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ABSTRACT: Polyketide biosynthetic pathways have been engineered to generate natural product analogs for over two decades. 
However, manipulation of modular type I polyketide synthases (PKSs) to make unnatural metabolites commonly results in attenu-
ated yields or entirely inactive pathways, and the mechanistic basis for compromised production is rarely elucidated since rate 
limiting or inactive domain(s) remain unidentified. Accordingly, we synthesized and assayed a series of modified pikromycin (Pik) 
pentaketides that mimic early pathway engineering to probe the substrate tolerance of the PikAIII-TE module in vitro. Truncated 
pentaketides were processed with varying efficiencies to corresponding macrolactones, while pentaketides with epimerized chiral 
centers were poorly processed by PikAIII-TE and failed to generate 12-membered ring products. Isolation and identification of 
extended but prematurely offloaded shunt products suggested that the Pik thioesterase (TE) domain has limited substrate flexibility 
and functions as a gatekeeper in the processing of unnatural substrates. Synthesis of an analogous hexaketide with an epimerized 
nucleophilic hydroxyl group allowed for direct evaluation of the substrate stereoselectivity of the excised TE domain. The epimer-
ized hexaketide failed to undergo cyclization and was exclusively hydrolyzed, confirming the TE domain as a key catalytic bottle-
neck. In an accompanying paper, we engineer the standalone Pik thioesterase (TE) to yield a thioesterase (TES148C) and module 
(PikAIII-TES148C) that display gain-of-function processing of substrates with inverted hydroxyl groups.

INTRODUCTION 

Polyketides comprise a diverse class of secondary metabolites 
produced primarily by microorganisms, many of which possess 
medicinal value. Numerous therapeutically relevant polyketides, 
including macrolides, are produced biosynthetically by modular 
type I polyketide synthases (PKSs)1. These megasynthases func-
tion as molecular assembly lines whereby the construction of 
structurally and functionally complex natural products is accom-
plished through sequential Claisen condensations of simple acyl-
ACP building blocks2. Biosynthetic elongation of a growing 
polyketide chain occurs by a series of catalytic domains that are 
organized into distinct modules. In turn, each module is responsi-
ble for the incorporation of a single monomeric extender unit into 
the growing polyketide chain with various options for reductive 
processing at the β-keto position prior to transfer of the intermedi-
ate to the downstream module. Each round of chain elongation 
requires a minimum of three catalytic domains, an acyltransferase 
(AT) that selects for an acyl-coenzyme A extender unit to prime 
the acyl carrier protein (ACP) and a ketosynthase (KS) that ac-
cepts a growing chain from the ACP of the previous module and 
catalyzes decarboxylative Claisen condensation to extend the 
polyketide2. Modules may also contain combinations of ketore-
ductase (KR), dehydratase (DH), and enoyl reductase (ER) do-
mains that tailor the β-keto group to a hydroxyl (KR), alkene 
(DH), or alkane (ER), respectively. Finally, the terminal module 
typically contains a thioesterase (TE) domain that is responsible 
for offloading the fully mature intermediate, often as a cyclized 
product3.  

The pikromycin (Pik) biosynthetic pathway (Figure 1) is 
unique among modular type I PKS in its ability to generate two 
macrocyclic polyketides, the 12-membered ring aglycone, 10-
deoxymethynolide (10-dml, 1) and 14-membered ring aglycone, 
narbonolide (2)4. Both macrolactones are further diversified 
through the action of post-assembly line tailoring enzymes to 
yield a group of five macrolide natural products5. This inherent 

substrate flexibility of the Pik pathway has made it an attractive 
target for engineering of both the modules responsible for assem-
bling the polyketide core6 as well as the tailoring enzymes that 
introduce additional functionality to the polyketide backbone7. 
Despite promising bioactivities inherent to many polyketide com-
pounds, development of a natural product into a clinically relevant 
therapeutic is often hindered by suboptimal pharmacological 
properties, necessitating optimization through structure activity 
relationship (SAR) studies. However, high structural complexity 
often requires lengthy semi-synthesis routes that are constrained 
by accessible functionality and reactivity. An alternative strategy 
for expanding chemical diversity in a natural product scaffold 
involves biosynthetic pathway engineering, whereby novel natural 
product analogs are generated by manipulation of the enzymes 
responsible for their biosynthesis8. The strategies for genetic 
engineering of modular PKSs have been the subject of many 
excellent reviews5,9-12 and include: altering the selection of starter 
and extender units, modifying the extent of β-keto reductions, and 
substitution of entire modules or subunits to increase or decrease 
chain lengths. Unfortunately, these bioengineering attempts often 
result in attenuated yields or fail to produce new molecules entire-
ly8,13-15.  

The biochemical basis for low levels or failed production of 
metabolites from engineered PKSs remains elusive. Typically, 
genetic modifications have been performed in early pathway PKS 
modules13,14,16-19, and it has remained unclear whether attenuated 
product formation stems from the engineered module or the 
downstream modules (or both) that must accept and process the 
resulting unnatural intermediates. The lack of detailed mechanis-
tic information is a consequence of engineering pathways in vivo, 
and highlights the need for more targeted investigations to probe 
the catalytic details of individual domains. Towards a more gen-
eral framework for rational engineering of efficient PKSs, this 
study interrogates the substrate flexibility of a downstream hybrid 
module, PikAIII-TE20-22, to assess the biochemical function of 
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individual domain(s) as part of the larger module. Accordingly, 
two classes of pentaketides were envisioned (Figure 2): 1) trunca-
tions 6-9 designed to mimic intermediates that would arise from 
early pathway AT domain engineering to assess the downstream 
tolerance of substrate chain length and aliphatic regions, and 2) 
diastereomers 10-12 that imitate intermediates arising from early 
KR modifications to query the previously observed strict stereo-
selectivity of reductive processing domains towards distal stereo-
centers.23-25  

With seven unique pentaketide analogs in hand (Figure 2), we 
employed an in vitro strategy for probing PikAIII-TE. Through 
detection of minor shunt products, we sought to identify points of 
catalytic failure and inefficiencies within the PKS module.  

  

RESULTS 

Probing of PikAIII-TE with unnatural pentaketides. To in-
terrogate the flexibility of the enzymes involved in the late-stage 
chain extension, processing, and macrolactone ring formation of 
unnatural linear polyketide intermediates, we synthesized (see 
Supporting Information for details) a panel of pentaketides using a 
previously described approach10. Targeted substrates were fur-
nished as thiophenol thioesters as opposed to traditionally em-
ployed NAC thioesters. We have previously shown thiophenol 
thioesters promote full-module catalysis, presumably by favoring 
KS acylation over TE acylation26. We then assayed the well-
characterized hybrid module PikAIII-TE10,21,22 in vitro for the 
ability to generate analogs of the natural 12-membered macrolac-
tone 10-deoxymethynolide (1). To improve cost and scalability, 
NADPH was recycled using a glucose-6-phosphate/glucose-6-
phosphate dehydrogenase system, and methylmalonate (MM) was 
delivered as MM-NAC as opposed to the native MM-CoA27.  

PikAIII-TE displayed moderate flexibility for truncated sub-
strates (6-9, Scheme 1) and was able to process C-10 desmethyl 6 
with near wild type efficiency (56% yield), and C-8 desmethyl 7 
with a 39% yield. However, C-8,10 didesmethyl 8 was processed 
less effectively (17% yield), and C-9 desethyl 9 afforded poor 
conversion to the expected product (9% yield). The significant 
decrease in product yields from the native substrate 5 to unnatural 
substrates 8 and 9 is notable as these terminal truncations are 
distal from the site of the Claisen condensation (KS) and subse-

quent β-keto reduction (KR) during the chain elongation process, 

suggesting that the thioesterase domain could be responsible for 
compromised catalytic efficiency with the unnatural substrates. 
Under these reaction conditions the substrate was completely 
consumed, with hydrolysis of starting material and decomposi-
tion13,14,16 accounting for the remaining mass balance (vide infra).  

PikAIII-TE failed to yield detectable macrocyclic products with 
any of the series 10-12 designed to probe the PKS selectivity 
toward substrates bearing unnatural C-8 and C-9 stereocenters 
(Scheme 2). In initial experiments, preparatory HPLC of the crude 
reaction mixture and 1H NMR analysis of all fractions yielded 
unidentifiable decomposition products along with trace quantities 
of extended products that were off-loaded as linear shunt prod-
ucts. Scaled-up reactions provided adequate quantities of 17-22 
for structural elucidation.  

Figure 1. The pikromycin (Pik) biosynthetic pathway.  The macrolactones 10-dml (1) and narbonolide (2) generated by the Pik 
PKS undergo further tailoring to the macrolides methymycin (3) and pikromycin (4), respectively. KSQ, KS-like domain; KR*, 
inactive KR. 

Figure 2. Unnatural pentaketides designed to probe flexibility 
of PikAIII-TE. Pentaketide probes to query (a) the chain 
length and methyl-branching dependence and (b) stereo-
tolerance of PikAIII-TE. (c) Full-module processing of the 
native pentaketide 5. 
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 Synthesis of Pik hexaketides. Macrolactonization of natural 
product analogs are notoriously difficult to perform synthetically28 
and formation of the macrocycle is a key feature of many bioac-
tive polyketide and nonribosomal peptide natural products.29 
Thus, we were intrigued by the prospect that the TE domain is 
serving as a gatekeeper domain in engineered PKS pathways. To 
provide further insight into these observations we synthesized the 
analogous native 26 and C-11-epimerized 27 methyl protected 
hexaketides for use as direct probes of the TE domain. Targeted 
heaxaketides were furnished as traditionally employed NAC 
thioesters, which we have previously shown26 to promote TE 
acylation relative to aryl thioesters. 26 was prepared as described 
previously26 and 27 was synthesized in nine linear steps from 10-
dml (28). Luche reduction and TBS protection of the resulting 
secondary hydroxyl group yielded 29. DIBAL-H reduction and 
TBS protection of the primary alcohol provided 30, and Mitsuno-
bu inversion of the homo-allylic hydroxyl group with chloroacetic 
acid followed by TBAF deprotection yielded 31. TBAF deprotec-
tion proved advantageous, as acidic deprotection methods such as 
HF and trifluoroacetic acid led to rapid decomposition from either 
chloroacetate ester or from the free homo-allylic alcohol starting 
material, respectively. TEMPO/PIDA oxidized the allylic hydrox-
yl group to an α,β-unsaturated ketone and the primary alcohol to a 
carboxylic acid without oxidizing the homo-allylic alcohol. Sub-

sequent thioesterification provided NAC thioester 27 (Scheme 3).  

Evaluation of Pik TE with native and epi-hexaketides. With 
C-3 methyl-ether hexaketides 26 and 27 in hand, we next evaluat-
ed the ability of Pik TE to catalyze the macrolactonization of 26 
and 27. Consistent with our previous report26, Pik TE is able to 
effectively generate methyl protected 10-dml 28 from the N-
acetylcysteamine thioester of Pik methyl hexaketide 26. However, 
reactions containing the epimerized 27 resulted in complete hy-
drolysis to 32, and failed to produce any macrocylic product 
(Scheme 4). The exclusive hydrolysis of epimerized 27 confirms 
the TE domain as the catalytic bottleneck in the processing of 
diastereomeric pentaketides 10-12. 

  

DISCUSSION  

Engineering of Modular PKSs. Direct fermentation of bacte-
rial modular PKS derived polyketide analogs has been pursued by 
many research groups.8,12,30 Three prominent examples were 
reported by Kosan Biosciences,13-15 highlighting the ability to 
generate libraries of polyketide analogs through modular PKS 
engineering. In these studies, AT and KR domain substitutions 
were engineered into modules 2, 5, and 6 of the 6-
deoxyerythronolide B (DEBS) biosynthetic pathway and the 
engineered PKSs were expressed in heterologous Streptomyces or 
E. coli hosts to generate a suite of 6-dEB analogs. While these 
results provided a glimpse of the macrolactones that were accessi-
ble through modular type I PKS combinatorial biosynthesis, they 
also served to highlight the serious limitations associated with this 
approach as the yields of the 6-dEB analogs dropped precipitously 
(highest yield 3.5% relative to 6-dEB production)13  

Mutasynthesis has provided further insight into type I PKS sub-
strate flexibility and engineering. Briefly, this strategy chemically 
complements early pathway knockouts in native or heterologous 
producers as a means to generate natural product analogs31,32. 
DEBS mutasynthesis strategies leveraging KS1 knockouts or 
module 1 truncations have been pursued with a range of synthetic 
diketide analogs. In this approach, synthetic diketides activated as 
N-acetylcysteamine thioesters must diffuse across the cell mem-
brane of either the native producer or a heterologous host and 
acylate a targeted KS domain. Thus, the targeted module must not 
only accept and process these analogs, but all subsequent modules 
must tolerate the growing, unnatural polyketide chain elongation 
intermediate in order to generate a 6-dEB analog. The results from 
these experiments have shown that the downstream modules of 
the DEBS pathway display a modest level of substrate flexibility 
for a multitude of alterations at the 12- and 13-position of the 6-
dEB macrolactone16-18,33,34. Significantly, attempts to incorporate 
starter units containing (S)-configured β-hydroxyl groups failed to 
result in epimerized macrolactones19.  

Scheme 1. Evaluation of PikAIII-TE with a panel of truncated 
pentaketides 6-9. Enzymatic reaction conditions: 4 mM Pik 
pentaketide, 40 mM (10 equiv) MM-NAC, 20 mM (5 equiv) 
2-vinylpyridine, 0.4 mM (10 mol %) NADP+, 10 mM (2.5 
equiv) glucose-6-phosphate, glucose-6-phosphate dehydro-
genase (2 units/mL), 4 µM (0.1 mol %) cell free PikAIII-TE, 
8 h, stationary, RT.  

Scheme 2. Reaction of PikAIII-TE with a panel of stereoisomer pentaketides 10-12. Enzymatic reaction conditions: 4 mM Pik 
pentaketide, 40 mM (10 equiv) MM-NAC, 20 mM (5 equiv) 2-vinylpyridine, 0.4 mM (10 mol %) NADP+, 10 mM (2.5 equiv) 
glucose-6-phosphate, glucose-6-phosphate dehydrogenase (2 units/mL), 4 µM (0.1 mol %) cell free PikAIII-TE, 8 h, stationary, 
RT.  
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Direct comparison between analogs in mutasynthesis studies is 
hindered by variations in the solubility, cellular uptake, and stabil-
ity of the synthetic starter units in the fermentation broth and 
cytosol. Accordingly, we pursued a targeted substrate-centric 
strategy to probe PikAIII (Pik module 5) in vitro to identify the 
catalytically ineffective domain(s) for processing of unnatural 
substrates. This biochemical approach with readily controlled 
variables led to facile isolation and identification of prematurely 
off-loaded intermediates that failed to be cyclized by the Pik TE 
domain. As the shunt metabolites 17-22 were recovered in low 
quantities from the in vitro reactions, isolation of the same com-
pounds from the comparably more complex in vivo mutasynthesis 
experiments would have presented an even greater challenge, 
likely precluding the mechanistic insights obtained from this in 
vitro approach.            

TE bottleneck. As the only change from the natural Pik pen-
taketide intermediate to substrate 10 is epimerization of the C-9 
hydroxyl group that serves as the nucleophile during macrolac-
tonization, we reasoned, a priori, that the substrate would detri-
mentally affect the TE domain responsible for ring formation. TE 
stereoselectivity has been observed previously from in vitro reac-
tions of DEBS TE with a series of unnatural DEBS heptaketide 
substrate mimics. The DEBS TE displayed strict stereoselectivity 
for the natural (R)-configuration of the substrate nucleophilic 
alcohol and exclusively hydrolyzed the unnatural (S)-
stereoisomer35. NMR and MS characterization of products from 
the panel of stereoisomeric derivatives of Pik pentaketides 
showed that the products had been extended; therefore the KS 
domain was at least partially competent with analogs 10-12. Addi-
tionally, as the Pik TE is able to cyclize β-keto analogs of the 
natural hexaketide to yield 3-keto-10-dml21,36 we expected to 
observe 3-keto macrolactones if the KR was compromised23-25, 
but KS and TE domains remained functional. We hypothesized 
that 17-22 resulted from substrate stalling and premature off-
loading from the PKS via hydrolysis and subsequent decarboxyla-
tion (Figure 3). Analysis of these extended but linear off-loaded 
intermediates suggests that the TE is acting as the dominant cata-

lytic bottleneck to the formation of macrocylic products. The 
inability to attain a total mass balance for the stereoisomer sub-
strate panel and the low recovery of products 17-22 from each 
reaction is attributed to the additional facile degradative pathway 
possible through the TE domain. PKS TE domains serve as flexi-
ble hydrolases when cyclization is impaired37,38. Thus, we propose 
that a portion of the pentaketides were extended and off-loaded as 
the unstable β-hydroxy hexaketide 34, which subsequently de-
grades through intramolecular hemiketalization and dehydration 
pathways14,26 (Figure 3). Indeed, synthesis of the corresponding 
C-11-epimerized 27 hexaketide and subsequent probing of the Pik 
TE domain provides direct evidence for the strict stereoselectivity 
of Pik TE. This stereoselectivity confirms the suspected TE bot-
tleneck for macrolactone formation and explains the loss of mac-
rolactone formation in PikAIII-TE reactions containing the dias-
teromeric pentaketides 10-12.  

 

CONCLUSION 

Use of Pik pentaketide and hexaketide analogs in this study has 
enabled the identification of the TE domain as a key catalytic 
bottleneck in the processing of unnatural substrates. These results 
add to the recent studies performed on the KR and DH domains of 
modules from the pikromycin and tylosin (Tyl) pathways which 
uncovered a surprising level of stereochemical discrimination 
inherent in the β-keto and β-hydroxyl processing domains23-25. 
Probing a KR and DH didomain from Tyl module 3 with tetrake-
tide intermediates identified strict stereochemical requirements for 
the distal methyl and hydroxyl stereocenters23, with epimeriza-
tions at these distal stereocenters having dramatic consequences 
on the processing of the proximal β-hydroxyl groups. Taken 
together, the available in vitro results utilizing full-length sub-
strates have shown that an unnatural substrate must overcome 
multiple points of strict substrate specificity in order to be pro-
cessed efficiently to yield a final offloaded polyketide analog. 
Additionally, shunt products 17-22 resemble the known natural 
product pacificanone A, a byproduct of the rosamicin A PKS, 
suggesting that similar premature offloading occurs in wild-type 
pathways39,40.  

The results reported within this study serve to highlight the crit-
ical importance of maintaining a terminal TE domain that is cata-
lytically competent for processing and off-loading the fully elon-
gated linear intermediate as the final macrolactone analog. Indeed, 
in an accompanying manuscript41 we report the engineering of the 
Pik TE domain which results in the ability to catalyze the macro-
lactonization of an unnatural epimerized substrate. This engi-
neered TE domain alleviates the catalytic bottleneck identified in 
this study and generates a PKS module capable of processing the 
C-9-epimerized 10 to the corresponding epimeric macrolactone 
23.  

Scheme 3. Synthesis of native 26 and epimerized 27 methyl protected hexaketides starting from 28. 

Scheme 4. Evaluation of Pik TE with methyl protected hex-
aketides 26 and 27. Enzymatic reaction conditions: sodium 
phosphate buffer (400 mM, pH 7.2), 1 mM hexaketide, 8 mM 
2-vinylpyridine, purified Pik TE (10 µM), 4 h, stationary, RT. 
Conversion of 26 to 28 and 27 to 32 was monitored (HPLC) 
with data represented as the mean ± standard deviation where 
n = 3.  
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 Future application of the synthetic pentaketide probes utilized 
in this report in conjunction with cryo-EM, and computational 
studies should provide further insights into the structural and 
mechanistic parameters that govern elongation and processing by 
allowing visualization of the PKS machinery and unnatural inter-
mediates during the catalytic cycle.  
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