
composition of A21978C and A5414S.

Rationale for the Development of Combinatorial
Biosynthesis of Acidic Lipopeptide Antibiotic Pathways.
The genetic engineering of acidic, cyclic lipodepsipeptide
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antibiotic biosynthetic pathways has several compelling
fundamental and practical features: (i) daptomycin is an
important clinical antibiotic, and modified derivatives could
have additional clinical indications; (ii) daptomycin is
composed of a complex tridecapeptide coupled to a long
chain fatty acid and is produced by an NRPS mechanism; (iii)
other cyclic lipodepsipeptides and cyclic lipopeptides distantly
related to daptomycin have antibacterial activities, and some
have been in development; (iv) lipopeptide pathways have been
evolving for over a billion years,” and a finite set of distantly
related peptide scaffolds have already been discovered;'® and
(v) the distantly related lipopeptide biosynthetic genes present
attractive starting materials for highly accelerated pathway
evolution.

A21978C and A54145 Genes Encode Lipopeptides
with Identical Peptide Stereochemistry. The original
publication of the A21978C structure by Lilly assigned the
stereochemistry of the individual 13 amino acids,” whereas the
stereochemistry of A54145 was not assigned.>” A21978C had
D-amino acids assigned at positions 8 and 11 and r-amino acids
or Gly residues at the other positions. However, DNA sequence
analysis of the NRPS genes by Cubist suggested that A21978C
had an additional p-amino acid at position 2, because of the
presence of epimerase (E) domains in modules 2, 8, and 11
(Figure 2). This prediction was verified both chemically and
biologically: substitution of L-Asn, for p-Asn, changed the
chemical properties and increased the minimal inhibitory
concentration (MIC) by 10-fold over that of daptomycin.''
The NRPS genes involved in the biosynthesis of A5414S also
have E domains in modules 2, 8 and 11, and the predicted
stereochemistry was confirmed by amino acid enantiomer
labeling.”® The annotation and localization of E domains in the
A21978C and AS4145 NRPS genes points out the predictive
power of DNA sequence analysis to help assign structure and
stereochemistry of complex peptide secondary metabolites,
even prior to their isolation.”**’

Enzyme Subunit, Module, and Domain Organization
of the A21978C and A54145 NRPS Genes. The A21978C
and AS5414S biosynthetic clusters contain evolutionarily related
NRPS and accesory genes, as well as some unrelated genes
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Table 2. Fatty Acid and Amino Acid Coupling Devices and Deduced Functional Parts of the A21978C” and AS4145"

Lipopeptide Biosynthetic Assembly Line Logic

coupling no. functionally engineered
devise device structure® observed device
FA to L-AA AL:ACP:C"™-A-T- 1
AL-ACP:C"LA-T- 1
L-AA to p-AA  :C-A-TLCLA-TUE- 2 :CILA-TL::CLA-T™:E-
-CLA-TLCLA-TLE- 1 -CLA-TL:CLA-TU::E-
-CLA-T:C-A-TLE- 1 -CLA-T%::CLA-T"::E-
-CLA-TLCLA-TLE- 1 -CLA-T%::CLA-TUE::C!
Gly to 0-AA  -CLA-T.C-A-T"E: 2 -C-A-T"::C-A-T"::E:
-CLA-T-CLA-TLE: 1 -CLA-T%::CLA-T™E:C!
L-AA to 1-AA  -CLA-T-CLA-T- 2
:CLA-TLCLA-TL 2
:CLA-T-CLA-T"™Te 2 -E:C"A-T-C-A-T".Te
:CLA-T!::CLA-T"-Te
:CLA-TL:CLA:TY-Te
L-AA to Gly/  -C-A-TL-C.A-T" 1
Sar
-C-A-T-CLA-M-T: 1
-CLA-TLCLA-TL 2
Gly/Sar to 1-  -C-A-M-T™:C"-A-T- 1 -CLA:TCLA-T-
AA
-CLA-TECLA-T- 1
D-AA to L-AA  -CLA-TLE-CLA-T- 3
:CLA-TLE-CLA-TL 1
-C-A-TE:C"A-T"- 2

functional parts defined additional comments ref
ACP:C" important; opportunity to 11
exchange FAs
AL-ACP:C™ Important; opportunity to 12
exchange FAs
-CLA-T™ T-C" and T"-E functional and linkers 47
flexible
-C-A-T™ g 22
_CLA-TIL " 23
-CLA-TUE- E: converted to E-; E-C! linker flexible 22
-CLA-T- T.C" and T"-E: functional and linkers 22,
flexible 23
-C-A-T"E: Heterologous E:C" docking works 22
Opportunity to explore AA substitutions 11
" 12
:C"A-T-C-A-T".Te Heterologous E:C" docking and Te 43
cyclization works
:CLA-TY; -CLA-T".Te TLC! linker flexible and module 47
exchanges work
:CLA-TY -CLA;; -T™-Te  T-C' and A-T™ linkers flexible 47
Opportunity to exchange for Thr, 11
" 12
Aspy required for Ca®* binding® 11,
12
-M- M can be deleted and remaining module 42
is functional
Opportunity to insert M in Gly and other 11
modules
Opportunity to explore AA substitutions 11,
12
" 12
" 11,
12

“A21978C logic: Fatty acid Trp p-Asn Asp Thr Gly Orn Asp p-Ala Asp Gly p-Ser 3mGlu Kyn; AL:ACP:C™A-T"-C-A-T"E-C"-A-T-C-A-T"-C"A-
TLCLA-TLCLA-TL-CLA-T-E-C-A-TLCLA-T-C-A-TE: C!-A-T-CLA-T". Te. YA54145 logic: Fatty acid Trp p-Glu hAsn Thr Sar Ala Asp p-Lys
moAsp Gly p-Asn 3mGlu Ile; AL-ACP:C™-A-T-C-A-T™E-CA-T.C-A-T"-C-A-M-T™:C"-A-T"C-A-T:CLA-T™E-C"A-T"-C-A-T"-CLA-T™-
E:C"™-A-T-C-A-T™.Te. “Dashes indicated interpeptide linkers, and colons indicate protein:protein docking. dExperiments were not carried out in

order to preserve the conserved Ca®* binding site, Asp-Xxx-Asp-Gly.>*

(Table 1). The NRPS genes that encode the biosynthesis of the
peptide portions of A21978C and AS414S5 are composed of
modules containing three or four enzyme domains, including
condensation (C) domains for coupling fatty acids to amino
acids or amino acids to amino acids; adenylation (A) domains
for binding and activation of specific amino acids; thiolation
(T) or peptidyl carrier protein (PCP) domains for tethering the
amino acids and the growing peptide chain and for facilitation
of interactions with multiple domains during peptide assembly;
epimerase (E) domains for converting L-amino acids to D-
amino acids; a methyltransferase (M) domain for N-
methylation of an amino acid; and thioesterase (Te) domains
for cyclization and release of the completed lipopeptides.
Typical modules observed in NRPS gene clusters include AT,
CAT, CATE, CAMT, and CATTe multidomains,*® but the
daptomycin and AS54145 pathways lack AT starter modules
because they have special CAT starter modules that couple long
chain fatty acids to the first amino acid (Trp,). Simplistically,
the A21978C NRPS genes encode nine CAT, three CATE, and
one CATTe modules, whereas the AS4145 NRPS genes encode
eight CAT, three CATE, one CAMT, and one CATTe
modules. However, this level of module description is
inadequate for combinatorial biosynthesis and future synthetic
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biology studies because additional functionally critical informa-
tion is encoded in the individual domains relevant to amino
acid specificity”*® and to productive domain—domain
interactions.”>"**

The information on amino acid binding and activation
specificity is encoded in the A domains. Each A domain has a
well-defined 10-amino-acid binding pocket that defines binding
specificity.””*° The A21978C NRPS genes have 10 different
types of A domain, including three Asp, two Gly, and one each
for Asn, Glu, Ala, Thr, Trp, ornithine (Orn), and kynurenine
(Kyn). The rare (and unique) Orn and Kyn A domain binding
pocket codes (DTWDMGYVDK and DAWTTTGVGK,
respectively) have been used in conjunction with other analyses
to predict a daptomycin-like gene cluster in Saccharomonospora
viridis.”> The A54145 NRPS genes have nine types of A
domain, including two each for Asp, Gly, Asn, Glu and one
each for Ala, Thr, Trp, Lys and Ile (Figure 2). There are only
12 types of amino acid binding pockets in A domains used for
A21978C or AS5414S biosynthesis, and seven of these are used
by both. This emphasizes the phylogenetic relatedness of these
two pathways.>®> Some of the amino acids undergo enzymatic
modifications (one in A21978C and four in A54145), which
further differentiates the two lipopeptide structures. The

dx.doi.org/10.1021/sb3000673 | ACS Synth. Biol. 2014, 3, 748—758



ACS Synthetic Biology

Table 3. Examples of Genetic Changes for Combinatorial Biosynthesis of Lipopeptides in S. roseosporus and S. fradiae

relative yield

lipopeptide core type of change actual change® amino acid change (%) ref
A21978C none 100 43
(Daptomycin)
gene deletion Adptl Gluy, for 3mGlu,, 50 22
gene replacement dptBC:lptD Tle; for Kyn,3 25 43, 45
gene replacement dptBC:cdaPS3 Trp,3 for Kyn,; 50 43, 45
dimodule fusion CIAT::C'AT"'Te Tle; for Kyn,3 86 47
dimodule fusion CIAT::C'AT"Te Trpy; for Kyny; 134 47
tridomain CIAT!::C'AT":: Te Asny; for Kyn,s 0 47
substitution
didomain substitution ~ C*AT"::C'A::T"'Te Asn,; for Kyn,; ~43 47
tridomain -C'AT"::C'AT"::E: p-Alag for p-Sery, 50 22
substitution
tridomain -CIATL:C'AT"::E: D-Asn,; for p-Ser;; 17 22
substitution
tridomain -CIAT!::C'AT"::E- D-Ser,, for p-Alag 18 22
substitution
tridomain -CIAT!::C'AT"::E- D-Asny; for p-Alag 10 22
substitution
AS414SE none 100 48
gene deletion Alptl Glu,, for 3mGlu;, 140 48
gene deletion AlptJ Aspy for moAspgy 26 49
gene deletion AlptK hAsp, for moAsp, 50 49
gene deletion AlptL Asn; for hAsn; 27 49
four gene deletion AlptIJKL Asn;-Aspy-Gluy, for hAsn;-moAspg- S3 49
3mGlu,,
didomain substitution ~ CYAT!::C'A:: T"'Te Kyn,; for Ile;3 ~40 42
tridomain CUAT"::C'AT™::E- p-Asn, for p-Glu, 5 23
substitution
trimodule CUAT"::C'AT"E-C'AT'-C'AT":: C'AMT'  p-Asn,-Asp; for p-Glu,-hAsn, 4 23
substitution
tridomain -C'AT"::C'AT"::E: D-Alag for p-Asnj; 3 23
substitution
tridomain -C'AT!::C'AT"::E: p-Ser; for p-Asnj; 16 23
substitution
tridomain -C'AT"::C'AT":.E- p-Alag for p-Lysg 3 23
substitution
tridomain -C'AT"::C'AT"::E- D-Ser; for D-Lysg 9 23
substitution

“:, inter-protein docking site; ::, inter-domain fusion point; -, inter-module linker; bold indicates heterologous exchanges.

specificity of A domains is one key design component for
combinatorial biosynthesis, and the A21978C and AS4145
pathways use only a small subset of the possible A domains
observed in NRPS genes."’4

In addition to A domain specificity, other specificities are
encoded in C, T, and Te domains. Three types of C domain
were observed in the A21978C and AS54145 gene clusters,
based initially on phylogeneic analyses: (i) for coupling L-amino
acids to L-amino acids (C' or “Cy); (ii) for coupling p-amino
acids to L-amino acids (C" or °C,), and (iii) for coupling fatty
acids to L-amino acids (C™ or FC;).""'*3* There are no special
C domains for coupling L-amino acids to pD-amino acids because
the epimerization of L-amino acids follows peptide cou-
pling 3638

There are also three types of T domain implied from
biochemical studies®****~*' and supported by BLASTP
analyses (R. H. Baltz, unpublished). These T domain subtypes
interact with upstream C and A domains and (i) downstream C
domains (T or T(), (ii) downstream E and C domains (T™ or
Tg), and (iii) downstream Te domains (T™ or Tr,).

In addition to the NRPS domains, two other domains
participate in the activation and coupling of the fatty acids
during biosynthesis of A21978C and A5414S. These are fatty
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acyl ligase (AL) and acyl carrier protein (ACP) domains that
have functions similar to those of A and T domains but process
fatty acids rather than amino acids. The enzymatic assembly
line logic for the biosynthesis of the A21978C linear
lipopeptide, fatty acyl-Trp-p-Asn-Asp-Thr-Gly-Orn-Asp-p-Ala-
Asp-Gly-p-Ser-3mGlu-Kyn, can be depicted as AL:ACP:C"-A-
T-C"-A-T"E-C"-A-T'-C-A-T"-C-A-T":C"-A-T'-C"-A-T'-C"A-
TLE-CLA-T-CLA-TLCLA-TE:C-A-T-CLA-T™.Te, where
colons indicate protein:protein docking interactions and dashes
indicate interdomain linker peptides. Similarly, the A54145
biosynthetic logic for the assembly of fatty acyl-Trp-p-Glu-
hAsn-Thr-Sar-Ala-Asp-p-Lys-moAsp-Gly-p-Asn-3mGlu-Ile  is
AL-ACP:C"-A-T"-C-A-T"-E-C"-A-T"-C-A-T'-C-A-M-T":C"-
A-T"-C-A-T".C-A-T"-E-C"-A-T"-C-A-T'-C-A-T"-E:C"-A-T"
C-A-T"™.Te. Modules 5 for A21978C and A54145 pathways
are unusual in that they have T domains but no E domains, as
they process the achiral Gly and sarcosine (Sar), respectively.
Furthermore, module 6 in both cases begins with a C!" domain.
The T" domains in modules 5 of DptA and LptA have a ~45
amino acid docking sequence appended to the carboxy
terminus to interact with docking sequences in DptBC and
LptB, respectively. This T"-dock configuration is unique to the
A21978C and A5414S pathways based upon BLASTP analysis

dx.doi.org/10.1021/sb3000673 | ACS Synth. Biol. 2014, 3, 748—758
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Table 4. Lipopeptide Antibiotics Generated by Combinatorial Biosynthesis

amino acid at position listed”

S. aureus MIC (pug/mL)“

compound” 2 3 S 6 8
daptomycin D-Asn Asp Gly Ormn p-Ala
CB-181,220 D-Asn Asp Gly Orm p-Ala
CB-182,098 D-Asn Asp Gly Om p-Ala
CB-182,107 D-Asn Asp Gly Ormn D-Ala
CB-182,106 D-Asn Asp Gly Orn D-Ala
A21978C1(Asn13) D-Asn Asp Gly Orn p-Ala
CB-182,130 D-Asn Asp Gly Om p-Ala
CB-182,166 D-Asn Asp Gly Orm p-Ala
CB-182,290 D-Asn Asp Gly Ormn p-Ala
CB-182,123 D-Asn Asp Gly Orm D-Ser
CB-182,257 D-Asn Asp Gly Om D-Asn
CB-182,286 D-Asn Asp Gly Ormn p-Ala
CB-182,251 D-Asn Asp Gly Orm p-Ala
CB-182,263 D-Asn Asp Gly Ormn D-Asn
CB-182,269 D-Asn Asp Gly Orm D-Asn
CB-182,296 D-Asn Asp Gly Om D-Lys
AS414SE D-Glu hAsn Sar Ala D-Lys
AS54145D p-Glu hAsn Sar Ala D-Lys
CB-182,548 p-Glu hAsn Sar Ala D-Lys
CB-182,332 D-Glu hAsn Sar Ala D-Lys
CB-182,443 p-Glu hAsn Sar Ala D-Lys
CB-182,571 D-Glu hAsn Sar Ala p-Ala
CB-182,549 p-Glu hAsn Sar Ala D-Ser
CB-182,510 D-Glu hAsn Sar Ala D-Asn
CB-182,363 p-Glu Asn Sar Ala p-Lys
CB-182,575 D-Asn hAsn Sar Ala D-Lys
CB-183,296 D-Glu hAsn Sar Ala p-Lys
CB-182,509 p-Glu hAsn Sar Ala D-Lys
CB-182,336 D-Glu hAsn Sar Ala p-Lys
CB-182,350 p-Glu hAsn Sar Ala p-Lys
CB-182,333 p-Glu hAsn Sar Ala D-Lys
CB-182,567 D-Glu hAsn Sar Ala p-Ala
CB-182,532 D-Glu hAsn Sar Ala D-Ser
CB-182,531 p-Glu hAsn Sar Ala D-Asn
CB-182,391 p-Glu hAsn Gly Ala D-Lys
CB-182,325 p-Glu Asn Sar Ala p-Lys
CB-182,444 D-Asn hAsn Sar Ala p-Lys
CB-182,597 p-Glu Asn Sar Ala D-Lys
CB-182,390 D-Glu Asn Sar Ala D-Lys
CB-182,561 D-Asn Asp Sar Ala D-Lys
CB-182,349 D-Glu Asn Sar Ala D-Lys
CB-182,348 p-Glu Asn Sar Ala p-Lys
CB-182,560 D-Asn Asp Sar Ala D-Lys

9 11 12 13 —surf  +surf  ratio (+/—)
Asp D-Ser 3mGlu Kyn 0.5 64 128
Asp D-Ser 3mGlu Kyn 0.5 64 128
Asp Dp-Ser 3mGlu Trp 32 32
Asp D-Ser 3mGlu Ile 2
Asp D-Ser 3mGlu Val 4 8 2
Asp D-Ser 3mGlu Asn 128 ND ND
Asp D-Ser Glu Kyn 8 16 2
Asp p-Ala 3mGlu Kyn 1 16 16
Asp D-Asn 3mGlu Kyn 1 16 16
Asp D-Ser 3mGlu Kyn 1 32 32
Asp D-Ser 3mGlu Kyn 8 ND ND
Asp D-Asn 3mGlu Ile 4 ND ND
Asp D-Asn Glu Kyn 32 ND ND
Asp D-Ser 3mGlu Ile 16 ND ND
Asp D-Ser Glu Kyn 128 ND ND
Asp D-Asn 3mGlu Kyn 1 32 32
moAsp D-Asn 3mGlu Tle 1 32 32
moAsp D-Asn Glu Ile 2 4 2
moAsp p-Ala 3mGlu Ile 1 16 16
moAsp D-Ser 3mGlu Ile 2 16 8
Asp D-Asn 3mGlu Ile 2 4 2
moAsp D-Asn 3mGlu Ile 1 32 32
moAsp D-Asn 3mGlu Ile 1 16 16
moAsp D-Asn 3mGlu Ile 8 64 8
moAsp D-Asn 3mGlu Ile 2 16 8
moAsp D-Asn 3mGlu Ile 2 4 2
moAsp D-Asn Glu Kyn 1 2 2
moAsp p-Ala Glu Ile 8 16 2
moAsp D-Ser Glu Ile 64 128 2
hAsp D-Asn Glu Ile 8 16 2
Asp D-Asn Glu Ile 32 64 2
moAsp D-Asn Glu Ile 4 8 2
moAsp D-Asn Glu Ile 8 8 1
moAsp D-Asn Glu Ile 16 16 1
moAsp D-Asn Glu Ile 16 32 2
moAsp p-Asn Glu Ile 32 32 1
moAsp D-Asn Glu Ile 8 8 1
hAsp D-Asn 3mGlu Ile 1 16 16
Asp D-Asn 3mGlu Ile 2 2 1
moAsp D-Asn 3mGlu Ile 1 2 2
hAsp D-Asn Glu Ile 32 64 2
Asp D-Asn Glu Ile 16 32 2
moAsp D-Asn Glu Tle 8 16 2

“Daptomycin has an N-decanoyl side chain. All others compounds have anteiso-undecanoyl side chains. ®Amino acid changes are shown in bold
italics. “MICs against S. aureus 42 were determined in the presence and absence of 1% bovine surfactant (surf). Table reproduced from Baltz et al.**

and may have evolved from an ancestral module that processed
a p-amino acid. Docking sequences are commonly associated
with carboxy terminal E domains that interact with docking
domains at the amino terminal of C"' domains. It is noteworthy
that all other cyclic lipodepsipeptides and lipopeptides distantly
related to daptomycin (e.g, CDA, friulimicins, amphomycins,
and laspartamycins) have D-amino acids at positions com-
parable to those of Gly and Sars."® Other subtle differences in
biosynthetic logic are discussed below.

The enzymatic functions required for the individual
couplings (coupling devices) are shown in Table 2. It is
noteworthy that A21978C and AS4145 use very similar
coupling devices. All told, 17 different types of coupling device
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are used. If we remove three subtle differences between the two
pathways, the number of devices is reduced to 12, 11 of which
are used once and the other twice in each pathway. The three
differences are (i) dptE and dptF have a fused counterpart IptEF
encoding AL and ACP or AL-ACP, respectively; (ii) the dptBC
gene has split gene counterparts IptB and IptC that have been
successfully fused in genetic engineering experiments;”>
(iii) IptA module S has an M domain to incorporate Sar that
can be deleted to incorporate Gly.** Table 2 shows which parts
of the coupling devices have been successfully engineered, and
Table 3 shows some of the specific changes and product yields
from strains generated by combinatorial biosynthe-
sis.*>>32035%27% Tep of the 17 devices have been engineered

and
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to give novel lipopeptides. Nine functional parts were validated
in these studies. These parts have maintained homologous CA,
CAT, CATE, and TTe functions and have defined flexible A-T,
T-C, T-E, and E-C linkers as suitable sites for recombination. It
remains to be seen if A domains can be productively exchanged,
but biochemical data suggest that C-A linkers will not provide
flexible sites for recombination,>***® and that CA bidomains
may be evolutionarily conserved units. Nonetheless, A domain
exchanges need to be further tested rigorously, because if they
work, they could provide synthetic biology with many
additional options for directed evolution.

Genes Involved in Lipoinitiation. In addition to the
engineering of NRPS genes, combinatorial biosynthesis
encompasses modifications of the lipid side chains of
A21978C and AS5414S. For instance, the A21978C natural
factors have three dominant long chain fatty acids, anteiso-
undecanoyl, iso-dodecanyl, and anteiso-tridecanoyl,” whereas
the AS4145 factors have predominantly n-decanoyl, iso-
decanoyl, and anteiso-undecanoyl side chains that are (on
average) two carbon atoms shorter than those for A21978C.%°
The fatty acid chain length is not associated with the dominant
fatty acids produced by the host organism because the same
three dominant fatty acids for A21978C and AS54145 were
observed when the gene clusters are expressed from BAC
vectors in heterologous hosts.**>" This suggested that the fatty
acid chain length may be associated with the enzyme(s)
involved in activating the long chain fatty acids for coupling
with the N-terminal Trp;. In the A21978C gene cluster, there
are two genes just upstream of the NRPS genes, dptE and dptF,
that are involved in coupling the long chain fatty acids to Trp,
to initiate biosynthesis of A21978C. The dptE gene encodes an
AL, and dptF encodes an ACP.'"** The A34145 counterpart is
a fused AL-ACP encoded by IptEF (Table 1)."> Biochemical
studies indicate that the specificity for the fatty acid precursor
chain lengths for A21978C and CDA resides in the ALs and the
C™ domains involved in lipoinitiation.>*>* It is noteworthy that
when A21978C and CDA were expressed in parallel in a
Streptomyces lividans recombinant containing the A21978C
gene cluster inserted in the ¢C31 attB site, only the normal
A21978C and CDA factors were produced,” consistent with
the AL and ACP specificities identified in biochemical studies.
The distribution of lipid side chains for A21978C and A54145
can be modulated to a certain extent by feeding specific fatty
acids or amino acids to enrich for specific factors,'”** and this
approach has been useful in combinatorial biosynthetic studies
to enrich recombinant fermentations for desired factors*>***°
Homologues of dptE and dptF have been observed in the
friulimicin and laspartamycin gene clusters in Actinoplanes
friuliensis® and  Streptomyces viridochromogenes,*® which use
long chain unsaturated fatty acids to initiate lipopeptide
biosynthesis, so it is conceivable that the genes encoding ALs
and ACPs might be exchanged to add different lipid side chains
to the A21978C and A54145 engineered peptides. However,
the natural lipid side chains on A21978C and A54145 can be
readily removed by incubation with a deacylase from A.
utahensis,">'>'*7 and alternative side chains substituted by
chemical acylation.H’lS As such, genetic manipulation of
lipoinitiation has not been a priority for combinatorial
biosynthesis directed at drug discovery at Cubist, but it could
become important for manufacturing where chemical mod-
ification of engineered tridecapeptides may not be economically
feasible (e.g., daptomycin is manufactured by feeding decanoic
acid during fermentation).'”
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Genes Involved in Amino Acid Modifications. Several
amino acids in the assembly of A21978C and AS5414S are
produced by enzymatic modifications in S. roseosporus and S.
fradiae. A21978C and AS5414S have 3-methyl-glutamic acid
(3mGlu) at position 12, which is generated by methylation of
a-ketoglutarate followed by transamination.>® Disruption of the
dptl gene caused the production of A21978C derivatives
containing Glu;, at titers of ~50% of control,** whereas
disruption of the IptI gene caused the production of AS4145
derivatives containing Gluy, at titers of ~140% of control.**

AS414S has three additional modified amino acids, hydroxy-
Asn (hAsn,), Sar (N-methyl-Gly), and methoxy-Asp (moAsp).
The methyltransferase that N-methylates Gly; is imbedded in
module five as CAMT. Deletion of the M domain yielded a
functional CAT domain that incorporated Gly instead of Sar,
causing a 10-fold increase in MIC (Table 4). The IptL gene
encodes the L-Asn; hydroxylase; Ipt] encodes the L-Asp,
hydroxylase; and IptK encodes the L-hAsp, methyltransferase.”’
All combinations of deletions of Ipl, Ipt], IptK, and IptL were
made, and all produced the predicted lipopeptides in yields
ranging from 32 to 360 mg/L. All of the compounds displayed
antibacterial activities against S. aureus, with MICs ranging from
2 to 32 ug/mL in the absence of bovine surfactant and 2 to 64
ug/mL in the presence of 1% surfactant.*” The best compound
(CB-182,390), deleted for IptJKL, had an MIC of 2 in the
presence of surfactant and was not toxic in mice even though it
retained 3mGlu,, (Table 4).

Protein—Protein Docking Interactions. Functional in-
teractions between lipopeptide NRPS multi-enzymes are
facilitated by interpeptide docking sequences.'”*®*? 1In
principle, conservation of related docking sequences over
evolutionary time might facilitate the testing of different
combinations of NRPS subunits to generate novel peptide
scaffolds. The A21978C, AS54145, and CDA NRPS subunit
organization afforded a relatively simple test system to
determine if heterologous gene exchange involving NRPS
subunits could yield functional NRPS multi-enzymes that
produce novel lipopeptides. A21978C, A5414S, and CDA have
related genes that encode the incorporation of the terminal
evolutionarily related dipeptides: 3mGlu-Kyn, 3mGlu-Ile, and
3mGlu-Trp, respectively.'”*> These NRPS proteins (DptD,
LptD, and CDA-PSII], respectively) have N-terminal docking
domains to interact with C-terminal docking domains in the
upstream DptBC, LptC, and CDA-PSII proteins.”® It is
noteworthy that a dptD deletion mutant of S. roseosporus
could be complemented by IptD and cdaPSIII driven by the
ermE* promoter, and recombinants produced A21978C
derivatives containing Ile;; and Trp,; respectively, at 25%
and 50% of control yields.**** This indicated that the docking
domains had retained similar protein—protein interaction
specificities over evolutionary time and that the Te domains
from LptD and CDA-PSIII could process heterologous
lipopeptides distantly related to A54145 and CDA. The same
hybrid molecules were also generated by module exchanges,
and the lipopeptide yields were 86—134% of control*” (Table
3), thus emphasizing the value in maintaining homologous
protein—protein docking interactions and further confirming
the broad substrate specificity of the Te domains.

MbtH-like Chaperones. The daptomycin and AS54145
gene clusters have genes (dptG and IptG, respectively) just
downstream of the NRPS genes that encode MbtH-like
proteins.'"'* mbtH-like genes are located in most commercially
important and other characterized NRPS gene clusters.” Their
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gene products are non-enzymatic and function as chaperones.
MbtH homologues enhance the solubility and function of some
NRPS components when expressed in heterologous hosts,
enhance adenylation reactions in some but not all cases, and are
required for optimal production of NRPs in some cases,*” %>
but their specific roles in A21978C and AS5414S assembly are
unknown. Deletion of dptG in S. roseosporus caused a 50%
reduction in daptomycin yield.** S. roseosporus has five dptG
paralogs associated with other NRPS pathways,* so it is not
clear if any of the residual A21978C production in the dptG
mutant can be attributed to cross-pathway complementation,
which has been demonstrated for aminocoumarin biosyn-
thesis.*”®° These mbtH-like genes encode critical chaperone
devices that need to be maintained in expression hosts. As a
design strategy, dptG and IptG were left intact in the S.
roseosporus and S. fradiae cloning hosts to facilitate the
production of hybrid molecules. In view of recent reports on
the biological functions of MbtH-like proteins, inclusion of
mbtH-like genes from both pathways might facilitate enhanced
production of some hybrid lipopeptides derived from A21978C
and AS5414S5 parts and devices.

Regulatory, Editing, Resistance, and Transport Devi-
ces. Robust production of complex secondary metabolites
produced by NRPS mechanisms is generally tuned by
regulatory proteins, editing thioesterases, self-resistance mech-
anisms, and transport systems. The regulatory mechanisms for
secondary metabolite bisynthesis can be complex®® and are
important for chassis design. In some cases, complex regulatory
circuits have been simplified by overexpressing the ultimate
positive regulatory gene or by disrupting a key negative
regulatory gene.* The A21978C gene cluster has genes that
may provide these functions: dptR1 and dptR2 for regulation,
dptMNP for resistance/transport, and dptH for editing'"’
(Table 1). The AS414S gene cluster has homologues to
dptMNP (IptMNP) and dptH (IptH), but not to dptRI and
dptR2, but has a candidate regulatory gene (ORF46) just
downstream of the biosynthetic genesu’33 (Table 1). The
functions of these candidate “device” genes have not been fully
characterized, so they were left intact in the S. roseosporus and S.
fradiae expression hosts. It is likely that these expression
devices as well as MbtH-like chaperones can be genetically
manipulated to increase the production of engineered lip-
opeptides.

Microbial Factories (Chassis) and Genetic Toolkits
(Devises) for Combinatorial Biosynthesis. The daptomy-
cin and A54145 NRPS genes are transcribed as giant single
mRNAs, and the individual genes have overlapping translational
stop and start sites.'”'**> To carry out combinatorial
biosynthesis, it was desirable to break up the natural
overlapping linkage relationships and to express the individual
genes from different sites in the chromosome. By using this
approach, the individual NRPS (and other genes) could be
engineered separately and then reintroduced into the
expression hosts combinatorially. To accomplish this, (i) the
A21978C and AS5414S gene clusters were cloned in BAC
vectors that could be engineered in Escherichia coli by A-Red-
mediated recombination; (ii) sets of mutants deleted for one or
more A21978C and AS5414S biosynthetic genes were generated;
(iii) vectors were developed for genetic manipulation in E. colj,
followed by conjugal transfer into S. roseosporus and S. fradiae
expression hosts and site-specific integration into bacteriophage
¢C31 of ¢BT1 attB sites or into the ISII17 att site; (iv)
engineered genes were expressed under the control of the
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strong, constitutive ermE* promoter; (v) fermentations were
carried out, and novel compounds were confirmed by isolation
and mass spectrometry and evaluated for microbiological
activities,' ' >?>23263542749 Reconstruction experiments con-
firmed that the NRPS genes could be expressed from the ermE*
promoter at ectopic loci, giving lipopeptide yields comparable
to controls.*>** This was significant because it demonstrated
that constitutive expression of giant NRPS proteins during the
early growth phase was not problematic, that the individual
NRPS genes could be expressed from attB sites separated from
the main NRPS clusters by multiple megabases,65 and that the
NRPS multi-enzymes can assemble efficiently without
sequencial translation from a single mRNA in a cellular
subspace for antibiotic assembly.

Combinatorial Biosynthesis. In early studies at Cubist on
combinatorial biosynthesis, attempts were made to transplant A
domains without success (unpublished data). There is now
structural evidence suggesting that CA bidomains may have co-
evolved as functional units,>"*>*° which may explain the lack of
success. Subsequent studies focused primarily on exchanges
that kept the CA or CAT domains intact while making domain
fusions exclusively at interdomain linker regions. Table 3
summarizes several examples of successful engineering and one
nonproductive example to illustrate what happens if the wrong
type of T domain is used. By using combinations of gene
deletions, gene exchanges, bi- and tridomain exchanges, whole
module exchanges, and multiple module exchanges, over 40
novel lipopeptide antibiotics were produced in sufficient
quantities for facile isolation, confirmation of structure, and
analysis of antibacterial activities (Table 4). (Because of the
natural combinatorial nature of the lipidation reactions, over
120 novel lipopeptides were generated in these studies, but
only the most abundant compound from each fermentation was
characterized in most cases.) Importantly, some of the
compounds displayed the desired properties of antibacterial
activities similar to those of daptomycin, minimal or no
inhibition by surfactant, and low mammalian toxicity. These
studies demonstrated that there are at least three ways to
achieve the desired outcome, and each of the molecules
retained most of the core peptide structure of A5414SE, which
has high mammalian toxicity: (i) exchange Glu;,-Kyn,; for
3mGlu,,-Ile;;, exchange Asnj-Aspy for hAsn;-moAsp,, and
exchange D-Asn,-Asp; for D-Glu,-hAsn;. The latter two
compounds retain 3mGluy, indicating that 3mGlu is associated
with mammalian toxicity in A5414SE only in the context of
other amino acids (e.g., modified amino acids at positions 3 and
9). Substituting the daptomycin amino acids at positions 2 and
3 also mitigated mammalian toxicity, perhaps in part by
eliminating hAsn;. All of these compounds had activity in a
mouse model for S. pneumoniae pneumonia, but none was as
active as vancomycin. Other higher order combinations of the
three pairwise combinations that yielded the most active
compounds have not been generated, so it may be possible to
further improve the activity. Also, it would be interesting to
substitute Sars for Glys in A21978C to see if it has an
antibacterial enhancing effect as observed in AS4145. In
addition, only a very minor set of amino acid substitutions
relative to the over 500 non-proteinogenic amino acid building
blocks used by NRPS enzymes>* have been sampled, so there is
an untapped opportunity to explore much more chemical space
by combinatorial biosynthesis around the core structures of
daptomycin and A5414S.
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Prospects for Mutagenesis and Selection for Robust
Production. To progress a lipopeptide synthetic biology
project to commercial scale, it is imperative that the
fermentation yield can be rapidly improved from the usually
suboptimal production afforded by engineered biosynthetic
pathways (fitness II in the evolutionary scheme; Figure 1).
There is one key example that demonstrates that rapid yield
enhancement is indeed feasible. Fischback et al.®® cloned the
andrimid biosynthetic genes from Pantoea agglomerans in E. coli.
They deleted the A domain for Val and inserted an A domain
for 2-aminobutyrate from Streptomyces sp. RK95-74, and the
recombinant produced andrimid at 32-fold lower yield than the
control. They carried out three rounds of error-prone PCR on
the AT bidomain and improved the yield 10-fold.

The mutagenized AT bidomain had nine amino acid
substitutions distributed throughout the A domain. They also
substituted an A domain for Ile from Bacillus licheniformis for
the Val A domain, and the recombinant produced 7-fold less
product. One round of error-prone PCR caused two amino acid
substitutions associated with a 4.5-fold increase in production.
These studies demonstrated that a standard technique of error-
prone PCR can rapidly improve the productivity of a hybrid
NRPS by generating a small number of amino acid
substitutions in the A domain. This and other site-directed
mutagenesis approaches should be generally applicable to
enhance the productivity of hybrid NRPS pathways generated
by synthetic biology approaches.

Bl DISCUSSION AND CONCLUDING COMMENTS

From the work on the development of molecular genetic tools,
expression hosts, and engineering design rules, it is apparent
that complex lipopeptide biosynthetic pathways can be
redesigned to produce novel molecules related to daptomycin
and AS54145. The product titers are variable, ranging from 3%
to >100% of controls for single gene deletions or for bi- or
tridomain substitutions. Product titers are generally reduced in
recombinants containing two or more changes. These studies
have validated the first part of the synthetic biology paradigm of
accelerated evolution: Deletion mutagenesis and recombination
followed by selection for clinical utility works well. To
commercialize the process, the second half of the accelerated
evolution for fitness II (mutagenesis and selection for robust
production) needs to be appended to the process, but methods
are available to accomplish this.

Some design rules have been deduced from the structures of
fatty acid and amino acid coupling devices; from the locations
of the different types of C, A, and T domains; from structural
studies on domain—domain interactions;>> >>*® and from
successful combinatorial biosynthesis experiments reviewed
here: (i) use a C™ (*C) domain to couple a fatty acid to the N-
terminal L-amino acid; (ii) use a C' (“C;) domain to couple an
L-amino acid to an L-amino acid; (iii) use a C" (°C; ) domain to
couple a p-amino acid to an L-amino acid; (iv) use a T' (T)
domain to interact with a downstream C domain; (v) use a T
(Tg) domain to interact with downstream C and E domains;
(vi) use a T™ (T';,) domain to interact with a downstream Te
domain; and (vii) keep natural CA bidomains and CAT
tridomains together whenever possible. In addition, it is
important to ensure that the engineered NRPS pathway
encodes appropriate accessory devices for amino acid
modification, chaperone functions (MbtH-like proteins),
editing (stand-alone thioesterase), self-resistance, and transport.
The synthetic biology process reviewed here was facilitated by
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the generation of different streptomycete expression hosts from
relatively productive starting strains (chassis), BAC cloning,
rapid recombineering in E. coli, heterospecific conjugation and
site-specific integration of engineered genes, and ectopic
expression from the constitutive ermE* promoter. This system
was robust enough to provide levels of novel lipopeptides for
isolation, characterization and biological testing.

If synthetic biology is to mature as a robust scientific
discipline, it needs to be able to address the fundamental
questions on the evolution of complex structures, biosynthetic
pathways, cell-to-cell communication, and living systems in
general. To accomplish this, it must harness the driving forces
of evolution: mutation, recombination, and selection for fitness.
The secondary metabolite biosynthetic pathways that are
hallmarks of actinomycetes with large genomes are attractive
early targets for synthetic biology advances because of their
relative simplicity, their advanced levels of biochemical and
genetic understanding, their predictable and measurable
Darwinian outcomes, and their practical applications to medical
and agricultural advancements. From the work reviewed here, it
is clear that standardization of biosynthetic parts is complex
because of certain critical domain—domain interactions. Some
parts and devices are amenable to standardization for initial
testing, as demonstrated in the combinatorial biosynthetic
studies reviewed here, but some will need to be further
optimized by directed mutagenesis for commercialization
(selection for fitness II).

So how can synthetic biology approaches help advance
combinatorial biosynthesis of novel peptides, polyketides, and
mixed biosynthetic pathways? It is clear that future advances
will not come from the traditional pharmaceutical industry,
where combinatorial biosynthetic studies on polyketides and
peptides were carried out in the 1980s and 1990s at companies
such as Abbott Laboratories and Eli Lilly and Company.
Further advances were made at biotechnology companies such
as Kosan, Biotica, and Cubist in more recent years, but the level
of effort afforded by such companies was not sufficient to
advance the technology to its full potential. Technology
advancements are a means to an end in such companies and
are driven by specific product profiles. Thus Cubist focused on
improving certain properties of daptomycin, and when it
became doubtful that the full targeted activity could be achieved
in a relatively short time frame, the project was discontinued.
Thus further advances need to be driven by a mechanism that
focuses first on technology advancements, including develop-
ment of computer-assisted design software to predict successful
outcomes, and second on immediate practical applications. It is
not obvious how this should be optimally funded, but the field
needs to have more academic in close
collaboration with industry.®” Industry can also help to advance
the field by providing access to highly productive actinomycete
strains to build robust expression hosts capable of providing key
precursors and appropriate support mechanisms (devices) to
ensure high level production of engineered pathways.’® As
robust chassis design is a key strategic component for
accelerated evolution, it is unlikely that “model organisms”
such as E. coli can be retrofitted with the metabolic capabilities
needed to express these complex biosynthetic pathways to
compete with industrial actinomycetes in a timely manner,
based upon the disappointing expression yields so far obtained
with heterologously expressed polyketides.””

involvement
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