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ABSTRACT: Prenylated flavonoids possess a wide variety of biological activities, including estrogenic, antioxidant,
antimicrobial, and anticancer activities. Hence, they have potential applications in food products, medicines, or supplements
with health-promoting activities. However, the low abundance of prenylated flavonoids in nature is limiting their exploitation.
Therefore, we investigated the prospect of producing prenylated flavonoids in the yeast Saccharomyces cerevisiae. As a proof of
concept, we focused on the production of the potent phytoestrogen 8-prenylnaringenin. Introduction of the flavonoid
prenyltransferase SfFPT from Sophora flavescens in naringenin-producing yeast strains resulted in de novo production of 8-
prenylnaringenin. We generated several strains with increased production of the intermediate precursor naringenin, which
finally resulted in a production of 0.12 mg L−1 (0.35 μM) 8-prenylnaringenin under shake flask conditions. A number of
bottlenecks in prenylated flavonoid production were identified and are discussed.
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■ INTRODUCTION

Prenylated flavonoids are a subclass of plant phenolics, which
combine a flavonoid skeleton with a lipophilic prenyl side
chain (see structures of naringenin and 8-prenylnaringenin in
Figure 1). Unlike other flavonoids, they have a narrow
distribution in plants, limited to only several plant families,
including Leguminosae, Moraceae, and Cannabaceae.1,2

Prenylated flavonoids may act as phytoalexins and protect
plants by their antimicrobial activity against pathogens.3 Plants
that contain these compounds have frequently been applied as
medicinal plants. Their pharmaceutical activities, including
anticancer, anti-inflammatory, antimicrobial, and estrogenic
biological activities, are often mediated by the prenylated
flavonoids.4−6 It is hypothesized that the prenyl side chain
improves the membrane permeability of prenylated flavonoids,
which consequently confers enhanced biological activ-
ities.1,7−10 As a result of their health benefits, prenylated
flavonoids are currently investigated as potential biopharma-
ceuticals and functional foods. Last but not least, prenylated
(iso)flavonoids have also received interest because of their
promising antimicrobial activity,11−14 suggesting that they
might also be used as food preservatives or antibiotics in
clinical applications.
A prenylated flavonoid with a very potent phytoestrogen

activity is 8-prenylnaringenin, which is produced in several
plant species, including Sophora flavescens and Humulus lupulus
(hops).15,16 As a result of its estrogenic activity, 8-
prenylnaringenin may have an application in treating the
adverse symptoms of menopause, such as hot flashes and
increased risk of osteoporosis, that result from changes in

hormonal levels in women.17−19 Prenylated flavonoids are
complex molecules, and to produce them by chemical synthesis
is often challenging.20 In plants, they are present at low levels:
for example, 8-prenylnaringenin is present at ±50 ppm in hop
tissues.21 Clearly, large-scale purification of 8-prenylnaringenin
from plants for use as a phytoestrogen supplement would likely
not be technically and economically feasible. As an alternative,
microbial production systems may be used for production of
plant compounds. Microbial production systems for plant
compounds offer the advantage of a predictable yield, price,
and quality, and such systems have been implemented at
commercial scale for an increasing number of plant molecules,
including pharmaceuticals, antioxidants, and fragrance mole-
cules.22,23

Flavonoids have been successfully produced in micro-
organisms by the expression of enzymes from the plant
biosynthetic pathways in the microorganism.24,25 In plants, the
flavonoid biosynthetic pathway starts from L-phenylalanine
(Figure 1). By action of three enzymes, phenylalanine is
converted to coumaroyl-CoA, which is subsequently con-
densed with three molecules of malonyl-CoA to naringenin
chalcone. Naringenin chalcone is then isomerized to
naringenin, which can be further converted to other flavonoids
by a variety of other enzymes. Attempts to produce naringenin

Special Issue: Advances in Bioflavor Research

Received: February 28, 2019
Revised: April 23, 2019
Accepted: April 24, 2019
Published: April 24, 2019

Article

pubs.acs.org/JAFCCite This: J. Agric. Food Chem. 2019, 67, 13478−13486

© 2019 American Chemical Society 13478 DOI: 10.1021/acs.jafc.9b01367
J. Agric. Food Chem. 2019, 67, 13478−13486

This is an open access article published under a Creative Commons Non-Commercial No
Derivative Works (CC-BY-NC-ND) Attribution License, which permits copying and
redistribution of the article, and creation of adaptations, all for non-commercial purposes.

pubs.acs.org/JAFC
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jafc.9b01367
http://dx.doi.org/10.1021/acs.jafc.9b01367
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_ccbyncnd_termsofuse.html


in the yeast Saccharomyces cerevisiae included deregulation of
aromatic amino acid synthesis and introduction of phenyl-
alanine ammonia lyase (PAL), tyrosine ammonia lyase (TAL),
cinnamate 4-hydroxylase (C4H), cytochrome P450 reductase
(CPR), 4-coumaric acid-CoA ligase (4CL), chalcone synthase
(CHS), and chalcone isomerase (CHI) from Arabidopsis
thaliana, which resulted in 400 μM naringenin in the culture
medium, starting from glucose.26 Similar studies have been
performed in bacteria, including Escherichia coli and
Corynebacterium glutamicum.27,28

To produce prenylated flavonoids, a prenyltransferase would
need to be added to the microorganism. Flavonoid prenylation
in plants is mediated by flavonoid-specific prenyltransferases.
These enzymes are membrane-bound proteins, comprising a
number of transmembrane helices, related to the ubiA protein
involved in ubiquinone biosynthesis.29 In plants, prenyltrans-
ferases are often localized to plastids.30,31 Dimethylallyl
diphosphate (DMAPP) is the main prenyl donor accepted
by these enzymes, although some enzymes also accept longer
prenyl donors, such as geranyl diphosphate (GPP) and farnesyl
diphosphate (FPP). A well-characterized example of a

Figure 1. Representation of the 8-prenylnaringenin and isoprenoid biosynthesis pathways. Six A. thaliana genes were overexpressed: PAL,
phenylalanine ammonia lyase; C4H, cinnamate 4-hydroxylase; CPR, cytochrome P450 reductase; 4CL, 4-coumarate-CoA ligase; CHS, chalcone
synthase; and CHI, chalcone isomerase; one gene from S. flavescens: FPT, flavonoid prenyltransferase; one gene from R. capsulatus: TAL, tyrosine
ammonia lyase; and one truncated gene from S. cerevisiae: tHMG1, truncated 3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) reductase. All enzyme
names are in green. Dark blue arrows indicate the 8-prenylnaringenin and isoprenoid biosynthesis pathways. The purple dashed arrow indicates a
route to the side-product phloretic acid, which is produced by the catalytic activity of endogenous TSC13 (a double-bond reductase). The green
arrow indicates a truncated and deregulated copy of the rate-limiting enzyme HMG-CoA reductase (tHMG1).

Table 1. S. cerevisiae Strains Used in This Study

name relevant genotype contains plasmid origin

IMK393 MATalpha ura3-52 his3-Δ1 leu2-3,112 trp1-289 MAL2-8cSUC2 26
Δaro3::loxP ARO4G226S pdc6Δ::loxP pdc5Δ::loxP aro10Δ::loxP

PATW066 IMK393 39
X-2::TEF1P-At4CL3-TEF1T TPI1P-AtCHS3-ADH1T TDH3P-AtCHI1-CYC1T
XII-2::TDH3P-AtPAL1-CYC1T TPI1P-coC4H-ADH1T PGI1P-coCPR1-PGI1T TEF1P-coCHS3-TEF1T

PATW083 PATW066 p414-TEF1p-Cas9-CYC1t this study
PATW088 PATW066 tsc13Δ::TSC13P-coMdECR-TSC13T this study
PATW089 PATW088 p414-TEF1p-Cas9-CYC1t this study
PATW103 PATW088 spr1Δ::TDH3P-coTAL1-CYC1T this study
PATW104 PATW103 p414-TEF1p-Cas9-CYC1t this study
PPF3 IMK393 pMEN2 this study
PPF4 PATW066 pMEN2 this study
PPF5 PATW088 pMEN2 this study
PPF6 PATW103 pMEN2 this study
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flavonoid prenyltransferase is SfFPT from S. flavescens, which
was shown to display a high specific activity for naringenin and
DMAPP as substrates.32

Whereas naringenin production has been demonstrated in
both eukaryotic and prokaryotic microorganisms, yeast may
provide a favorable chassis for producing 8-prenylnaringenin,
because it is capable of de novo production of naringenin and a
number of prenyltransferases have been successfully expressed
in S. cerevisiae.32−34 Another issue of importance is the
availability of prenyl donors, such as DMAPP, which is often
tightly regulated in microorganisms. In yeast, prenyl
diphosphates function as intermediates in the ergosterol
biosynthetic pathway.35 Availability of longer chain prenyl
diphosphates, such as FPP, has been enhanced in yeast, mainly
for the production of sesquiterpenoids, such as artemisinin.36

However, it is as yet not clear whether such engineering also
results in a pool of available DMAPP in yeast for flavonoid
prenylation. Therefore, engineering production of 8-prenylnar-
ingenin in yeast may pose additional challenges, because
alongside the availability of phenylalanine, also the availability
of prenyl donors may need to be engineered. In this paper, we
investigate S. cerevisiae as a production host for plant-derived

prenylated flavonoids. As a proof of principle, we produced the
potent phytoestrogen 8-prenylnaringenin from glucose.

■ MATERIALS AND METHODS
Strains and Maintenance. The S. cerevisiae strains used in this

work are listed in Table 1. In general, yeast strains were grown and
maintained on synthetic medium (6.8 g/L yeast nitrogen base without
amino acids) with 20 g/L glucose (SMG medium) and appropriate
growth factors to supplement the specific auxotrophic requirements of
the strains (30 mg/L uracil, 125 mg/L histidine, 50 mg/L tryptophan,
and 200 mg/L leucine). Some strains were grown in the above
medium supplemented with 250 μM naringenin (SMNar medium),
corresponding to de novo naringenin titers achieved in shake flasks.26

E. coli DH5α electrocompetent cells were used for bacterial
transformations. For plasmid propagation, E. coli DH5α cells were
cultured in lysogeny broth (LB) medium supplemented with
ampicillin (100 mg/L) at 37 °C with 250 rpm agitation. Optical
density was measured at 600 nm using an Ultraspec 10 cell density
meter (Amersham Biosciences). Glycerol stocks were prepared by
adding a final concentration of 20% (v/v) glycerol to the culture, and
1.6 mL aliquots were stored at −80 °C.

Molecular Biology Techniques. All primers were supplied by
Integrated DNA Technologies and are listed in Table 2. DNA
amplification was performed by polymerase chain reaction (PCR)
using Q5 High-Fidelity DNA polymerase (New England Biolabs), and

Table 2. Primers Used in This Study

name sequence description

Assembly of pMEN2

MH5 CAGAAATGACTGTTTTATTGGTTAAAACCATAAAACTTAGATTAGATTGCTATGCTTTC fragment GAPP-TEF1P
MH6 AGAAAGCATAGCAATCTAATCTAAGTTTTATGGTTTTAACCAATAAAACAGTCATTTCTG fragment tHMG1

MH14 GACAAGTTCTTGAAAACAAGAATCTTTTTATTGTCTTAGGATTTAATGCAGGTGACG fragment tHMG1

MH15 GTCCGTCACCTGCATTAAATCCTAAGACAATAAAAAGATTCTTGTTTTCAAGAACTTGTC fragment
TEF1T-AmpR-2 μm

MH16 AAAACACCAGAACTTAGTTTCGACGGATTCATGGGTTCTATGTTGTTGGCTTC fragment coSf FPT

MH17 TGGGAAAGAAGCCAACAACATAGAACCCATGAATCCGTCGAAACTAAGTTCTG fragment GAPP-TEF1P
MH18 GACTACTTCTTGATCCCATTGTTCAGATAATCATGTAATTAGTTATGTCACGCTTAC fragment

2 μm-HIS3-CYC1T
MH19 AATGTAAGCGTGACATAACTAATTACATGATTATCTGAACAATGGGATCAAGAAGT fragment coSf FPT

ML009 TCGGTATAGAATATAATCGGGGATGCC fragment
TEF1T-AmpR-2 μm

ML010 GCGTTTACTGATTACTAGCGAAGCTG fragment
2 μm-HIS3-CYC1T

CP100 CGGTCTTCAATTTCTCAAGTTTCAG diagnostic pMEN2

MH20 GGGTCTCTAACTTGTGGTTCG diagnostic pMEN2

MH21 GATGCTAATACAGGAGCTTCTGC diagnostic pMEN2

ML050 GGGACCTAGACTTCAGGTTGTC diagnostic pMEN2

MM25 CTCTTAGCGCAACTACAGAGAACAGG diagnostic pMEN2

MM28 ACCAGCATTCACATACGATTGACG diagnostic pMEN2

TSC13::coMdECR Integration

CP182 GCTATCTAGAAACCAATTGAGCTATTTGAGAGAGATACATATTTTGAATTTAATTTGAAAATGAAGGTTACTGTTGTTTC coMdECR repair
fragment

CP183 CCACTTCGTGAAAGCTAATATCTCTTTACCTTGCATTTGGGCATGTTGCAAACAGGAGGATTACAAGAATGGTGGCAAG coMdECR repair
fragment

CP184 TGAAAAGGGACTAAGAGCGTG diagnostic TSC13_int

CP185 GATGAAAGCACCGAAAGACC diagnostic TSC13_int

CP186 GACTTTGCCAGTTCAACCAGG diagnostic TSC13_int

CP187 TGCTACTACGCCACTTCGTG diagnostic TSC13_int

SPR1::coTAL1 Integration

CP190 ACACCTTCTTTATTCGAGACTTTCCGTACTAATCCGTACAACGATGACGGTATTCCTGTTTGTAAAACGACGGCCAGT coTAL1 repair
fragment

CP169 CTTCAAAAGCAAATTTTTCAATCTTTCCATGTCAATAACTGGACCTAACGGTTCATTGAGGCAAATTAAAGCCTTCGAGC coTAL1 repair
fragment

CP162 GGTGGGTGGCTAGTATTGGAG diagnostic SPR1_int

CP163 GATGGTCAATTATGACGCCATATTCG diagnostic SPR1_int

CP174 ATTAATGGAAGTTTTGAGTGGTCATG diagnostic SPR1_int

CP175 CGTCTTGTGCAGGATGATC diagnostic SPR1_int
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PCR conditions were adapted to the instructions of the manufacturer.
Plasmids were isolated from E. coli using the NucleoSpin Plasmid
EasyPure kit (Macherey-Nagel). Restriction enzymes were obtained
from New England Biolabs. DNA fragments were separated in 1%
(w/v) agarose gel. DNA fragments were purified using the
NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel). DNA
concentrations were measured with a NanoDrop spectrophotometer.
Yeast transformations were performed with the lithium acetate
method.37 Yeast plasmid and genomic DNA was extracted as
previously described.38

Plasmid Construction. The episomal expression vector pMEN2
was assembled in vivo from five separate DNA fragments using 60 bp
homologous recombination sequences. The S. flavescens Sf FPT
(coSf FPT; GenBank accession number AHA36633) gene was ordered
as a yeast codon-optimized synthetic gBlock gene fragment from
Integrated DNA Technologies. The truncated HMG1 gene fragment
(tHMG1) was amplified from genomic DNA of S. cerevisiae IMK393.
The fragments TEF1T-AmpR-2 μm, GAPP-TEF1P, and 2 μm-HIS3-
CYC1T were amplified from plasmid pUDE188.26 Correct assembly of
the plasmid was confirmed via restriction enzyme analysis and
sequencing (Macrogen). All plasmids used in this study are listed in
Table 3.
Strain Construction. Integration of gene fragments and knockout

of genes was obtained using CRISPR-Cas9, as previously described.39

S. cerevisiae strain PATW066 was transformed with p414-TEF1p-
Cas9-CYC1t, yielding strain PATW083. The native open reading
frame of TSC13 was replaced by its gene orthologue from Malus ×
domestica (MdECR; GenBank accession number XP_008382818), as
described previously.39 Strain PATW083 was transformed with the
gRNA.TSC13 plasmid and the coMdECR integration fragment.
Correct integration of coMdECR was verified by colony PCR and
sequencing. After gRNA.TSC13 and Cas9 plasmid removal, this
resulted in strains PATW088 and PATW089 (Table 1).
The integration of Rhodobacter capsulatus coTAL1 (RcTAL1;

GenBank accession number WP_013066811) was combined with a
SPR1 knockout, as described previously.39 Strain PATW089 was
transformed with the gRNA.SPR1 plasmid and the coTAL1
integration fragment. Correct integration was verified by colony
PCR and sequencing. After gRNA and Cas9 plasmid removal, this
resulted in strains PATW103 and PATW104 (Table 1).
Strains IMK393, PATW066, PATW088, and PATW103 were

transformed with construct pMEN2, resulting in strains PPF3, PPF4,
PPF5, and PPF6, respectively (Table 1).
Sample Preparation and Analytical Methods. Chemicals and

Standards. Ethyl acetate for extractions was purchased from Biosolve
(Valkenswaard, Netherlands). Ultra-high-performance liquid chroma-
tography−mass spectrometry (UHPLC−MS)-grade methanol
(MeOH), acetonitrile (ACN) with 0.1% (v/v) formic acid (FA),
and water with 0.1% (v/v) FA were purchased from Biosolve
(Valkenswaard, Netherlands). Standards of naringenin (≥98%, w/w)
and 8-prenylnaringenin (≥98%, w/w) were purchased from Cayman
Chemical (Ann Arbor, MI, U.S.A.). A standard of 6-prenylnaringenin
(≥98%, w/w) was purchased from Sigma-Aldrich (St. Louis, MO,
U.S.A.).
Production of 8-Prenylnaringenin in S. cerevisiae. Strains

PATW066 and PPF4 were cultured in duplicate under shake flask
conditions on SMG and SMNar medium for 120 h. Shake flask
cultures were grown in 250 mL shake flasks with 50 mL of medium at
30 °C while shaking at 250 rpm. The shake flasks were inoculated to

an OD600 of 0.2 with cells, resuspended in 2 mL of medium, and
obtained from a preculture grown in similar conditions. For
measurement of intra- and extracellular 8-prenylnaringenin, medium
and biomass were separated by centrifugation. The medium was
extracted twice with 10 mL of ethyl acetate using a separation funnel.
The cell pellet was lyophilized and extracted twice with 10 mL of
ethyl acetate. The soluble ethyl acetate portion of extracted medium
or cell pellet was collected and dried under a stream of nitrogen.
Dried compounds were dissolved in 0.5 mL of absolute ethanol
(Merck, Darmstadt, Germany).

Composition analysis of the ethanol extracts was performed
according to a similar method (i.e., same column, eluents, and mass
spectrometer) as described for quantification (see the next section),
with some adaptations. In short, 1 μL was injected on a Accela
UHPLC system (Thermo Scientific, San Jose, CA, U.S.A.) equipped
with a pump, autosampler, and photodiode array (PDA) detector
coupled in-line to a Velos Pro mass spectrometer (Thermo Scientific).
UHPLC separation was performed at 35 °C, and the flow rate was
300 μL min−1. The elution program was started by running
isocratically at 5% B for 1.5 min, followed by 1.5−20 min linear
gradient to 100% B, and 20−25 min isocratically at 100% B.

Mass spectrometric (MS) data were acquired in negative mode
over the m/z range of 150−1500. The source conditions used were a
capillary temperature of 400 °C, source heater temperature of 50 °C,
source voltage of 3.5 kV, and S-lens radio frequency (RF) level of
61.36. Nitrogen was used as sheath gas (20 arbitrary units) and
auxiliary gas (10 arbitrary units).

Standard solutions of naringenin, 8-prenylnaringenin (8-PN), and
6-prenynaringenin (6-PN) were used for screening and identification.

Effect of Enhanced Naringenin Biosynthesis on 8-Prenylnar-
ingenin Production. Strains PPF3, PPF4, PPF5, and PPF6 were
cultured in triplicate under shake flask conditions on SMG medium
for 140 h. Shake flask cultures were grown in 250 mL shake flasks with
50 mL of medium at 30 °C while shaking at 250 rpm. The shake flasks
were inoculated to an OD600 of 0.2 with cells, resuspended in 2 mL of
medium, and obtained from a preculture grown in similar conditions.
At the end of culturing, the whole culture was extracted with 10 mL of
ethyl acetate using a separation funnel. The soluble ethyl acetate
portion was collected, and 2 mL was dried by SpeedVac. Dried
compounds were dissolved in 3 mL of methanol.

All dilutions were made in methanol. Naringenin and 8-
prenylnaringenin were quantified using a Vanquish UHPLC system
(Thermo Scientific) equipped with a pump, autosampler, and
photodiode array detector. The flow rate was 400 μL min−1, of
which two-thirds (266 μL min−1) was directed toward the mass
spectrometer by a splitter behind the PDA detector. MS data were
collected on a Velos Pro linear ion trap mass spectrometer (Thermo
Scientific) equipped with a heated electrospray ionization (ESI) probe
(Thermo Scientific).

For UHPLC separation, the preheater was set to 45 °C, the column
compartment heater was set to 45 °C, and the post-column cooler was
set to 40 °C. The column used was an Acquity UPLC BEH C18 (150
× 2.1 mm inner diameter, 1.7 μm) with a VanGuard guard column (5
× 2.1 mm inner diameter, 1.7 μm) of the same material (Waters,
Milford, MA, U.S.A.). Eluents used were water (A) and ACN (B),
both with 0.1% (v/v) FA. The elution program was started by running
isocratically at 10% B for 1.09 min, followed by 1.09−7.45 min linear
gradient to 80% B, 7.45−8.54 min linear gradient to 100% B, and
8.54−13.99 min isocratically at 100% B. The eluent was adjusted to

Table 3. Plasmids Used in This Study

name relevant characteristics origin

p414-TEF1p-Cas9-CYC1t centromeric plasmid, AmpR, TRP1, TEF1p-Cas9-CYC1t 56; Addgene 43802
p426-SNR52p-gRNA.SPR1.Y-SUP4t 2 μm ori, AmpR, URA3, gRNA-SPR1.Y 39
p426-SNR52p-gRNA.TSC13.Y-SUP4t 2 μm ori, AmpR, URA3, gRNA-TSC13.Y 39
pMEN2 2 μm ori, AmpR, HIS3, TEF1P-tHMG1-TEF1T, GAP1P-coSf FPT-CYC1T this study
pUDE188 template for TEF1T-AmpR-2 μm, GAPP-TEF1P, 2 μm-HIS3-CYC1T 26
pUDI069 template for coTAL1 26
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its starting composition in 1.09 min, followed by equilibration for 5.41
min. Detection wavelengths for ultraviolet−visible (UV−vis) were set
to the range of 190−680 nm, and data were recorded at 20 Hz.
Full MS data were collected in negative ionization mode over the

m/z range of 200−800. Additionally, selected ion monitoring (SIM)
was performed for naringenin (m/z 271) and 8-prenylnaringenin (m/
z 339) with an isolation width of 1.0. The source conditions used
were a capillary temperature of 254 °C, source heater temperature of
408 °C, source voltage of 2.5 kV, and S-lens RF level of 68.85.
Nitrogen was used as sheath gas (50 arbitrary units), auxiliary gas (13
arbitrary units), and sweep gas (2 arbitrary units).
Data were processed using Xcalibur 4.1 (Thermo Scientific).

Naringenin was quantified on the basis of UV absorbance at 280 nm
with a calibration curve of the standard ranging from 0.1 to 50 μg
mL−1 in MeOH (R2 = 0.9997). 8-Prenylnaringenin was quantified on
the basis of SIM with a calibration curve of the standard ranging from
0.01 to 1.0 μg mL−1 in MeOH (R2 = 0.9996).

■ RESULTS

Production of 8-Prenylnaringenin in S. cerevisiae. In
previous work, the S. cerevisiae strain PATW066 was
developed, which was capable of producing naringenin up to
a concentration of 40 μM in the culture medium.39 PATW066
(aro3Δ, ARO4G226S, pdc6Δ, pdc5Δ, aro10Δ, atPAL1↑, coC4H↑,
coCPR1↑, atCHI1↑, atCHS3↑, coCHS3↑, and at4CL3↑) has
been engineered to overproduce aromatic amino acids, and all
naringenin pathway genes have been integrated in its genome.
Therefore, it provides a good platform for the current study.
Two prenyltransferases, SfN8DT-1 and SfFPT from the plant
S. flavescens, have been described that can prenylate naringenin
specifically at the C-8 position.30,32 We selected the enzyme

SfFPT as a prenyltransferase, because it was reported to have
higher affinity and catalytic efficiency with the substrates
naringenin and DMAPP than SfN8DT-1.32 Moreover, a
truncated form of S. cerevisiae 3-methylglutaryl coenzyme A
reductase (tHMG1) was used, to supply DMAPP. HMG1 is
the key regulatory enzyme of the mevalonate pathway in yeast.
Truncated versions of this enzyme, lacking 530 amino acids of
the N terminus, have been shown to promote availability of
prenyl building blocks for terpene biosynthesis in several host
systems, including yeast.36 Overexpression of a cytosolic
HMG-CoA reductase leads to squalene accumulation in
yeast.40,41 We anticipated that it would also contribute to
availability of DMAPP.
The episomal expression vector pMEN2, carrying the yeast

codon-optimized version of S. flavescens Sf FPT and a copy of
tHMG1, was constructed. Plasmid pMEN2 was transformed
into the naringenin-producing strain PATW066, resulting in
strain PPF4. To investigate the formation of prenylated
flavonoids, strains PATW066 and PPF4 were cultured in
shake flasks on SMG and SMNar medium (supplemented with
250 μM naringenin) with glucose as the sole carbon source for
120 h. Supplementation with naringenin was performed to
increase substrate availability for 8-prenylnaringenin produc-
tion. At the end of 120 h, biomass was harvested. The culture
media and yeast cell pellets were extracted and analyzed for 8-
prenylnaringenin using UHPLC−MS (Figure 2 and Figure S1
of the Supporting Information). Production of 8-prenylnar-
ingenin was detected in the culture medium of PPF4 cultures
and not in the culture medium of control strains. Only trace

Figure 2. UHPLC−MS-extracted chromatograms of m/z 339 (negative mode) of culture media and cell pellets of S. cerevisiae strains PATW066
and PPF4. The strains were cultured in duplicate in shake flasks on SMG and SMNar medium (+NAR). At the end of 120 h cultivation, biomass
was harvested. The culture media and cell pellets were both extracted with ethyl acetate. One representative of each duplicate shake flask culture is
shown. 8-Prenylnaringenin (8-PN) standard was injected at 250 μM.
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amounts of 8-prenylnaringenin was detected in the pellet
fraction of PPF4 cultures, suggesting that, like naringenin, the
majority of 8-prenylnaringenin is exported; however, their
export mechanism has not yet been elucidated. Other
prenylated flavonoids, such as 6-prenylnaringenin, were not
detected. This experiment showed that de novo 8-prenylnar-
ingenin production is possible in S. cerevisiae. Interestingly,
cultures of PPF4 that were supplemented with naringenin
showed approximately 12-fold higher production of 8-
prenylnaringenin (on the basis of peak areas), indicating that
production of 8-prenylnaringenin is limited by availability of
naringenin in strain PPF4.
Effect of Enhanced Naringenin Biosynthesis on 8-

Prenylnaringenin Production. As a next step, strain
PATW066 was engineered for enhanced naringenin produc-
tion, with the aim to improve de novo 8-prenylnaringenin
production. Strain PATW066 not only showed naringenin
production up to a concentration of 40 μM but also
production of phloretic acid up to 160 μM.39 Recently, S.
cerevisiae TSC13, an essential endogenous double-bond
reductase involved in fatty acid synthesis, was identified as
the responsible enzyme for the formation of phloretic acid via
the reduction of coumaroyl-CoA. When TSC13 was replaced
by MdECR, an orthologue from apple (M. domesticus),
phloretic acid production was eliminated and naringenin
production improved.42 Therefore, the TSC13 coding
sequence in strain PATW066 was replaced with a yeast
codon-optimized version of MdECR (coMdECR), which
resulted in strain PATW088 (aro3Δ, ARO4G226S, pdc6Δ,
pdc5Δ, aro10Δ, tsc13Δ, atPAL1↑, coC4H↑, coCPR1↑,
atCHI1↑, atCHS3↑, coCHS3↑, at4CL3↑, and coMdECR). In
addition, the tyrosine ammonia lyase gene from R. capsulatus
(coTAL1) was introduced in strain PATW088, with the aim to
also tap from the yeast tyrosine pool. This resulted in strain
PATW103 (aro3Δ, ARO4G226S, pdc6Δ, pdc5Δ, aro10Δ, tsc13Δ,
spr1Δ, atPAL1↑, coC4H↑, coCPR1↑, atCHI1↑, atCHS3↑,
coCHS3↑, at4CL3↑, coMdECR, and coTAL1↑). Plasmid
pMEN2 was transformed to strains IMK393, PATW066,
PATW08, and PATW103, resulting in strains PPF3, PPF4,
PPF5, and PPF6, respectively. These strains were cultured
under shake flask conditions using minimal medium and
glucose as the sole carbon source for 140 h. At the end of
cultivation, the total culture was extracted and extracts were
analyzed for naringenin and 8-prenylnaringenin production
using UHPLC−MS (Table 4). Naringenin production
increased 5-fold from 18 mg L−1 (66 μM) by strain
PATW066 to 100 mg L−1 (367 μM) by strain PATW103.
The amount of 8-prenylnaringenin in the medium increased
approximately 10-fold to a concentration of 0.12 mg L−1 (0.35
μM).

■ DISCUSSION
In this work, we describe de novo production of a prenylated
flavonoid in S. cerevisiae, starting from glucose. Although yields
of 8-prenylnaringenin are still low, this opens the opportunity
to produce prenylated flavonoids in microbial systems, as an
alternative to extraction from plants. In previous studies, the
production of plant-derived prenylated flavonoids in micro-
organisms was only achieved via bioconversion of an
intermediate that was supplied to the culture. For example,
the β-bitter acid and desmethyl xanthohumol pathways from
hops were recently reconstructed in yeast.33,43 In both studies,
coumarate was added to the culture medium. Also, yeast

expressing the SfN8DT-1 prenyltransferase was fed with
naringenin in a biotransformation experiment for the
production of 8-prenylnaringenin.34

Enhancing Naringenin Production Promotes the
Formation of 8-Prenylnaringenin. In this study, we
identified metabolic bottlenecks that limit the production of
8-prenylnaringenin in S. cerevisiae. Our strategy to increase
yields was aimed at strengthening the supply of naringenin as a
precursor. Previously, we observed improved anthocyanin
production upon integration of coTAL1 and by preventing
phloretic acid production through gene replacement of
TSC13.39 Implementing these modifications in the naringe-
nin-producing strain PATW066 indeed improved naringenin
production 5-fold and resulted in approximately 10-fold higher
yields of 8-prenylnaringenin (0.12 mg L−1). Still, only a small
fraction of produced naringenin is prenylated. This suggests
that other limitations still exist for prenylation of flavonoids.
One likely limitation is the availability of the prenyl donor
DMAPP. As a first strategy to boost the flow through the
mevalonate pathway and improve DMAPP levels, we overex-
pressed tHMG1. In a recent study, a similar strategy was
deployed for enhancing the production of prenylated β-
carbolines, which derive from tryptophan.44 Interestingly, the
overproduction of the prenyl donor DMAPP was more
effective than overproduction of tryptophan.

Enhancing Prenyl Donor Availability To Improve 8-
Prenylnaringenin Production. Downregulation of endoge-
nous FPP synthase (ERG20) activity could be a second
strategy to engineer the availability of DMAPP and increase 8-
prenylnaringenin production in yeast. DMAPP and its isomer
isopentenyl pyrophosphate (IPP) are converted to farnesyl
pyrophosphate (FPP) by activity of the FPP synthase. In a
previous study, a 44-fold increase in bioconversion of
naringenin to 8-prenylnaringenin by SfN8DT-1 was observed
for an engineered yeast strain (DD104).33 In this strain, the
FPP synthase has been mutated (K197E), by which its activity
was reduced, and the squalene synthase (ERG9) has been
disrupted.45 However, the DD104 strain has major growth
defects and needs supplementation of ergosterol to its
medium. Possibly, to improve 8-prenylnaringenin production
in our best naringenin-producing strain (PATW103), down-
regulating FPP synthase activity by introduction of mutations
in the FPP synthase gene may increase availability of DMAPP,

Table 4. Product Formation in S. cerevisiae Strains PPF3,
PPF4, PPF5, and PPF6 in Shake Flask Culturesa

concentration (mg L−1 medium ± StDev)

sampleb naringenin 8-prenylnaringenin

strain PPF3 ndc nd
strain PPF4 18 ± 2 0.010 ± 0.004d

strain PPF5 95 ± 5 0.015 ± 0.0002d

strain PPF6 100 ± 8 0.119 ± 0.028
aThe strains were grown in shake flasks with 50 mL of SMG. The
whole culture was extracted after 140 h of culturing at 30 °C. The
metabolite concentrations of naringenin and 8-prenylnaringenin
expressed in mg L−1 were measured by liquid chromatography−
mass spectrometry (LC−MS). Data represent the average ± standard
deviation (StDev) of independent biological triplicates. bStrain PPF3
was used as a negative control with only one biological replicate. cnd
= not detected in LC−MS with SIM. dQuantification of 8-
prenylnaringenin in these cases was based on a standard curve,
which did not extend beyond 0.03 μg mL−1 medium.
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especially in combination with overexpression of tHMG1.
Several mutations that downregulate FPP synthase activity
have been described, such as K197S, F96W-N127W, and
K254A.46−48 Targeted mutations in ERG20 may be introduced
using CRISPR RNA-guided programmable deaminases (base
editors).49 Alternatively, ergosterol biosynthesis can also be
downregulated chemically, as was demonstrated for the
production of lupulones in yeast.50 Several other strategies
that could improve prenyl donor availability have been
described, including overexpression of IDI1 (IPP isomerase)51

and disruption of the polyprenyl transferase COQ2 gene, which
disables the use of prenyl diphosphates for ubiquinone
synthesis.34

Subcellular Location of Enzymes May Affect 8-
Prenylnaringenin Production. Another important consid-
eration is the subcellular compartment in which the ectopic
metabolic enzymes and intermediates are localized. Like other
plant prenyltransferases, SfFPT prenyltransferase is predicted
to be localized in the plant plastid. In the absence of a plastid
organelle in yeast, it is probably localized to the outer
membrane. On the other hand, sterol biosynthesis in yeast is
known to largely take place in the cytosol and mitochondria
and on the endoplasmatic reticulum (ER),52,53 and also
naringenin seems to be produced largely in the cytosol and on
the ER.54,55 Thus, it could make sense to relocate the
prenyltransferase to the ER membrane, to bring it closer to its
substrates.
In conclusion, we have successfully shown de novo

production of 8-prenylnaringenin in S. cerevisiae. The
engineered yeast generated in this study produced up to 0.12
mg L−1 (0.35 μM) 8-prenylnaringenin under shake flask
conditions. At the same time, a number of bottlenecks were
identified, in particular with regard to the efficiency of
prenylation. Engineering these bottlenecks will require tuning
the balance between ergosterol formation and availability of
DMAPP as a donor for the prenyltransferase. Higher yields are
expected from increasing the availability of the prenyl donor.
The strains developed in this work represent an important
platform for future development of economical production of
8-prenylnaringenin and potentially other relevant prenylated
flavonoids, such as xanthohumol. The current platform can
also be used to discover novel genes coding for flavonoid
prenyltransferases. This study indicates the potential of
engineered yeast for the production of plant prenylated
flavonoids.
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(A) UHPLC−MS extracted ion chromatograms of m/z
339 (negative mode) of the culture medium of S.
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standard (Figure S1) (PDF)
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