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Refactoring pikromycin synthase for 
the modular biosynthesis of macrolide 
antibiotics in E. coli
 

Takeshi Miyazawa    , Ramesh Bista     & Adrian T. Keatinge-Clay     

While engineering modular polyketide synthases (PKSs) using the recently 
updated module boundary has yielded libraries of triketide–pentaketides, 
this strategy has not yet been applied to the combinatorial biosynthesis of 
macrolactones or macrolide antibiotics. Here we developed a two-plasmid 
system for the construction and expression of PKSs and used it to obtain 
a refactored pikromycin PKS in Escherichia coli that produces 49 mg of 
narbonolide per litre of culture. The replacement, insertion, deletion and 
mutagenesis of modules enabled access to hexaketide, heptaketide and 
octaketide derivatives. Supplying enzymes for desosamine biosynthesis and 
transfer enabled production of narbomycin, pikromycin, YC-17, methymycin 
and five derivatives thereof. By using native docking domains, knocking 
out pathways competing with desosamine biosynthesis and supplying the 
editing thioesterase PikAV, the titre of narbomycin was boosted 58-fold 
to 37 mg l−1. The second and third modules of the refactored pikromycin 
synthase were swapped with others to yield three new narbomycin 
analogues, investigate structure–activity relationships and demonstrate 
how libraries of macrolide antibiotics can be readily accessed.

Antimicrobial resistance is an ever-increasing threat to human health. 
As a consequence, there is a growing need to discover and develop new 
antibiotics1. Unfortunately, the pace of both discovering new antibiotics 
and developing antibiotics through medicinal chemistry has slowed2. 
Modular synthesis, through which diversity is created from relatively 
simple building blocks, can accelerate these processes3. A modular 
chemical synthesis recently yielded a library of >300 macrolide anti-
biotic derivatives, 2 of which displayed superior potencies compared 
with those in clinical use4.

The modular syntheses of macrolide antibiotics, such as eryth-
romycin, pikromycin and tylosin, were first conducted by polyketide 
synthase (PKS) assembly lines within actinomyces bacteria5–8. These 
assembly lines are themselves modular, where each module (updated 
definition used9,10) adds one ketide monomer to a growing polyketide 
chain. They minimally contain three domains: an acyltransferase (AT), 
an acyl carrier protein (ACP) and a ketosynthase (KS). During the cata-
lytic cycle of a module, ACP acquires the polyketide chain from the 

KS of the upstream module through an α-carboxyacyl extender unit 
obtained from AT, shuttles the extended chain to optional processing 
enzymes, such as ketoreductase, dehydratase and enoylreductase 
domains, and to KS, which acquires properly processed chains through 
transacylation. The most downstream domain of the assembly line is 
most commonly a thioesterase (TE) that releases the polyketide chain 
through cyclization or hydrolysis.

Most efforts to engineer PKSs have been based on the traditional 
module boundary and have not been successful10. This boundary was 
defined immediately upstream of KS when the genes encoding the 
erythromycin PKS were sequenced in 1990, in analogy with the mam-
malian fatty acid synthase, an iterative PKS in which KS is the most 
upstream domain11,12. In 2017, genome-mining of modular PKSs that 
produce related aminopolyols helped reveal that the KSs of modular 
PKSs evolutionarily comigrate with processing domains upstream of 
them and that the module boundary is actually immediately down-
stream of KS9,10. Indeed, synthases engineered with the updated module 
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macrolactones with it, hydroxylate the resulting macrolides and con-
fer macrolide antibiotic resistance to E. coli enabled the generation of 
narbomycin (2), pikromycin (3), YC-17 (5) and methymycin (6), as well 
as five derivatives thereof. Knocking out pathways that compete with 
desosamine biosynthesis with CRISPR–Cas9 increased narbomycin 
production to 37 ± 3 mg l−1. New narbomycin derivatives (21, 22 and 23),  
resulting from the replacement of P3 by P5, P2 by R6 and P3 by R5 (R5 
and R6 are the fifth and sixth modules of the rapamycin PKS), were 
purified, characterized and observed to possess antibacterial activity.

Results
Construction and evaluation of the two-plasmid system
Plasmids pP1-P4N and pCP4-P7 were generated through Gibson 
assembly using pCDF-1b and pET-28b, respectively (Fig. 1 and 
Supplementary Figs. 1 and 2). Synthetic DNA encoding docking domain 
motifs (CDD and NDD) from the third module of the erythromycin PKS 
(also known as the 6-deoxyerythronolide B synthase or DEBS), E3, was 
inserted to help non-covalently connect P4N and CP419. A HindIII-N12-SpeI 
insertion site was placed between the regions encoding P1 and P4N as 
well as CP4 and P7 to enable the sequential insertion of fragments encod-
ing modules A–D and generate synthases such as P1-A-B-P4-C-D-P7. The 
two-plasmid system, while necessary due to the size limit of plasmids 
in E. coli (~30 kb), has the benefit that synthases can be combinatori-
ally constructed more efficiently. The CDD–NDD pairs used for A, B, 
C and D are from the S8, S3, E5 and S5 modules of the spinosyn and 
erythromycin PKSs, respectively. The insertion of the DNA encoding 

boundary consistently outperform synthases engineered with the 
traditional module boundary13–15. Our laboratory recently developed 
a BioBricks-like platform to rapidly assemble synthases on a single 
expression plasmid through the ligation of DNA fragments encoding 
updated modules. We used it to combinatorially assemble the modules 
of the pikromycin PKS (Streptomyces venezuelae ATCC 15439) into 
5 triketide, 25 tetraketide and 125 pentaketide synthases and assess 
their function16.

Here we describe a two-plasmid system that enables the expression 
of a refactored pikromycin PKS in Escherichia coli as well as the combi-
natorial biosynthesis of new macrolactones and macrolide antibiotics17 
(Fig. 1). One plasmid encodes the first pikromycin module (P1) and the 
upstream portion of the fourth module (P4N), while the other plasmid 
encodes the downstream portion of the fourth module (CP4) and the 
seventh module (P7). Module-encoding inserts can be sequentially 
ligated into both plasmids, making it easy to construct and modify 
large synthases. The incorporation of P2, P3, P5 and P6 into this sys-
tem yielded a functional, refactored pikromycin PKS in E. coli K207-3, 
composed of six polypeptides rather than the four natural ones (PikAI–
PikAIV)18. Docking domain optimization and expression of the editing 
TE PikAV improved narbonolide (1) production 2.1-fold to 49 ± 4 mg l−1 
in shake flasks. Replacing modules with others from the pikromycin and 
rapamycin PKSs yielded new narbonolide derivatives. Deleting, insert-
ing and mutating modules also resulted in new derivatives, including 
those of the methymycin precursor 10-deoxymethynolide (10-dml, 4). 
The expression of enzymes that biosynthesize desosamine, modify 
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Fig. 1 | Pikromycin PKS and two-plasmid platform for constructing engineered 
PKSs. a, Pikromycin/methymycin biosynthetic pathway (PKS coloured by 
updated modules). b, Construction of BioBricks-like units encoding pikromycin 
modules. T7 promoters and terminators are shown. c, The two-plasmid system 
enables the BioBricks-like assembly of PKSs such as P1-A-B-P4-C-D-P7. Docking 

domains are specific for each position in the constructed synthase. The ligation 
of HindIII–XbaI fragments into the HindIII-N12-SpeI insertion sites yields XbaI/
SpeI scars (*) encoding two serines at module boundaries. DD, docking domain; 
DH, dehydratase; ER, enoylreductase; KSQ, priming KS; KR, ketoreductase; KR0, 
epimerase.
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a module preserves the HindIII-N12-SpeI insertion site and creates a 
downstream XbaI/SpeI scar that appears on the polypeptide level as 
two serines in a permissive loop at the updated module boundary20,21. 
The alanines, prolines and serines encoded by the insertion site and scar 
are common in KS–AT linkers and unlikely to affect protein folding21. 
The cloning plasmids that maintain the updated modules have been 
previously described16. Briefly, they were constructed by inserting 
synthetic DNA between the HindIII and XbaI sites of pUC19 to introduce 
a T7 promoter, a lac operator, a ribosome binding site, a T7 terminator, 
restriction sites for importing DNA fragments encoding the upstream 
and downstream portions of a module (SpeI/BmtI and MfeI/XbaI), and 
DNA encoding docking domain motifs to aid the noncovalent assembly 
of the module (Supplementary Fig. 3).

To test the 2-plasmid system, pP1-P4N and pCP4-P7 were trans-
formed into E. coli K207-318. This engineered strain harbours the Bacillus 
subtilis phosphopantetheinyl transferase Sfp and Streptomyces coeli-
color propionyl-coenzyme A (CoA) carboxylase to respectively activate 
ACP domains and help convert propionate supplied to the media into 
(2S)-methylmalonyl-CoA. Transformed cells were cultured in pol-
yketide production media, and the anticipated product of P1-P4-P7, 
triketide pyrone 7, was identified by liquid chromatography–mass 
spectrometry (LC–MS) (high resolution used throughout) of the media 
extract (Fig. 2 and Supplementary Fig. 4). Plasmids pP1-P2-P3-P4N and 
pCP4-P5-P6-P7 were then constructed and cotransformed with pCP4-P7 
and pP1-P4N, respectively. Pentaketides 8 and 9, the anticipated prod-
ucts of P1-P2-P3-P4-P7 and P1-P4-P5-P6-P7, were identified by LC–MS 
of the media extracts (Fig. 2 and Supplementary Figs. 5 and 6). Plas-
mids pP1-P2-P3-P4N and pCP4-P5-P6-P7 were then cotransformed. 
The media extract contained a compound with the mass expected for 
narbonolide (1) (Fig. 2 and Supplementary Fig. 7). It was purified by 
silica gel chromatography and semipreparative high-performance 
liquid chromatography, and its identity was confirmed by NMR 
spectroscopy22 (Supplementary Figs. 8–10).

Optimizing narbonolide production from the refactored 
synthase
Fermentation conditions were identified (10 days at 16 °C with 60 mM 
sodium propionate) that yield a narbonolide titre of 23 ± 2 mg l−1 
(Supplementary Fig. 11). LC–MS analysis of the media extract 
revealed that shunt products (the products expected of P1-P2-P7, 
P1-P4-P7, P1-P6-P7, P1-P5-P6-P7, P1-P2-P3-P4-P7, P1-P2-P5-P6-P7 
and P1-P4-P5-P6-P7) were also generated at lower levels16 
(Supplementary Fig. 12a). We previously proposed such shunt prod-
ucts can be produced due to ACPs not being sufficiently restrained by 

their downstream docking domain motifs16. In the refactored synthase, 
the CDD–NDD pairs of P3, P5 and P6 come from S3, E5 and S5, respec-
tively. Thus, replacing these with their natural docking domain motifs 
could result in more restrained ACPs, fewer shunt products and an 
increased narbonolide titre. The DNA fragments encoding the native 
CDD–NDD pairs for P3, P5 and P6 were inserted into the P3, P5 and P6 
cloning plasmids and the natural versions of P3, P5 and P6 were inde-
pendently inserted into the refactored pikromycin PKS. This increased 
narbonolide production 1.1-fold, 1.2-fold and 1.1-fold, respectively, and 
the combined replacement of natural P3, P5 and P6 increased nar-
bonolide production 1.3-fold to 30 ± 2 mg l−1 (Supplementary Fig. 12b). 
Shunt product titres from synthases harbouring the natural docking 
domains were slightly lower (Supplementary Fig. 12a).

Next, the effect of the editing TE PikAV on the refactored sys-
tem was investigated. This TEII is thought to hydrolyse acetyl or pro-
pionyl groups inappropriately bound to ACPs formed by untimely, 
KS-mediated decarboxylations of malonyl and methylmalonyl 
extender units23. Within S. venezuelae, the overexpression, but not 
the inactivation, of PikAV has been observed to decrease pikromy-
cin production23,24. However, for other PKS-containing gene clus-
ters the inactivation of TEII has resulted in decreased polyketide 
production25–28. Proposing that some level of PikAV would improve 
the activity of the refactored pikromycin PKS in E. coli29–31, PikAV expres-
sion plasmids were constructed32. A single copy of pikAV on a pACYC 
vector was observed to maximally increase narbonolide production 
(1.6-fold to 49 ± 4 mg l−1 for the docking-domain-optimized PKS) 
(Supplementary Fig. 13).

Module swapping to yield narbonolide derivatives
With the refactored pikromycin PKS in hand, module-swapping experi-
ments were performed (Fig. 3). Because a recent study, in which we 
constructed 155 triketide–pentaketide synthases from the updated 
modules of the pikromycin PKS, suggested that synthases contain-
ing fewer module swaps are more likely to function, we decided to 
perform single module swaps in the refactored pikromycin PKS16. 
Thus, P2, P3, P5 and P6 were replaced with each of the other exten-
sion modules of the pikromycin PKS. Of the 16 module-swapped 
PKSs, only P1-P2-P5-P4-P5-P6-P7 produced its expected macrolac-
tone (10), as confirmed by LC–MS and NMR spectroscopy (Fig. 3 and 
Supplementary Figs. 14 and 15). This synthase produced an equivalent 
quantity of δ-lactone 11, as determined by LC–MS and its absorbance 
spectrum (Supplementary Fig. 14). The overall heptaketide titre from 
P1-P2-P5-P4-P5-P6-P7 (10 + 11) is 20% that of the narbonolide titre 
from P1-P2-P3-P4-P5-P6-P7.
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To evaluate the compatibility of the refactored pikromycin PKS 
with modules from other PKSs, we first replaced P2 and P6 with E2 and 
E6, erythromycin modules that conduct the same chemistry (Fig. 3). 
The hybrid synthases P1-E2-P3-P4-P5-P6-P7 and P1-P2-P3-P4-P5-E6-P7 
produce 0.5% and 81%, respectively, the narbonolide titre of 
P1-P2-P3-P4-P5-P6-P7 (Supplementary Figs. 16 and 17). Next, the 
hybrid synthases P1-R6-P3-P4-P5-P6-P7 and P1-P2-R5-P4-P5-P6-P7 
were constructed using modules from the rapamycin PKS. 
P1-R6-P3-P4-P5-P6-P7 produced its expected macrolactone 12, while 
P1-P2-R5-P4-P5-P6-P7 produced its expected macrolactone 13 as well 
as twice as much δ-lactone 14. Compounds 12, 13 and 14 were character-
ized by LC–MS, ultraviolet absorbance and NMR spectroscopy, and the 
absolute configuration of 12 was determined by X-ray crystallography 
(Supplementary Figs. 18–28 and Methods). The overall heptaketide 
titres from P1-R6-P3-P4-P5-P6-P7 (12) and P1-P2-R5-P4-P5-P6-P7 
(13 + 14), relative to the narbonolide titre from P1-P2-P3-P4-P5-P6-P7, 
were 20% and 41%, respectively.

Accessing hexaketide and octaketide derivatives
Within S. venezuelae, the heptaketide narbonolide and the hexaketide 
10-dml are produced as intermediates in the biosynthesis of pikromycin 
and methymycin, respectively17. Hexaketide production results from an 
alternate translation start site for PikAIV that inactivates the P6 KS33. To 
produce 10-dml (4) in E. coli, a mutagenic approach was used whereby 
the P6 KS reactive cysteine is replaced with an alanine34–36 (Figs. 1a and 
4). As confirmed by LC–MS and NMR spectroscopy, the mutated syn-
thase P1-P2-P3-P4-P5-P6*-P7 selectively produces 10-dml with a titre 
1.2-fold greater than the narbonolide titre from P1-P2-P3-P4-P5-P6-P7 
(Fig. 4 and Supplementary Figs. 29–32). P1-P2-P5-P4-P5-P6*-P7, 
P1-R6-P3-P4-P5-P6*-P7 and P1-P2-R5-P4-P5-P6*-P7 were con-
structed, and their anticipated 10-dml derivatives, 15, 16 and 
17, were detected (Fig. 4 and Supplementary Figs. 33–35). Hexa-
ketide synthase P1-P2-P4-P5-P6-P7 was also constructed and 
observed to produce δ-lactone 18 at a titre 1.4-fold greater than 
the narbonolide titre from P1-P2-P3-P4-P5-P6-P7 (Fig. 4 and 
Supplementary Fig. 36). δ-Lactonization of 18 was confirmed by NMR 
spectroscopy (Supplementary Figs. 37–39). Because octaketide mac-
rolide antibiotics like tylosin and mycinamycin are naturally occurring, 
the octaketide synthase P1-P2-P3-P4-P5-P5-P6-P7 was also constructed 
(Fig. 4). A product of the expected mass was observed; however, its 
absorbance spectrum revealed it to be δ-lactone 20 rather than the 
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as much heptaketide macrolactone 1 (narbonolide). Docking domain  
motifs from A1 of the amphotericin PKS were used for the  
upstream P5.
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anticipated octaketide macrolactone 19 (Supplementary Fig. 40). 
Narbonolide (1) is the main product of this synthase, at a titre 3.7-fold 
that of 20.

Accessing macrolide antibiotics
The desosamine moiety is critical to the biological activities of mac-
rolide antibiotics37. Plasmid pDes was constructed to express the 
desosamine biosynthetic pathway (DesI, DesII, DesV and DesVI), the 
desosamine transferase (DesVII/DesVIII)38,39 and the macrolide anti-
biotic resistance enzyme ErmE40 (Fig. 5a and Supplementary Fig. 41). 
The gene encoding the P450 monooxygenase PikC that converts nar-
bomycin into pikromycin and YC-17 into methymycin, was added to 
create plasmid pDesPikC41. pDes and pDesPikC were transformed into 
E. coli K207-3 harbouring PKS expression plasmids. The transformants 
were cultured in polyketide production media at 16 °C for 10 days, and 
the media extracts were analysed by LC–MS. E. coli K207-3 with pDes 
completely converted narbonolide to narbomycin (1.1 ± 0.2 mg l−1), 
as confirmed by LC–MS and NMR spectroscopy22 (Fig. 5b and 
Supplementary Figs. 42–45). LC–MS indicates that cells with pDesPikC 
convert 24% of narbomycin to pikromycin, to provide a pikromycin 

titre of 0.45 ± 0.02 mg l−1 (Fig. 5b and Supplementary Figs. 46–47). 
Proposing that the low PikC activity is from low protein expression 
and/or inefficient reduction by E. coli proteins, PikC expression was 
supplemented with plasmid pPikC, which contains another copy of 
pikC42. This improved the conversion from narbomycin to 38%, and the 
pikromycin titre reached 0.58 ± 0.02 mg l−1 (Supplementary Fig. 47). 
P1-P2-P3-P4-P5-P6*-P7 was also expressed with pDes and pDesPikC 
to yield compounds with mass spectra consistent with 5 (YC-17) and 
6 (methymycin), respectively, and no detectable 10-dml (4) (Fig. 5b 
and Supplementary Figs. 48 and 49). NMR spectroscopy confirmed 
the identity of YC-17 (Supplementary Figs. 50–52).

Next, cells expressing P1-P2-P5-P4-P5-P6-P7, P1-R6-P3- 
P4-P5-P6-P7, P1-P2-R5-P4-P5-P6-P7, P1-P2-P5-P4-P5-P6*-P7, 
P1-R6-P3-P4-P5-P6*-P7 and P1-P2-R5-P4-P5-P6*-P7 were transformed 
with pDes. While the desosaminylated macrolide anticipated from 
P1-P2-P5-P4-P5-P6*-P7 was not observed by LC–MS, the desosami-
nylated macrolides 21, 22, 23, 24 and 25 were observed from the other 
synthases without traces of their respective aglycone precursors, 
10, 12, 13, 16 and 17 (Fig. 5b and Supplementary Figs. 53–57). Nar-
bomycin derivatives 21, 22 and 23 were isolated and characterized 
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Fig. 5 | Production of macrolide antibiotics in E. coli. a, Plasmids pDes, pDesPikC 
and pDesPikAV encode desosamine biosynthesis/transfer and macrolide 
resistance enzymes. Plasmids pDesPikC and pDesPikAV also encode the P450 
monooxygenase PikC and the editing TE PikAV, respectively. PikAV is controlled 
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the exception of 15, each of the macrolactones in this study is glycosylated by 
DesVII/DesVIII. Only narbomycin (2) and YC-17 (5) were hydroxylated by PikC. 
The stereochemistries shown are based on those naturally generated by the 
pikromycin pathway.
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by NMR spectroscopy (Supplementary Figs. 58–66). The addition 
of PikC through pDesPikC + pPikC did not convert 21–25 into their 
anticipated oxidized macrolide products. This is in agreement with 
recent studies by the Sherman laboratory in which PikC showed a 
large preference for narbomycin over similar, chemoenzymatically 
generated derivatives43 (Fig. 5b).

Metabolic engineering boosts titres of macrolide antibiotics
The low titres of narbomycin, pikromycin, YC-17, methymycin and their 
derivatives hampers investigations of their structures and antibacte-
rial activities. Because no aglycones were observed from E. coli K207-3 
generating these macrolides, we proposed that the overexpression 
of the relatively small proteins from pDes, pDesPikC and pDesPikAV 
outcompeted PKS expression. Thus, the operon from pDes was trans-
ferred to the low copy number (1–2) bacterial artificial chromosome 
pMKBAC0244. While narbonolide was completely converted to narbo-
mycin, the narbomycin titre was 65% that of cells transformed with pDes 
(Fig. 6). The operon was also integrated into the E. coli K207-3 genome 
with CRISPR–Cas9 to yield TM1 cells (Supplementary Fig. 67). Although 
TM1 cells expressing the refactored pikromycin synthase completely 
convert narbonolide to narbomycin, the productivity is still only 56% 
that of E. coli K207-3 transformed with pDes.

In a previous study, pathways that use TDP-4-keto-6-deoxy-d- 
glucose were knocked out of E. coli K207-3, and the resulting strains, 
transformed with plasmids encoding desosamine biosynthesis/trans-
fer genes, were observed to more efficiently add desosamine to sup-
plied macrolactones45. TDP-4-keto-6-deoxy-d-glucose is not only a 
precursor in the biosynthesis of the pikromycin monosaccharide, 
TDP-d-desosamine, but also of the O-specific polysaccharide chain 
of the lipopolysaccharide and the glycolipid on the cell surface of  
E. coli45–47 (Fig. 6a). Thus, rmlC, wecD, wecE, vioA and vioB were inacti-
vated by CRISPR–Cas9 in both E. coli K207-3 and TM1 cells to yield TM4 
and TM7 cells, respectively (as well as intermediate strains TM2, TM3, 
TM5 and TM6) (Fig. 6b and Supplementary Fig. 68). TM4 and TM7 cells, 
transformed with the plasmids encoding the refactored pikromycin 
PKS (and pDes for TM4 cells), produce 19-fold and 14-fold higher narbo-
mycin titres than TM1 cells, respectively (Fig. 6c). TM7 cells transformed 

with the plasmids encoding the docking-domain-optimized pikromy-
cin PKS and pDesPikAV produce a 58-fold higher narbomycin titre 
than that of TM1 cells transformed with the plasmids encoding the 
docking-domain-unoptimized pikromycin PKS (37 ± 3 mg l−1). Cotrans-
forming TM7 cells with PKS expression plasmids and pDesPikAV or pDe-
sPikC was also observed to boost the titres of other desosaminylated 
macrolides (Supplementary Table 4).

Antibacterial activity
Following purification and NMR spectroscopy characterization, narbo-
mycin (2), YC-17 (5), 21, 22 and 23 were evaluated for antibacterial activ-
ity against both gram-positive (B. subtilis, Staphylococcus epidermidis, 
Micrococcus luteus) and gram-negative (E. coli and Pseudomonas putida) 
bacteria (Table 1 and Supplementary Fig. 69). Commercial pikromycin 
(3) was used as a positive control. Pikromycin (3), narbomycin (2) and 
22 are active against gram-positive bacteria, with minimum inhibitory 
concentrations (MICs) of 3.12–6.25 μM, and YC-17 is active against 
gram-positive bacteria, with an MIC of 100–200 μM48,49. Compound 
21 only showed weak antibacterial activity against B. subtilis, with an 
MIC of 200 μM. Compound 23 showed weak antibacterial activity 
against all three gram-positive bacteria, with an MIC of 200 μM. Only 
pikromycin (3) showed activity against gram-negative bacteria, with 
MICs of 200 μM.

Discussion
Since the erythromycin PKS was sequenced in 1990, scientists have 
been trying to harness the synthetic power of this and other modular 
PKSs for the production of designer polyketides and new medicines11,12. 
As E. coli is more genetically tractable than the natural erythromycin 
producer Saccharopolyspora erythraea, a main goal was realized in 2001 
when the erythromycin skeleton, 6-deoxyerythronolide B (6-dEB), was 
produced by E. coli50. In 2010, production of the macrolide antibiotic 
erythromycin A by E. coli was reported51.

Next to the erythromycin PKS, the pikromycin PKS is the 
most-studied modular PKS17,52,53. This study reports the reconstitution 
of the pikromycin PKS in E. coli to yield narbonolide and the macrolide 
antibiotics narbomycin and pikromycin. The pikromycin pathway has 
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E. coli strains transformed with pP1-P2-P3-P4N and pCP4-P5-P6-P7 (PKS), 
encoding the refactored pikromycin PKS, as well as an additional plasmid 
or bacterial artificial chromosome (BAC) that encodes enzymes from the 
pikromycin biosynthetic pathway (Fig. 5a). TM7 cells with plasmids encoding the 
docking-domain-optimized PKS (optPKS) and pDesPikAV yield a narbomycin 
(2) titre of 37 ± 3 mg l−1. Data are from biological triplicates (mean ± standard 
deviation).
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several advantages over the erythromycin pathway: (1) fewer tailoring 
enzymes are needed. The erythromycin pathway requires six plasmids, 
which are not stably maintained by cells containing them. (2) Macrolide 
antibiotics such as narbomycin and YC-17 can be accessed without 
P450 enzymes, which are not very active in E. coli. The erythromycin 
pathway contains two P450 enzymes, with EryF performing a requisite, 
first tailoring step. (3) Higher yields of narbomycin (37 mg l−1) can be 
generated compared with erythromycin A (~1 mg l−1). (4) The methymy-
cin–pikromycin pathway is more versatile, with the PKS having evolved 
to generate both a hexaketide and a heptaketide and DesVII–DesVIII 
having evolved to transfer d-desosamine to these 12- and 14-membered 
macrolactones. (5) The BioBricks-like platform developed here for 
the refactored pikromycin PKS facilitates the modular synthesis of 
new macrolide antibacterials through the combinatorial construc-
tion of PKSs.

Both the recently reported one-plasmid system and the 
two-plasmid system described here for PKS expression in E. coli rely 
on heterologous docking domain pairs to non-covalently connect the 
N-terminal and C-terminal portions of modules, which are expressed 
on separate polypeptides16,54,55. As the current study uses as many as 
six heterologous docking domain pairs per synthase, we compared the 
performances of heterologous pairs with their natural counterparts. 
The combined replacement of the S3, E5 and S5 docking domain pairs 
with the docking domains pairs native to P3, P5 and P6 improved nar-
bonolide production by 30% (Supplementary Fig. 12). This difference 
may reflect some degree of co-evolution between docking domain pairs 
and the modules with which they are associated9,10. While maximal titres 
may not be important when first accessing synthases that generate 
new polyketides, native docking domain pairs may be subsequently 
used to optimize synthase productivity. We have observed that dif-
ferences in polypeptide expression can result in module-skipping56. 
Attenuated T7 promoters could be used for more highly expressed 
polypeptides to balance stoichiometries and increase the production 
of desired polyketides.

The largest impediment to combinatorially engineering the refac-
tored pikromycin PKS is KS gatekeeping. While the use of the updated 
modules ensures compatibility of KSs with the α-substituents and 
β-substituents they are presented, it does not ensure compatibility with 
substituents beyond the β-carbon. Comprehensive module-swapping 
experiments with the pikromycin modules showed that only 1 out of 
the 16 singly swapped synthases in which P2, P3, P4, P5 or P6 replaces 
P2, P3, P5 or P6 in the refactored pikromycin PKS yields its expected 
product. That P1-P2-P5-P4-P5-P6-P7 is functional is consistent with 
our studies with the one-plasmid system in which P5 was observed 
to function downstream of P1-P2 in P1-P2-P5-P7, P1-P2-P5-P5-P7 and 
P1-P2-P5-P6-P716. In these synthases, the P5 KS immediately down-
stream of P1-P2 accepts a triketide with the same substituents and 
stereochemistries as in its native substrate at the α–γcarbons. However, 
differences beyond the γ-carbon are not always tolerated by this KS. 
In the octaketide synthase P1-P2-P3-P4-P5-P5-P6-P7, the downstream 

P5 KS is presented the same substituents and stereochemistries as 
in its native substrate at the α–γcarbons, yet four-fifths of pentake-
tide intermediates skip the downstream P5 module, probably due 
to low flux through its KS. Thus, even P5 KS, the most promiscuous 
of the pikromycin KSs, shows a substantial preference for its natu-
ral substrate. A similar observation was made when a heterologous 
module was inserted into the erythromycin PKS57. Even though the 
module was inserted into the first polypeptide, it was skipped and 
the heptaketide 6-deoxyerythronolide B, rather than the anticipated 
octaketide, was produced. To obtain a greater octaketide titre from 
P1-P2-P3-P4-P5-P5-P6-P7, the KS of the downstream P5 could be 
replaced with one that naturally accepts a polyketide with l-oriented 
methyl groups at the α-position and γ-position and methylenes at 
the β-position and δ-position. Alternatively, KS gatekeeping can be 
circumvented by using naturally promiscuous KSs, such as those from 
the rapamycin PKS, as exemplified by P1-R6-P3-P4-P5-P6-P7 and 
P1-P2-R5-P4-P5-P6-P716,58,59. We are now systematically investigating 
the use of promiscuous KSs within engineered synthases.

Our results indicate some level of co-evolution between the 
upstream modules of synthases. As all of the interactions between 
acyl-ACPs and downstream KSs are native in P1-E2-P3-P4-P5-P6-P7, 
KS gatekeeping does not account for its poor activity. This hybrid 
synthase may be suboptimal due to poor intermodular interac-
tions (acyl-ACPs and upstream KSs); however, the robust activity of 
P1-P2-P3-P4-P5-E6-P7 suggests this is not a general phenomenon. 
The specialization of at least the upstream KS domains of PKSs for 
receiving short substrates indicates that upstream modules may 
evolutionarily comigrate16.

Several of the engineered PKSs in this study produce a 
δ-lactone instead of, or in addition to, a macrolactone (P1-P2-P4- 
P5-P6-P7 produces 18, P1-P2-P5-P4-P5-P6-P7 produces 11 in addi-
tion to 10, P1-P2-R5-P4-P5-P6-P7 produces 14 in addition to 13, 
P1-P2-P3-P4-P5-P5-P6-P7 produces 20 in addition to 1) (Figs. 3 and 
4 and Supplementary Figs. 14, 22, 26–28 and 36–40). Biochemi-
cal and structural studies of the pikromycin TE have revealed that 
functional groups installed by the first four pikromycin modules 
(P1–P4) are complementary to features in the TE active site and aid 
in the macrocyclization of the natural hexaketide and heptaketide 
intermediates60–62. A crystal structure of a version of the pikromycin 
TE in which 2,3-diaminopropionate replaces the catalytic serine and 
is connected through an amide linkage to the heptaketide interme-
diate (Protein Data Bank (PDB) 9CGN) shows the C8 methyl group 
fitting into an active site pocket as well as a hydrogen bond between 
the enone oxygen and the side chain of Thr112562. These interactions 
help position the C13 hydroxyl group, normally generated by P2, for 
nucleophilic attack on the C1 carbonyl. The production of a similar 
quantity of δ-lactone 14 to macrolactone 13 by P1-P2-R5-P4-P5-P6-P7, 
suggests that the introduced C10 methyl group clashes with Tyr1073 
and hinders the macrocyclization reaction. The production of macrol-
actones 10 and 15 by P1-P2-P5-P4-P5-P6-P7 and P1-P2-P5-P4-P5-P6*-P7, 
respectively, demonstrates that the double bond normally gener-
ated by P3 is not required for macrocyclization. However, because 
P1-P2-P5-P4-P5-P6-P7 produces a similar quantity of δ-lactone 11 
to macrolactone 10 indicates that the introduced C10 methyl group 
sterically impedes closure of the macrolactone ring. Generating 
16-membered octaketide macrolactones such as those of tylosin and 
mycinamycin may not be trivial with PikTE. As P1-P2-P3-P4-P5-P5-P6-P7 
yields an octaketide δ-lactone but no macrolactone, this indicates 
that even when a substrate contains the natural moiety generated by 
P1-P2-P3-P4, δ-lactone formation can outcompete macrocyclization. 
Another strategy to access 16-membered octaketide macrolactones 
is to use the tylosin–mycinamycin TEs in synthases in which three 
modules are inserted between P1 and P4.

Why narbomycin titres decrease in cells genomically express-
ing desosamine biosynthetic enzymes (TM7 cells) relative to 

Table 1 | Antibacterial activities of purified macrolides

MIC values (µM)

Bacteria Pikromycin 
(3)

Narbomycin 
(2)

YC-17 
(5)

21 22 23

B. subtilis 6.25 6.25 100 200 6.25 200

S. epidermidis 6.25 6.25 200 >200 6.25 200

M. luteus 3.12 3.12 100 >200 3.12 200

E. coli 200 >200 >200 >200 >200 >200

P. putida 200 >200 >200 >200 >200 >200

B. subtilis, S. epidermidis and M. luteus are gram-positive bacteria; E. coli and P. putida are 
gram-negative bacteria.
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narbonolide titres in cells not expressing these enzymes (K207-3 
cells) yet increase when a plasmid supplements genomic expres-
sion of desosamine biosynthesis enzymes (TM7 cells with pDes) is 
unclear (Fig. 6). Multiple factors seem to be at play, such as expres-
sion of the desosamine biosynthetic enzymes competing with the 
PKS polypeptide expression and one or more of the desosamine 
biosynthesis enzymes being weakly active. Individually tuning the 
expression levels of the desosamine biosynthetic enzymes could 
lead to higher narbomycin titres.

The described platform provides a means to study mysterious 
assembly line phenomena. For example, it has been debated whether 
the full pikromycin PKS produces the hexaketide 10-dml or not. In 
this study, no 10-dml was detected from P1-P2-P3-P4-P5-P6-P7. 
However, the single cysteine-to-alanine point mutation to the P6 
KS renders P1-P2-P3-P4-P5-P6*-P7 an efficient producer of 10-dml. 
Why P6 ACP does not transfer the hexaketide intermediate to TE in 
P1-P2-P3-P4-P5-P6-P7 is not clear. One hypothesis is that in the absence 
of heptaketide-bound P7 ACP, hexaketide-bound P6 ACP and TE 
approach one another. P1-P2-P3-P4-P5-P5-P6-P7 may predominantly 
produce narbonolide due to a similar module-skipping phenomenon 
that can be investigated through the platform.

Many opportunities exist to boost the titres of polyketides and 
macrolide antibiotics from E. coli. Genomic deletion of a putative 
propionyl-CoA:succinate CoA transferase, ygfH, increased the titre 
of erythromycin A sevenfold63,64. The use of bioreactors rather than 
shake flasks increased the titre of 6-dEB fivefold65. E. coli K207-3 has 
not been optimized for general polyketide production; however, now 
that this chassis organism can produce macrolide antibiotics, avenues 
to evolve it for enhanced polyketide production have been opened18. 
For example, the macrolide-sensing transcription factor MphR could 
be used to help select for E. coli K207-3 variants that produce higher 
titres of narbomycin66. To access higher titres of hydroxylated products 
such as pikromycin and methymycin, PikC activity could be increased 
through its fusion to a reductase domain42.

While 22 exhibited antibacterial activity comparable to that of 
narbomycin, 21 and 23 showed weak activity. The crystal structure of 
pikromycin in complex with the Thermus thermophilus 70S ribosome, 
messenger RNA and transfer RNAs (PDB 5WIT) shows that, in addition to 
the desosamine moiety making contact with ribosomal RNA, the enone 
oxygen interacts with A2080 through a hydrogen bond with its ribose 
hydroxy group67. The enone is in an s-trans conformation, in contrast to 
the s-cis conformation it adopts in the crystal structure of pikromycin 
(Cambridge Crystallographic Data Centre (CCDC) deposition number 
1109615)68. An intriguing possibility is that the narbomycin–pikromy-
cin enone normally reacts as a Michael acceptor with nucleophilic 
residues, such as cysteines, in nascent polypeptide chains. The weak 
activity of 21 could be due to it lacking an enone. The weak activity of 
23 could be due to the s-trans form of its enone being disfavoured due 
to a steric clash that would occur between the introduced C10 methyl 
group and the C12 methyl group. As more derivatives of narbomycin 
and pikromycin are accessed through the described platform, a better 
understanding of the mechanism of action for these monosaccharide 
macrolide antibiotics will emerge.

In summary, we have developed a two-plasmid BioBricks-like 
system to assemble PKSs from updated modules and used it to express 
a refactored pikromycin PKS in E. coli. Through swapping modules 
and expressing tailoring enzymes from the pikromycin pathway, we 
modularly synthesized new derivatives of narbonolide, narbomycin 
and pikromycin as well as 10-dml, YC-17 and methymycin. As many strat-
egies beyond those used here can further boost the yields of macrolide 
antibiotics, the described platform may be used beyond advancing our 
understanding of PKS enzymology to access new macrolide antibiot-
ics at preparative levels. Our E. coli-based PKS engineering platform 
is also higher throughput than Streptomyces-based platforms69–71. We 
foresee it being used to generate combinatorial libraries of promising 

polyketide drug leads that will accelerate the medicinal chemistry of 
these synthetically challenging compounds.

Methods
Construction of the two-plasmid system
pP1-P4N was constructed by Gibson assembly and SLiCE (seamless liga-
tion cloning extract)72. First, amplicons of P1 and P4N were generated 
by polymerase chain reaction (PCR) using Streptomyces venezuelae 
ATCC 15439 genomic DNA (gDNA) and joined with KpnI/XhoI-digested 
pCDF-1b by Gibson assembly (all oligonucleotide sequences are pro-
vided in Supplementary Data 1). Then, amplicons containing the BmtI 
site and E3 CDD, generated using S. erythraea NRRL 2338 gDNA as the 
template, were inserted into the XhoI site through SLiCE assembly.

pCP4-P7 was constructed by Gibson assembly. An amplicon con-
taining E3 NDD was initially cloned into NcoI/XhoI-digested pET-28b. 
The resulting plasmid was used as a PCR template to generate an ampli-
con containing E3 NDD. Amplicons containing CP4 and P7 were gener-
ated by PCR using S. venezuelae gDNA. These three amplicons were 
joined by Gibson assembly.

Construction of the module-cloning plasmids
Most of the module-cloning plasmids were constructed in our previous 
report16. Briefly, the module-cloning plasmids contain DNA encoding 
AT–ACP and KS separated by a ‘regulator’ in a pUC19 vector. The regula-
tor includes a T7 terminator, a T7 promoter, a lac operator, a ribosomal 
binding site, an ATG start codon and cognate docking domains that 
enable the association of PKS polypeptides. Module-containing plas-
mids were constructed by swapping regulator sequences using the 
MfeI and BmtI sites. Construction of pUT21-P3, pUT21-P5 and pUT21-P6, 
which contain the native P3, P5 and P6 docking domains, respectively, 
was performed by SLiCE so that the MfeI and BmtI sites are removed. 
pUT21-P6 (C to A) was constructed through site-directed mutagenesis.

Construction of hexaketide, heptaketide and octaketide 
synthases
HindIII/XbaI-digested, module-containing fragments were inserted 
between the HindIII and SpeI sites in both pP1-P4N and pCP4-P7. As the 
insertions preserve the HindIII-N12-SpeI sequence, subsequent inser-
tions of module-containing fragments can be performed.

Construction of the desosamine biosynthesis/transfer operon
DNA containing the d-desosamine biosynthetic genes, the 
d-desosamine transfer genes and pikC was amplified by PCR using 
S. venezuelae gDNA as the template (Supplementary Fig. 32). The 
erythromycin resistance gene ermE was also amplified by PCR using 
S. erythraea NRRL 2338 gDNA as the template. Each amplicon con-
tains an SpeI site after the stop codon to enable XbaI/SpeI ligation as 
described below. DNA containing desI was cloned between the BamHI 
and EcoRI sites of pACYCDuet-1, while DNA containing the other genes 
was cloned between the NdeI and EcoRI sites of pET-28b. To construct 
pDes, the plasmid containing the d-desosamine biosynthesis/trans-
fer pathway, DNA containing the d-desosamine biosynthesis/trans-
fer genes and ermE were combined into a single operon through the 
sequential ligation of XbaI/EcoRI inserts into the SpeI/EcoRI-digested 
pACYC-derived vector. To generate pDesPikC, an equivalently con-
structed pikC insert was further ligated into pDes. To construct pDe-
sPikAV, the d-desosamine biosynthetic operon with ermE was amplified 
by PCR using pDes as a template and cloned between the BamHI and 
EcoRI sites of pACYC-pikAV. To express the d-desosamine biosynthetic 
genes from a bacterial artificial chromosome, the operon was cloned 
between the BmtI and AvrII sites of pMKBAC0244.

Construction of PikAV expression vectors
pikAV was amplified by PCR using S. venezuelae gDNA as the template 
and cloned between the EcoRI and HindIII sites of pACYCDuet-1 to yield 
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pACYC-pikAV. One more copy of pikAV was cloned between the NdeI 
and XhoI sites to yield pACYC-pikAV-pikAV. To generate a set of pikAV 
expression plasmids with different expression levels, site-directed 
mutagenesis was performed.

Genomic integration of the desosamine biosynthesis/transfer 
operon
The genetic manipulation of E. coli K207-3 was performed with the 
CRISPR–Cas9 genome-editing tool pEcCas/pEcgRNA73,74. To target the 
cadA locus for genome integration, CATCGCCGCAGCGGTTTCAGTGG 
was selected as the target sequence. Oligonucleotides TAGTCATCGC-
CGCAGCGGTTTCAG and AAACCTGAAACCGCTGCGGCGATG were 
synthesized, annealed and ligated into the BsaI site of pEcgRNA to 
yield pEcgRNA-cadA.

Possibly because each gene in the d-desosamine biosynthe-
sis/transfer + ermE operon in pDes is preceded by an equivalent 
104-base-pair (bp) sequence, homologous recombination occurred 
when λ Red recombinase was expressed. To minimize the length 
of these sequences, each gene was amplified to include the mini-
mal sequence (AAGGAGATATACCATG) and combined by overlap  
extension PCR.

The 1,000-bp homology arms homologous to the upstream and 
downstream regions of the cadA locus were prepared by PCR using E. 
coli K207-3 gDNA as the template. The homology arms were combined 
by overlap extension PCR such that an XbaI site was created between 
them. The resulting amplicon was ligated between the EcoRI and HindIII 
sites of pEcgRNA-cadA to yield pEcgRNA-ΔcadA. The d-desosamine 
synthesis operon was ligated into the XbaI site of the resulting plasmid 
to yield pEcgRNA-ΔcadA:desI,II,V,VI,VII,VIII,ermE. As linear DNA was 
found to be more effective in guiding homologous recombination, it 
was generated by PCR using pEcgRNA-ΔcadA:desI,II,V,VI,VII,VIII,ermE 
as the template.

E. coli K207-3 harbouring pEcCas was shaken at 240 rpm in 6 ml 
of Luria–Bertani (LB) media containing 50 mg l−1 kanamycin at 37 °C. 
Then 1 ml of the culture was inoculated into 50 ml of LB media contain-
ing 50 mg l−1 kanamycin. Cells were shaken until an optical density at 
600 nm of 0.2 was reached, and 10 mM arabinose was added to induce 
expression of the λ Red system. When optical density at 600 nm was 
0.6, cells were collected by centrifugation and washed with 50 ml of 
ice-cold 10% (v/v) glycerol. After centrifugation, the cells were resus-
pended in 200 μl of ice-cold 10% (v/v) glycerol. Then 100 μl of the cells 
were mixed with 1 μg of the donor DNA and 100 ng of pEcgRNA-cadA 
and then electroporated in a 0.1-cm-gap Gene Pulser cuvette at 1.6 kV. 
The positive colonies were selected on an LB plate containing 50 mg l−1 
kanamycin and streptomycin at 37 °C. Genome integration was con-
firmed by colony PCR.

To cure pEcgRNA-cadA from the cells, single colonies were picked 
and grown at 240 rpm in 2 ml of LB media containing 50 mg l−1 kanamy-
cin and 10 mM rhamnose at 37 °C for 8 h. Then 200 μl of each culture 
was added to 2 ml of LB media, which was shaken at 240 rpm at 37 °C 
for 3 h. Cells were spread on LB plates containing 5 g l−1 glucose and 
5 g l−1 sucrose and incubated overnight at 37 °C. Colonies sensitive to 
both kanamycin and streptomycin were selected.

Inactivation of pathways competitive with desosamine 
biosynthesis
CRISPR–Cas9 genome editing was performed as described above. 
To inactivate vioAB, rmlC and wecDE, CATCGCCGCAGCGGTTTCAG, 
CTATGGAAAAAGGTATAAGA and CGACTATATGCAGTCGGCAA were 
respectively selected as the target sites. Homology arms homolo-
gous to regions 500 bp upstream and downstream of the target sites 
were prepared by PCR using E. coli K207-3 gDNA as the template. 
These were combined by overlap extension PCR to yield the donor 
DNA that guides homologous recombination. Next, 600 ng of the 
donor DNA and 100 ng of the targeting plasmid (pEcgRNA-rmlC, 

pEcgRNA-vioAB, pEcgRNA-wecDE) were used for each electropora-
tion. Plasmids were cured as above, and gene inactivations were 
confirmed by colony PCR.

Polyketide production and quantification
E. coli K207-3 (or TM1–7 derivative strains) transformed with PKS 
expression plasmids were shaken at 240 rpm in 6 ml of LB media con-
taining the appropriate antibiotics (50 mg l−1 kanamycin and 50 mg l−1 
streptomycin, as well as 30 mg l−1 chloramphenicol when using the 
desosamine biosynthesis/transfer plasmids) in a culture tube at 37 °C. 
From these precultures, 0.3 ml was used to inoculate 30 ml of produc-
tion media (5 g l−1 yeast extract, 10 g l−1 casein, 15 g l−1 glycerol, 10 g l−1 
NaCl and 100 mM potassium phosphate, pH 7.6 with appropriate anti-
biotics)13 in 250 ml non-baffled Erlenmeyer flasks. Cells were cultured at 
240 rpm at 37 °C until optical density at 600 nm = 0.6. They were then 
cooled to 16 °C, supplied with 0.1 mM isopropyl-β-d-thiogalactoside 
and 60 mM sodium propionate, and cultured for 10 days. Then 
500 μl of the culture broth was extracted twice with the same volume 
of ethyl acetate and concentrated in vacuo. The extract was resus-
pended in 500 μl of methanol, and 1-μl samples were injected into a 
6230 time-of-flight LC–MS (solvent A: water with 0.1% (v/v) formic 
acid; solvent B: acetonitrile with 0.1% (v/v) formic acid; 5–100% B for 
15 min, 100% B for 3 min, flow rate of 0.2 ml min−1, positive mode,  
180 V, 300 °C).

To quantify polyketide production, extracted ion chromatography 
peak areas or ultraviolet peak areas of the expected products were 
measured and compared with calibration curves generated by authen-
tic standards. Narbonolide was used to quantify macrolactones, while 
commercial pikromycin was used to quantify macrolides. The purified 
product of P1-P5-P6-P7 was used to quantify δ-lactone products (using 
247 nm), while 4-hydroxy-6-methyl-2-pyrone (Sigma-Aldrich) was used 
for pyrone products (using 285 nm).

Isolation of polyketide products
Culture broth was extracted twice with the same volume of ethyl ace-
tate, dried with MgSO4, filtered and concentrated in vacuo. To extract 
the 6-membered lactones and macrolides from the culture broth, the 
pH was adjusted to 3 and 9.5, respectively. The polyketides were puri-
fied by flash silica gel chromatography, followed by semipreparative 
high-performance liquid chromatography.

Crystallization of 12
Purified 12 was dissolved in a hexane:ethyl acetate ratio of 70:30 
at 50 °C, filtered using a cotton plug and evaporated at room 
temperature overnight.

MIC assay
The antibacterial activities of the purified compounds were evaluated 
against several bacterial strains using the Clinical and Laboratory 
Standards Institute broth microdilution method. The test strains were 
grown in Mueller–Hinton medium overnight (B. subtilis, S. epidermidis 
and E. coli were grown at 37 °C, while M. luteus and P. putida were grown 
at 30 °C). The broths were diluted by the Mueller–Hinton medium 
(1:500) and used as an inoculum. Then, 50 μl of the inoculum was 
mixed with 50 μl of Mueller–Hinton medium containing twofold serial 
dilutions of the compounds in 96-well plates. After incubating the 
cells for 24 h at 30 °C or 37 °C, each MIC was determined as the lowest 
concentration that prevented visible bacterial growth.

Biological materials
E. coli K207-3 cells are available from the authors upon request.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.
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Data availability
All data are available in the Supplementary Information. The X-ray crys-
tallographic coordinates for the structure reported in this study (12) 
have been deposited at the CCDC, under deposition number 2535796. 
These data can be obtained free of charge from the CCDC via www.ccdc.
cam.ac.uk/data_request/cif. Source data are provided with this paper.

References
1.	 Brown, E. D. & Wright, G. D. Antibacterial drug discovery in the 

resistance era. Nature 529, 336–343 (2016).
2.	 Miethke, M. et al. Towards the sustainable discovery and 

development of new antibiotics. Nat. Rev. Chem. 5, 726–749 
(2021).

3.	 Lehmann, J. W., Blair, D. J. & Burke, M. D. Toward generalization of 
iterative small molecule synthesis. Nat. Rev. Chem. 2, 0115 (2018).

4.	 Seiple, I. B. et al. A platform for the discovery of new macrolide 
antibiotics. Nature 533, 338–345 (2016).

5.	 Keatinge-Clay, A. T. The structures of type I polyketide synthases. 
Nat. Prod. Rep. 29, 1050–1073 (2012).

6.	 Keatinge-Clay, A. T. The uncommon enzymology of 
cis-acyltransferase assembly lines. Chem. Rev. 117, 5334–5366 
(2017).

7.	 Klaus, M. & Grininger, M. Engineering strategies for rational 
polyketide synthase design. Nat. Prod. Rep. 35, 1070–1081 (2018).

8.	 Weissman, K. J. & Leadlay, P. F. Combinatorial biosynthesis of 
reduced polyketides. Nat. Rev. Microbiol. 3, 925–936 (2005).

9.	 Zhang, L. et al. Characterization of giant modular PKSs provides 
insight into genetic mechanism for structural diversification 
of aminopolyol polyketides. Angew. Chem. Int. Ed. Engl. 56, 
1740–1745 (2017).

10.	 Keatinge-Clay, A. T. Polyketide synthase modules redefined. 
Angew. Chem. Int. Ed. Engl. 56, 4658–4660 (2017).

11.	 Cortes, J., Haydock, S. F., Roberts, G. A., Bevitt, D. J. & 
Leadlay, P. F. An unusually large multifunctional polypeptide 
in the erythromycin-producing polyketide synthase of 
Saccharopolyspora erythraea. Nature 348, 176–178 (1990).

12.	 Donadio, S., Staver, M. J., McAlpine, J. B., Swanson, S. J. & Katz, L. 
Modular organization of genes required for complex polyketide 
biosynthesis. Science 252, 675–679 (1991).

13.	 Miyazawa, T., Fitzgerald, B. J. & Keatinge-Clay, A. T. Preparative 
production of an enantiomeric pair by engineered polyketide 
synthases. Chem. Commun. 57, 8762–8765 (2021).

14.	 Miyazawa, T., Hirsch, M., Zhang, Z. & Keatinge-Clay, A. T. An in vitro 
platform for engineering and harnessing modular polyketide 
synthases. Nat. Commun. 11, 80 (2020).

15.	 Peng, H., Ishida, K., Sugimoto, Y., Jenke-Kodama, H. & Hertweck, 
C. Emulating evolutionary processes to morph aureothin-type 
modular polyketide synthases and associated oxygenases. Nat. 
Commun. 10, 3918 (2019).

16.	 Ray, K. A. et al. Assessing and harnessing updated polyketide 
synthase modules through combinatorial engineering. Nat. 
Commun. 15, 6485 (2024).

17.	 Xue, Y., Zhao, L., Liu, H. W. & Sherman, D. H. A gene cluster for 
macrolide antibiotic biosynthesis in Streptomyces venezuelae: 
architecture of metabolic diversity. Proc. Natl Acad. Sci. USA 95, 
12111–12116 (1998).

18.	 Murli, S., Kennedy, J., Dayem, L. C., Carney, J. R. & Kealey, J. 
T. Metabolic engineering of Escherichia coli for improved 
6-deoxyerythronolide B production. J. Ind. Microbiol. Biotechnol. 
30, 500–509 (2003).

19.	 Broadhurst, R. W., Nietlispach, D., Wheatcroft, M. P., Leadlay, P. F. 
& Weissman, K. J. The structure of docking domains in modular 
polyketide synthases. Chem. Biol. 10, 723–731 (2003).

20.	 Shetty, R. P., Endy, D. & Knight, T. F. Jr. Engineering BioBrick 
vectors from BioBrick parts. J. Biol. Eng. 2, 5 (2008).

21.	 Hirsch, M. et al. Insights into modular polyketide synthase loops 
aided by repetitive sequences. Proteins 89, 1099–1110 (2021).

22.	 Oh, H. S. & Kang, H. Y. Total synthesis of pikromycin. J. Org. Chem. 
77, 1125–1130 (2012).

23.	 Kim, B. S., Cropp, T. A., Beck, B. J., Sherman, D. H. & Reynolds, K. 
A. Biochemical evidence for an editing role of thioesterase II in 
the biosynthesis of the polyketide pikromycin. J. Biol. Chem. 277, 
48028–48034 (2002).

24.	 Chen, S., Roberts, J. B., Xue, Y., Sherman, D. H. & Reynolds, K. A. The 
Streptomyces venezuelae pikAV gene contains a transcription unit 
essential for expression of enzymes involved in glycosylation of 
narbonolide and 10-deoxymethynolide. Gene 263, 255–264 (2001).

25.	 Doi-Katayama, Y. et al. Thioesterases and the premature 
termination of polyketide chain elongation in rifamycin B 
biosynthesis by Amycolatopsis mediterranei S699. J. Antibiot. 53, 
484–495 (2000).

26.	 Butler, A. R., Bate, N. & Cundliffe, E. Impact of thioesterase activity 
on tylosin biosynthesis in Streptomyces fradiae. Chem. Biol. 6, 
287–292 (1999).

27.	 Zhou, Y. et al. Selective removal of aberrant extender units by a 
type II thioesterase for efficient FR-008/candicidin biosynthesis 
in Streptomyces sp. strain FR-008. Appl. Environ. Microbiol. 74, 
7235–42 (2008).

28.	 Kotowska, M., Ciekot, J. & Pawlik, K. Type II thioesterase ScoT is 
required for coelimycin production by the modular polyketide 
synthase Cpk of Streptomyces coelicolor A3(2). Acta Biochim. Pol. 
61, 141–147 (2014).

29.	 Pfeifer, B., Hu, Z., Licari, P. & Khosla, C. Process and metabolic 
strategies for improved production of Escherichia coli-derived 
6-deoxyerythronolide B. Appl. Environ. Microbiol. 68, 3287–3292 
(2002).

30.	 Kotowska, M. & Pawlik, K. Roles of type II thioesterases and their 
application for secondary metabolite yield improvement. Appl. 
Microbiol. Biotechnol. 98, 7735–7746 (2014).

31.	 Geyer, K., Hartmann, S., Singh, R. R. & Erb, T. J. Multiple functions 
of the type II thioesterase associated with the phoslactomycin 
polyketide synthase. Biochemistry 61, 2662–2671 (2022).

32.	 Imburgio, D., Rong, M., Ma, K. & McAllister, W. T. Studies of 
promoter recognition and start site selection by T7 RNA 
polymerase using a comprehensive collection of promoter 
variants. Biochemistry 39, 10419–10430 (2000).

33.	 Xue, Y. & Sherman, D. H. Alternative modular polyketide synthase 
expression controls macrolactone structure. Nature 403, 571–5 
(2000).

34.	 Chen, S., Xue, Y., Sherman, D. H. & Reynolds, K. A. Mechanisms 
of molecular recognition in the pikromycin polyketide synthase. 
Chem. Biol. 7, 907–918 (2000).

35.	 Beck, B. J., Yoon, Y. J., Reynolds, K. A. & Sherman, D. H. The hidden 
steps of domain skipping: macrolactone ring size determination 
in the pikromycin modular polyketide synthase. Chem. Biol. 9, 
575–583 (2002).

36.	 Kittendorf, J. D., Beck, B. J., Buchholz, T. J., Seufert, W. & Sherman, 
D. H. Interrogating the molecular basis for multiple macrolactone 
ring formation by the pikromycin polyketide synthase. Chem. Biol. 
14, 944–954 (2007).

37.	 Tang, L. & McDaniel, R. Construction of desosamine containing 
polyketide libraries using a glycosyltransferase with broad 
substrate specificity. Chem. Biol. 8, 547–555 (2001).

38.	 Borisova, S. A. & Liu, H. W. Characterization of glycosyltransferase 
DesVII and its auxiliary partner protein DesVIII in the methymycin/
picromycin biosynthetic pathway. Biochemistry 49, 8071–8084 
(2010).

39.	 Borisova, S. A., Zhao, L., Sherman, D. H. & Liu, H. W. Biosynthesis 
of desosamine: construction of a new macrolide carrying a 
genetically designed sugar moiety. Org. Lett. 1, 133–136 (1999).

http://www.nature.com/natsynth
http://www.ccdc.cam.ac.uk/structures/Search?Ccdcid=2535796
http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif


Nature Synthesis | Volume 5 | November 2026 | 1736–1747 1746

Article https://doi.org/10.1038/s44160-026-01108-2

40.	 Stsiapanava, A. & Selmer, M. Crystal structure of ErmE-23S rRNA 
methyltransferase in macrolide resistance. Sci. Rep. 9, 14607 
(2019).

41.	 Xue, Y., Wilson, D., Zhao, L., Liu, H. & Sherman, D. H. Hydroxylation 
of macrolactones YC-17 and narbomycin is mediated by the 
pikC-encoded cytochrome P450 in Streptomyces venezuelae. 
Chem. Biol. 5, 661–7 (1998).

42.	 Li, S., Podust, L. M. & Sherman, D. H. Engineering and analysis of 
a self-sufficient biosynthetic cytochrome P450 PikC fused to the 
RhFRED reductase domain. J. Am. Chem. Soc. 129, 12940–12941 
(2007).

43.	 Curtis, B. J. et al. Structural diversification of 14-membered 
macrolides by chemoenzymatic synthesis. JACS Au 6, 801–812 
(2026).

44.	 Zadeh, S. M. et al. β-Hydroxylation of 
α-amino-β-hydroxylbutanoyl-glycyluridine catalyzed by a 
nonheme hydroxylase ensures the maturation of caprazamycin. 
Commun. Chem. 5, 87 (2022).

45.	 Peiru, S., Rodriguez, E., Menzella, H. G., Carney, J. R. & Gramajo, H. 
Metabolically engineered Escherichia coli for efficient production 
of glycosylated natural products. Microb. Biotechnol. 1, 476–486 
(2008).

46.	 Kajimura, J. et al. O acetylation of the enterobacterial common 
antigen polysaccharide is catalyzed by the product of the yiaH 
gene of Escherichia coli K-12. J. Bacteriol. 188, 7542–7550 (2006).

47.	 Marolda, C. L., Feldman, M. F. & Valvano, M. A. Genetic 
organization of the O7-specific lipopolysaccharide biosynthesis 
cluster of Escherichia coli VW187 (O7:K1). Microbiology 145, 
2485–2495 (1999).

48.	 Gupta, S., Lakshmanan, V., Kim, B. S., Fecik, R. & Reynolds, K. 
A. Generation of novel pikromycin antibiotic products through 
mutasynthesis. ChemBioChem 9, 1609–1616 (2008).

49.	 Shinde, P. B. et al. Combinatorial biosynthesis and antibacterial 
evaluation of glycosylated derivatives of 12-membered macrolide 
antibiotic YC-17. J. Biotechnol. 168, 142–148 (2013).

50.	 Pfeifer, B. A., Admiraal, S. J., Gramajo, H., Cane, D. E. 
& Khosla, C. Biosynthesis of complex polyketides in a 
metabolically engineered strain of E. coli. Science 291, 
1790–1792 (2001).

51.	 Zhang, H., Wang, Y., Wu, J., Skalina, K. & Pfeifer, B. A. Complete 
biosynthesis of erythromycin A and designed analogs using E. 
coli as a heterologous host. Chem. Biol. 17, 1232–1240 (2010).

52.	 Kittendorf, J. D. & Sherman, D. H. The methymycin/pikromycin 
pathway: a model for metabolic diversity in natural product 
biosynthesis. Bioorg. Med. Chem. 17, 2137–2146 (2009).

53.	 Khosla, C., Tang, Y., Chen, A. Y., Schnarr, N. A. & Cane, D. E. 
Structure and mechanism of the 6-deoxyerythronolide B 
synthase. Annu. Rev. Biochem. 76, 195–221 (2007).

54.	 Buchholz, T. J. et al. Structural basis for binding specificity 
between subclasses of modular polyketide synthase docking 
domains. ACS Chem. Biol. 4, 41–52 (2009).

55.	 Risser, F. et al. Towards improved understanding of intersubunit 
interactions in modular polyketide biosynthesis: docking in the 
enacyloxin IIa polyketide synthase. J. Struct. Biol. 212, 107581 
(2020).

56.	 Zhang, J., Bista, R., Miyazawa, T. & Keatinge-Clay, A. T. Boosting 
titers of engineered triketide and tetraketide synthases to record 
levels through T7 promoter tuning. Metab. Eng. 78, 93–98 (2023).

57.	 Rowe, C. J. et al. Engineering a polyketide with a longer chain by 
insertion of an extra module into the erythromycin-producing 
polyketide synthase. Chem. Biol. 8, 475–85 (2001).

58.	 Hirsch, M., Fitzgerald, B. J. & Keatinge-Clay, A. T. How 
cis-acyltransferase assembly-line ketosynthases gatekeep 
for processed polyketide intermediates. ACS Chem. Biol. 16, 
2515–2526 (2021).

59.	 Wlodek, A. et al. Diversity oriented biosynthesis via accelerated 
evolution of modular gene clusters. Nat. Commun. 8, 1206 (2017).

60.	 Akey, D. L. et al. Structural basis for macrolactonization by the 
pikromycin thioesterase. Nat. Chem. Biol. 2, 537–542 (2006).

61.	 Wu, J., He, W., Khosla, C. & Cane, D. E. Chain elongation, 
macrolactonization, and hydrolysis of natural and reduced 
hexaketide substrates by the picromycin/methymycin polyketide 
synthase. Angew. Chem. Int. Ed. Engl. 44, 7557–7560 (2005).

62.	 McCullough, T. M. et al. Substrate trapping in polyketide 
synthase thioesterase domains: structural basis for macrolactone 
formation. ACS Catal. 14, 12551–12563 (2024).

63.	 Zhang, H., Skalina, K., Jiang, M. & Pfeifer, B. A. Improved E. coli 
erythromycin A production through the application of metabolic 
and bioprocess engineering. Biotechnol. Prog. 28, 292–296 
(2012).

64.	 Haller, T., Buckel, T., Retey, J. & Gerlt, J. A. Discovering new 
enzymes and metabolic pathways: conversion of succinate to 
propionate by Escherichia coli. Biochemistry 39, 4622–4629 
(2000).

65.	 Lau, J., Tran, C., Licari, P. & Galazzo, J. Development of a 
high cell-density fed-batch bioprocess for the heterologous 
production of 6-deoxyerythronolide B in Escherichia coli. J. 
Biotechnol. 110, 95–103 (2004).

66.	 Kasey, C. M., Zerrad, M., Li, Y., Cropp, T. A. & Williams, G. J. 
Development of transcription factor-based designer macrolide 
biosensors for metabolic engineering and synthetic biology. ACS 
Synth. Biol. 7, 227–239 (2018).

67.	 Almutairi, M. M. et al. Co-produced natural ketolides methymycin 
and pikromycin inhibit bacterial growth by preventing synthesis 
of a limited number of proteins. Nucleic Acids Res. 45, 9573–9582 
(2017).

68.	 Furusaki, A., Matsumoto, T., Furuhata, K. & Ogura, H. The crystal 
and molecular structure of pikromycin. Bull. Chem. Soc. Jpn 55, 
59–62 (2006).

69.	 Kudo, K. et al. In vitro Cas9-assisted editing of modular polyketide 
synthase genes to produce desired natural product derivatives. 
Nat. Commun. 11, 4022 (2020).

70.	 Su, L. et al. Engineering the stambomycin modular polyketide 
synthase yields 37-membered mini-stambomycins. Nat. Commun. 
13, 515 (2022).

71.	 Wang, Z. C., Stegall, H., Miyazawa, T. & Keatinge-Clay, A. T. 
A CRISPR–Cas9 system for knock-out and knock-in of high 
molecular weight DNA enables module-swapping of the 
pikromycin synthase in its native host. Microb. Cell Fact. 24, 125 
(2025).

72.	 Motohashi, K. Seamless ligation cloning extract (SLiCE) method 
using cell lysates from laboratory Escherichia coli strains and its 
application to SLiP site-directed mutagenesis. Methods Mol. Biol. 
1498, 349–357 (2017).

73.	 Jiang, Y. et al. Multigene editing in the Escherichia coli genome via 
the CRISPR–Cas9 system. Appl. Environ. Microbiol. 81, 2506–2514 
(2015).

74.	 Li, Q. et al. A modified pCas/pTargetF system for CRISPR–
Cas9-assisted genome editing in Escherichia coli. Acta Biochim. 
Biophys. Sin. 53, 620–627 (2021).

Acknowledgements
We thank D. A. I. Mavridou and Z.-C. Wang at the University of Texas at 
Austin for sharing materials and protocols for MIC measurements. S. 
Vasylevskyi, Director of the X-ray Facility at The University of Texas at 
Austin, solved the crystal structure of 12.

Author contributions
T.M. designed the research, performed most of the experiments and 
wrote the paper. R.B. constructed the pikromycin–rapamycin hybrid 

http://www.nature.com/natsynth


Nature Synthesis | Volume 5 | November 2026 | 1736–1747 1747

Article https://doi.org/10.1038/s44160-026-01108-2

PKSs and characterized their products. A.T.K.-C. designed the research 
and wrote the paper.

Funding
A.T.K.-C. discloses support for the research of this work from the 
National Institutes for Health (grant number GM145992) and the Welch 
Foundation (grant number F-2245).

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary 
material available at https://doi.org/10.1038/s44160-026-01108-2.

Correspondence and requests for materials should be addressed to 
Adrian T. Keatinge-Clay.

Peer review information Nature Synthesis thanks Fumitaka Kudo, 
Kazuo Shin-Ya and the other, anonymous, reviewer(s) for their 
contribution to the peer review of this work. Primary Handling Editor: 
Peter Seavill, in collaboration with the Nature Synthesis team.

Reprints and permissions information is available at  
www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with  
regard to jurisdictional claims in published maps and  
institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2026

http://www.nature.com/natsynth
https://doi.org/10.1038/s44160-026-01108-2
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/







	Refactoring pikromycin synthase for the modular biosynthesis of macrolide antibiotics in E. coli

	Results

	Construction and evaluation of the two-plasmid system

	Optimizing narbonolide production from the refactored synthase

	Module swapping to yield narbonolide derivatives

	Accessing hexaketide and octaketide derivatives

	Accessing macrolide antibiotics

	Metabolic engineering boosts titres of macrolide antibiotics

	Antibacterial activity


	Discussion

	Methods

	Construction of the two-plasmid system

	Construction of the module-cloning plasmids

	Construction of hexaketide, heptaketide and octaketide synthases

	Construction of the desosamine biosynthesis/transfer operon

	Construction of PikAV expression vectors

	Genomic integration of the desosamine biosynthesis/transfer operon

	Inactivation of pathways competitive with desosamine biosynthesis

	Polyketide production and quantification

	Isolation of polyketide products

	Crystallization of 12

	MIC assay

	Biological materials

	Reporting summary


	Acknowledgements

	Fig. 1 Pikromycin PKS and two-plasmid platform for constructing engineered PKSs.
	Fig. 2 Evaluation of the two-plasmid system and narbonolide biosynthesis by the refactored pikromycin PKS.
	Fig. 3 Module swapping of the refactored pikromycin PKS.
	Fig. 4 Construction of hexaketide and octaketide synthases.
	Fig. 5 Production of macrolide antibiotics in E.
	Fig. 6 CRISPR–Cas9 engineering helps boost titres of macrolide antibiotics.
	Table 1 Antibacterial activities of purified macrolides.




