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ABSTRACT:Type III polyketide synthases (PKS IIIs) contribute to the synthesis of many economically important natural
products, most of which are currently produced by direct extraction from plants or through chemical synthesis. Olivetolic acid
(OLA) is a plant secondary metabolite sourced from PKS III catalysis, which along with its prenylated derivatives has various
pharmacological activities. To demonstrate the potential for microbial cell factories to circumvent limitations of plant extraction
or chemical synthesis for OLA, here we utilize a synthetic approach to engineerEscherichia colifor the production of OLA.In
vitrocharacterization of polyketide synthase and cyclase enzymes, OLA synthase and OLA cyclase, respectively, validated their
requirement as enzymatic components of the OLA pathway and con� rmed the ability for these eukaryotic enzymes to be
functionally expressed inE. coli. This served as a platform for the combinatorial expression of these enzymes with auxiliary
enzymes aimed at increasing the supply of hexanoyl-CoA and malonyl-CoA as starting and extender units, respectively. Through
combining OLA synthase and OLA cyclase expression with the required modules of a� -oxidation reversal for hexanoyl-CoA
generation, we demonstrate thein vivosynthesis of olivetolic acid from a single carbon source. The integration of additional
auxiliary enzymes to increase hexanoyl-CoA and malonyl-CoA, along with evaluation of varying fermentation conditions
enabled the synthesis of 80 mg/L OLA. This is the� rst report of OLA production inE. coli, adding a new example to the
repertoire of valuable compounds synthesized in this industrial workhorse.
KEYWORDS:type III polyketide synthases (PKS III), olivetolic acid (OLA), synthetic biology, natural products

Abroad diversity of natural products can be synthesized by
type III polyketide synthases (PKS IIIs).1,2 Many of these

products have been found to bene� t human health, with PKS III
products and derivatives garnering signi� cant research interest
in recent years.1,2 For instance, anthocyanins, the water-soluble
pigments from mulberry fruits, have been reported to be useful
in treating obesity, in� ammation and cancer.3Hyperforin, which
is one of the primary active constituents from extracts of
Hypericum perforatum, can be used for the treatment of
depression.1 The monoaromatic compound olivetolic acid
(OLA), a member of the PKS III product class, holds promise
for its pharmacological properties such as antimicrobial,
cytotoxic, and photoprotective activities.2,4 In addition, OLA
is a central intermediate in the synthesis of an important class of
pharmacological compounds, as it serves as the alkylresorcinol
moiety during the biosynthesis of cannabinoids, a class of

products that are becoming increasingly important due to their
numerous pharmacological properties.5� 7

Currently, the production of OLA and its derivatives is
primarily through direct extraction from plants4,8,9 However,
given that plants grow slowly and require at least several months
for the accumulation of these compounds, direct extraction
su� ers from long cycles.10 While plant biotechnology o� ers the
opportunity to improve natural product synthesis in native
species, it is di� cult to precisely control the expression level of
transgenes in plants and adapt to industrial-scale production.11

While the chemical synthesis of OLA is another alternative that
has recently been reported,12 the structural complexity of most
natural products dictates inherent ine� ciencies with total
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chemical synthesis, which su� ers from low yield and high energy
waste.13 In contrast to these approaches, construction of
microbial cell factories for production of these value-added
plant natural products is a promising strategy.13� 16

Despite the structural complexity of the end product, the
starting and extending units for polyketide biosynthesis are often
tractable acyl-coenzyme A (CoA) intermediates. In the case of
OLA biosynthesis, 3 iterations of 2-carbon additions (via
decarboxylative condensation with malonyl-CoA as the donor)
to an initial hexanoyl-CoA primer results in the formation of
3,5,7-trioxododecanoyl-CoA, which can be subsequently
cyclized to form OLA (Figure 1). While it was initially thought
that the polyketide synthase (OLS) fromC. sativawas solely
responsible for OLA biosynthesis, recombinant OLS was found
to only synthesize olivetol, the decarboxylated form of OLA.17It
has since been shown that olivetolic acid biosynthesis requires a
polyketide cyclase,i.e., OLA cyclase (OAC), in addition to OLS,
which catalyzes a C2� C7 intramolecular aldol condensation of
the 3,5,7-trioxododecanoyl-CoA intermediate with carboxylate
retention.18 Expression of OLS and OAC inSaccharomyces
cerevisiae, along with feeding of sodium hexanote, enabled the
synthesis of 0.48 mg/L olivetolic acid in a 4 day fermentation.18

This represents a promising� rst step toward the development of
microbial cell factories for the production of OLA that can be
built upon to improve product synthesis from biorenewable
feedstocks.

A potential bottleneck in improving product synthesis in
S. cerevisiaeis compartmentalization of acetyl-CoA metabolism,
which results in the requirement for signi� cant engineering
e� orts for the production of acetyl-CoA-derived products.19

Given the need for hexanoyl-CoA and malonyl-CoA in OLA
synthesis, which are both commonly derived from acetyl-CoA,
here we explored the possibility of engineeringEscherichia coli
for OLA production. In addition to its well-known physiology,
metabolic network, and the ease of genetic manipulation,E. coli

has been engineered to produce a wide range of products from
the acetyl-CoA node, including those derived directly from
malonyl-CoA.19� 22 We utilize a bottom-up, synthetic biology
approach to develop a pathway for OLA production through
testing and validating the required PKS and cyclase components
in addition to auxiliary enzymes for generating the required
precursors. Through the combinatorial expression of these
enzymatic components with the required modules of a� -
oxidation reversal pathway to supply hexanoyl-CoA,23,24 we
demonstrate a functional biological pathway for the synthesis of
OLA from a single carbon source and further identi� ed
precursor supply as a major limiting factor for product synthesis.
The use of auxiliary enzymatic components aimed at increasing
hexanoyl-CoA and malonyl-CoA and systematic metabolic
engineering e� orts enabled the synthesis of OLA at a titer of 80
mg/L, further demonstrating the viability of developing
microbial cell factories for the synthesis of plant-based natural
products.

� RESULTS AND DISCUSSION
Recruiting OLS and OAC for Olivetolic Acid Produc-

tion. A synthetic pathway for olivetolic acid (OLA) biosynthesis
in E. colirequires at least two catalytic enzymes, OLA synthase
(OLS) and OLA cyclase (OAC).17,18 OLS is a type III PKS
(tetraketide synthase) fromCannabistrichomes that catalyzes
the formation of 3,5,7-trioxododecanoyl-CoA from a hexanoyl-
CoA primer and 3 malonyl-CoA extender unitsvia decarbox-
ylative Claisen condensation.17 This 3,5,7-trioxododecanoyl-
CoA intermediate can then be cyclized by OACvia C2� C7
intramolecular aldol condensation to form OLA.18In addition to
the desired product, evidence suggests that pathway byproducts,
e.g., pentyl diacetic acid lactone (PDAL), hexanoyl triacetic acid
lactone (HTAL) and olivetol can also be formed through
hydrolysis of intermediate polyketide CoAs or spontaneous
cyclization (Figure 1A).18

Figure 1.Production of olivetolic acid (OLA) by recruiting OLS and OAC. (A) Biosynthetic pathway of OLA from hexanoyl-CoA. Three malonyl-
CoA extender units are added to the hexanoyl-CoA primer to form OLA through the Claisen condensation catalyzed by OLS and C2� C7 aldol
cyclization catalyzed by OAC. Potential pathway byproducts,e.g., PDAL, HTAL and olivetol, can also be formed through hydrolysis of intermediate
CoAs or spontaneous cyclization without carboxyl group retention. (B)In vitroproduction of OLA using recombinant and puri� ed OLS and OAC core
enzymes. Detailed MS identi� cation of these OLA and byproducts can be seen inFigure S2. (C) In vivoproduction of OLA from resting cells
biotransformations withE. coliBL21 (DE3).E. colicells with the induced OLS and OAC from LB medium were collected and resuspended in fresh
M9Y medium + 2% (wt/v) glucose with 4 mM hexanoate, and cultured at 22°C for 48 h. Blank, BL21 (DE3) with pETDuet-1 empty vector. PDAL,
pentyl diacetic acid lactone, HTAL, hexanoyl triacetic acid lactone.
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To con� rm the ability for OLS and OAC expressed inE. colito
synthesize OLA from hexanoyl-CoA and malonyl-CoA, in
addition to evaluating potential byproducts, we conductedin
vitro analysis of these enzymatic components (Figure 1B).
Codon optimized, His-tagged OLS and OAC were expressed
and puri� ed fromE. coliand utilized to determine product
formation in a reaction system including hexanonyl-CoA
(primer) and malonyl-CoA (extender unit). As seen inFigure
1B, incubation of OLS and OAC in the presence of these
substrates resulted in OLA synthesis. Pathway byproducts
PDAL and olivetol were also detected in samples with OLS only
or including both OLS and OAC (Figure 1B). These byproducts
were the only products formed in the absence of OAC (i.e.,
assays with OLS only) con� rming the indispensable nature of
the OAC component for OLA formation.18

We next evaluated the ability to produce OLAin vivothrough
the construction of plasmid pET-P1-OLS-P2-OAC expressing
codon-optimized versions of OLS and OAC. This plasmid was
transformed intoE. coliBL21 (DE3), both the OLS and OAC
have soluble expression (Figure S1), and the resulting strain
(BL-OLS-OAC) enabled the production of OLA following 48 h
cultivation in biotransformation media with 4 mM hexanote
(Figure 1C). In addition to OLA, small amounts of olivetol were
also detected, implying that while heterologous OAC cyclized
the 3,5,7-trioxododecanoyl-CoA intermediate into OLA, the
potential for byproduct formation is also a concernin vivo. It
should be noted that even with the small amounts of OLA
produced (� 0.1 mg/L), this product was present in the
fermentation broth (supernatant) instead of cell pellet (Figure
1C). The presence of OLA in supernatant might be due to
export of OLA by a nativeE. colitransporter or from cell lysis.25

Impact of Precursor Supply on Olivetolic Acid
Production In Vivo. While the above results demonstrate the
function of the required PKS and cyclase componentsin vivo, the

low OLA titers (� 0.1 mg/L) (Figure 2) require additional
assessment of the overall limitations for product synthesis. Given
the functional expression and puri� cation of OLS and OAC
fromE. coli, we reasoned a major limitation for OLA production
is the availability of required precursors, opposed to issues with
the expression or activity of these enzymes inE. coli. To
determine the potential to improve product synthesis by
increasing precursor supply, we expanded our synthetic
approach through combinatorially expressing auxiliary enzymes
for malonyl-CoA and/or hexanoyl-CoA generation with the
OLS and OAC components.

For increasing malonyl-CoA supply, two classes of enzymes
for biosynthesis of malonyl-CoA were evaluated. The� rst,
malonyl-CoA synthetase (MCS) (EC 6.2.1.14), catalyzes the
formation of malonyl-CoA from malonate, CoA and ATP.26,27

The MCS fromBradyrhizobium japonicum27 was codon
optimized and expressed in conjunction with OLS and OAC
in E. colisupplied with 12 mM sodium malonate. Consistent
with our hypothesis, increasing malonyl-CoA supply using this
approach resulted in increased OLA titer, from 0.1 mg/L to 0.65
mg/L (p-value <0.05) (Figure 2). While this shows the
importance of increasing malonyl-CoA supply, MCS requires
the addition of exogenous malonate. To generate increased
malonyl-CoA without malonate supplementation, we evaluated
the overexpression of acetyl-CoA carboxylase (ACC) (EC
6.4.1.2) catalyzing the carboxylation of acetyl-CoA in the
presence of ATP and bicarbonate (HCO3

� ). In E. coli, ACC
consists of four di� erent subunits,e.g., AccA, AccB, AccC and
AccD. Genes encoding the AccABCD complex were overex-
pressed (+ACC) in the BL-OLS-OAC strain (resulting in BL-
OLS-OAC-ACC). However, the engineered +ACC strain did
not improve OLA production in the absence of malonate
(Figure 2). ACC requires acetyl-CoA as catalytic substrate,
which is one of the most important central metabolites inE. coli,
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participating in the TCA cycle, glyoxylate cycle, amino acid
metabolism, and other important pathways.28 Although
individual +ACC overexpression could channel more acetyl-
CoA into malonyl-CoA available for OLA production,� ux into
other biosynthetic pathways and thus cellular growth may be
impaired. Consistently, we observed lower growth with BL-
OLS-OAC-ACC during the biotransformation (the highest
OD550was only 1.8) compared with BL-OLS-OAC (the highest
OD550 was 3.8). Impaired growth caused by ACC over-
expression has been observed in prior studies, in bothE. coli29

andS. cerevisiae.30

While these initial experiments were conducted in the
presence of hexanoate, the conversion of hexanoate to

hexanoyl-CoA in these strains may be ine� cient due to potential
low expression levels ofE. coli native fatty acyl-CoA
synthetase(s). To evaluate the impact of the hexanoyl-CoA
pool on OLA production, two di� erentE. colinative fatty acyl-
CoA synthetases were overexpressed individually. FadK has
been reported as an acyl-CoA synthetase which is primarily
active on acetylation of short chain fatty acids (C6� C8).31,32

However, we found that overexpression of FadK had no impact
on OLA production under these conditions (Figure 2). We also
explored another nativeE. colifatty acyl-CoA synthetase, FadD,
which has broad chain length speci� city, with maximal activities
associated with fatty acids ranging in length from C12 to
C18.33,34 Prior studies have showed that, compared to FadK,

Figure 3.Production of olivetolic acid (OLA) in engineeredE. coliJST10 (DE3). (A) In JST10 (DE3), a functional r-BOX was achieved by
overexpression of BktB thiolase (TH), FadB hydroxyacyl-CoA dehydrogenase (HR), FadB enoyl-CoA hydratase (EH) and egTER enoyl-CoA
reductase (ER). Fermentative byproduct (lactate, succinate, ethanol, acetate) pathways were blocked through deletion ofldhA, frdA, adhE, pta, and
poxB. OLS-OAC core enzymes and FadD-ACC auxiliary enzymes were recruited for OLA production. (B) Olivetolic acid titers in di� erent strains.
EngineeredE. colistrains were grown in LB-like MOPS medium + 2% (wt/v) glycerol supplemented with 4 mM hexanoate where indicated. For strains
harboring MCS, 12 mM malonate sodium was also included. (C) Flaviolin biosynthesis pathway for measuring malonyl-CoA availability. Upper,
� aviolin biosynthesis pathway: 5 malonyl-CoA are condensed by RppA to form� aviolin, which has a speci� c absorbance at wavelength of 340 nm.
Bottom, RppA was expressed with di� erent MCS/ACC auxiliary enzymes for characterization of malonyl-CoA availability in JST10 (DE3) strain.
EngineeredE. colistrains were cultured in LB-like MOPS medium + 2% (wt/v) glycerol. For strains harboring MCS, 12 mM malonate sodium was also
included.

ACS Synthetic Biology Research Article

DOI:10.1021/acssynbio.8b00075
ACS Synth. Biol.XXXX, XXX, XXX� XXX

D

http://dx.doi.org/10.1021/acssynbio.8b00075


despite the lower speci� city for C6� C8, FadD exhibits a higher
catalytic activity on C6� C8 fatty acids.32The overexpression of
FadD in combination with OLS and OAC (strain BL-OLS-
OAC-FadD) resulted in slight increases in OLA titer (Figure 2).
Combining this hexanoyl-CoA generating module with MCS,
the highest OLA titer was achieved (0.71 mg/L) (Figure 2).
However, FadD and MCS overexpression only resulted in a
slight increase to OLA compared with MCS alone. Previous
studies showed that di� erent strains ofE. colishow di� erent
production ability for di� erent metabolites.35,36 In this regard,
we tested the OLA production in BL21 (DE3) andE. coliK-12
MG1655 (DE3) strain, and found that MG1655 (DE3) gives
similar OLA titers compared with BL21 (DE3) (Figure S3).
Speci� cally, MG-OLS-OAC-FadD-MCS produced� 0.8 mg/L
OLA (Figure S3), which is comparable to that in BL-OLS-OAC-
FadD-MCS (0.71 mg/L). Overall, while these results demon-
strate the importance of auxiliary enzymes for increasing
malonyl-CoA and hexanoyl-CoA supply, the low OLA titers
mandated us to investigate alternative approaches for further
improving precursor supply.

Integration of the Synthetic Olivetolic Acid Pathway
with a � -Oxidation Reversal for Precursor Supply.In
contrast to the above approach, which relied on native
metabolite pools or exogenous acid addition for malonyl-CoA
and hexanoyl-CoA supply, an alternative to further improve
OLA production involves theintegrated engineering of
pathways leading to precursor synthesis. With malonyl-CoA
generated directly from acetyl-CoA, the availability of this
intermediate may play a critical role in OLA production.
Furthermore, the role of acetyl-CoA becomes even more
important when considering potential routes for generating
hexanoyl-CoA. In prior studies, both fatty acid biosynthesis
(FAB) and� -oxidation reversal (r-BOX) pathways have been
employed for the production of hexanoic acid.24,37,38 However,
the FAB pathway operates with acyl carrier protein (ACP)
intermediates that are directly converted to carboxylic acid
products through the expression of heterologous speci� c short-
chain C6-ACP thioesterase.38,39For conversion of hexanoic acid
to hexanoyl-CoA, expression of fatty acyl-CoA synthetase, such
as FadD, is required. Furthermore, the FAB pathway also
requires malonyl-CoA as the extender unit during elongation,40

resulting in increased competition for malonyl-CoA. In contrast,
r-BOX operates with CoA intermediates, utilizes acetyl-CoA as
extender unit and can directly generate hexanoyl-CoA. With this
pathway initiating from acetyl-CoA and requiring an additional 2
acetyl-CoA molecules to generate hexanoyl-CoA, ensuring high
intracellular levels of this acetyl-CoA intermediate are critical.

To this end, we sought to exploit an engineered strain (JST10
(DE3)24) which has been previously utilized for hexanoic acid
synthesis through r-BOX. In addition to containing chromoso-
mal expression constructs for the required thiolase (BktB),� -
ketoacyl-CoA reductase (FadB),� -hydroxyacyl-CoA dehydra-
tase (FadB), and trans-enoyl-CoA reductase (egTER) r-BOX
modules, thisE. coliMG1655 derivative has fermentative
product pathways (e.g., lactate, succinate, acetate and ethanol)
and thioesterases (e.g., tesAandtesBamong others) deleted to
ensure adequate acetyl-CoA supply and minimize the loss of
acyl-CoA intermediates. As such, this strain is a promising
background strain the expression of the synthetic OLA pathway
(Figure 3A). Furthermore, the increased acetyl-CoA supply in
this strain may also provide a means of utilizing ACC, opposed
to MCS with exogenous malonate, for increasing malonyl-CoA
availability.

Integration of r-BOX and the OLA biosynthesis pathway in
JST10 (DE3) expressing OLS and OAC resulted in 2.8 mg/L
OLA, nearly 30-fold higher than that in BL21 (DE3) (� 0.1 mg/
L), even in the absence of hexanoate addition (Figure 2). This
result demonstrates the potential for OLA production from a
single carbon source (glycerol) through utilizing r-BOX for
generating hexanoyl-CoA. To evaluate if hexanoyl-CoA supply
was still a limiting factor in this strain, we also conducted
experiments in which 4 mM hexanoate was supplied. Under
these conditions, JST10-OLS-OAC produced� 2.3-fold higher
OLA (6.5 mg/L) indicating that improving hexanoyl-CoA
availability could potentially increasing OLA production.
Interestingly, similar increases to OLA titer upon hexanoate
supplementation was observed both with and without FadD
expression under these conditions (Figure 3B).

We then assessed the impact of malonyl-CoA supply on OLA
production through the overexpression of auxiliary enzymes.
Although MCS was identi� ed as the most e� ective malonyl-CoA
supply strategy for OLA production in resting cells bio-
transformation experiments with BL21 (DE3) (Figure 2), in
actively growing cultures of JST10 (DE3) the overexpression of
ACC resulted in the highest increase in OLA titer (Figure 3B).
Speci� cally, JST10-OLS-OAC-ACC produced 8.4 mg/L of
olivetolic acid, 3-fold higher than JST10-OLS-OAC (2.8 mg/L)
(p-value <0.05). JST10-OLS-OAC-MCS (with 12 mM
malonate supplementation) produced 3.6 mg/L of olivetolic
acid, which is a 28% increase compared to JST10-OLS-OAC (p-
value <0.05) (Figure 3B). This is likely caused by two factors,
both leading to higher levels of acetyl-CoA. First, the distinct
metabolic backgrounds of BL21 (DE3) and JST10 (DE3), as the
deletion of acetyl-CoA competitive and consumption pathways
in JST10 (DE3) is likely to result in increased availability of
acetyl-CoA for malonyl-CoA generation. Second, actively
growing cultures of JST10 (DE3) should also lead to higher
levels of acetyl-CoA (and higher production of malonyl-CoA
upon ACC overexpression). To con� rm increased malonyl-CoA
supply in this background and conditions, a heterologous
malonyl-CoA availability indicator pathway was introduced.
Flaviolin biosynthesis requires a PKS III catalysis that uses
malonyl-CoA as both primer and extender unit.41 Speci� cally,
the polyketide synthase RppA41fromStreptomyces griseus, which
iteratively condenses 5 molecules of malonyl-CoA to form
� aviolin (which has a speci� c absorbance at the wavelength of
340 nm), was introduced into JST10 (DE3) strains (Figure 3C).
While no signi� cant increase in A340 was observed upon the
combined overexpression of RppA and MCS (with 12 mM
malonate supplementation) compared to RppA only, the
overexpression of ACC with RppA lead to a signi� cant increase
in absorbance (Figure 3D) (p-value <0.05). These results
provide further evidence that ACC overexpression is an e� ective
strategy to increase malonyl-CoA supply in JST10 (DE3), which
in turn leads to higher OLA production.

Given the impact of auxiliary enzymes and individually
increasing hexanoyl-CoA and malonyl-CoA supply in JST10
(DE3), we next evaluated their combination in conjunction with
the synthetic OLA pathway. As seen inFigure 3B, additional
hexanoate supplementation during fermentation with JST10-
OLS-OAC-ACC resulted in a 2-fold increase in OLA titer to
16.6 mg/L (p-value <0.05) (Figure 3B). Moreover, despite the
overexpression of FadD having a negligible impact with
hexanoate feeding and OLS/OAC overexpression, combined
with ACC overexpression FadD signi� cantly improved OLA
titer (26.2 mg/L) (Figure 3B). This indicates the importance of
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both hexanoyl-CoA and malonyl-CoA supply, as either can
become the limiting factor as intracellular supply of each is
increased. We also evaluated the dosage e� ect of hexanoate
supplementation on OLA production and found that feeding 4
mM hexanoate contributes to the highest titer of OLA (Figure
S4). As such, coordinated increase in the supply of hexanoyl-
CoA and malonyl-CoA is critical for producing OLA at high
levels. While external addition to hexanoate was required here to
increase titers, we also demonstrate a new application of r-BOX.
Although prior studies of engineering of r-BOX primarily
focused on production of short-chain fatty acids or alco-
hols,23,24,42here we demonstrated that this pathway can also be
employed to supply the starting CoA primer for polyketide
biosynthesis.

Optimization of Fermentation Conditions for Olive-
tolic Acid Production. Following the establishment of the best
combination of enzymatic components for OLA production, we
attempted to optimize the fermentation conditions for further
titer improvement with strain JST10-OLS-OAC-FadD-ACC.
This included evaluation of the impact of various temperatures,
working volumes, and inducer concentrations on OLA
production (Figure 4). Results showed that 37°C (26.8 mg/

L) was the optimal temperature for OLA production with a
signi� cant decrease in titer at both 30°C (17.6 mg/L) and 22°C
(5.0 mg/L) (Figure 4A). Based on the identi� ed optimal
temperature (37°C), we further studied the impact of working
volume (WV,X mL in 25 mL� ask,X/25 mL) as a means of
altering aeration. We found that the engineered strain had the
highest OLA titer of 26.8 mg/L at a WV of 15/25 mL (Figure
4B). In addition to temperature and WV, we further investigated
the impact of inducer concentrations (IPTG and cumate) on
OLA production. In the engineered strain, genes encoding OLS,

OAC, FadD, and ACC enzymes are expressed under the control
of inducible T7 promoter, for which IPTG serves as inducer.
Excessive IPTG addition has been reported to be toxic toE. coli
cells and will cause inclusion body formation for excessive
proteins biosynthesis,43 resulting in inhibition of enzymatic
activities and thus decreased product biosynthesis.44 To this
end, optimization of IPTG dosage for OLA production is
desirable. Results showed that the JST10-OLS-OAC-FadD-
ACC strain still produced 3.1 mg/L of OLA without addition of
IPTG, likely due to leaky expression under the T7 promoter
(Figure 4C). Upon induction by IPTG, OLA production
increased signi� cantly and a positive correlation was observed
between IPTG dosage and OLA titer up to 100� M. With 100
� M IPTG, the JST10-OLS-OAC-FadD-ACC strain produced
34.8 mg/L of OLA (Figure 4C), which is 30% higher the best
titers achieved by using 50� M IPTG. However, excessive
dosage of IPTG (>100� M) was found to decrease OLA
production.

We also optimized the dosage e� ect of the inducer cumate,
which activates the expression of enzymes in r-BOX by binding
with CymR repressor.45 Results showed that, the JST10-OLS-
OAC-FadD-ACC strain produced the highest level of OLA at
46.3 mg/L when cumate was added at 10� � (Figure 4D). It is
not surprising that the optimal dosage of cumate inducer is
relatively lower than optimal IPTG inducer (100� � ) since
cumate-inducible r-BOX genes,i.e., bktB, fadB, egTER, were
integrated at the single site (atoB, fadB and fabI loci,
respectively)37 of chromosomal DNA of JST10 (DE3) instead
of plasmids, and thus a small dosage of cumate should be enough
for switching on the expression of these genes. Similar to IPTG,
excessive cumate dosage also compromised OLA production
(Figure 4D).

Olivetolic Acid Fermentation in Bioreactor under
Controlled Conditions. In order to obtain higher OLA titer,
a batch fermentation with precise parameter control was
conducted using the engineered strain JST10-OLS-OAC-
FadD-ACC and the identi� ed optimal fermentation conditions.
Under these conditions, cell growth of JST10-OLS-OAC-FadD-
ACC reached the highest OD550of 8 (corresponding cell mass is
approximately 2.64 g/L) at 48 h. During the� rst 24 h, JST10-
OLS-OAC-FadD-ACC consumed a total of� 8.5 g/L of
glycerol, 79 mg/L of hexanoate and produced approximately
80 mg/L of OLA (Figure 5A). To our knowledge, this is the
highest OLA titer achieved in any wild type or engineered
microorganism. In addition, moderate accumulation of pyruvate
was observed in the fermentation medium for removal of
downstream byproducts pathways (Figure 3A). Also, although
pta was deleted in JST10, a small amount of acetate still
produced, which might be due to presence of other unknown
endogenous transferase withinE. coli(Figure S5). Formation of
both unwanted byproducts compromised the OLA yield.
Further, we continued to analyze the toxicity of OLA to
E. coli, and revealed that up to 100 mg/L of OLA did not impact
the � nal cell mass ofE. coli(Figure S6), which excluded the
possibility that the product toxicity compromised OLA
production.

Furthermore, we also observed that with the increase of
fermentation time, OLA titer decreased. Speci� cally, from 24 to
48 h OLA concentration decreased by 50% to 37.4 mg/L. We
hypothesize that the observed decrease in OLA concentration
could be due to (1) OLA is inherently unstable and will degrade
spontaneously in aqueous environments; (2) OLA can be
metabolized byE. colicells. We further analyzed the stability of

Figure 4.Optimization of fermentation conditions for olivetolic acid
production by JST10-OLS-OAC-FadD-ACC. The engineeredE. coli
strain was cultured in LB-like MOPS medium + 2% (wt/v) glycerol in
25 mL shake� asks. (A) E� ects of di� erent temperature on OLA
production with gene expression induced by 50� M IPTG and 100� M
cumate. (B) E� ects of di� erent working volume (WV) on OLA
production with gene expression induced by 50� M IPTG and 100� M
cumate. (C) E� ects of di� erent IPTG dosages on OLA production with
100 � M cumate. (D) E� ects of di� erent cumate dosage on OLA
production with 100� M IPTG. For all experiments, inducers and 4 mM
hexanoate were added after strains reached an OD550 � 0.4� 0.8.
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OLA in the absence and presence of wild typeE. colicells (Figure
5B) and determined that even in the absence ofE. coliMG1655
(DE3), OLA levels decreased over time, with the majority of
OLA decarboxylated to olivetol (Figure 5B). In the presence of
E. colicells, although a portion was still observed to form olivetol,
OLA was degraded more than in the absence of cells, indicating
at least a fraction of OLA was metabolized byE. coli(Figure 5B).
Conversely, to further determine whether olivetol can
spontaneously convert to OLA or be metabolized byE. coli
cells, we conducted a similar experiments with olivetol. Results
showed that olivetol can neither spontaneously convert to OLA
nor be metabolized byE. colicells under our experimental
conditions (Figure 5B). Olivetol seems more stable than OLA in
aqueous environments, which might be related to the absence of
a carboxyl group.46

� CONCLUSIONS
Despite the structural complexity of plant polyketides, the
tractable starting units required for their synthesis enables a
synthetic approach for their production in which PKS and
cyclase components can be integrated with pathways for the
generation of primer and extender units. Here, functional
expression and characterization of theCannabis sativaOLA
synthase and cyclase enzymes con� rmed their requirement for
the synthesis of OLA from hexanoyl-CoA and malonyl-CoA.
Through the direct integration of OLS and OAC with modules
of the� -oxidation reversal aimed at generating hexanoyl-CoA,
we demonstrate the synthesis of the plant natural product OLA
in engineeredE. colifrom a single carbon source. By further
combining these pathways with auxiliary enzymes for additional
hexanoyl-CoA and malonyl-CoA generation, we also identi� ed
the supply of these precursors as a key limiting factor in OLA
synthesis. Through combinational utilization of these auxiliary
enzymes and optimization of fermentation conditions, we
achieved an OLA titer of� 80 mg/L. This represents the� rst
report of OLA synthesis inE. coli, and further demonstrates the
potential for microbial cell factories to overcome the limitations
of direct plant extraction or chemical synthesis to produce plant-
based natural products.

� METHODS
Strains and Culture Conditions. All strains used in this

study are listed inTable 1.E. coliBL21 (DE3) and JST10 (DE3)

were employed as the host strains. Luria� Bertani (LB) medium
was used for culturingE. colicells for plasmid construction.
Modi� ed M9Y medium (6.7 g/L Na2HPO4, 3 g/L KH2PO4, 0.5
g/L NaCl, 1 g/L of NH4Cl, 20 g/L glucose, 10 g/L yeast extract,
2 mM MgSO4, and 0.1 mM CaCl2) was used for the resting cells
biotransformation experiments with all BL21 (DE3) derivatives
strains.24,42,47 The “LB-like” MOPS medium used for JST10
(DE3) strains contains 125 mM MOPS, supplemented with 20
g/L glycerol (or 30 g/L in batch fermentation and olivetolic
acid/olivetol stability assays), 10 g/L tryptone, 5 g/L yeast
extract, 5 mM calcium pantothenate, 2.78 mM Na2HPO4, 5 mM
(NH4)2SO4, 30 mM NH4Cl, 5 � M sodium selenite, 100� M
FeSO4.

24 When necessary, ampicillin, spectinomycin and
kanamycin were added at� nal concentrations of 100, 50, and
50 mg/L, respectively.

Construction of Plasmids. All oligonucleotide primers
used in this study are listed inTable S1. Codon optimized OLS
and OAC17,18fromCannabis sativafor expression inE. coliwere
synthesized by GeneArt (Invitrogen) and then inserted into the
� rst and second multiple cloning site of pETDuet-1,
respectively, resulting into pET-P1-OLS-P2-OAC. FadD and
FadK were PCR-ampli� ed fromE. coliK-12 MG1655 genomic
DNA and inserted into the� rst cloning site of pCDFDuet-1 to
obtain pCDF-P1-FadD/FadK. The malonyl-CoA synthetase
(MCS) gene fromBradyrhizobium japonicum27 was codon
optimized and inserted into the second multiple cloning site of
pCDFDuet-1 to obtain pCDF-P2-MCS. AccA, AccB, AccC and
AccD were PCR-ampli� ed from MG1655 genomic DNA with a
ribosome binding site (RBS) (underlined,Table S1) and
assembled into the second multiple cloning site of pCDFDuet-1
through Gibson Assembly Cloning Kit (NEB) to obtain pCDF-
P2-ACC.

In Vitro Production of Olivetolic Acid. E. coliBL21 (DE3)
was used for expression of His-tagged OLS and OAC proteins,
from their respective pET-P1-OLS and pET-P1-OAC con-
structs. BL21 (DE3) strains containing His-tagged OAC or OLS
genes were grown at 37°C in 0.5 L LB medium with ampicillin.
Enzyme expression was induced by addition of isopropyl-� -D-
thiogalactoside (IPTG) to a� nal concentration of 0.4 mM,
when OD550of the culture was between 0.4 and 0.8. After 18 h of
induction at 37°C, cells were harvested by centrifugation at
12 000 rpm, 4°C, 10 min. The cell pellet was resuspended in
lysis bu� er (20 mM Tris-HCl, 0.5 M NaCl, 5 mM imidazole,

Figure 5.Olivetolic acid (OLA) production and stability. (A) OLA fermentation in bioreactor with controlled conditions. Fermentation was
performed in 400 mL MOPS medium with 30 g/L glycerol in 500 mL bioreactor (Infors). Cultures were grown at 37°C with an initial OD550of 0.07,
100� � IPTG, 10� M cumate and 4 mM hexanoate were added when OD550reached 0.4� 0.8, the pH was maintained at 7.0 by using 1.5 M H2SO4 and
3 M NaOH, the dissolved oxygen level was also monitored. (B) Olivetolic acid stability assays in the absence/presence ofE. coliMG1655 (DE3) cells.
The initial olivetolic acid titer was� 110 mg/L. (C) Olivetol stability assay in the absence/presence ofE. coliMG1655 (DE3) cells. All the olivetolic
acid/olivetol stability assays were conducted in 400 mL MOPS medium with 30 g/L glycerol in 500 mL Infores bioreactor. In the presence ofE. coli
cells,E. coliinitial inoculum was set as OD550 � 0.07. OLA, olivetolic acid; OLO, olivetol.
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0.1% Triton-X 100, pH 8.0) and subjected to sonication using a
Soni� er SFX250 (Branson). Following centrifugation (10 000
rpm, 4°C, 30 min), the supernatant containing soluble protein
fraction was recovered and� ltered through a 0.45� m � lter.

Recombinant His-tagged proteins were puri� ed using TALON
metal a� nity resin (Clontech). Soluble protein extract was
applied to 1 mL packed column of the resin, and after washing
the unbound proteins with wash bu� er (20 mM Tris-HCl, 0.5 M

Table 1. Strains and Plasmids Used in This Study

plasmids/strains genetic characteristics source

Plasmids
pETDuet-1 pBR322 ori with PT7; AmpR Novagen
pCDFDuet-1 CDF ori with PT7; SmR Novagen
pET-P1-OLS pETDuet-1 carryingols This study
pET-P1-OAC pETDuet-1 carryingoac This study
pET-P1-OLS-P2-

OAC
pETDuet-1 carryingolsandoac This study

pCDF-P1-FadD pCDFDuet-1 carryingfadD This study
pCDF-P1-FadK pCDFDuet-1 carryingfadK This study
pCDF-P2-MCS pCDFDuet-1 carryingmcs This study
pCDF-P2-ACC pCDFDuet-1 carryingaccA, accB, accC, accD This study
pCDF-P1-FadD-

P2-MCS
pCDFDuet-1 carryingfadDandmcs This study

pCDF-P1-FadK-
P2-MCS

pCDFDuet-1 carryingfadKandmcs This study

pCDF-P1-FadD-
P2-ACC

pCDFDuet-1 carryingfadDandaccA, accB, accC, accD This study

pCDF-P1-FadK-
P2-ACC

pCDFDuet-1 carryingfadKandaccA, accB, accC, accD This study

pET-P1-RppA pETDuet-1 carryingrppA This study
E. coliStrains
E. coliBL21 (DE3) Host strain for enzymes expression Lab

collection
E. coliJST10 (DE3) � f rdA� ldhA� pta� adhE� poxB� yciA� ybgC� ydiI � tesA� fadM� tesB� fadEDE3 FRT-cymR-PCT5-fadB� fadA::zeo FRT-

cymR-PCT5-bktB� atoBFRT-cymR-PCT5-egTERat fabIchromosomal location
24

BL-OLS-OAC BL21 (DE3) with pET-P1-OLS-P2-OAC This study
BL-OLS-OAC-

FadD
BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD This study

BL-OLS-OAC-
FadK

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadK This study

BL-OLS-OAC-
MCS

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P2-MCS This study

BL-OLS-OAC-
ACC

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-ACC This study

BL-OLS-OAC-
FadD-MCS

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD-P2-MCS This study

BL-OLS-OAC-
FadK-MCS

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadK-P2-MCS This study

BL-OLS-OAC-
FadD-ACC

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD-P2-ACC This study

BL-OLS-OAC-
FadK-ACC

BL21 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadK-P2-ACC This study

MG-OLS-OAC MG1655 (DE3) with pET-P1-OLS-P2-OAC This study
MG-OLS-OAC-

FadD-MCS
MG1655 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD-P2-MCS This study

MG-OLS-OAC-
FadD-ACC

MG1655 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD-P2-ACC This study

JST10-OLS-OAC JST10 (DE3) with pET-P1-OLS-P2-OAC This study
JST10-OLS-OAC-

FadD-MCS
JST10 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD-P2-MCS This study

JST10-OLS-OAC-
FadD-ACC

JST10 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD-P2-ACC This study

JST10-OLS-OAC-
FadD

JST10 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P1-FadD This study

JST10-OLS-OAC-
ACC

JST10 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P2-ACC This study

JST10-OLS-OAC-
MCS

JST10 (DE3) with pET-P1-OLS-P2-OAC and pCDF-P2-MCS This study

JST10-RppA JST10 (DE3) with pET-P1-RppA This study
JST10-MCS-RppA JST10 (DE3) with pET-P1-RppA and pCDF-P2-MCS This study
JST10-ACC-RppA JST10 (DE3) with pET-P1-RppA and pCDF-P2-ACC This study
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NaCl, pH 8.0) supplemented with 20 mM imidazole, the His-
tagged enzymes were eluted from the column with elution bu� er
containing 250 mM imidazole. Puri� ed His-tagged enzymes
were concentrated to a� nal concentration of 2 mg/mL and
elution bu� er was exchanged with storage bu� er (12.5 mM Tris-
HCl, 50 mM NaCl and 2 mM DTT) at 4°C using Amicon
ultra� ltration centrifugal devices. The concentrated enzymes
were stored at� 80°C for enzyme activity assays. Enzyme assays
were performed in a 500� L total reaction volume containing
100 mM potassium phosphate bu� er (pH 7.0), 200� M
hexanoyl-CoA, 400� M malonyl-CoA, 10� g OLS, and 30� g
OAC (when included).18The reaction mixture was incubated at
20°C for 16 h and 20� L sulfuric acid (H2SO4) was added to
terminate the reaction.

Resting Cell Biotransformations for Olivetolic Acid
Production. One milliliter (1 mL) of overnight cultures of
recombinantE. colistrains was inoculated in 50 mL fresh LB
medium in 250 mL shake� ask with ampicillin, and cultivated at
37°C, 200 rpm. When OD550 reached approximately 0.4� 0.8,
0.5 mM IPTG was added. The cultures were then incubated at
22 °C for 15 h. Cells were then harvested by centrifugation,
washed with fresh M9Y medium and resuspended in 50 mL
M9Y medium to OD550� 3 and supplied with 4 mM hexanote
for biotransformation experiments.15,48,49An additional 12 mM
sodium malonate was added when malonyl-CoA synthetase
(MCS) was expressed for malonyl-CoA synthesis. Following
incubation at 22°C for 48 h, the fermentation broth
supernatants were extracted by equal volume of ethyl acetate,
evaporated by nitrogen and resuspended in 1 mL methanol for
HPLC-MS analysis by using Agilent 1200 HPLC system and
Bruker MicroToF ESI LC-MS System. The column used was
Shim-pack XR-ODS II C18, 2.0 mm× 75 mm (Shimadzu).
HPLC conditions were as follows: solvent A = 0.1% formic acid
in H2O; solvent B = methanol;� ow rate = 0.25 mL min� 1; 0� 2.5
min, 95% A and 5% B; 2.5� 20 min, 95% A and 5% B to 5% A and
95% B; 20� 23 min, 5% A and 95% B; 23� 24 min, 5% A and 95%
B to 95% A and 5% B; 24� 30 min, 95% A and 5% B.15,48,49

Fermentation Conditions for Olivetolic Acid Produc-
tion in Shake Flasks.Modi� ed LB-like MOPS medium using
glycerol as carbon source was used for all fermentations.24

Fermentations were conducted in 25 mL Pyrex Erlenmeyer
� asks (narrow mouth/heavy duty rim, Corning)� lled with 5�
20 mL of the MOPS medium with 20 g/L glycerol and sealed
with foam plugs� lling the necks.24A single colony of the desired
strain was cultivated overnight (14� 16 h) in LB medium with
appropriate antibiotics and used as the initial inoculum at the
OD550� 0.07. After inoculation,� asks were incubated at 37°C
and 200 rpm until OD550reached 0.4� 0.8, at which point IPTG
(0� 500� M), cumate (0� 500� M) and hexanoate (4 mM) were
added. Twelve mM sodium malonate was also added when
malonyl-CoA synthetase (MCS) was expressed for malonyl-
CoA synthesis. Flasks were then incubated under the same
conditions for 48 h postinduction unless otherwise stated.

Olivetolic Acid Fermentation in Bioreactor with
Precise Parameter Control.Fermentations were performed
in 400 mL MOPS medium with 30 g/L glycerol in a 500 mL
bioreactor (Infors) at 37°C. An overnight seed culture was used
to inoculate the bioreactor to an of OD550� 0.07 and when the
OD550 reached 0.4� 0.8, 100� M IPTG, 10� M cumate and 4
mM hexanoate were added. pH was maintained at 7.0 by using
1.5 M sulfuric acid (H2SO4) as acid solution and 3 M potassium
hydroxide (NaOH) as base solution. The air� ow rate was set at
50 mL/min, stirring speed was set at 720 rpm. The dissolved

oxygen (DO) level was set at 100% at the beginning, with DO
level monitored but not controlled during the whole
fermentation period.

Olivetolic Acid/Olivetol Stability Analysis. For olivetolic
acid stability assays, 500 bioreactors with the above-described
media and conditions were utilized. The initial olivetolic acid
concentration was� 110 mg/L for olivetolic acid stability
analysis. In the presence ofE. colicells, MG1655 (DE3) was
employed as the testing strain. An overnight seed culture was
used to inoculate the bioreactor an OD550 � 0.07. pH was
maintained at 7.0 by using 1.5 M H2SO4 and 3 M NaOH. The air
� ow rate was set at 50 mL/min.

Similar operation was performed for olivetol stability assay,
only changing the initial olivetolic acid to olivetol (� 80 mg/L).

GC-FID/MS Analysis.Quanti� cation of olivetolic acid was
conductedvia GC-FID analysis using an Agilent 7890 B gas
chromatograph equipped with an Agilent 5977 mass spectro-
scope detector (Agilent) and an HP-5 ms capillary column (0.25
mm internal diameter, 0.25� m � lm thickness, 30 m length;
Agilent). Sample preparation was conducted as follows:502 mL
culture samples were transferred to 5 mL glass vials (Fisher
Scienti� c), 4-pentylbenzoic acid (� nal concentration 50 mg/L)
was added as internal standard. Then 80� L of H2SO4 and 340
� L of 30% (wt/v) NaCl solution were added for pH and ionic
strength adjustment. Two milliliters of hexane was added for
extraction. Vials were sealed with Te� on-lined septa (Fisher
Scienti� c), secured with caps, and rotated at 60 rpm for 2 h. The
samples were then centrifuged for 2 min at 6500 rpm to separate
the aqueous and organic layers. After centrifugation, 1.5 mL of
the top organic layer was transferred to new 5 mL glass vial and
evaporated under a stream of nitrogen. Then, 100� L pyridine
and 100 � L of N,O-Bis(trimethylsilyl)tri� uoroacetamide
(BSTFA) were added to the dried extract for derivatization at
70 °C for 1 h. After cooling to room temperature, 200� L of
derivatization product was transferred to vials (Fisher Scienti� c)
for GC� MS analysis according to the following method: 1� L
were injected into the GC, which was run in splitless mode using
helium gas as a carrier gas with a� ow rate of 1 mL/min. The
injector temperature was 280°C and the oven temperature was
initially held at 50°C for 3 min and then raised to 250°C at 10
°C/min and held for 3 min.

Statistical Analysis. The two-tailedt-test method was
employed to analyze the statistical signi� cance of all data in this
study andp-value <0.05 is deemed statistically signi� cant.
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