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RESEARCH

Speed dating for enzymes! Finding 
the perfect phosphopantetheinyl transferase 
partner for your polyketide synthase
Tobias Bruun Pedersen1, Mikkel Rank Nielsen1, Sebastian Birkedal Kristensen1, Eva Mie Lang Spedtsberg1, 
Trine Sørensen2, Celine Petersen2, Jens Muff1, Teis Esben Sondergaard2, Kåre Lehmann Nielsen2, 
Reinhard Wimmer2, Donald Max Gardiner3 and Jens Laurids Sørensen1*   

Abstract 

The biosynthetic pathways for the fungal polyketides bikaverin and bostrycoidin, from Fusarium verticillioides and 
Fusarium solani respectively, were reconstructed and heterologously expressed in S. cerevisiae alongside seven differ-
ent phosphopantetheinyl transferases (PPTases) from a variety of origins spanning bacterial, yeast and fungal origins. 
In order to gauge the efficiency of the interaction between the ACP-domains of the polyketide synthases (PKS) and 
PPTases, each were co-expressed individually and the resulting production of target polyketides were determined 
after 48 h of growth. In co-expression with both biosynthetic pathways, the PPTase from Fusarium verticillioides 
(FvPPT1) proved most efficient at producing both bikaverin and bostrycoidin, at 1.4 mg/L and 5.9 mg/L respectively. 
Furthermore, the remaining PPTases showed the ability to interact with both PKS’s, except for a single PKS-PPTase 
combination. The results indicate that it is possible to boost the production of a target polyketide, simply by utilizing 
a more optimal PPTase partner, instead of the commonly used PPTases; NpgA, Gsp and Sfp, from Aspergillus nidulans, 
Brevibacillus brevis and Bacillus subtilis respectively.

© The Author(s) 2022. 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://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
The chemical group of compounds known as polyke-
tides exhibit an abundance in structural and bioactive 
diversity, making them some of the foremost interest-
ing compounds for researching natural products, with a 
plethora of applications ranging from antibiotics, immu-
nosuppressants, anti-cancer to fungicides and perhaps 
even as a solution to energy storage in the future [1–5]. 
Polyketides are attractive targets for large-scale pro-
duction due to their bioactive properties, which can be 
achieved in their natural host or in heterologous hosts [4, 
6]. A common choice for heterologous expression is the 

baker’s yeast Saccharomyces cerevisiae, which however 
often suffers from low production yields. Consequently, 
numerous strategies has been applied to increase pro-
duction, including metabolic engineering to increase flux 
towards acetyl- and malonyl-CoA [7, 8] and fusion of tai-
loring enzymes, as we in this paper suggest an additional 
method for increased production yields [9–11].

In fungi, biosynthesis of the vast majority of polyke-
tides are initiated by multidomain iterative polyketide 
synthases (PKS’s), which catalyze condensation of acyl 
thioesters (primarily acetyl- and malonyl-CoA) [12]. 
Three conserved domains are found in all iterative 
PKSs, the β-ketosynthase (KS), acyltransferase (AT) 
and acyl-carrier protein (ACP), which together con-
stitute a minimal PKS [13]. Chemical diversification is 
achieved by the actions of additional domains, includ-
ing the β-ketoreductase (KR), dehydrogenase (DH), 
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enoyl reductase (ER), which catalyze reductions of the 
polyketide chains before they are released from the 
PKS [14]. Movement of the growing polyketide chain 
between the various domains is mediated by the ACP 
domain, which includes a 4′-phosphopantetheine pros-
thetic group [15]. This group is activated by a 4′-phos-
phopantetheinyltransferase (PPTase), of which an 
adequate homolog is not present in S. cerevisiae. Thus, 
successful heterologous production of polyketides in S. 
cerevisiae requires co-expression of a PPTase. There are 
two major protein-families of PPTase enzymes (AcpS-
type and Sfp-type), which can in addition to PKS′s also 
interact with fatty acid synthases (FAS) and non-ribo-
somal peptide synthetases (NRPS). The Sfp-type are 
the primary PPTases linked to expression of second-
ary metabolites in fungi, which is why these are used 
throughout this work [16]. Through the transfer of a 
4′-phosphopantetheinyl moiety from Coenzyme-A, 
to the ACP domains of PKS′s, FAS′s and PCP (Pepti-
dyl Carrier Protein) domains of NRPS’s, the iterative 
function of the synthesizing enzymes is maintained. 
This is accomplished by structural integration of said 
moiety, transforming the CP-domains from an inactive 
apo-form to the active holo-form, which must occur 
for each iteration (Fig. 1) [16–18]. A curiosity of these 
enzymes, is that they display a large sequence varia-
tion, while still maintaining the functionality towards 

different types of enzymes and perhaps more impor-
tantly the conserved ACP-domains they target. Two 
regions of the Sfp-type PPTase are conserved and 
denoted ppt-1 and ppt-3, containing specific patterns of 
amino acid 38–41 and further dissection of this family 
of PPTase are possible through the sub-motifs of either 
WxxKEA or FxxKES [16]. The promiscuous nature of 
these sfp-type PPTases has previously been reported, 
through the interaction with a broad-range of both 
PKS’s and NRPS’s [19].

As the 4′-phosphopantetheinylation process is a two-
enzyme interaction, between the synthezing enzyme and 
the PPTase, that regulates the transfer of the 4′-phospho-
pantetheinyl moiety, we want to investigate whether the 
PPTase is limiting the function of the PKS resulting in an 
unwanted bottleneck. The majority of studies with het-
erologous production of polyketides in S. cerevisiae have 
utilized the same few standard PPTases, Sfp from Bacil-
lus subtilis or NpgA from Aspergillus nidulans [10, 20], 
opening the possibility for titer increase through substi-
tution of PPTases. Through a substitutional approach we 
investigated the standard PPTases alongside five addi-
tional PPTase of different origins. One bacterial PPTase, 
Gsp, from Brevibacillus brevis, SpPPT1 from another 
yeast species Schizosaccharomyces pombe to elucidate if 
a PPTase from a more closely related species is advanta-
geous. Furthermore, three different fungal PPTase were 

Fig. 1  Illustration of the iterative function of a type 1 fungal PKS and interaction with a PPTase. A Modular representation of a type 1 fungal PKS 
containing multiple domains responsible for production of the first polyketide intermediate. B Shows the 4′-phosphopantetheinyl moeity taken 
from Co-enzyme A attached to the PPTase enzyme, enabling the conformational changes to the ACP-domain, as seen in C where the inactive 
apo-form is transformed into the active holo-form
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investigated to determine if an evolutionary advantage of 
PPTases originating from fungi natively expressing these 
compounds, was evident.

To explore these scenarios, we expressed two biosyn-
thetic pathways native to Fusarium spp. resulting in the 
formation of the polyketides bikaverin and bostrycoidin, 
in the heterologous host S. cerevisiae while combina-
torically expressing the seven different Sfp-type PPTases 
simultaneously. The two compounds are of interest due 
to their variety of applications, such as their bio-active 
nature [21], pigmentation for usage as dye [22] and fur-
thermore contain a specific structure of interest, namely 
the quinone-structure. This chemical structure has 
recently shown potential in energy storage solution and 
are therefore of interest for down-stream application [5, 
23, 24].

An additional experiment combining the phospho-
pantetheinylating potential of two PPTases (NpgA and 
FvPPT1) was conducted to elucidate whether previously 
published work on the stacking effect of PPTases applies 
to the double-ACP domain containing Fsr1 [25].

Materials and methods
Microorganisms
Yeast cloning and heterologous expression were per-
formed utilizing S. cerevisiae BY4743 (genotype: MATα, 
his3Δ1, leu2Δ0, lys2Δ0, met15Δ0, ura3Δ0) ATCC 
201390. Cloning and maintaining of plasmids were done 
in Escherichia coli DH5α. Fusarium solani FGSC 9596 
(Fusarium vanettenii) was used as donor of DNA for 
amplification of fsr2 [26].

Enzymes, oligonucleotides and plasmids
All enzymes were purchased from Thermo Fisher Scien-
tific (Waltham, Massachusetts, USA) and oligonucleo-
tides were designed using Primer3Plus software [27] and 
purchased from Eurofins Genomics (Ebersberg, Ger-
many). Primers designed for cloning are listed in Addi-
tional file 1: Table S1 along with restriction enzymes used 
for digestion. Table of constructed plasmids can be found 
in Additional file 1: Table S2.

Cloning, pathway reconstruction and plasmid validation
Reconstruction of the bostrycoidin pathway was per-
formed and described previously [9]. An identical work-
flow was performed for reconstruction of the bikaverin 
pathway, where all three genes were codon optimized 
and synthesized. The PPTase genes (Table 1) were codon 
optimized and synthesized (GenScript Biotech, NJ, USA), 
before introduction into the pESC-LEU plasmids con-
taining either fsr1 or bik1 as visualized in Fig.  2 along 
with all codon optimized gene sequencing (Additional 
file 1: Figure S1). To validate the plasmid constructs, all 

final plasmids were sequenced, using a R.9.4.1 MinION 
Flow Cell (Oxford Nanopore Technologies, Oxford, 
United Kingdom) in accordance to previous work [9].

Expression, purification and chemical analysis
Single colonies of each transformants were incubated in 
5  mL appropriate selective drop-out medium contain-
ing (SC-LEU) 2% glucose over night at 30 ℃, 200  rpm. 
Overnight cultures were vortexed and cell density was 
estimated using a NanoDrop 2000c (Thermo Fisher Sci-
entific, Waltham, Massachusetts, USA). The cells were 
diluted into a 250  mL baffled shake flasks containing 
50 mL selective media with 2% raffinose [D(+)-raffinose 
pentahydrate, Acros organics, China] to an OD600  = 0.2. 
The cells were grown for approximately 6–8  h at 30 ℃, 
200  rpm until an OD600 of 1 was achieved. Galactose 
[D(+)-galactose, VWR chemicals, Belgium] was added 
to a final concentration of 4% in order to induce tran-
scription, by activating the GAL1/10 promoter system in 
the pESC-vector system. The cultures were maintained 
at 30℃ and 200  rpm for 48  h to induce expression of 
the fungal biosynthetic genes. After 48  h, cultures were 
pelleted and purification were performed on the pellet 
and supernatant independently, utilizing the methods 
described in previous work for the pellet and supernatant 
respectively [28, 29]. The dried extracts were dissolved in 
1 mL methanol and analyzed on a Hitachi Elite LaChrom 
HPLC in accordance to chemical analysis performed in 
[30].

Alignment analyses and 3D‑modelling
To compare the ACP domains of Fsr1 and Bik1, the 
amino acid sequences were aligned in CLC Main Work 
Bench (CLC Bio-Qiagen, Aarhus, Denmark) CLC using 
the clustalW algorithm. Homology models of the three-
dimensional structures, of the seven PPTases and the 
ACP domains of the two PKSs, Bik1 and Fsr1, were 
generated using the SWISS-MODEL modeling server 
[31–35]. ACP models were based on the structur-
ally elucidated ACP domain from the norsolorinic acid 

Table 1  Overview of the PPTases used in this study

PPTase Origin Size (aa) Accession number

Gsp B. brevis 242 CAA53988.1

Sfp B. subtilis 224 WP_101501862.1

SpPPT1 S. pombe 258 SPAC17C9.02c

NpgA A. nidulans 344 AN6140.2

FgPPT1 F. graminearum 309 FGSG_08779

FsPPT1 F. solani 315 NECHADRAFT_35672

FvPPT1 F. verticillioides 292 FVEG_01894
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synthase (NSAS), which is involved in aflatoxin biosyn-
thesis in Aspergillus parasiticus (PDB accession number: 
2KR5) [36]. The PPTases were modelled using the crys-
tal structure of Sfp (PDB accession number: 4MRT) [37]. 
These templates were chosen since they had the high-
est sequence identity to the PPTases and ACP domains 
included in our study. The results were subsequently vis-
ualized with icn3d viewer [38, 39].

The chosen PPTases were subjected to a phylogenetic 
analysis to visualize their evolutionary relationship. This 
analysis included 22 additional published PPTases, which 
had previously been used in a similar study [40].1

Results and discussion
Tertiary structure comparison of the ACP domains 
and PPTases
The biosynthetic pathways for bikaverin and bostrycoi-
din share several similarities. Both are initiated by a non-
reducing PKS, Bik1 and Fsr1, which recruits eight and six 
malonyl-CoA, respectively, in addition to one acetyl-CoA 
(Fig. 3A). The resulting products, 6-O-demethylfusarubi-
naldehyde and prebikaverin are both subsequently sub-
jected to oxygenation (Bik2 and Fsr3) and O-methylation 
(Bik3 and Fsr2) to yield the final quinone pigments. The 
two most noticeable differences between the two PKSs 
are that Fsr1 contains two ACP domains and a reductase 
domain for product release, while bik1 has a single ACP 

domain and uses a thioesterase for product release. Ini-
tial pairwise analyses showed that the two ACP domains 
in Fsr1 share 50% sequence identity on amino acid level. 
Furthermore, the Bik1 ACP domain had 56% and 44% 
sequence identity to Fsr1 ACP1 and ACP2, respectively. 
Three-dimensional modelling of the Bik1 and Fsr1 ACP 
domains showed strong similarities to the structur-
ally elucidated NSAS ACP from Aspergillus parasiticus, 
which contain four helices (Fig.  3B, C). Three of these 
helices (I, II and IV) are arranged in parallel, while the 
short helix III is more rigid due to hydrophobic pack-
ing amino acids [36]. The sequence analyses showed that 
many of the restricting motives are present in the Bik1 
and Fsr1 ACP domains, including the DxGxDSL motif 
where the phosphopantetheinyl arm is attached by the 
PPTases [41].2 This suggests that they may have variable 
affinity to substrates and protein–protein interaction 
with PPTases.

To determine the structural differences of the seven 
selected PPTases, they were also subjected to sequence 
analyses and three-dimensional modeling. Phyloge-
netic analysis of the PPTases showed clustering patterns 
according to the evolutionary origin, where the bacterial 
PPTases (sfg and GSP) are located in one clade, while the 
fungal PPTases are located in a separate clade (Additional 
file 1: Figure S1).

Fig. 2  Schematic overview of the biomolecular workflow from target gene clusters, through codon optimization and final cluster reconstruction in 
plasmids and subsequent transformation into S. cerevisiae BY4743

1  https://​www.​ncbi.​nlm.​nih.​gov/​pmc/​artic​les/​PMC39​18677/. 2  https://​pubs.​rsc.​org/​en/​conte​nt/​artic​lelan​ding/​2012/​NP/​c2np2​0019h.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3918677/
https://pubs.rsc.org/en/content/articlelanding/2012/NP/c2np20019h
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The peptide sequence identity ranged from 13 to 74%, 
with Sfp from Bacillus subtilis being the most distantly 
related (Fig. 4A). The differences reflected the biologi-
cal origin, as the three Fusarium PPTases were 68–74% 
identical. These were however only 31–34% identical 
to the A. nidulans NpgA and 22–26% to SpPPT1 from 
S. pombe. The structurally elucidated Sfp displayed a 
pseudo two-fold symmetry with two halves of equal 
sizes as previously described [42] (Additional file  1: 
Figure S2). Despite the difference in protein size and 
sequence, similar fold patterns were observed for all 
the selected PPTases, including the sites for interac-
tion with the ACP domains (Fig. 4B). The larger fungal 
PPTases did however contain larger flexible regions 
compared to the two bacterial PPTases Sfp and Gsp.

Effect of PPTases on bikaverin production
The individual PPTases were partnered with the two dif-
ferent biosynthetic pathways, resulting in the produc-
tion of the two polyketides bikaverin and bostrycoidin. 
A library of each pathway and PPTase combination was 
isolated and screened for production, before biological 
triplicates were inoculated for production. To monitor 
differences in growth patterns, the growth of the yeast 
strains and consumption of galactose was measured every 
12  h throughout the experiment. The results revealed a 
significantly lower galactose consumption rate for the 
expression strains compared to the WT-strain (Fig. 5A). 
Furthermore, all expression strains displayed a slower 
growth rate than the WT-strain (Fig.  5B), which corre-
lates with the consumption results and can be explained 
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Fig. 4  A Similarity matrix comparing the seven PPTases investigated regarding sequence identity. B Predicted 3D-structures of the PPTases, 
illustrating the heterogeneity in both secondary and overall tertiary structure between the investigated PPTases. The arrows indicate the sites for 
interaction with the ACP domains

Fig. 5  Growth experiments for production of bikaverin, where A illustrates the consumption of galactose every 12 h throughout the experiment 
by respective strains. B Growth rate of the individual bikaverin producing strains, compared to the wild-type (WT) S. cerevisiae BY4743. C Production 
levels of bikaverin in the individual strains, accumulated in both the pellet and supernatant
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by the plasmid burden and metabolic load of bikaverin 
production. The strain expressing FvPPT1 exhibited the 
highest growth rate of the expression strains, however 
not significantly higher than the remaining. After 48  h 
of induction, the cultures were centrifuged and bikaverin 
concentrations were determined in pellets and superna-
tants. Overall, the seven individual PPTases displayed 
their ambiguous nature and successfully transferred the 
phosphopantetheinyl moiety to the polyketide synthase 
Bik1, resulting in the production of prebikaverin and 
subsequently bikaverin, yielding concentrations ranging 
from 0.7 to 1.4 mg/L. These results are similar to previ-
ously observed galactose induced bikaverin production 
in S. cerevisiae of 0.6  mg/L with NpgA as the assisting 
PPTase [11]. A small amount, 0.1–0.18  mg/L, was also 
found in the pellet of each culture, however non exhib-
ited significantly higher or lower levels of accumulated 
bikaverin when compared to the other strains. The most 
prolific producer of bikaverin was the FvPPT1-strain, 
which yielded around 1.4 mg/L (Fig. 5C), a significantly 
higher level than all other strains, proven by performing 
one-way ANOVA (p  < 0.05) on the measured produc-
tion levels. The FsPPT1 and sfp-strain also showed sig-
nificantly higher production than the remaining strains 
outside of FvPPT1. Although this increased yield could 

be partly be due to the slightly higher growth rate of the 
FvPPT1-strain (Fig.  5B), the match between PKS and 
PPTase could simply be more efficient and therefore 
cause the highest production level. These results were 
also observed when comparing the production relatively 
to the growth (Additional file  1: Figure S3). This would 
indicate an evolutionary advantage, that partnering Bik1 
and FvPPT1 which both originate from F. verticillioides, 
could the reason for the highest production level. How-
ever, other factors, such as protein stability, may contrib-
ute to the observed results.

Effect of PPTases on bostrycoidin production
In the second case study with bostrycoidin, we followed 
the same experimental setup as for bikaverin. Again, 
we observed that the galactose consumption rates 
were similar for the all expression strains, whereas the 
WT-strain consumed the most throughout the experi-
ment (Fig.  6A). The faster consumption of galactose 
in medium incubated with the WT-strain was also 
reflected in a higher accumulation of cells (Fig.  6B). 
Interestingly, the gsp-strain grew significantly faster 
than the other expression strains, which most likely 
is explained by its inability to produce bostrycoidin 
in detectable levels (Fig.  6C). This suggests that the 
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protein–protein interaction between the ACP-domains 
in Fsr1 and the PPTase Gsp, is insufficient for transfer-
ring the moiety, thus not altering the ACP-domains 
towards the functional holo-structure, leading to 
almost no production of bostrycoidin. The two ACP-
domains in Fsr1 only exhibit around 50% sequence var-
iations from the ACP-domain of Bik1, which could be 
a factor resulting in the apparent unsuccessful interac-
tion, as Gsp was able to phosphopantheteinylate Bik1, 
but not Fsr1. The combination of Bik1 and Gsp also 
yielded the lowest concentration, which could indicate 
that this bacterial PPTase is less efficient at interact-
ing with fungal PKS. The remaining PPTases could all 
support bostrycoidin production, with levels ranging 
from 3.5 to 5.9  mg/L. Here, as well as observed dur-
ing the production of bikaverin, the co-expression of 
FvPPT1 yielded the highest polyketide production at 
5.9  mg/L, a production significantly higher than the 
remaining strains. The bostrycoidin accumulated in the 
pellet was simultaneously significantly higher for the 
FvPPT1-strain, than the remaining strains. Likewise, 
the sfp-strain also showed high levels of production, 
alongside the npgA-strain, which both exhibited signifi-
cantly higher levels of bostrycoidin than the remaining 
strains.

The FvPPT1 enzyme thereby exhibited the highest 
efficiency in both systems as it accumulated more of the 
target polyketides in both pellets and supernatant. A 
broader study containing a plethora of other pathways 
from different origins would indicate whether this is a 
universally optimal PPTase partner or if it is only highly 
efficient when working with the Fusarium PKSs, as in 
this study. In this regard, it is worth noticing that F. ver-
ticillioides also contains the functional Fsr-gene cluster 
homologous to the fsr-genes expressed in the bostrycoi-
din pathway [43, 44], and therefore has followed the same 
evolutionary path.

The results of the bikaverin and bostrycoidin pro-
duction (Figs.  5C,   6C and Additional file  1: Figure S3) 
revealed that heterologous expression of polyketides can 
be optimized by matching a polyketide synthase of inter-
est, with the optimal PPTase-partner, instead of utilizing 
the more commonly applied NpgA, GSP and Sfp [10, 17, 
45]. Furthermore, we wanted to elucidate the potential 
stacking effect of PPTases, the two most efficient PPTases 
(NpgA and FvPPT1) were co-expressed in a single organ-
ism to produce bostrycoidin through the introduction 
of a third plasmid. Adding multiple PPTases has been 
shown to further increase production of target polyke-
tides [11], however in this case (Fig. 6C) the bostrycoidin 
production was affected negatively. This could be corre-
lated to the increased plasmid burden of the vector-sys-
tem utilized, which carry a high-copy number origin [46].

Conclusion
The two target polyketides were successfully expressed in 
S. cerevisiae alongside the seven PPTases. Of the 14 PKS 
and PPTase combinations, 13 showed successful inter-
actions resulting in production of the target metabolite 
and one resulting in miniscule production of target pol-
yketide. The expression of bostrycoidin and bikaverin 
both resulted in higher extracellular concentration of 
target polyketides, than what accumulated in the pel-
let. The study furthermore showed that FvPPT1 from F. 
verticillioides was the most efficient PPTase partner for 
heterologously expressing these two biosynthetic path-
way in S. cerevisiae and the production of PKS can thus 
be increased through utilization of pathway-specific 
PPTases. Most importantly, the study elucidated that the 
optimal combination of PKS and PPTase can increase 
production of target polyketide up to two-fold, compared 
to the most widely applied PPTases in heterologous 
expression systems.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12934-​021-​01734-9.

Additional file 1: Table S1. This table contains the primer sequences of 
both the primers used for gene-amplification and the primer used for ini-
tial sanger-sequencing in fragments of around 700 bp, containing at least 
50 bp overlap between each fragment. Table S2. This table contains the 
different plasmids utilized in the project, both the native plasmids used as 
expression vectors, but also plasmids purchased containing the syntheti-
cally derived codon optimized genes. Figure S1. Phylogenetic tree of 
the PPTases used in the present study (bold) together with 22 additional 
published PPTases. Bootstrap values (> 70%) from 1000 replications are 
indicated at the respective nodes. Figure S2. Predicted structure of sfp/
ACP interaction with the CoA and Mg2+ ion highlighted by arrows. Figure 
S3. Production levels of bikaverin and bostrycoidin in the individual strains 
(relative to OD at 48 h) in the supernatant and pellets. The mean of the 
supernatant from BY4743::FvPPT1 was set to 100 for both compounds.

Acknowledgements
Not applicable.

Authors’ contributions
TBP and JLS conceived the original research idea. TBP, SBK, MRN, EMLS, TS and 
CP carried out all the experiments. TBP and JLS drafted the initial manuscript. 
TBP, JLS, DMG, KLN, JM, RW and TES reviewed and revised the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was supported by grants from The Danish Research Council, 
Technology, and Production (Grant No. 7017-00167) and the Novo Nordisk 
Foundation (NNF18OC0034952).

Availability of data and materials
The plasmids and datasets used and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

https://doi.org/10.1186/s12934-021-01734-9
https://doi.org/10.1186/s12934-021-01734-9


Page 9 of 10Pedersen et al. Microbial Cell Factories            (2022) 21:9 	

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Chemistry and Bioscience, Aalborg University Esbjerg, Niels 
Bohrs Vej 8, 6700 Esbjerg, Denmark. 2 Department of Chemistry and Bio-
science, Aalborg University Aalborg, Fredrik Bajers Vej 7H, 9220 Aalborg, 
Denmark. 3 The University of Queensland, 306 Carmody Rd, St Lucia, Brisbane, 
QLD 4072, Australia. 

Received: 13 August 2021   Accepted: 29 December 2021

References
	1.	 Oxford AE, Raistrick H, Simonart P. Griseofulvin, C17H17O6Cl, a metabolic 

product of Penicillium griseo-fulvum Dierckx. Biochem J. 1938;33(2):240–8.
	2.	 Tobert JA. Lovastatin and beyond: the history of the HMG-CoA reductase 

inhibitors. Nat Rev Drug Discov. 2003;2(7):517–26.
	3.	 Kharwar RN, Mishra A, Gond SK, Stierle A, Stierle D: Anticancer com-

pounds derived from fungal endophytes: their importance and future 
challenges. Nat Prod Rep 2011;28:1208–1228.

	4.	 Alberti F, Foster GD, Bailey AM. Natural products from filamentous fungi 
and production by heterologous expression. Appl Microbiol Biotechnol 
2017;101:493–500.

	5.	 Kristensen SB, van Mourik T, Pedersen TB, Sørensen JL, Muff J. Simulation 
of electrochemical properties of naturally occurring quinones. Sci Rep 
2020;10:13571.

	6.	 Uffe H, Mikael R, Kjærbølling I, Mortensen UH, Vesth T, Andersen MR. 
Strategies to establish the link between biosynthetic gene clusters and 
secondary metabolites. Fungal Genet Biol. 2019;130:107–21.

	7.	 Kealey JT, Liu L, Santi DV. Production of a polyketide natural product in 
nonpolyketide-producing prokaryotic and eukaryotic hosts. Biochemis-
try. 1998;95(2):505–9.

	8.	 Cardenas J, Da Silva NA. Engineering cofactor and transport mechanisms 
in Saccharomyces cerevisiae for enhanced acetyl-CoA and polyketide 
biosynthesis. Metab Eng. 2016;36:80–9.

	9.	 Pedersen TB, et al. Heterologous expression of the core genes in the com-
plex fusarubin gene cluster of Fusarium Solani. Int J Mol Sci. 2020;21:7601.

	10.	 Rugbjerg P, Naesby M, Mortensen UH, Frandsen RJN. Reconstruction of 
the biosynthetic pathway for the core fungal polyketide scaffold rubro-
fusarin in Saccharomyces cerevisiae. Microb Cell Fact. 2013;12:1.

	11.	 Zhao M, et al. Pathway engineering in yeast for synthesizing the complex 
polyketide bikaverin. Nature. 2020;11:1–10.

	12.	 Katz L, Donadio S. Polyketide synthesis: prospects for hybrid antibiotics. 
Annu Rev Microbiol. 1993;47(1):875–912.

	13.	 Mcdaniel C, Ebertkhosla R, Hopwood S, Khosla DA. Engineered 
biosynthesis of novel polyketides—Act(VII) and Act(IV) genes encode 
aromatase and cyclase enzymes, respectively. J Am Chem Soc. 
1994;116:10855–9.

	14.	 Meier JL, Burkart MD. The chemical biology of modular biosynthetic 
enzymes. Chem Soc Rev. 2009;38:2012–45.

	15.	 Dulbecco R, et al. Acyl carrier protein, IV. The identification of 4′-phospho-
pantetheine as the prosthetic group of the acyl carrier protein. Proc Natl 
Acad Sci USA. 1964;53(2):410–7.

	16.	 Beld J, Sonnenschein EC, Vickery CR, Noel P, Burkart MD. The phospho-
pantetheinyl transferases: catalysis of a post-translational modification 
crucial for life. Nat Prod Rep. 2014;31:61–108.

	17.	 Mootz HD, Schorgendorfer K, Marahiel MA. Functional characterization of 
4′-phosphopantetheinyl transferase genes of bacterial and fungal origin 
by complementation of Saccharomyces cerevisiae lys5. Fems Microbiol 
Lett. 2002;213(1):51–7.

	18.	 Lee KKM, Silva NAD, Kealey JT. Determination of the extent of phospho-
pantetheinylation of polyketide synthases expressed in Escherichia coli 
and Saccharomyces cerevisiae. Anal Biochem. 2009;394(1):75–80.

	19.	 Ho J, Komatsu M, Shin-ya K, Omura S, Ikeda H. Distribution and functional 
analysis of the phosphopantetheinyl transferase superfamily in Actino-
mycetales microorganisms. Proc Natl Acad Sci USA. 2018;115:26.

	20.	 Wattanachaisaereekul S, Lantz AE, Nielsen ML, Andre S. Optimization 
of heterologous production of the polyketide 6-MSA in Saccharomyces 
cerevisiae. Biotechnol Bioeng. 2007;97(4):893–900.

	21.	 Parisot D, et al. Conversion of anhydrofusarubin lactol into the antibiotic 
bostrycoidin. J Antibiot. 1898;XLII(7):3–4.

	22.	 Medentsev AG, Arinbasarova AI, Akimenko VK. Biosynthesis of naph-
thoquinone pigments by fungi of the genus Fusarium. Prikl Biokhimiia 
Mikrobiol. 2005;41(5):573–7.

	23.	 Wiemann P, et al. “Biosynthesis of the red pigment bikaverin in 
Fusarium fujikuroi: genes, their function and regulation. Mol Microbiol. 
2009;72:931–46.

	24.	 Ding Y, Yu G. A bio-inspired, heavy-metal-free, dual-electrolyte liquid 
battery towards sustainable energy storage. Angew Chemie Int Ed. 
2016;55(15):4772–6.

	25.	 Zhao M, Zhao Y, Yao M, Iqbal H, Hu Q, Liu H, Qiao B, Li C, Skovbjerg CAS, 
Nielsen JC, et al: Pathwayengineering in yeast for synthesizing the com-
plex polyketide bikaverin. Nat Commun 2020;11:6197.

	26.	 Awakawa T, Kaji T, Wakimoto T, Abe I. A heptaketide naphthaldehyde 
produced by a polyketide synthase from Nectria haematococca. Bioorg 
Med Chem Lett. 2012;22(13):4338–40.

	27.	 Untergasser A, et al. Primer3-new capabilities and interfaces. Nucleic 
Acids Res. 2012;40(15):1–12.

	28.	 Smedsgaard J. Micro-scale extraction procedure for standardized 
screening of fungal metabolite production in cultures. J Chromatogr A. 
1997;760:264–70.

	29.	 Westphal KR, Wollenberg RD, Herbst F, Sondergaard TE, Wimmer R. 
Enhancing the production of the fungal pigment aurofusarin in Fusarium 
graminearum. Toxins. 2018;10(11):1–11.

	30.	 Nielsen MR, Holzwarth AKR, Brew E, Chrapkova N, Kaniki SEK, Kastan-
iegaard K, Sorensen T, Westphal KR, Wimmer R, Sondergaard TE, Sorensen 
JL. A new vector system for targeted integration and overexpression 
of genes in the crop pathogen Fusarium solani. Fungal Biol Biotechnol 
2019;6:25.

	31.	 Waterhouse A, et al. SWISS-MODEL: homology modelling of protein 
structures and complexes. Nucleic Acids Res. 2018;46:296–303.

	32.	 Bienert S, et al. The SWISS-MODEL repository—new features and func-
tionality. Nucleic Acids Res. 2017;45:313–9.

	33.	 Guex T, Peitsch N, Schwede MC. Automated comparative protein 
structure modeling with SWISS-MODEL and Swiss-PdbViewer: a historical 
perspective. Electrophoresis. 2009;30:S162–73.

	34.	 Studer G, Rempfer C, Waterhouse AM, Gumienny R, Haas J, Schwede T. 
Structural bioinformatics QMEANDisCo—distance constraints applied on 
model quality estimation. Struct Bioinform. 2020;36:1765–71.

	35.	 Bertoni M, Kiefer F, Biasini M, Bordoli L, Schwede T. Modeling protein 
quaternary structure of homo- and hetero-oligomers beyond binary 
interactions by homology. Sci Rep. 2017. https://​doi.​org/​10.​1038/​
s41598-​017-​09654-8.

	36.	 Wattana-amorn P, et al. Solution structure of an acyl carrier protein 
domain from a fungal type I polyketide synthase. Biochemistry. 
2010;49(10):2186–93.

	37.	 Tufar P, et al. Crystal structure of a PCP/Sfp complex reveals the structural 
basis for carrier protein posttranslational modification. Chem Biol. 
2014;21(4):552–62.

	38.	 Sayers EW, et al. Database resources of the National Center for Biotech-
nology Information. Nucleic Acids Res. 2021;49:10–7.

	39.	 Wang J, et al. Structural bioinformatics iCn3D, a web-based 3D viewer for 
sharing 1D/2D/3D representations of biomolecular structures. Bioinfor-
matics. 2020;36:131–5.

	40.	 Beld J, Sonnenschein EC, Vickery CR, Noel JP, Burkart MD. The phospho-
pantetheinyl transferases: catalysis of a post-translational modification 
crucial for life. Nat Prod Rep. 2014;31:61–108.

	41.	 Keatinge-Clay AT. The structures of type I polyketide synthases. Nat Prod 
Rep. 2012;29:1050–73.

	42.	 Reuter K, Mofid MR, Marahiel MA, Ficner R. Crystal structure of the sur-
factin synthetase-activating enzyme Sfp: a prototype of the 4′-phospho-
pantetheinyl transferase superfamily. EMBO J. 1999;18(23):6823–31.

	43.	 Proctor R, Butchko RAE, Brown DW, Moretti A. Functional characterization, 
sequence comparisons and distribution of a polyketide synthase gene 

https://doi.org/10.1038/s41598-017-09654-8
https://doi.org/10.1038/s41598-017-09654-8


Page 10 of 10Pedersen et al. Microbial Cell Factories            (2022) 21:9 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

required for perithecial pigmentation in some Fusarium species. Food 
Addit Contam. 2007;24:1076–87.

	44.	 Rank M, Teis N, Sondergaard E, Giese H, Laurids J. Advances in linking pol-
yketides and non-ribosomal peptides to their biosynthetic gene clusters 
in Fusarium. Curr Genet. 2019;65(6):1263–80.

	45.	 Gao L, Cai M, Shen W, Xiao S, Zhou X, Zhang Y. Engineered fungal 
polyketide biosynthesis in Pichia pastoris: a potential excellent host for 
polyketide production. Microb Cell Fact. 2013;12(1):1–14.

	46.	 Karim AS, Curran KA, Alper HS. Characterization of plasmid burden and 
copy number in Saccharomyces cerevisiae for optimization of metabolic 
engineering applications. FEMS Yeast Res. 2013;13(1):107–16.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


