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ABSTRACT

The concept of combinatorial biosynthesis promises access to compound libraries based on privileged 
natural scaffolds. Ever since the elucidation of the biosynthetic pathway towards the antibiotic 
erythromycin A in 1990, the predictable manipulation of type I polyketide synthase megaenzymes was 
investigated. However, this goal was rarely reached beyond simplified model systems. In this study, 
we identify the intermediates in the biosynthesis of the polyether monensin and numerous mutated 
variants using a targeted metabolomics approach. We investigate the biosynthetic flow of 
intermediates and use the experimental setup to reveal the presence of selectivity filters in polyketide 
synthases. These obstruct the processing of non-native intermediates in the enzymatic assembly line. 
Thereby we question the concept of a truly modular organization of polyketide synthases and highlight 
obstacles in substrate channeling along the cascade. In the search for the molecular origin of a 
selectivity filter, we investigate the role of different thioesterases in the monensin gene cluster and 
the connection between ketosynthase sequence motifs and incoming substrate structures. 
Furthermore, we demonstrate that the selectivity filters do not apply to new-to-nature side-chains in 
nascent polyketides, showing that the acceptance of these is not generally limited by downstream 
modules.  

INTRODUCTION

Biosynthesis of polyketides on type I polyketide synthases (PKS) follows the colinearity rule, in which 
the structure of the biosynthetic product is determined by the type and location of respective catalytic 
domains.1 The monensin PKS is a member of this enzyme family and comprises a loading module and 
twelve extender modules on eight proteins with 2,239 to 4,133 amino acids and a total molecular 
weight of about 4 MDa.2, 3 In a PKS, each module catalyzes typically one elongation step on the nascent 
polyketide chain as well as an individually different number of reductive steps (Fig. 1B). The minimal 
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set of catalytic domains in a canonical module towards a reduced polyketide such as monensin is 
composed of a ketosynthase (KS), an acyltransferase (AT) and an acyl carrier protein (ACP). The 
oxidation state is determined by the optional presence of a ketoreductase (KR), a dehydratase (DH) 
and an enoylreductase (ER) domain which reduce the primary β-ketothioester product in a stepwise 
fashion, analogous to fatty acid biosynthesis.4 

This apparent modular organization of PKS has been utilized for the engineered biosynthesis of 
polyketide derivatives. Combinatorial biosynthesis potentially enables the generation of highly diverse 
and otherwise hardly accessible new-to-nature compounds, yet it often suffers from low fermentation 
yields and poor predictability of the experimental outcome.5, 6 

The monensin PKS orchestrates 71 catalytic steps on the way from a malonyl-coenzyme A starter unit 
towards the fully assembled backbone of the natural product, the shunt product premonensin 
described previously.7 However, this biosynthetic pathway is remarkably specific and after extensive 
post-PKS processing, delivers monensin A and B as the dominant products. At the same time, the 
monensin PKS reveals a significant catalytic promiscuity, most prominently in the AT domain in 
module 5 (monAT5), which was shown to accept a range of different extender units if these are 
supplied to the fermentation medium.8-10 On the other hand, the targeted inactivation of reducing 
domains in the monensin PKS often resulted in a drop of fermentation yields towards the modified 
products.11 

The moderate to high fidelity on PKS assembly lines is ascribed to either the substrate specificity of 
individual catalytic domains or a precise domain-domain interaction pattern which ensures the 
channeling of the nascent polyketide chain in the correct order of catalytic events.5, 12-14 The exclusive 
use of targeted point mutations in the engineering of the monensin PKS, however, minimizes the 
structural disturbance of the large PKS multienzyme complexes,15 therefore, diminished fermentation 
yields in such experiments could potentially be attributed to an intrinsic substrate specificity of 
individual PKS segments. 

We launched a comparative investigation of differently mutated variants of Streptomyces 
cinnamonensis to investigate potential obstacles in the channeling of the nascent polyketide chain in 
an engineered biosynthesis. Alterations targeted both the redox pattern and the extender unit 
flexibility of the monensin PKS, using the shunt product premonensin as a model system. 

Consequently, two different experimental approaches seemed applicable: Synthetic chain terminators 
to capture intermediates16-18 or the direct detection of spontaneously or enzymatically released 
intermediates as hop-off products.19, 20 

RESULTS

Firstly, monensin biosynthesis in the wild-type strain S. cinnamonensis ATCC 15413 was analyzed for 
spontaneous hop-off products from the assembly line via LC-HRMS. The biosynthetic pathway, 
including a complex post-PKS processing towards monensin, is described to proceed via fully ACP-
attached intermediates. Product release is assumed to run via a non-canonical thioesterase2, 3, 21 and 
no nascent polyketide intermediates towards monensin were detectable. However, when the mutated 
strain S. cinnamonsis A495 (S. cinnamonsis ATCC 15413 ΔmonCIΔmonBI/II7) was fermented in an 
analogous manner, the release of the previously described new-to-nature product premonensin by 
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this variant was not as efficient as for monensin in the case of the wild type. Instead, the intermediate 
product for each module from module 4 upwards was detectable in the fermentation extract (Fig. 1). 

Figure 1: A. Extracted ion chromatograms ([M+Na]+ ± 0.005 m/z) indicating the hop-off products released from 
the assembly line as free acids. The hop-off products from different modules (M) were detected via LC-HRMS in 
extracts from fermentations of S. cinnamonensis A495. Reductive domains labeled with an asterisk are 
evolutionarily inactivated in the native assembly line. The fermentation products were absorbed in situ onto 
XAD16 resin in the fermentation broth, which was subsequently eluted using ethyl acetate. In module 5, a 
promiscuous acyl transferase incorporates two different extender units into the nascent polyketide chain, 
leading to premonensin A and B (PreA/PreB). Likewise, intermediates from module 5 upwards arise as A (red)- 
and B (blue)-derivatives (premonensin B: R = methyl; premonensin A: R = ethyl), exemplarily shown for the M5 
intermediate (C). B. Modular assembly line of the monensin gene cluster consisting of a loading module (LM) and 
12 elongation modules encoded on 8 separate proteins (MonA1-MonA8). Instead of passing on, spontaneous 
hydrolysis of the nascent polyketide results in hop-off products M4 to M11. Hop-off products M6A/B were 
previously isolated and fully characterized by NMR spectroscopy.9 Early intermediates labelled with “–” do not 
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bind reliably to XAD16 resins and, thus, are not included in the analysis. KS: Ketosynthase. DH: Dehydratase. ER: 
Enoylreduktase. KR: Ketoreductase. AT: Acyl transferase. ACP: Acyl carrier protein. D. The β-ketone hop-off 
product M9 was only detected in its decarboxylated form (M9A/B). Intermediates released from module 11 were 
detected in the form of the corresponding lactones, similar to that in the release of the final products PreA and 
PreB. Linear intermediates were detected in variable, but low, abundancies for both. E. HRMS data from the main 
adduct [M+Na]+ of each intermediate. Accurate masses for further adducts, mSigma values22-24 and MS/MS-
fragmentation patterns are described in the SI (chapter 5).

The inactivation of post-PKS enzymes in monensin biosynthesis not only leads to the anticipated 
product alteration but also appears to introduce a strong congestion in the pathway, leading to a 
release of intermediates through the spontaneous competing hydrolysis en route to downstream 
modules. This supports the model of the dedicated thioesterase (TE) monCII for product release in 
monensin biosynthesis21 and suggests that the shunt product premonensin is formed by spontaneous 
lactonization and, hence, cleavage from the ACP in the final module. 

The data presented here unequivocally confirm the biosynthetic pathway for premonensin and 
support the current model for ACP-aided post-PKS processing (vide supra). This is in accord with the 
comparably low yields in premonensin fermentation as the release of this shunt product from a trans-
acting ACP proceeds spontaneously and is not TE-mediated. The most abundant intermediates arise 
from hydrolysis after modules 4, 8 and 9 (Fig. 1A), henceforth named M4, M8 and M9. All shunt 
products described here are absent in the wild-type strain, indicating that the release of the final 
product is rate-limiting in the modified biosynthetic pathway towards premonensin. 

Intermediates in Redox Derivative Biosynthesis

We next turned our attention to the biosynthesis of the recently reported premonensin 
redox-derivative ER20.11 It is biosynthesized via a mutated monensin PKS, carrying two adjacent point 
mutations in the second extension module through which its ER domain loses most of its activity. As 
the main products of the fermentation are the redox derivatives, the loss-of-activity mutation causes 
the reduction of the intermediate C=C bond to be significantly slower than the transfer of the nascent 
polyketide derivative to the downstream module 3. The typical fermentation yield of premonensin 
ER20 is at about 10 % of the value obtained for the unmodified version, rendering it the most 
productive variant generated in a library of premonensin redox-derivatives.11 

When the fermentation products of S. cinnamonensis A495-ER20 were analyzed using the same 
methodology, an analogous yet significantly different pattern was found in the abundance of 
intermediates (Fig. 2). 
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Figure 2: A. Extracted ion chromatograms ([M+Na]+ ± 0.005 m/z) indicating the hop-off products released from 
different modules (M) in a fermentation of S. cinnamonensis A495-ER20. The redox derivatives of premonensin 
are labelled as ER20PreA/B (A: R = ethyl, B: R = methyl). While the relative abundance of ER20M4 in comparison to 
the final product rises, hop-off products from modules 6 and 7 could not be detected, and only trace amounts 
were found for M10 and M11. B. HRMS-data of the hop-off products (ER20M) detected and the final redox 
derivatives ER20PreA/B. Further characterization is found in the SI, chapter 5. C. Clipping from the assembly line 
indicating the ER-inactivating point mutation in module 2. This results in the incomplete reduction of the 
polyketide before it is passed on to the downstream module. D. Comparison of the MS signal intensity of 
individual intermediates in S. cinnamonensis A495 and A495-ER20, normalized to the signal intensity of the 
respective biosynthetic end products. Error bars represent the mean standard deviation over four independent 
clones. 

The abundance of the early intermediate ER20M4 was significantly increased over the later products. 
Intermediates ER20M6 and ER20M7 were released below the detection limit, in contrast to the 
fermentation of unmodified premonensin, while the relative abundance of ER20M5A/B was slightly 
higher than its reduced counterpart in the control fermentation of unmodified premonensin. 
Intermediates beginning from module 8 could again be detected, albeit only in traces of ER20M10A/B 
and ER20M11A/B. This suggests a significant rate-limitation in early modules, leading to a lowered 
occupation of ACP in downstream modules.
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Ketoreductase Null Mutants

This prompted us to investigate the biosynthesis of those premonensin derivatives in variants of 
S. cinnamonensis A495 that we previously identified as non- or low-productive.11 We began with KR 
variants from modules 4 to 6, of which KR40 and KR60 yielded the corresponding premonensin 
derivatives (premonensin KR40

A/B and KR60
A/B) in non-isolatable amounts, whereas variant KR50 did not 

yield any detectable quantity of premonensin KR50
A/B. The intermediates in the respective mutated 

module were identified in all three examples (KR40M4, KR50M5A/B and KR60M6 A/B). No hop-off 
products from downstream modules were detected identifying the transfer of the derivatized 
intermediate to the respective downstream module or its elongation in that module as rate-limiting 
steps (Fig. 3). 

Figure 3: A. Extracted ion chromatograms ([M+Na]+ ± 0.005 m/z) showing the hop-off products in fermentations 
of different KR0 variants of S. cinnamonensis A495. As expected, the β-ketoacids were completely detected as 
decarboxylated compounds. The native intermediates were detectable until ahead of the mutated module. 
KR40Pre: premonensin KR40

A/B. KR60Pre: premonensin KR60
A/B B. HRMS data of the decarboxylated hop-off 

products (KR40M4, KR50M5A/B, KR60M6A/B) and the final shunt products premonensin KR40
A/B and premonensin 

KR60
A/B. Further HRMS-characterization of all compounds can be found in the SI chapter 5. C. Structures of the 

redox derivatives KR40Pre and KR60Pre. D. Structures of the decarboxylated intermediates released from the 
assembly line in the three KR0 mutants.  
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Intermediate KR60M6A/B accumulated strongly in S. cinnamonensis A495 KR60, in contrast to 
fermentations of both S. cinnamonensis A495 and the ER20 variant, emphasizing the rate-limitation 
induced by the redox-derivatization. Hydrolysis of the respective intermediate largely outcompetes its 
transfer to module 7. This appears to limit the productivity of the overall assembly line towards the 
new-to-nature fermentation product in each of the KR0 variants investigated. 

This led us to the introduction of analogous KR0 mutations in the final modules 11 and 12, which had 
not been reported previously. The KR110M11A/B intermediates in variant KR110 show some 
accumulation ahead of their transfer to module 12 in compliance with the observations of targeted 
earlier modules; the biosynthesis afterwards proceeds to the predictable final products (SI chapters 4 
and 5). 

No specific selectivity filter can be deduced for the mutation in module 12 as the final elongation 
module and, according to the expectations, the engineered biosynthesis delivers the products 
anticipated in an intensity which is comparable to the premonensin fermentation in the control strain 
(SI chapters 4 and 5). This indicates that the introduced point-mutation in KR0 domains does not 
necessarily compromise the assembly line’s structure, but instead, a substrate specific filter appears 
to exist. 

Dehydratase Null Mutants

We next analyzed the cause of the fermentation in DH0 variants of the premonensin assembly line. DH0 
variants yielded the predicted new-to-nature fermentation products in the majority of cases tested in 
a previous report,11 in sharp contrast to KR0 variants. The productivity, however, was usually too low 
to allow for the seamless isolation of the premonensin derivatives from the fermentation broths. 

Fermentations of S. cinnamonensis A495 DH20, DH40, DH50, DH70 and DH80 were analyzed as described 
above. In these cases, the limitation induced by the redox-derivatization is not as severe as for 
KR0 mutants. In each case, the corresponding premonensin derivative can be detected, however, at 
significantly diminished intensities. In the case of targeting the DH domain in module 5, both 
DH50M5A/B intermediates accumulate strongly similar to analogous KR0 variants. After the completion 
of the PKS assembly line, DH50PreB can be detected in a very low intensity, while DH50PreA falls below 
the detection limit (for chromatograms and HRMS analysis see SI chapters 4 and 5). This indicates a 
difference in the processing of the two DH50M5 intermediates in downstream modules. Each DH0 
variant was also found to be “leaky” and produced varying amounts of premonensin A and B as a by-
products. This demonstrates that the mutation used for DH domains cannot fully inactivate these, 
which is in accordance with previous findings.25  

Enoylreductase Null Mutants

We then turned our attention to ER0 variants in modules 6 and 8. Both S. cinnamonensis A495 ER60 
and ER80 deliver the corresponding premonensin derivatives.11 The respective intermediates are found 
throughout the assembly line, with the exception of ER60M10A/B (for chromatograms and HRMS 
analysis see SI chapters 4 and 5). The results indicate little limitation from an in-built selectivity filter 
on ER0 variant productivity, which is in accordance with our previous observation of a high productivity 
in these variants. 
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The General Effect of Null Mutations on Polyketide Synthase Redox Domains

The combined results from mutations in KR, DH and ER domains indicate that a redox-derivatization 
introduces new rate-limitations in the engineered biosynthesis of premonensin derivatives, which 
correlates with the low yields in the isolation of the corresponding derivative from fermentation broths 
(an overview of all detected hop-off intermediates is found in Figure S2). ER0 redox variants are 
structurally closest to the wild-type product and are typically tolerated throughout the whole assembly 
line, albeit they converted with a reduced catalytic processivity. This tendency is still visible for DH0 
variants, however, significant rate-limitations can be identified in several cases. The exact localization 
of the limiting effect cannot be deduced by the detection of intermediates. However, the productivity 
loss of the full assembly line is most pronounced in KR0 variants, which show a strong accumulation of 
intermediates in the targeted module. 

The Effect of Combined Null Mutations on the Assembly Line

We next investigated the combination of redox variations in engineered premonensin biosynthesis. 
Mutation ER20 was individually combined with mutations KR40, DH50, KR80 and DH80. This miniature 
library combined the productive ER20 mutation with one productive and one unproductive DH0 and 
KR0 variant, respectively. The assembly line regarding variants ER20KR80 and ER20DH50 ended in the 
targeted modules 8 and 5, respectively (for chromatograms and HRMS see SI chapter 4 and 5). By 
contrast, variants ER20KR40 and ER20DH80 gave rise to the corresponding doubly-modified 
premonensin derivatives (Fig. 4A, E, F), of which premonensin ER20DH80 was chosen for structural 
characterization. Analysis of the fermentation extract revealed an intrinsic instability of the products 
by dehydratization, driven by the strong conjugation of the resulting C=C bonds in the respective 
products (see Fig. 4).
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Figure 4: A. Extracted ion chromatograms ([M+Na]+ ± 0.005 m/z) showing the hop-off products released from 
the assembly line in a fermentation of S. cinnamonensis A495 ER20DH80. The redox derivatives of premonensin 
carrying two alterations are labelled as ER20DH80PreA/B. Driven by conjugation, spontaneous dehydratization was 
found via HRMS analysis. B. HRMS data of the specific products in ER20DH80PreA/B. Intermediates ER20M7A/B are 
found in this double-mutant while it was not detected in fermentations of the ER20 variant, presumably due to 
an additional rate-limitation introduced by the second mutation. C. Structural comparison of the dehydratized 
double mutant product ER20DH80PreA/B, ER20PreA/B and native PreA/B. Numbers indicate 1H-NMR signals as 
highlighted in D. Excerpt of the 1H-NMR spectra of premonensin A/B and its ER20

A/B and dehydratized ER20DH80
A/B 

derivatives in the region between 3.5 and 7.5 ppm. The signals are numbered according to the atom numbers in 
C. A full NMR-based characterization is found in SI chapter 6. E. Structure of the second derivative produced by 
a double mutant, however, in very low abundancies F. HRMS data on the final products released from the 
assembly line in a fermentation of S. cinnamonensis A495 ER20KR40. Additional MS-characterization is shown in 
the SI chapter 5.

A 1.8-L fermentation of S. cinnamonensis A495 ER20DH80 in SM-16 medium yielded 1.0 mg and 0.7 mg 
of the B and A forms, respectively, after flash chromatography and preparative HPLC. The product was 
identified by LC-HRMS and 1D- and 2D-NMR characterization as the dehydratization product of 
premonensin ER20DH80 (Fig. 4C). The key structural motifs were evident from the NMR signals of the 
newly introduced vinylic protons and confirmed by 2D-NMR couplings (Fig. 4D). The proton signal at 
C11 is shifted downfield strongly, reflecting the conjugation that led to the dehydratization of the 
primary products ER20DH80PreA/B. Assignment was carried out via the long-range dd-multiplicity of the 
signal (see SI chapter 6 for full NMR characterization). 
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The analysis showed that the combination of mutations in the premonensin assembly is feasible, 
provided the single mutations give rise to the respective product. In the case of DH50, the single 
mutation delivered the final product in very low abundance and in combination with ER20, no 
fermentation product was detectable. In analogy to the first generation of redox derivatives, hop-off 
products were found in all doubly-mutated variants, indicating similar rate-limitations; however, the 
individual population of modules can vary. Furthermore, extensive modification of reduced 
polyketides can lead to an intrinsic chemical instability of the new-to-nature products, which limits the 
scope of engineered biosynthesis. 

Potential Limitations in Precursor-directed Extender Unit Modification 

In addition to mutagenesis-induced redox derivatizations, structural alterations in premonensin and 
monensin were described to be amendable by precursor-directed biosynthesis.8-10, 26, 27 Consequently, 
synthetic extender unit analogues were accepted by monAT5 and incorporated into the polyketide 
backbone. We investigated the incorporation of synthetic malonic acid-based extender units into 
premonensin to reveal possible limitations of precursor-directed derivatization.  

S. cinnamonensis A495 was fermented in the presence of allyl(All)-, propargyl(Prg)-, propyl(Pr)-, 
butyl(Bu)-, and chloropropyl(Cl)-substituted malonic acid diethyl ester, as described previously. As 
expected, all previously reported corresponding premonensin derivatives (PreAll, PrePrg, PrePr and PreBu) 
were detected by LC-HRMS, furthermore, very small quantities of the previously undescribed 
chloropropylpremonensin (PreCl, Figure S15, Table S50, S51). 

The experiments on the premonensin redox derivatives suggested a selectivity filter in modules 
directly or further downstream of a mutated PKS domain. This led us to the expectation that passing 
the M5-intermediate carrying a non-native side chain downstream or its elongation in module 6 might 
be a bottleneck, resulting in an accumulation of released intermediate derivatives in the feeding 
experiments. Contradictory to these expectations, no over-proportional intensities of those hop-off 
products were detected (for chromatograms see SI chapter 4). Analysis of most feeding experiments, 
besides the ones leading to PreCl and PreBu, showed an intermediate pattern comparable to the control 
fermentation of S. cinnamonensis A495 with an apparent slight tendency towards the accumulation of 
the respective M8-11 intermediates and a concomitantly lower abundancy in modules 5-7. In 
fermentations resulting in trace amounts of PreCl, intermediate M10Cl was the only detectable one and 
PreBu formation was accompanied by the detectable release of the late-stage intermediates M8Bu, 
M10Bu and M11Bu (Fig. 5).
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Figure 5: A. Extracted ion chromatogram ([M+Na]+ ± 0.005) indicating the final products and hop-off 
intermediates in an extract from a fermentation of S. cinnamonensis A495 supplemented with 10 mM of 
diethyl butylmalonate. Comparably small amounts of butylpremonensin (PreBu) were formed via incorporation 
of the new-to-nature extender unit in module 5. Hop-off products are shown in the corresponding color of the 
final product (premonensin A: blue; premonensin B: red; butylpremonensin: green). B. Ten-times extension of 
the chromatogram showing hop-off products released from different modules.  C. HRMS data of PreBu and the 
detectable hop-off products released from modules 8, 10 and 11. 

The biosynthetic flow towards premonensin is split into three competing products, depending on 
which artificial building block is incorporated in module 5 by the promiscuous AT domain. In contrast 
to mutagenesis-induced redox derivatizations, extender unit variations in the monensin assembly line 
are not limited by selectivity filters in the adjacent module 6. Instead, the machinery in module 6 
appears to rely on the built-in selectivity of the AT5 domain and the correct protein-protein interaction 
in between the two modules. The incorporation of new-to-nature extender units does not lead to an 
incomplete reduction of the growing chain in module 5, as no irregular intermediates were released 
above the detection limit. However, a lower abundance of non-natural intermediates generally 
correlated with an increase of the final derivatized product abundance, pointing at processivity 
limitations at various positions in the assembly line. These results suggest that the major limitation in 
the precursor-directed variation of extender units is the competition with endogenous analogues, 
which requires further engineering of the respective AT domain to achieve an improved shift in 
specificity.10, 26, 28-31 

Specificity Sources in PKS Assembly Lines: Trans-acting Hydrolases as Potential Proofreading 
Enzymes

The results raised the question: Which factor would induce the apparent engineering limitation of the 
monensin PKS? Different specificity sources in PKS are being currently discussed in various different 
systems. The intrinsic specificity of KS domains towards an incoming nascent polyketide chain is well 
described for trans-AT PKS systems.32-34 Additionally, trans-acting hydrolases in the same sub-family of 
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PKS were identified which are capable of removing aberrant intermediates from the ACP in the 
respective module.35-40

As discussed in previous studies, downstream domains in PKS assembly lines appear to possess an 
intrinsic substrate selectivity not only in trans-AT but also in cis-AT systems.41-43 However, this 
selectivity does not seem to be equally strong in cis-AT PKS, as it tolerates a derivatization of the 
nascent polyketide chain in a variety of different cases with moderate yields and cis-AT KS sequences 
do not strictly correlate with substrate structures.42, 44, 45 Zhang et al. recently described fingerprint 
motifs in KS synthase domains,43 which we find to apply moderately to olefin-accepting KS domains 
and showed no correlation with any other type of substrate structure in the monensin and related 
polyether PKS KS domains (for phylogenetic tree and multiple sequence alignment see SI chapter 7). 
We particularly could not identify a fingerprint motif for β-ketoacyl-accepting KS domains, which would 
otherwise have explained the poor processivity in KR0 variants (Figure S50). Furthermore, ACP domains 
may contribute to selectivity.35-40 

The observation that a rate-limitation does not necessarily only lie in the neighboring downstream 
module suggests that in addition to the possible effects of substrate-specific KS domains, one or more 
presumably trans-acting proofreading enzymes might exist. In S. cinnamonensis, these would 
recognize aberrant intermediates and remove them from the assembly line. 

TE I domains are responsible for the acyl chain release of the nascent polyketides in modular PKS.46-48 
However, many modular PKS gene clusters contain supplementary TE genes (referred to as type II TEs 
or TE II) in close proximity to the PKS genes.20, 49, 50 Deletion of these genes was shown to decrease the 
biosynthesis of tylosin51 and rifamycin,52 increase the production of  precolibactins,20 while the yields 
of pikromycin53 and surfactin54 were unaffected. In vitro studies on type II TEs showed that some are 
capable of hydrolyzing aberrant acyl-SNAC49 and acyl-ACP thioesters,55 assigning them an editorial role.

A closer inspection of the monensin biosynthetic gene cluster in S. cinnamonensis showed three 
different hydrolases with an incompletely studied function in the biosynthetic pathway (Fig. 6A). It has 
been stated previously that these might act as type II TEs (MonAIX and MonAX)21, 49 or as lipase 
(Orf31).2 We decided to explore the activity of these putative enzymes (Fig. 6A/B) in vitro on substrates, 
which would resemble polyketide biosynthesis intermediates on the triketide stage (Fig. 1C). 
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Figure 6: A. Localization of putative hydrolases in the monensin PKS gene cluster.2 B. Activity profiling of the 
hydrolases using simple model substrates by means of a DTNB assay (SI chapter 8). Error bars result from the 
standard deviation of three independent measurement; the different substrates are shown in different shades 
of grey. C. Activity of the three hydrolases in the hydrolysis of the SNAC esters of M2 and ER20M2 to interrogate 
a possible discrimination of redox variations on the assembly line. D. Synthesis of the wild-type triketide 
intermediate in monensin biosynthesis as a model substrate, corresponding to the M2-intermediate in the 
biosynthetic assembly line. a) t-BuOK, THF, 0 °C to rt, (57%);56 b) NaIO4, H2O, 0 °C to rt, (75%);57 c) LiAlH4, THF, 0 
°C to rt, then 65 °C, (93%); d) amano lipase from Pseudomonas fluorescens, vinyl acetate, rt (41%, 98% ee, Figure 
S55, S56);58 e) 1. DMP, CH2Cl2, 0 °C to rt (88%) 2. MeMgBr, Et2O, 0°C (51%); f) oxalyl chloride, DMSO, Et3N, CH2Cl2, 
-64 to -30 °C, then NaClO2, Na2HPO4, 2-methyl-2-butene, t-BuOH:H2O (1:1) (28%);59 g) DPPA, SNAC, Et3N, DMF, 
0°C to rt (24%).60 tBuOK = potassium tert-butoxide, THF = tetrahydrofuran,  DMSO = dimethyl sulfoxide, 
Et3N = triethylamine, MeMgBr = methyl magnesium bromide, Et2O = ethoxyethane, 
DMF = N,N-dimethylformamide, DPPA = diphenyl phosphoryl azide, SNAC = N-acetyl cysteamine, 
DMP = Dess-Martin periodinane. E. Synthesis of the SNAC-activated ER20-M2 intermediate as a model substrate. 
a) LDA, MeI, THF, -65 °C to rt (77%);61 b) Imidazole, TBS-Cl, DMF, rt (94%);62 c) DIBAL-H, toluene:CH2Cl2 (2:1), -63 
to -20 °C (98%); d) oxalyl chloride, DMSO, Et3N, CH2Cl2, -60 °C to rt (81%); 
e) ethyl 2-(triphenylphosphoranylidene)propionate, toluene, 70 °C (97%);60 f) K2CO3, MeOH:H2O (3:1), reflux 
(95%); g) DPPA, SNAC, Et3N, DMF, 0 °C to rt (89%);60 h) PPTS, MeOH, 50 °C (93%); i) DMP, CH2Cl2, 0 °C (78%). 
LDA = lithium diisopropylamide, TBS-Cl = tert-butyldimethylsilyl chloride, DIBAL-H = diisobutylaluminium 
hydride, PPTS: pyridinium p-toluenesulfonate, MeI: iodomethane. Further details on synthetic procedures are 
found in the SI, chapter 9.
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Firstly, the hydrolytic activity of MonAIX, MonAX and Orf31, purified from E. coli expression cultures, 
was monitored on five SNAC-activated thioesters as mimics for the ACP-bound intermediates (Fig. 5B). 
All three enzymes showed activity on several substrates and hydrolyzed test substrates with different 
redox patterns and irregular chain length (compounds 1-3).  MonAIX also converted the branched 
substrates 4 and 5. In previous reports, MonAIX and MonAX were unsuccessfully tested for activity on 
longer, fatty acid-like substrates.21 

The enzymes show a broad activity profile while also revealing some limited substrate specificity.  We 
next decided to interrogate the catalytic properties in vitro on more realistic substrates that would 
resemble intermediates in module 2 of the monensin PKS. Consequently, we chemically synthesized 
the wild-type intermediate (6) and the intermediate 7 from a PKS variant with an inactivated ER2 
domain (Fig. 6 D, E), each in the form of the SNAC thioester. 

A synthesis of the wild-type thioester was carried out. Stereoselectivity was introduced by a lipase-
mediated desymmetrization58 of the meso-intermediate 12. The analogous ER20-triketide was 
obtained through a 9-step synthesis, starting from ethyl (S)-3-hydroxybutyrate 16 (Fig. 6D/E). The 
stereospecificity required was controlled via a diastereoselective Frater-Seebach alkylation61 and an E-
selective Wittig reaction.60 

Hydrolysis experiments show a difference in the catalytic efficiency of the two compounds between 
the three enzymes. MonAIX and MonAX accept both substrates, however, slightly prefer the redox 
derivative ER20. Orf31 does not accept the wild-type intermediate as a substrate while hydrolyzing the 
ER20 derivative with significant activity. These in vitro results suggest a potential proofreading activity 
of these enzymes. However, this hypothesis called for in vivo verification and, hence, we proceeded 
with the deletion of all hydrolases in the genome of S. cinnamonensis A495.

In Vivo Role of Hydrolases in Premonensin Biosynthesis

Firstly, the three hydrolases were separately in-frame deleted in the chromosome of S. cinnamonensis 
A495. Fermentation of the resulting variants A495 ΔmonAIX and A495 Δorf31 led to insignificant 
alterations in premonensin productivity in accordance with previous reports of monAIX in the 
monensin producer.21 However, while the deletion of monAX has been previously reported to lead to 
a strongly varying drop in monensin productivity, the analogous mutation in the premonensin 
producer S. cinnamonensis A495 ΔmonAX fully abolished productivity over all four clones tested. In 
contrast to the properties of the previously reported type II thioesterase clpQ in the colibactin gene 
cluster,20 none of the deletions resulted in a decrease in the abundance of intermediates. 

We decided to individually delete the hydrolases MonAIX and Orf31 in all variants having a single null 
mutation of a reductive domain of modules 2 and 6 to identify both module and redox state specificity 
of a potential proofreading activity. Both modules possess a complete reductive loop with all three 
types of reductive domains. Furthermore, each of these domains was successfully inactivated in a 
previous study with strong processivity variations in the resulting PKS.11 

MonAIX and orf31 genes were successfully deleted in all variants targeted, except in the case of the 
orf31 deletion in the KR60 variant. Fermentation of the resulting 11 S. cinnamonensis variants revealed 
no significant alterations in premonensin derivative productivity over at least four independent clones. 
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The deletion of the two hydrolases were combined in S. cinnamonensis A495 ΔmonAIXΔorf31 and its 
corresponding redox variants in modules 2 and 6. This experiment would reveal a potential 
complementation of a single deletion by the remaining hydrolase. 

Comparative fermentations have not shown an increase in productivity for any premonensin redox 
derivative after the deletion of one or both of the non-essential hydrolases Orf31 or MonAIX. 
Furthermore, the relative abundance of intermediates was not affected in any of the clones. 

The effect of the deletion of the hydrolases on the incorporation of artificial extender units was 
investigated in parallel experiments in variants of S. cinnamonensis A495 carrying single and combined 
deletions of monAIX and orf31 using the non-natural malonic acid derivatives listed above. The 
abundance of the corresponding premonensin derivatives, each normalized to the sum of 
premonensin A and B, increased in the case of the butyl-substituted extender unit (Figure 7). 
Alterations were insignificant in the other cases. PreCl formation was found in one out of three clones 
in the control, whereas all three deletion clones gave rise to the derivative. 

Figure 7: Effect of hydrolase double-deletions on the relative abundance of the side-chain derivatives of 
premonensin, normalized to the combined abundance of premonensin A and B in the same fermentation extract. 
The control strain S. cinnamonensis A495 and variant S. cinnamonensis A495 ΔmonAIXΔorf31 were tested in 
three independent clones each. Deletion of the hydrolases had a significant positive effect on the productivity 
level of butyl premonensin (p = 0.05). On the other hand, all deletion clones produced the corresponding 
chloropropyl derivative, while only one wild-type clone delivered measurable quantities of this compound. Both 
single deletions showed no significant effect.

The relative abundance of derivatized intermediates in each case increased proportionally to the final 
derivatized product. However, a proofreading activity of a hydrolase would possibly reveal itself in a 
change in the intermediate pattern upon its deletion. As this is not discernible, the molecular reason 
for the possibly increased productivity remains elusive and requires further experiments. 

CONCLUSION

We here report on the identification of key intermediates in monensin biosynthesis and variously 
engineered biosynthetic assembly lines. 

The experiments highlight a significant substrate specificity in downstream domains as nascent 
polyketide intermediates with new-to-nature β-keto groups typically accumulate and are not further 
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processed after the mutated module. Other non-native redox states appear to be converted with 
lowered processivity instead, leading to a gradual decrease in product formation rather than a 
complete shut-down of the assembly line. 

When the catalytic promiscuity of an AT domain is exploited for the introduction of non-natural 
extender units, the module directly downstream of this event does not select against this 
incorporation. Instead, nascent intermediates with aberrant side chains tend to accumulate in distant 
modules, implying so far nebulous obstacles in substrate channeling. 

The detailed mechanism underlying the rate and, thereby, yield limitation in engineered polyketide 
biosynthesis remains to be identified. The contribution of downstream KS domains and potentially 
trans-acting hydrolases might turn out to be causative for the decreased yield upon the engineering of 
polyketide biosynthetic pathways. KS sequence alignments have not yet revealed discernible 
fingerprint sequences that would identify substrate preferences on a broader basis nor have cis-AT 
type I PKS gene clusters readily revealed proofreading enzymes. 

The results presented in this manuscript suggest that concomitant targeted metabolomics 
experiments to identify bottlenecks in the artificial system are advisable in each case of engineered 
polyketide biosynthesis to reveal specific limitations. Counter-strategies will have to be developed, 
currently on a case-by-case basis, until more enzymological knowledge on PKS is gathered. In contrast 
to oversimplified earlier views on polyketide assembly lines, cis-AT type I PKS possess a substrate 
specificity that turns out to limit the engineered biosynthesis of reduced polyketides on a routine basis. 

MATERIALS AND METHODS

Chromosomal deletions: Constructs based on pKC1139 were employed for the deletion of the 
hydrolases.63 codA (E. coli) was introduced into pKC1139 and exconjugants cultivated in the presence 
of 5-fluorocytosin to enable rapid selection for the second crossover.64 After selection, suitable 
colonies were identified by colony PCR and sequencing. Oligonucleotide sequences are shown in the 
SI chapter 8. 

Fermentation: Precultures in TSB medium (2 ml, 300 µg/ml phosphomycin, 2 d, 30 °C, 180 rpm) in PP 
tubes supplied with glass beads were inoculated from colonies on GYM agar. An amount of 15 ml SM16 
medium (20 g/L XAD16, 250 ml Erlenmeyer flasks, glass beads, 30 °C, 180 rpm) was inoculated with 
5 % preculture and cultivated for 5 d. 

Sample preparation: Cell paste and XAD16 resin were collected by centrifugation and frozen at -20 °C. 
The solids from one flask were extracted with 6 ml ethylacetate (12 h, 19 °C, 150 rpm). The organic 
layer was subsequently recovered and the solvent removed in vacuo. The residue obtained was 
dissolved in 3 ml acetonitrile (HPLC grade) and stored at -80 °C. Samples were centrifuged (12,000 x g, 
4 °C, 30 min) prior to LC-HRMS analysis.

LC-HRMS: An amount of 2 µl or 5 μL (redox derivatives) of each sample was analyzed by LC-HRMS/MS2. 
LC-HRMS analysis was run on an Ultimate 3000 HPLC System (consisting of a pump, autosampler, 
column oven and UV detector) coupled to a compact mass spectrometer (BRUKER DALTONIK GmbH, 
Life Sciences, Bremen, Germany) using the standard electrospray ionization source. All solvents were 
LC-MS grade (Chromasolv). A Nucleodur C18 Isis column (Macherey&Nagel, 150/2, 1.8 µm), was used 
for chromatographic separation. Further details are described in the SI chapter 2.
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