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ABSTRACT: Carminic acid is an aromatic polyketide found in scale insects
(i.e., Dactylopius coccus) and is a widely used natural red colorant. It has long
been produced by the cumbersome farming of insects followed by multistep
purification processes. Thus, there has been much interest in producing
carminic acid by the fermentation of engineered bacteria. Here we report the
complete biosynthesis of carminic acid from glucose in engineered Escherichia
coli. We first optimized the type II polyketide synthase machinery from
Photorhabdus luminescens, enabling a high-level production of flavokermesic acid
upon coexpression of the cyclases ZhuI and ZhuJ from Streptomyces sp. R1128.
To discover the enzymes responsible for the remaining two reactions
(hydroxylation and C-glucosylation), biochemical reaction analyses were
performed by testing enzyme candidates reported to perform similar reactions.
The two identified enzymes, aklavinone 12-hydroxylase (DnrF) from
Streptomyces peucetius and C-glucosyltransferase (GtCGT) from Gentiana triflora, could successfully perform hydroxylation and
C-glucosylation of flavokermesic acid, respectively. Then, homology modeling and docking simulations were performed to enhance
the activities of these two enzymes, leading to the generation of beneficial mutants with 2−5-fold enhanced conversion efficiencies.
In addition, the GtCGT mutant was found to be a generally applicable C-glucosyltransferase in E. coli, as was showcased by the
successful production of aloesin found in Aloe vera. Simple metabolic engineering followed by fed-batch fermentation resulted in
0.63 ± 0.02 mg/L of carminic acid production from glucose. The strategies described here will be useful for the design and
construction of biosynthetic pathways involving unknown enzymes and consequently the production of diverse industrially
important natural products.

■ INTRODUCTION
Polyketides are an attractive class of natural products with
diverse biological activities, which are used as food supple-
ments, nutraceuticals, cosmetics, and drugs.1−3 Polyketides are
produced by polyketide synthases (PKSs) which are classified
into three major types according to their modes of action and
biosynthetic mechanisms. In contrast to macrolide polyketides
produced by type I modular PKSs,4 aromatic polyketides are
produced by either type II or type III PKSs (Figure 1a,b).5,6 A
notable example of aromatic polyketides is carminic acid (6),
which is a red colorant widely used for food, cosmetics, and
pharmaceuticals. Naturally produced from scale insects
including female cochineals (Dactylopius coccus), 6 confers
the red hues of various food products including ketchup,
strawberry milk, and candies or cosmetics including eye-
shadow, nail polish, and lipstick.
Although the commercial production of 6 solely depends on

extraction from the cochineals, an increase in the production
scale is limited due to the slow growth of the cochineals and
their limited cultivable region; cochineals live in symbiosis on
prickly pear cacti, which can be only cultivated in hot and dry
areas (mainly Peru or the Canary Islands). Also, the 6
extraction process from desiccated cochineals is inefficient, as it

is estimated that 70000 female cochineals are required to
obtain one pound of 6.7−10 Due to its finite supply despite the
rapidly increasing demand of naturally colored food, the price
of 6 per ton has risen by 73% from 2013 to 2018.10 Regardless
of these economic issues, many people (especially vegans or
vegetarians) are uncomfortable with consuming insect-derived
products. Moreover, although rare, it was reported that food
products containing 6 provoked allergic reactions in some
people,11 possibly due to the insect protein contaminants.11,12

This is thought to be due to the significant variations in the
purity of 6 between different batches because of the
nonstandardized extraction methods.13 One the other hand,
6 itself has been generally recognized as safe. As a response
toward such issues, a number of franchises have started to use
alternative red colorants (e.g. lycopene and betanin) instead of

Received: November 27, 2020
Published: April 2, 2021

Articlepubs.acs.org/JACS

© 2021 American Chemical Society
5364

https://doi.org/10.1021/jacs.0c12406
J. Am. Chem. Soc. 2021, 143, 5364−5377

D
ow

nl
oa

de
d 

vi
a 

B
U

T
L

E
R

 U
N

IV
 o

n 
M

ay
 1

5,
 2

02
1 

at
 1

5:
23

:3
4 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dongsoo+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Woo+Dae+Jang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sang+Yup+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.0c12406&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/143/14?ref=pdf
https://pubs.acs.org/toc/jacsat/143/14?ref=pdf
https://pubs.acs.org/toc/jacsat/143/14?ref=pdf
https://pubs.acs.org/toc/jacsat/143/14?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.0c12406?rel=cite-as&ref=PDF&jav=VoR
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


6.10 However, 6 remains one of the most stable natural red
colorants in comparison to these alternatives; thus, the demand
for the development of sustainable and insect-free production
of 6 continues to increase.
Systems metabolic engineering can be a good strategy to

solve the aforementioned problems. Systems metabolic
engineering has been successfully employed for the sustainable
production of bulk and fine chemicals from renewable biomass
with high yields.14−17 Also, the microbial production of an
increasing number of important natural products has been
reported, including phenylpropanoids (e.g. resveratrol18),
isoprenoids (e.g. artemisinin19 and paclitaxel20), polyketides
(e.g. erythromycin4 and 6-MSA5), alkaloids (e.g. opioids21 and
scopolamine22), and cannabinoids.23 Heterologous 6 produc-
tion was previously achieved by the filamentous fungus
Aspergillus nidulans after combining a plant type III PKS
(AaOKS), two cyclases (ZhuI and ZhuJ) from Streptomyces, a
C-glucosyltransferase from D. coccus, and unknown inherent
monooxygenases in A. nidulans,24,25 yet detailed information
such as the titer, productivity, or yield was not provided.
Furthermore, the monooxygenase required in the later steps of
6 biosynthesis has not been reported.
In this study, we report the development of an engineered

Escherichia coli strain that is capable of the complete
biosynthesis of 6 from glucose. To biosynthesize the aromatic

polyketide backbone of 6, the type II and III PKS machineries
were compared. Also, biochemical reaction analyses were
performed to identify the enzymes responsible for the later
steps in the 6 biosynthetic pathway. To enhance the activities
of the identified enzymes, in silico homology modeling and
docking simulations were employed to predict beneficial
enzyme mutants, leading to the development of improved
enzymes. The final engineered E. coli strain developed by
combining all these strategies was able to produce 6 from
glucose.

■ RESULTS AND DISCUSSION

Employing Type II PKS and Cyclases for Flavokerme-
sic Acid Production. Although the complete biosynthetic
pathway of 6 has not been discovered, 6 is classified as a C-
glucosylated anthraquinone (a polycyclic aromatic compound
with three carbon rings wherein the central ring harbors keto
groups) on the basis of its structural features (Scheme 1).26 To
be more specific, flavokermesic acid (3) is an octaketide (an
aromatic polyketide synthesized from eight ketide units) that
can be produced by either type II or III PKSs.27 The type III
PKS machinery requires a single ketosynthase (KS) for carbon
chain biosynthesis (Figure 1b), whereas the type II PKS
machinery requires a group of enzymes called minimal PKSs
comprising ketosynthase (also referred to as KSα), chain-length

Figure 1. Employment of type II and type III PKS machineries for the production of octaketide shunt products (1 and 2) and flavokermesic acid
(3). (a) Schematic description of the mechanism of the type II PKS system. Abbreviations: PPTase, phosphopantetheinyl transferase; MCAT,
malonyl-CoA:ACP malonyltransferase; ACP, acyl-carrier protein; KS, ketosynthase. (b) Schematic description of the mechanism of the type III
PKS system. (c) Production of 1 and 2 by different combinations of the type II PKS components. Abbreviation: Het ACP, heterologous ACP. n =
3. (d) Production of 3 by applying different metabolic engineering strategies. Type III PKS denotes AaPKS5 (expressed together with ZhuIJ). Type
II PKS denotes AntDEFBG and ZhuIJ expressed from a single plasmid (pFK) or two plasmids (pDS00-antDEFBG and pCDF-zhuIJ).
Abbreviations: accBCD1 OE, C. glutamicum accBCD1 (encoding acetyl-CoA carboxylase) overexpression; KD, knockdown. Error bars denote mean
± standard deviation (SD; n = 3). (c, d) *P < 0.0125, **P < 0.0025, ***P < 0.00025, determined by a two-tailed Student’s t-test. P value
thresholds were adjusted using a Bonferroni correction (corrected significance levels represented as α/m; α, original significance level; m, number
of hypotheses). NS denotes not significant.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.0c12406
J. Am. Chem. Soc. 2021, 143, 5364−5377

5365

https://pubs.acs.org/doi/10.1021/jacs.0c12406?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.0c12406?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.0c12406?rel=cite-as&ref=PDF&jav=VoR


factor (CLF; also referred to as KSβ), and acyl-carrier protein
(ACP) (Figure 1a).6,28 KSα and KSβ form a heterodimer,
which has been reported to be mostly expressed as inclusion
bodies in heterologous microbial hosts other than Streptomyces
species, frustrating numerous previous attempts of hetero-
logously expressing the type II minimal PKS machinery.28 A
number of studies attempted to circumvent the aforemen-
tioned type II minimal PKS solubility issue in model
microorganisms such as E. coli.29,30 However, none of these
studies could solve the underlying PKS solubility problem,
leading to inefficient polyketide production with low titers.
More recently, type II minimal PKSs that are phylogenetically
close to E. coli were identified by employing the MiBiG
(minimum information about a biosynthetic gene cluster)
repository.31 Another type II minimal PKS from Streptomyces
ambofaciens was found to be soluble and functional in E. coli
when the native transcriptional couplings of the genes
encoding KSα and KSβ were maintained, enabling successful
production of dehydrorabelomycin.32 A type III PKS was also
employed for the production of aromatic polyketides with type
II PKS origin.33 In this study, we sought to compare both type
II and type III PKS machineries for the biosynthesis of the 6
backbone.
First, the type II minimal PKS (AntDEF) from Photorhabdus

luminescens capable of producing octaketides (AQ256 and
other octaketide intermediates) was tested, as it was reported
to be soluble and functional in E. coli.31 The E. coli BAP1
strain,5 which is a BL21(DE3) derivative integrated with
Bacillus subtilis phosphopantetheinyl transferase (PPTase;
encoded by sfp34), was used as the host strain. Two additional
auxiliary enzymes were needed: malonyl-CoA:ACP malonyl-

transferase (MCAT), which converts malonyl-CoA into
malonyl-ACP, and PPTase, which activates inactive apo-ACP
into active holo-ACP (Figure 1a). Different components of the
type II PKS system were tested for enhanced production of
octaketide shunt products 1 and 2 (for details, see
Supplementary Note S1). As a result, the expression of
antDEF (antD encoding KSα; antE encoding KSβ; antF
encoding ACP), antB (encoding a PPTase), and antG
(encoding a CoA ligase35) in E. coli BAP1 resulted in the
highest 1 and 2 titers (P = 2.1 × 10−3 and 8.2 × 10−4,
respectively). Thus, the antDEFBG construct introduced into
the BAP1 strain was chosen for further studies. The
authenticity of 1 and 2 was confirmed by LC-MS/MS (Figure
S1a and Table S5) and NMR (Figures S20 and S21 and Table
S6) analyses and comparison of the spectra with those of the
previously published data.24,36,37

In addition to the type II PKS machinery optimization, type
III PKSs were also tested for the production of 1 and 2. We
previously tested the production of 1 and 2 from three
representative type III PKSs capable of producing octaketides
(AaOKS, AaPKS4, and AaPKS5 from Aloe arborescens), of
which AaPKS5 resulted in the highest production of 1 and 2.5

Thus, the optimized type II PKS platform (AntDEFBG) and
the type III PKS (AaPKS5) were compared for the production
of 1 and 2 (Figure 1c). As the type II and type III PKS
machineries showed similar productions of 1 and 2 (P = 0.28
and 0.85, respectively), both constructs were examined for the
production of 3. To produce 3, pCDF-zhuIJ harboring zhuI
and zhuJ from Streptomyces sp. R1128 (both encoding
cyclases)24,38 was introduced to BAP1 harboring the type II
PKS system (encoded by pDS00-antDEFBG) or the type III

Scheme 1. Proposed Biosynthetic Pathway for the Production of Carminic Acid (6)a

aAbbreviations: ACP, acyl-carrier protein; Sp., spontaneous reaction.
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Figure 2. Production of carminic acid precursors (4 and 5). (a) Production of kermesic acid (4) by employing different monooxygenase candidates
identified by a biochemical reaction analysis. *P < 0.01, ***P < 0.0002, determined by a two-tailed Student’s t-test. P value thresholds were
adjusted using a Bonferroni correction (P < α/m). NS denotes not significant. (b) Extracted ion chromatograms (EICs) generated by LC-MS and
MS/MS fragmentation patterns of 4 and its isomer 4′ produced by the FK strain additionally harboring dnrF. (c) Production of dcII (5) by
employing different C-glucosyltransferase candidates identified by a biochemical reaction analysis. *P < 0.05, determined by a two-tailed Student’s
t-test. (d) EICs generated by LC-MS and MS/MS fragmentation patterns of 5 and its isomer 5′ produced by the FK strain additionally harboring
GtCGT. (a, c) Error bars denote mean ± SD (n = 3). CT denotes the control FK strain. (b, d) Data are representative of three independent
replicates. Peak annotation and fragment structures were modeled using the CFM-ID tool.49 Orientations of the fragment ions were adjusted to
that of the precursor ion so that fragmentation could be easily identified. Parent ions are marked with filled diamonds. The m/ztheoretical and m/
zobserved values noted are for the parent ions [M − H]−.
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PKS system (encoded by pET-AaPKS5; for more details on
the spontaneous conversion of flavokermesic acid anthrone to
3, see Supplementary Note S1). As a result, BAP1 harboring
the type II PKS system resulted in a significantly higher
production of 3 (15.1 mg/L) from glucose in comparison with
that (4.3 mg/L) produced by BAP1 harboring the type III PKS
system (Figure 1d, P = 4.1 × 10−4; for more details on the
reasons for higher production of 3 by the type II PKS system,
see Supplementary Note S1). The authenticity of 3 was
confirmed by LC-MS/MS (Figure S1b and Table S5) and
NMR (Figure S22; Table S6) analyses and comparison of the
spectra with those of the previously published data.24

In order to reduce the metabolic burden of having two
plasmids, one plasmid expression system was tested by cloning
zhuIJ into pDS00-antDEFBG to make pFK. E. coli BAP1
harboring pFK produced 88.0 mg/L (P = 1.8 × 10−5; Figure
1d) of 3, showing significant enhancement. Colocalization of
the genes encoding minimal PKS and cyclases is thought to
have further increased the chance for the formation of a
transient complex between minimal PKS and cyclases by
producing the enzymes in proximity. As the culture gradually
turned from bright red to brownish (Figure S1d), it was
thought that 3 might be polymerized into melanin-like
compounds as has been reported for other similar aromatic
polyketides.39 To prevent excess oxidation causing the
polymerization of 3, ascorbic acid was supplemented to the
medium, which increased the titer of 3 to 154.9 mg/L (P = 4.2
× 10−3; Figure 1d). To further enhance the production of 3,
increasing the malonyl-CoA pool was pursued by the
overexpression of Corynebacterium glutamicum accBCD1
(encoding acetyl-CoA carboxylase complex) or knockdown
of pabA (encoding p-aminobenzoate synthetase) as we recently
reported.5 Overexpression of accBCD1 further increased the 3
titer to 180.3 mg/L (P = 0.105; Figure 1d and Figure S1c).
Identification of a Monooxygenase for Kermesic Acid

Production. Along with 3, kermesic acid (4) was produced in
a trace amount, possibly due to the inherent E. coli oxygenases
(Figure 2a,b). However, this conversion efficiency is too low
for the successful production of 6, and the monooxygenase
responsible for this conversion has not yet been reported.
Thus, a biochemical reaction analysis was performed on the
basis of previous literature and chemical databases; enzyme
candidates that could possibly perform the corresponding
hydroxylation reaction were identified. Five enzyme candidates
were selected from different enzyme categories (polyketide
monooxygenase, cytochrome P450, aromatic compound
monooxygenase): aklavinone 12-hydroxylase DnrF from
Streptomyces peucetius,40 a flavin mononucleotide-dependent
monooxygenase (ActVA-ORF5) and its reductase (ActVB)
from Streptomyces coelicolor,41 a plant P450 oxygenase (TT7)
and its reductase (ATR2) from Arabidopsis thaliana,42 4-
hydroxyphenylacetate 3-monooxygenase (HpaB) and its
reductase (HpaC) from E. coli BL21,43 and p-hydroxybenzoate
hydroxylase (PobA)44 from Pseudomonas fluorescens (Figure
S3). DnrF and ActVA-ORF5 are polyketide monooxygenases
capable of hydroxylating aromatic polyketides at the position
para to the pre-existing hydroxyl group (Figure S3). Although
the hydroxylation reactions performed by the last three
enzymes (TT7-ATR2, HpaB-HpaC, and PobA) are not highly
similar to the desired reaction for the production of 4, these
enzymes were chosen for their capabilities to hydroxylate a
substituted phenol ring at the position ortho to the pre-existing
hydroxyl group (Figure S3). Five plasmids (pDnrF, pAct-

VAVB, pTT7, pHpaBC, pPobA) each harboring the
corresponding gene(s) were separately introduced into the
FK strain (BAP1 harboring pFK) and were cultured in flasks.
The strain with DnrF produced the highest titer of 4 (P = 6.6
× 10−7; Figure 2a). Production of 4′, a putative isomer of 4,
was also identified (Figure 2b and Figure S4). Conversion of 3
into 4 and 4′ by DnrF was confirmed by an in vitro enzyme
assay (Figure S5). The authenticity of 4 was confirmed by LC-
MS/MS analysis and a comparison of the MS/MS
fragmentation pattern with that of the previously published
data (Table S5 and Figure 2b).45

Identification of a C-Glucosyltransferase for dcII
Production. Conversion of 3 into 6 can take one of two
pathways, via 4 or via 5, both requiring a monooxygenase and a
C-glucosyltranserase (Scheme 1). As glucosylation generally
enhances the solubility, stability, and bioavailability of an
aglycone (particularly C-glucosylation due to the formation of
a more stable carbon−carbon bond), the production of 6 is
more favorable than the production of its aglycone 3.46,47

DcUGT2 from D. coccus was recently identified to be
responsible for the conversion of 3 to 5 (or from 4 to 6)
and was shown to be active in Saccharomyces cerevisiae.24,45

However, as this enzyme is heavily glycosylated in its active
form and contains a C-terminal transmembrane helix structure
and a eukaryotic N-terminal signal peptide which generally do
not work in E. coli, functional expression of DcUGT2 in E. coli
was expected to be difficult; indeed, expression of DcUGT2 in
the FK strain failed to produce 5. To test if cytoplasmic
expression of DcUGT2 leads to the production of 5, the
elimination of its N-terminal signal peptide (Ntr-DcUGT2),
the C-terminal transmembrane helix (Ctr-DcUGT2), or both
(Ntr-Ctr-DcUGT2) was performed. However, these constructs
did not allow the production of 5. Next, the E. coli OmpA
signal peptide was tethered to the N-termini of Ntr-DcUGT2
and Ntr-Ctr-DcUGT2 to properly guide DcUGT2 to the inner
membrane and restore its activity.48 However, the production
of 5 was not observed. Thus, it was not possible for us to
functionally express DcUGT2 in E. coli.
In comparison to the better studied O-glucosylation, the C-

glucosylation of natural products has been more difficult in
bacteria such as E. coli.50 To identify C-glucosyltransferases
(CGTs) that can convert 3 to 5 (or 4 to 6), a biochemical
reaction analysis was performed to identify enzyme candidates
with a high probability of performing the corresponding
reaction. UDP-glycosyltransferases that have been previously
reported to perform C-glucosylation in E. coli were selected
with high priority. Eight enzyme candidates were selected as
follows: IroB (EnCGT) from E. coli Nissle,51 UGT708A6
(ZmCGT) from Zea mays which acts as a dual C/O-
glucosyltransferase,52 UGT708C2 (FeCGT) from Fagopyrum
esculentum,53 MiCGT from Mangifera indica,54 OsCGT from
Oryza sativa,55 UGT708D1 (GmCGT) from Glycine max,56

GtUF6CGT1 (GtCGT) from Gentiana triflora,57 and AvCGT
from Aloe vera (Figure S6).58 Despite the low similarity of the
reaction performed by IroB to the desired reaction for 5
production, IroB was chosen because it is from E. coli. Thus,
IroB was expected to be functional in E. coli BAP1, which
would perform the desired reaction if it is promiscuous enough
to accommodate 3 as its substrate. Among these eight
candidates, only GtCGT could successfully convert 3 into 5
(Figure 2c,d).
With 5 as the major product, its putative isomer 5′ was also

observed (Figure 2d). A comparison of the MS/MS
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fragmentation pattern of 5′ with the predicted MS/MS spectra
of possible 5 isomers (generated by CFM-ID 3.049) indicated
that 5′ is likely to be an O-glucosylated 3 due to the presence
of characteristic ion peaks for O-glucosylation (Figure S7);
whereas the stable C-glucoside bonds are well preserved
among the predicted fragment ions generated from the C-
glucoside isomers, the less stable O-glucoside bonds are
predicted to be more easily cleaved to result in ion peaks such
as m/z 269.04555 (decarboxylated 3 anion) and m/z
313.03538 (3 anion) (Figure S7). As these characteristic
peaks were observed in the MS/MS spectrum of 5′, we
identified 5′ as an O-glucoside of 3. Another peak shown at a
retention time of 14.09 min (between 5 and 5′) in the EIC
475.08 does not correspond to an isomer of 5, since the m/z
value of the precursor ion (m/z 475.0702) was different from
the expected m/z value of a 5 isomer (m/z 475.0882; error
37.9 ppm). When ZmCGT was employed, 5′′, another isomer
of 5, was produced (Figure S8). In the MS/MS spectrum of
5′′, one of the characteristic ion peaks for O-glucosylation (m/
z 269.0476) was observed while the characteristic ion peaks for
C-glucosylation (e.g. m/z 341.06668, 311.05611) were not
observed (Figures S7 and S8). Also, 5′′ was identified as an O-
glucosylated 3 by a previous report (Table S5).25 Next,
conversion of 3 into 5, 5′, and 5′′ by GtCGT (with 5 as the
major product) was confirmed by an in vitro enzyme assay
(Figure S5). The authenticity of 5 was confirmed by LC-MS/
MS (Figure 2d and Table S5) and NMR (Figure S23) analyses

and a comparson of the spectra with those of the previously
published data.25,26,45,59

As C-glucosylation requires a high UDP-glucose pool,
overexpressions of galU (encoding UTP-glucose-1-phosphate
uridylyltransferase), pgm (encoding phosphoglucomutase), and
ndk (encoding nucleoside-diphosphate kinase) were tested for
the enhanced generation of UDP-glucose and enhanced UDP
recycling,60 further increasing 5 production by 2.3-fold (Figure
2c).
After verification of all the conversion steps required for the

production of 6, an E. coli BAP1 strain harboring pDS00-
antDEFBG-zhuIJ and pCDF-dnrF-GtCGT, which thus express
all the necessary genes (antDEFBG, zhuIJ, dnrF, and GtCGT)
was constructed and cultured in baffled flasks. However, the
production of 6 was not observed. On consideration that 180.3
mg/L of 3 could be produced from glucose, it was speculated
that the downstream enzymes DnrF and GtCGT did not have
sufficient activities to convert 3 to 6.

Development of DnrF and GtCGT Mutants Having
Enhanced Activities on the Basis of Homology
Modeling and Docking Simulations. Structure-based in
silico docking simulations of DnrF and GtCGT with 3 (as their
common ligand) were performed to generate the mutant
enzymes having enhanced activities. Since the crystal structures
of DnrF and GtCGT were not available, homology modeling
was first performed using MODELLER61 to predict their
structures. Next, docking simulations were performed using

Figure 3. Homology modeling and docking simulations of DnrF and GtCGT for enhanced enzymatic activities. (a) Enhanced production of 4 by
testing DnrF mutants predicted by in silico simulations. (b) The mutated amino acid residue (P217K) and the mode of the ligand (3) binding in
the best DnrF mutant (DnrFP217K). (c) Enhanced production of 5 by testing GtCGT mutants predicted by in silico simulations. (d) Major amino
acid residues (including the mutated amino acid residues V93Q and Y193F) interacting with the ligand (3) in the best GtCGT mutant
(GtCGTV93Q/Y193F). (a, c) n = 2.
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PyRosetta62 to predict beneficial mutants with enhanced
binding affinities toward 3. Beneficial mutants were also
predicted by rationally examining the predicted protein
structures, especially amino acid arrangements within the
catalytic pockets.
First, homology modeling was performed on DnrF using

RdmE (aklavinone 11-hydroxylase) from Streptomyces purpur-
ascens (PDB ID 3IHG)63 as a template (Figure S9a), which
had the highest protein sequence identity with DnrF (60.4%).
The generated DnrF structure model was used for in silico
docking simulations with 3 (see Materials and Methods in the
Supporting Information for the detailed simulation procedure).
Among the 20234 theoretical mutants, 162 in silico mutants that
were stable in terms of potential energy were first chosen,
followed by the selection of 142 mutants having docking scores
higher than that of the wild type enzyme (Table S7). The top
20 mutants (denoted as bold letters in Table S7) with the
highest docking scores were selected for experimental analysis.
An additional 9 mutants (denoted as blue letters in Table S7)
generated by rational examination of the predicted DnrF
structure were also selected. Each of these 29 mutants was
introduced into the FK strain (BAP1 harboring pDS00-
antDEFBG-zhuIJ) and was flask-cultured.
Seven mutants showed a higher level production of 4 in

comparison with the wild type DnrF, among which the
DnrFP217K mutant showed the highest 4 production (Figure
3a). This corresponds to a 2.2-fold higher titer of 4 in
comparison with that obtained with the strain harboring the
wild type DnrF. Examining this mutant revealed that the new
lysine residue (P217K) is close to the active site, putatively
causing a conformational change in the overall DnrF structure
including the active site (Figure 3b and Figure S9b). Also, as
the Lys217 residue forms new hydrogen bonds with the Gln78
residue, it might have affected the flexibility or thermostability
of the enzyme (Figure 3b). Since Lys217 is located at the
surface of the enzyme and is positively charged near the neutral
pH, it might also have contributed to the enhanced solubility
of the enzyme. However, the expression of dnrFP217K was
unaffected by the P217K mutation (Figure S10), suggesting
that the higher level production of 4 was not due to the
enhanced enzyme (expression) level or higher enzyme
solubility but rather was due to an unknown reason such as
higher specific activity.
Employing the M56A mutant resulted in the second highest

4 titer (greater than 2-fold increase in 4 production in
comparison with that of the wild type DnrF; Figure 3a). The
Ala56 residue in the mutant is also located near the active site.
Whereas the original Met56 residue is predicted to have
hydrophobic interactions with Met114, Ala117, and Ile68, the
new Ala56 residue is predicted to only interact with Met114,
eliciting a conformational change in the active site (Figure
S9c). To see the synergistic effects of the two mutations
P217K and M56A, the double mutant DnrFP217K/M56A was
generated and was introduced into the FK strain. Surprisingly,
the resultant double mutant showed a significantly decreased 4
titer (Figure 3a). Thus, the DnrFP217K mutant was used for
further experiments.
To better understand the docking simulation results,

docking of DnrF, DnrFP217K, and DnrFM56A with the desired
substrate (3) and the native substrate (aklavinone) were
compared using Autodock Vina (Figure S11 and Table S8). As
predicted by PyRosetta (Table S8), docking of the DnrF
mutants with 3 showed stronger binding affinities in

comparison to that of the wild type DnrF. On the other
hand, aklavinone is predicted to bind well to both the wild type
DnrF and the DnrF mutants (Figure S11 and Table S8). The
binding energy calculated for the DnrFP217K mutant with 3
(−9.9 kcal/mol) was comparable with that (−10.4 kcal/mol)
calculated for the wild type DnrF with the native substrate
aklavinone, confirming that the docking simulations were
successful. In addition, the volume of the binding pocket
within the DnrF mutants (DnrFP217K and DnrFM56A) was
predicted to be increased (Table S8), which is thought to be
one of the probable reasons for the enhanced enzymatic
activity toward 3.
Next, the steady-state kinetic parameters of DnrF and

DnrFP217K were determined (concentration of enzymes set to 1
μM), showing a 23.7% reduction in the KM value of DnrFP217K

(43.31 μM) in comparison with that (56.75 μM) of DnrF (P =
0.012; Table 1 and Figure S12). Although the Vmax value of

DnrFP217K (1.01 μM min−1) was similar to that (0.99 μM
min−1) of DnrF (P = 0.78), the Vmax/KM value of DnrFP217K

(2.34 × 10−2 min−1) showed 33.4% enhancement in
comparison with that (1.75 × 10−2 min−1) of DnrF (Table
1), confirming the enhanced catalytic efficiency of the
DnrFP217K mutant.
Next, homology modeling was performed on GtCGT using

TcCGT (a C-glycosyltransferase) from Trollius chinensis (PDB
ID 6JTD)64 as a template (Figure S13a), which had the
highest protein sequence identity with GtCGT (35.1%). The
generated GtCGT structure model was used for in silico
docking simulations with 3 (see Materials and Methods in the
Supporting Information for the detailed simulation procedure).
Among the 20249 theoretical mutants, 203 in silico mutants that
are stable in terms of potential energy were first chosen
followed by selection of 113 mutants having docking scores
higher than that of the wild type enzyme (Table S9). The top
20 mutants (denoted as bold letters in Table S9) with the
highest docking scores were selected for experimental analysis.
An additional 14 mutants (denoted as blue letters in Table S9)
generated by rational examination of the predicted GtCGT
structure were also selected. Each of these 34 mutants was
introduced into the FK strain and was flask-cultured.
Six mutants showed a higher level production of 5 in

comparison with the wild type GtCGT, among which the
GtCGTV93Q mutant showed the highest 5 production (Figure
3c). This corresponds to a 2.8-fold higher titer of 5 in
comparison to that obtained with the strain harboring the wild
type GtCGT. In this mutant, the new Gln93 residue is located
in the active site and is predicted to directly interact with the

Table 1. Steady-State Kinetic Parameters of DnrF,
DnrFP217K, GtCGT, and GtCGTV93Q/Y193F, with 3 as the
Common Substrate

KM (μM)a Vmax (μM min−1)a,b
Vmax/KM
(min−1)b

DnrF 56.75 ± 4.68 0.99 ± 0.086 1.75 × 10−2

DnrFP217K 43.31 ± 2.64 1.01 ± 0.062 2.34 × 10−2

GtCGT 6.30 ± 1.64 1.60 × 10−3 ±
1.39 × 10−4

2.54 × 10−4

GtCGTV93Q/Y193F 5.07 ± 0.74 1.89 × 10−3 ±
1.13 × 10−4

3.73 × 10−4

aData are means ± standard deviation (SD) of three independent
experiments. bSince the enzyme preparations were not pure (Figure
S12b), Vmax/KM was calculated instead of kcat/KM.
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ligand 3 (Figure S13b,c). The amino acid residues surrounding
the active site properly orient the ligand so that it can be easily
C-glucosylated at C2 (Figure S13c).
Employing the Y193F mutant resulted in the second highest

5 titer, showing a greater than 2-fold increase in 5 production
in comparison with that obtained with the wild type GtCGT
(Figure 3c). To see the synergistic effects of the two mutations
V93Q and Y193F, the double mutant GtCGTV93Q/Y193F was
generated and was introduced into the FK strain. Employing
the double mutant resulted in a 5.3-fold increase in the titer of
5 in comparison with that obtained with the wild type GtCGT
(Figure 3c). In the GtCGTV93Q mutant, the Tyr193 residue
forms a hydrogen bond with the carbonyl group at C10,
blocking the Gln93 residue from forming a hydrogen bond
with the hydroxyl group at C6 (Figure S13c). Thus,
exchanging the Tyr193 residue with Phe193 (to construct
GtCGTV93Q/Y193F) is predicted to result in the formation of a
robust hydrogen bond between Gln93 and the hydroxyl group
at C6, orienting 3 to be more favorable for C-glucosylation at
C2 (Figure 3d and Figure S13d). The expression of
GtCGTV93Q/Y193F was not affected by the V93Q/Y193F double
mutant (Figure S10), suggesting that the higher level
production of 5 was not due to the enhanced enzyme
(expression) level or higher enzyme solubility but was rather
due to the better alignment of the ligand 3 in the active site.
To better understand the docking simulation results,

docking of the best mutant GtCGTV93Q/Y193F and the wild
type GtCGT with the ground-state substrate (3), the
transition-state analogue of 3 (3′), and the product (4) were
compared using Autodock Vina (Figure S14 and Table S10).
The chemical structure of 3′ was created on consideration of
the reaction mechanism of C-glucosylation (Figure S14).47 As
high enzymatic activity is generally accompanied by a strong
binding between the enzyme and the transition state of the
substrate, the enhanced enzymatic activity of GtCGTV93Q/Y193F

toward 3 can be reasoned by the lower predicted binding
energy of GtCGTV93Q/Y193F with 3′ (−9.6 kcal/mol) in
comparison with that (−7.9 kcal/mol) of GtCGT (Figure
S14 and Table S10). Moreover, the predicted binding energy
of GtCGTV93Q/Y193F with the product 4 (−8.1 kcal/mol) was
higher in comparison with that (−8.4 kcal/mol) of GtCGT
(Figure S14 and Table S10), allowing a more favorable release
of 4 by GtCGTV93Q/Y193F.
Next, steady-state kinetic parameters of GtCGT and

GtCGTV93Q/Y193F were determined (concentration of enzymes
set to 0.1 μM), showing 19.5% reduction in the KM value of
GtCGTV93Q/Y193F (5.07 μM) in comparison with that (6.30
μM) of GtCGT, despite an insignificant difference (P = 0.30;
Table 1 and Figure S12). On the other hand, the Vmax value of
GtCGTV93Q/Y193F (1.89 × 10−3 μM min−1) was increased by
18.2% in comparison with that (1.60 × 10−3 μM min−1) of
GtCGT (P = 0.048). When this is taken together, the Vmax/KM
value of GtCGTV93Q/Y193F (3.73 × 10−4) showed 46.8%
enhancement in comparison with that (2.54 × 10−4) of
GtCGT (Table 1), confirming the enhanced catalytic efficiency
of the GtCGTV93Q/Y193F mutant.
GtCGTV93Q/Y193F Can C-Glucosylate Aloesone to

Produce Aloesin. As C-glucosylation is a relatively unex-
plored reaction in bacteria, including E. coli, we sought to test
whether the CGT can also be applied to other similar C-
glucosylation reactions; for this, GtCGTV93Q/Y193F having the
highest activity toward converting 3 into 5 was employed for
aloesin production. Aloesin (8) is an aromatic heptaketide (an

aromatic polyketide synthesized from seven ketide units)
extracted from the leaves of Aloe vera. Due to its antityrosinase
and antimelanogenesis activities, it has been widely used as a
skin-whitening agent in the cosmetic industry.65,66 As 8 is also
reported to exhibit anti-inflammatory and free-radical-scaveng-
ing activity, it is also considered as a potential therapeutic or
cosmetic ingredient for a wide range of applications.67

We previously reported the construction of an engineered E.
coli BL21(DE3) strain harboring pCDF-RpALS, pWAS-anti-
pabA, and pBBR1-zwf, which expresses RpALS (encoding
aloesone synthase from R. palmatum), anti-pabA synthetic
sRNA, and zwf (encoding glucose 6-phosphate 1-dehydrogen-
ase from E. coli).5 This engineered strain was capable of
producing 30.9 mg/L of 7 from glucose.5 However, the CGT
responsible for the conversion of 7 to 8 has not yet been
identified (Scheme 2), which led us to test GtCGTV93Q/Y193F

for the production of 8. Before testing the C-glucosylation of 7,
enhanced production of 7 was pursued first by further
increasing the expression level of RpALS through its expression
from a compatible plasmid (Supplementary Note S4). The
resultant strain E. coli BL21(DE3) harboring pCDF-RpALS,
pRSF-RpALS, pWAS-anti-pabA, and pBBR1-zwf produced
102.1 mg/L of 7 by a flask culture (Figure 4a and
Supplementary Note S4). Next, the E. coli BL21(DE3) strain
harboring pWAS-anti-pabA, pRSF-RpALS, and pBBR1-zwf was
transformed with pCDF-GtCGT or pCDF-GtCGTmut
(harboring GtCGTV93Q/Y193F) to convert 7 to 8. Both strains
successfully produced 8, while the strain harboring
GtCGTV93Q/Y193F produced 8 to a higher titer (0.060 μg/L; P
= 0.046; Figure 4b). As in the production of 7 described above
and in Supplementary Note S4, additional copies of RpALS
were introduced by insertion of RpALS into pCDF-
GtCGTmut (pCDF-RpALS-GtCGTmut) to construct the
ALS strain, which is BL21(DE3) harboring pRSF-RpALS,
pCDF-RpALS-GtCGTmut, pWAS-anti-pabA, and pBBR1-zwf.
The ALS strain could produce 0.30 μg/L of 8 (P = 0.011;
Figure 4b). This represents the first report on the microbial
production of 8 . Also, this result suggests that
GtCGTV93Q/Y193F is likely to be a generally applicable CGT
for aromatic polyketides in E. coli. The titer of 8 can be further
enhanced by carrying out additional metabolic engineering and
performing docking simulations on GtCGTV93Q/Y193F with 7 as
the ligand. The authenticity of 8 was confirmed by LC-MS/MS

Scheme 2. Proposed Biosynthetic Pathway for the
Production of Aloesin (8)
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analysis and a comparison of the MS/MS fragmentation
pattern with that of the authentic standard chemical (Figure
4c).
Since the native substrate of GtCGT is luteolin,68 which is a

flavonoid, the efficiencies for the conversion of luteolin and
other similar flavonoids into their C-glucosides by GtCGT and
GtCGTV93Q/Y193F were compared (Supplementary Note S4). In
vivo conversion assays were performed by exogenously feeding
luteolin, apigenin, and naringenin during the flask culture of E.
coli BL21(DE3) harboring either pCDF-GtCGT or pCDF-
GtCGTmut. As a result, GtCGTV93Q/Y193F showed a generally
decreased conversion efficiency for flavonoids (Figure S15 and
Supplementary Note S4). This indicates that the increased
activity of the GtCGTV93Q/Y193F mutant toward aromatic

polyketides resulted in decreased activity toward its native
substrates, as an outcome of enzyme engineering.

Production of Carminic Acid from Glucose. Having
constructed the mutants of DnrF and GtCGT having enhanced
activities, production of 6 from glucose was attempted by
constructing the CA strain, which is the BAP1 strain harboring
pFK and pCA. A flask culture of the CA strain successfully
produced 22.2 μg/L of 6 from glucose (Figure 5a). To further
enhance 6 production, C. glutamicum accBCD1 overexpression,
pabA knockdown, and/or galU-pgm-ndk overexpression were
tested alone or in combinations. The CA-ACC strain, which
overexpresses accBCD1, produced 74.9 μg/L of 6, correspond-
ing to a 3.4-fold increase in comparison with that (22.2 μg/L)
obtained with the base strain (P = 2.3 × 10−3; Figure 5a and

Figure 4. Production of aloesin (8) from glucose. (a) Production of aloesone (7) by testing different copies of aloesone synthase (ALS). The
plasmids pCDF-RpALS and/or pRSF-RpALS were additionally introduced into E. coli BL21(DE3) harboring pWAS-anti-pabA and pBBR1-zwf for
the flask culture. (b) Production of 8 by employing GtCGT (noted as CGT) or the GtCGT mutant (GtCGTV93Q/Y193F, denoted as CGTmut).
pCDF-GtCGT, pCDF-GtCGTmut, or pCDF-RpALS-GtCGTmut was additionally introduced into E. coli BL21(DE3) harboring pWAS-anti-pabA,
pBBR1-zwf, and pRSF-RpALS for the flask culture. (c) EICs generated by LC-MS and fragmentation patterns of 8 generated by MS/MS from the
authentic standard (upper panels) or from the culture sample of the ALS strain (lower panels). Data are representative of three independent
replicates. Peak annotation and fragment structures were modeled using the CFM-ID tool.49 Orientations of the fragment ions were adjusted to
that of the precursor ion so that fragmentation could be easily identified. Parent ions are marked with filled diamonds. The m/ztheoretical and m/
zobserved values noted are for the parent ions [M − H]−. (a, b) Error bars are mean ± SD (n = 3). *P < 0.05, ***P < 0.001, determined by a two-
tailed Student’s t-test. NS denotes not significant.
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Figure S16). Four different E. coli chaperones, DnaK-DnaJ-
GrpE, GroES/EL, trigger factor (TF), and ClpB, were also
employed to facilitate folding of insoluble heterologous
enzymes.69 Overexpression of dnaKJ-grpE and groES/EL gave
enhanced productions of 48.9 μg/L (P = 2.4 × 10−4) and 31.3
μg/L (P = 0.024) of 6 (Figure 5b). It was reasoned that
simultaneous overexpression of accBCD1 and dnaKJ-grpE
would further increase the titer of 6. However, the titer of 6
(44.4 μg/L; Figure 5b) did not further increase, and thus the
CA-ACC strain was selected as the final strain. The
authenticity of 6 was confirmed by an LC-MS/MS analysis
and a comparison of the MS/MS fragmentation pattern with
that of the commercially available standard chemical (Figure
5c and Figure S17).
Finally, fed-batch cultures were carried out to assess the

performance of the strain in a 6.6 L bioreactor. The pH-stat

fed-batch fermentation of the CA-ACC strain (for details, see
Materials and Methods in the Supporting Information)
resulted in the production of 0.65 mg/L of 6 (Figure 6a−c
and Figure S18). Another fed-batch fermentation performed
independently produced 0.61 mg/L of 6 (Figure 6d−f),
showing good reproducibility. However, a maximum of 3.66 g/
L of 3 was also produced (Figure 6b,e), suggesting that a large
portion of 3 was not converted to the final product 6, leaving
room for further improvement. When this was taken together,
we were able to produce 6 for the first time by a metabolically
engineered bacterium.

■ CONCLUSION

Aromatic polyketides encompass a diverse set of compounds
essential for our daily lives. However, the production of these

Figure 5. Production of carminic acid (6) from glucose. (a) Production of 6 by applying different metabolic engineering strategies. *P < 0.0071,
**P < 0.0014, determined by a two-tailed Student’s t-test. P value thresholds were adjusted using a Bonferroni correction (P < α/m). (b)
Production of 6 by coexpression of chaperones. Abbreviations: KD, knockdown; OE, overexpression. Error bars are the mean ± SD (standard
deviation; n = 3). **P < 0.002, determined by a two-tailed Student’s t-test. P value thresholds were adjusted using a Bonferroni correction (P < α/
m). NS, not significant. (c) EICs generated by LC-MS and fragmentation patterns of 6 generated by MS/MS in MRM mode from the authentic
standard (upper panels) or from the culture sample of the CA-ACC strain (lower panels). Data are representative of three independent replicates
(Figure S17). Peak annotation and fragment structures were modeled using the CFM-ID tool.49 Orientations of the fragment ions were adjusted to
that of the precursor ion so that fragmentation could be easily identified. The m/ztheoretical and m/zobserved values noted are for the parent ions [M −
H]−.
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important polyketides from their native producers has been
limited due to a number of problems, including the slow
growth of the host, the requirement of a large cultivation area
and specific climate, the incapability of a high cell density
culture, and the requirement for multistep purification process,
necessitating the development of better microbial production
systems. In this study, we constructed a novel biosynthetic
pathway for the production of 6 in E. coli from glucose. After
optimization of the type II minimal PKS construct along with
the introduction of heterologous cyclases, the production of 3
was achieved. The biosynthetic pathway of 6 has been
previously proposed in the filamentous fungus A. nidulans,24

but the hydroxylase responsible for the conversion of 3 to 4 (or
5 to 6) in Aspergillus remained unidentified and the CGT from
D. coccus responsible for the conversion of 3 to 5 (or 4 to 6)
was not functional in E. coli. Therefore, to complete the
remaining metabolic pathways for the biosynthesis of 6,
biochemical reaction analyses and in silico homology modeling
coupled with docking simulations were performed to replace or
complement the unidentified hydroxylase and DcUGT2.
Integrating all these strategies led to the production of 6
from glucose.

This study not only represents a demonstration of microbial
production of 6 and 8 but also suggests an important strategy
for constructing novel biosynthetic pathways for polyketide
production. Biochemical reaction analyses coupled with in
silico docking simulations can be a powerful tool in
constructing novel biosynthetic pathways containing unknown
enzymes, thus widening the spectrum of natural products that
can be produced in model microorganisms such as E. coli. We
also showed that GtCGTV93Q/Y193F is likely to be a generally
applicable CGT for aromatic polyketides in E. coli, as
demonstrated by the production of 8 in addition to 6; the
CGT responsible for the conversion of 7 to 8 has not yet been
identified, but we were able to use GtCGTV93Q/Y193F to convert
7 to 8. This strategy will be particularly useful in producing
pharmaceuticals and nutraceuticals (such as 6 or 8), as C-
glucosides generally improve pharmacokinetic properties such
as stability, resistance to hydrolysis, and bioavailability.70 Also,
performing docking simulations using an alternative target
ligand will further enhance the activity of the CGT toward the
production of a desired C-glucoside. Since C-glucosylation
reactions have not been well reported in bacteria, the strategies
employed for the development of GtCGTV93Q/Y193F reported

Figure 6. Time profiles of the fed-batch fermentation of the CA-ACC strain producing 6. Fed-batch fermentation profiles of CA-ACC regarding
(a) 6 and DCW, (b), intermediates 3−5, and (c) shunt products 1 and 2. The profiles of independently repeated fed-batch fermentation of CA-
ACC are shown in (d−f), showing reproducibility. The red arrow denotes the isopropyl β-D-1-thiogalactopyranoside (IPTG) induction time point.
DCW denotes dry cell weight.
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here will advance the microbial production of diverse C-
glucoside natural products with beneficial properties.
The promising result of producing 6 by metabolic

engineering strategies described in this study suggests that
further improvement in the strain performance would allow a
transition from the traditional insect-based 6 production
process into a microbial fermentation-based process. As 3.66
g/L of 3 was produced during the fermentation, it is reasonable
to expect that the 6 titer can reach up to ∼5 g/L in the near
future with further systems metabolic engineering effort.19,71

Assuming this improved titer, a single run of fed-batch
fermentation (∼5 days) in a 100000 L scale industrial
fermenter can produce the same amount of 6 produced from
the insect culture per hectare of land per annum (Supple-
mentary Note S5). Switching to the microbial production
system will also allow the whole process to be independent of
geopolitical or climate issues, much less labor-intensive, and
better standardized to reduce the current variations in product
properties and compositions. When this is taken together, the
strains and metabolic engineering strategies developed in this
study for the production of 6 (and also 8) will contribute to
the sustainable production of diverse aromatic polyketides
important for the food, pharmaceutical, and cosmetic
industries.

■ EXPERIMENTAL SECTION
Full experimental details on the following can be found in Materials
and Methods in the Supporting Information: materials; plasmid
construction; media and culture conditions; homology modeling and
docking simulations of DnrF and GtCGT; fed-batch fermentation;
SDS-PAGE analysis; enzyme purification; in vitro enzyme assay;
HPLC, LC-MS, and LC-MS/MS analysis; NMR analysis; statistical
analysis; data availability.
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L. R.; Garza, A. G.; Boddy, C. N. Alternative sigma factor over-
expression enables heterologous expression of a type II polyketide
biosynthetic pathway in Escherichia coli. PLoS One 2013, 8 (5),
No. e64858.
(31) Cummings, M.; Peters, A. D.; Whitehead, G. F. S.; Menon, B.
R. K.; Micklefield, J.; Webb, S. J.; Takano, E. Assembling a plug-and-
play production line for combinatorial biosynthesis of aromatic
polyketides in Escherichia coli. PLoS Biol. 2019, 17 (7), No. e3000347.
(32) Liu, X.; Hua, K.; Liu, D.; Wu, Z. L.; Wang, Y.; Zhang, H.; Deng,
Z.; Pfeifer, B. A.; Jiang, M. Heterologous biosynthesis of type II
polyketide products using E. coli. ACS Chem. Biol. 2020, 15 (5),
1177−1183.
(33) Jakociunas, T.; Klitgaard, A. K.; Kontou, E. E.; Nielsen, J. B.;
Thomsen, E.; Romero-Suarez, D.; Blin, K.; Petzold, C. J.; Gin, J. W.;
Tong, Y. J.; Gotfredsen, C. H.; Charusanti, P.; Frandsen, R. J. N.;
Weber, T.; Lee, S. Y.; Jensen, M. K.; Keasling, J. D. Programmable
polyketide biosynthesis platform for production of aromatic
compounds in yeast. Synth. Syst. Biotechnol. 2020, 5 (1), 11−18.
(34) Pfeifer, B. A.; Admiraal, S. J.; Gramajo, H.; Cane, D. E.; Khosla,
C. Biosynthesis of complex polyketides in a metabolically engineered
strain of E. coli. Science 2001, 291 (5509), 1790−1792.
(35) Bräuer, A.; Zhou, Q.; Grammbitter, G. L. C.; Schmalhofer, M.;
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