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ABSTRACT: The polyketide synthase (PKS) biosynthetic
code has recently expanded to include a newly recognized
group of extender unit substrates derived from ,f-unsaturated
acyl-CoA molecules that deliver diverse side chain chemistry to
polyketide backbones. Herein we report the identification of a
three-gene operon responsible for the biosynthesis of the PKS
building block isobutyrylmalonyl-CoA associated with the
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macrolide ansalactam A from the marine bacterium Streptomyces sp. CNH189. Using a synthetic biology approach, we engineered
the production of unnatural 36-methyl-FKS06 in Streptomyces sp. KCTC 11604BP by incorporating the branched extender unit
into FKS06 biosynthesis in place of its natural C-21 allyl side chain, which has been shown to be critical for FKS06’s potent

immunosuppressant and neurite outgrowth activities.
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FKS06 (Tacrolimus, Prograf) is a clinically relevant drug that
blocks lymphocyte activation by forming a complex with the
immunophilin FKBP12 and the protein phosphatase calcineur-
in.'!" The bacterial natural product is assembled by the
polyketide synthase (PKS) FkbA-C and nonribosomal peptide
synthetase FkbP enzyme complex in Streptomyces sp. MA6548.>
This multimodular enzymatic machinery condenses 4,5-
dihydroxycyclohex-1-enecarboxylic acid, two malonyl-CoAs,
two methoxymalonyl-acyl carrier proteins (-ACP), five
methylmalonyl-CoAs, allylmalonyl-CoA, and a pipecolate
molecule through successive rounds of condensation reac-
tions.>~> A high degree in the complexity of FK506’s chemical
structure is due to specific incorporation of these diverse
precursors, which can be changed to alter its biological activity.®

Polyketide backbones have been engineered successfully in
the past through building block substitutions. Precursor
selectivity for starter and extender units can be predicted
from modular acyltransferase (AT) domains, which perform
gate-keeping functions.”® Substrate tolerance of the AT domain
and promiscuity of downstream enzymes furthermore permit
certain flexibility in the biosynthetic route.” These features and
an assorted repertoire of priming carboxylic acid substrates'’
have afforded a genetic blueprint to precursor-directed
combinatorial biosynthesis of rationally designed polyketide
molecules."’ Complex polyketides can be further modified
beyond starter unit substitutions as shown in an early study by
Stassi et al. in which the methylmalonate-specific AT present in
the erythromycin PKS was replaced by an ethylmalonate-
specific AT to generate 6-desmethyl-6-ethyl-erythromycin.
Production of the ethyl-substituted analogue required supple-
mentation with the requisite precursor in which the extender
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unit substrate ethylmalonyl-CoA was generated in vivo after
expression of a crotonyl-CoA reductase/carboxylase (CCR)."
This example elegantly demonstrated a nonchemical com-
plementation approach to provide an unnatural polyketide.
However, the scope of polyketide engineering efforts has been
restricted due to the combination of extender unit availability
and AT domain specificity.’> Only six natural malonate
derivatives with substitutions (e.g., alkyl, hydroxy, amino) at
the C2 position were identified prior to 2009."*

Recently, we discovered a general pathway to a new group of
extender units,"® which are accessed from a,f-unsaturated acyl-
CoA substrates in a CCR-dependent manner. This paradigm
shift led to an increased appreciation of polyketide extender
unit diversity and opened the door for new synthetic biology
approaches to generate hybrid polyketide molecules. Genes for
unusual precursor biosynthesis, such as allylmalonyl-CoA (per
FK506 synthesis)*'® and chloroethylmalonyl-CoA (salinospor-
amide A),"” are associated with respective secondary metabolite
gene clusters and in many cases are even organized in
specialized operons. These gene cassettes are conveniently
suited for plug and play engineering of polyketide biosynthetic
pathways. Herein we report the engineered biosynthesis of 36-
methyl-FKS506 by replacing the endogenous allylmalonyl-CoA
pathway with an exogenous pathway encoding isobutyrylma-
lonyl-CoA synthesis.
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Figure 1. Genetic engineering approach toward 36-methyl-FKS06 production. (a) The FKS06 producer Streptomyces sp. KCTC 11604BP
synthesizes allylmalonyl-CoA, which derives from a multistep pathway involving the ketosynthase TcsB, the cognate acyltransferase and acyl-carrier
protein TcsA, the crotonyl-CoA carboxylase TcsC, and the dehydrogenase TcsD. (b) The enzymatic machineries for FKS06 (panel a) and
isobutyrylmalonyl-CoA (panel c) biosynthesis were combined from two different streptomycetes to generate the hybrid pathway of 36-methyl-
FKS06 in Streptomyces sp. KCTC 11604BP AtcsB. (c) The ansalactam producer Streptomyces sp. CNH189 assembles isobutyrylmalony-CoA using
the FabH-like -ketoacyl-ACP-synthase AnlF, the dehydrogenase AnlG, and the crotonyl-CoA carboxylase AnlE.

Identification of the Isobutyrylmalonyl-CoA Biosyn- Polyketides with isobutyryl side chains are rare and include
thetic Gene Cassette. Recently the pathway to the allyl side two recently characterized ansamycin compound families, the
chain in FK506 was independently characterized by Petkovic® ansalactams'® and divergolides."” Isotope labeling experiments
and our group'® through a series of chemical, biochemical, and showed that this biosynthetic unit is derived from isobutyrate
genetic experiments in which the dedicated ketosynthase TcsB and acetate rather than L-leucine. We postulate, in the context
initiates a discrete, multistep enzymatic pathway to allylma- of ansalactam A biosynthesis, that the f-ketoacyl-ACP-synthase
lonyl-CoA (Figure la). Using the tcsB deletion mutant strain, (KASII) AnlF directly elongates isobutyryl-CoA with malonyl-
we produced two novel analogues, 36-fluoro-FK520 and 36- ACP, which parallels the initiation reaction of fatty acid
methyl-FKS06, through chemical complementation w1th 4- biosynthesis in streptomycetes. Subsequent AnlG-catalyzed
fluorocrotonate and 4-methylpentanoate, respectively.'® The dehydrogenation and dehydration would yield 4-methyl-2-
exogenously added precursors were converted in vivo to their pentenoyl-CoA, which is then reductively carboxylated by the

respective a-substituted malonyl-CoAs with the help of the crotonyl-CoA carboxylase homolog AnlE to afford ibMCoA
allylmalonyl-CoA CCR TcsC. In the case of 4-methylpentanoic (Figure 1c). To probe for the molecular mechanism of
acid, we hypothesize that the resultant isobutyrylmalonyl-CoA ibMCoA biosynthesis, we analyzed the draft genome of the
(ibMCoA) is further acted upon by the dehydrogenase TcsD to ansalactam producer Streptomyces sp. CNH189, which we

ultimately provide isobut-2-enylmalonyl-CoA for enzymatic previously reported in the context of co-produced merochlorin
assimilation into 36-methyl-FKS06. Since the 36-methyl antibiotics.”® Bioinformatic analysis of the genome sequence
derivative exhibits improved neurite outgrowth activity in identified a type I PKS gene locus containing biosynthetic
comparison with the parent natural product FKS06, we set genes consistent with the ansamycin typical starter unit 3,5-
about to genetically engineer its construction without the aminohydroxybenzoic acid.*' The gene cluster also included a
requirement of chemical complementation (Figure 1b). small operon coding for the crotonyl-CoA carboxylase (CCR)
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AnlE, the FabH-like f-ketoacylsynthase (KSIII) AnlF, and the
dehydrogenase (DH) AnlG, which is consistent with the
recently reported ibMCoA gene set associated with the
divergolide macrolides.'"” Phylogenetic analysis revealed that
AnlE is closely related to CCRs that reductively carboxylate
a,f-unsaturated acyl-CoA substrates to generate C2-substituted
malonyl units.'® Therefore anlE, F, and G are predicted to
encode enzymes for a CCR-dependent pathway to the
isobutyrylmalonyl-CoA PKS substrate in ansalactam A biosyn-
thesis.

Biosynthesis of 36-Methyl-FK506 through a Genetic
Approach. To introduce the ibMCoA pathway into the FK506
producer for the engineered production of 36-methyl-FK506
(Figure 1b), we cloned the three-gene cassette anlE—G from
the ansalactam producer strain Streptomyces sp. CNH189 and
created constructs based on the integrative vector pSET152.
Gene expression was placed under control of the native
promoter in vector pMWI1 and the constitutive ermE*
promoter in vector pLD6 (Figure 2). The plasmids were

anlEp

ermEp*

®C31

int pMW1

Figure 2. Expression constructs containing the ibMCoA gene cassette.
The three-gene operon anlE—G was amplified from the ansalactam
producer strain Streptomyces sp. CNH189 and cloned into pSET152
containing the native upstream region (orange) or the ermEp
sequence (green) affording the expression constructs pMWI1 and
pLD6, respectively.

conjugated into the mutant Streptomyces sp. KCTC 11604BP
AtcsB, in which background production of FKS06 was
eliminated due to the deletion of the KS TcsB (Figure 3a,b).
Prior to plasmid introduction into the AtfcsB mutant, we
observed trace levels of the target molecule, 36-methyl-FKS06,
at the limit of detection. This observation suggested that
endogenous 3-keto-4-methylpentyl thioesters from branched
chain fatty acid synthesis may be synthesized and diverted to
ibMCoA through the TcsC-catalyzed reductive carboxylation of
4-methyl-2-pentenoyl-CoA.

We previously reported the mutasynthetic production of 36-
methyl-FK506 upon chemical supplementation of the culture
with 4-methylpentanoic acid;'® however, the in vivo production
levels at 0.06 + 0.009 mg/L were modest (Figure 3c). Upon
chromosomal integration of vectors pLD6 and pMWI1, the
production of 36-methyl-FK506 was significantly increased 6-
fold to 0.36 + 0.047 mg/L and 10-fold to 0.60 + 0.089 mg/L,
respectively. (Figure 3d,e). Highest production levels were
measured when the ibMCoA gene cassette remained under
control of the native pathway promoter, which resulted in 2-
fold higher yields compared to FK506 production in the native
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Figure 3. Production of 36-methyl-FKS06 via heterologous expression
of the ibMCoA pathway in a Streptomyces sp. KCTC 11604BP AtcbB
mutant strain. Representative HPLC—ESI-MS chromatograms visual-
ized by selected ion monitoring for FKS06 (m/z 821 [M + NH,]*; in
blue) and 36-Me-FKS06 (m/z 835 [M + NH,]*; in red) in top panel.
Results were obtained from five independent cultivation experiments
of (A) the FKS06 producing wild-type strain, (B) Streptomyces sp.
KCTC 11604BP AtcbB, (C) the AtchbB mutant strain supplemented
with 4-methylpentanoic acid (MPA), and (D) the tcbB deletion strain
with ermE*p-ibMCoA biosynthetic genes (pLD6) and (E) with the
native promoter-ibMCoA biosynthetic genes (pMW1). Production
levels of FKSO (in blue) and 36-Me-FKS06 (in red) are graphically
displayed in the bottom panel.

host when similarly grown on solid media (0.32 + 0.069 mg/
L). The industrially optimized strain Streptomyces sp. TST10,
which overproduces FKS06 at approximately 900 mg/L in
liquid culture,*” could provide the chassis for optimized 36-
methyl-FKS06 biosynthesis.

The successful engineering of 36-methyl-FKS06 can be
attributed to relaxed specificity of the native dehydrogenase
TcesD and the AT4 domain in FkbB toward ibMCoA. The
catalytic machinery of FKS06 effectively accepts the unnatural
building block ibMCoA in place of the native propylmalonyl-
CoA, converts it to an unsaturated C4-methylated substrate,
and incorporates it into the growing polyketide chain. These
experiments confirm the metabolic function of the anlE—G
operon and even demonstrate the plug and play character of
this gene cassette in polyketide redesign.

Establishing a Tool Box for Future Engineering
Efforts. Tacrolimus and structural analogues have therapeutic
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potential beyond their current application as immunomodula-
tors, e.g,, as drugs in inflammatory diseases and neurological
disorders, and as antimalarial agents, which indicates that the
highly functionalized FK506 pharmacophore exhibits multiple
modes of action.”*** To harvest their full medicinal potential,
large chemistry efforts have been devoted to generating FK506
analogues,25 while biosynthetic engineering efforts have been
mostly limited to the structurally related immunosuppressants
FK520 (ascomycin) and rapamycin.’*?” FK506 biosynthesis
has only recently been subjected to genetic engineering efforts,
owing to the successful pathway elucidation of the unusual
extender unit allylmalonyl-CoA.>"%*%??

This rare natural PKS substrate belongs to the newly
established CCR group of a-substituted malonates that are
produced from specialized biosynthesis gene operons that
accompany the cognate PKS pathway genes.> A comple-
mentary system to a broad variety of extender units was
recently established with variants of the promiscuous acyl-CoA
synthetase MatB to engineer natural and non-natural PKS
substrates.’® This study reported that trans-ATs are tolerant
toward non-natural extender units. To further open the door
for polyketide bioengineering via the incorporation of tailored
extender units, which can impact biological function as in
FKS506 and salinosporamide A or introduce chemoselective
ligation handles, will require the tailoring of native AT domains
that select the substrate for incorporation into the growing
polyketide molecule.

B METHODS

DNA Sequencing and Computer-Assisted Sequence
Analysis. Streptomyces sp. CNH189 genomic DNA was
sequenced using paired-end Illumina DNA sequencing as
reported previously.”® The software program Geneious was
used for bioinformatic analysis.’

Accession Codes. The DNA sequences were deposited in
GenBank under accession number JX867614 for the crotonyl-
CoA carboxylase gene anlE, JX867615 for the 3-oxoacyl-(acyl-
carrier-protein)-synthase gene anlF, and JX867616 for the 3-
hydroxybutyryl-CoA dehydrogenase gene anlG.

Construction of Expression Vectors pLD06 and
PMW1. For heterologous expression of the ibMCoA
biosynthetic gene cassette, we employed the integrative vector
pSET152. Two constructs were designed containing either the
constitutively expressed Streptomyces promoter ermE*p
(pLDO06) or the native ibMCoA promoter fragment (pMW1).
The ermE*p promoter was isolated by PCR from pUWL201
using primers GCATAACTAGTGCGAGTGTCCGTTCGAG
(Spel) and CTTGATCTAGAGGATCCTACCAACCGGCAC
(Xbal). The fragment (191 bp) was digested and cloned into
the Xbal restriction site of pSET152 to give vector pLDO02.
Subsequently the ibMCoA gene cassette (3382 bp) including
the native ribosome binding site was PCR amplified from
Streptomyces sp. CNHI189 genomic DNA using primers
GTCGTCTAGAAGAACCGATCGTTTGACCAG (Xbal)
and CTAGGAATTCATCAGTCGGTCAGGTCGTTC
(EcoRI). The fragment was then cloned into pLD02 to yield
expression vector pLDO06. For construction of vector pMW],
the same gene cassette including its native promoter region
(169 bp) and ribosome binding site were amplified from
genomic DNA wusing primers GTCGICTA-
GAGGTCTCTTTCGCTCAAGACC (Xbal) and CTAG-
GAATTCATCAGTCGGTCAGGTCGTTC (EcoRI). The
fragment was subsequently cloned into the Xbal and EcoRI
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restriction sites of pSET152. Both inserts were sequenced to
confirm their integrity.

Generation of Exconjugants. The constructs pLD06 and
pMW1 were transferred into Escherichia coli S17-1 and
introduced into Streptam%)ces sp. KCTC 11604BP AtcsB by
intergeneric conjugation.3 Apramycin resistance mutants were
selected and designated as Streptomyces sp. KCTC 11604BP
AtcsB /pLD06 or pMW1.

Analysis of FK506 Congeners. For production of 36-
methyl FKS506, the Streptomyces sp. KCTC 11604BPAtcsB
strain and mutants expressing isobutyrylmalonyl-CoA bio-
synthetic genes were cultivated at 28 °C for 5 days on R2YE
agar.'® In case of the Streptomyces sp. KCTC 11604BPAtcsB
mutant, 4-methylpentanoic acid (Sigma) was added to R2YE
solid medium at a final concentration of 10 mM at the time of
inoculation. The grown cultures (50 mL) of the mutant strains
were mixed with 1 vol of MeOH and shaken at room
temperature for 12 h. The cell debris was removed by
centrifugation before rotary evaporation. The MeOH extract
residues were dissolved in 1 vol of water, and then extracted
with 1 vol of EtOAc. The organic extract was evaporated to
dryness under reduced pressure and then dissolved in 0.2 mL of
MeOH for HPLC—ESI-MS/MS analysis. Samples were
separated on an ACQUITY UPLC BEH C,4 column (50 mm
X 2.1 mm, 1.7 pm; Waters) interfaced with a Waters/
Micromass Quattro micro/MS instrument tracing by MS/MS
using a gradient of MeCN at a flow rate of 0.08 mL/min over
70 min starting with 80% (v/v) aqueous MeCN containing 10
mM ammonium acetate and 0.1% acetic acid. Tracing was done
by MS/MS operated in multiple reactions monitoring mode
choosing mass pairs specific for the selected analytes to detect
the transition from parent ion as an ammonium adduct to
product ion: 835 > 590 for 36-methyl FK506.>* Quantification
of 36-methyl-FKS06 was measured by comparison with
authentic FK506 using HPLC—ESI-MS analysis in which the
detection limit was established at 0.2 pg/L. Five independent
experiments were carried out under identical conditions.
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