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a b s t r a c t

Flavonoids are plant phenolic compounds that have many interesting medicinal properties. Therefore,
there is interest in the synthesis of non-natural flavonoids as they may possess new or enhanced biological
activities. In this study, metabolically engineered Saccharomyces cerevisiae expressing 4-coumaroyl:CoA-
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ligase (4CL) and chalcone synthase (CHS) was explored as a platform for producing non-natural flavanones
and dihydrochalcones. By precursor addition of cinnamic acid analogues to the engineered yeast, numer-
ous non-natural flavanones and dihydrochalcones were formed in vivo. Also, several CHS derailment
products were formed. Of the isolated compounds, one flavanone and three derailment products were
found to be novel compounds.
alactose inducible promoter
accharomyces cerevisiae

. Introduction

Flavonoids are a large class of secondary metabolites derived
rom the phenylpropanoid pathway. In plants, flavonoids have
everal functions including act as pigments, as well as pro-
ection against UV radiation, microbial invasion, insects, and
nimals [1–3]. It has been shown that many flavonoids bene-
t human health, as they possess antioxidant, anti-inflammatory,
nd anti-carcinogenic activity [4–9] In the first step of flavonoid
iosynthesis, phenylalanine and/or tyrosine are deaminated
y phenylalanine ammonia-lyase (PAL) to give cinnamic acid
nd p-coumaric acid, respectively. Cinnamate-4-hydroxylase
C4H) hydroxylates cinnamic acid at the para position, giving
-coumaric acid. Phenylpropanoic acids are ligated with coen-
yme A (CoA) by 4-coumaroyl:CoA-ligase (4CL), creating CoA
hioesters. Chalcone synthase (CHS) then catalyzes the conden-
ation of phenylpropanoid CoA thioesters with three acetate
nits from malonyl-CoA to form chalcones. Chalcones can
ither undergo ring closure, to give a racemic mixture of fla-
anones, or a single enantiomer by chalcone isomerase (CHI).
lavanones are the precursors to the further biosynthesis of other

avonoids, such as flavones, flavonols, isoflavones, and antho-
yanins [10–12].

Since flavonoids have significant medicinal properties, non-
atural flavonoids (flavonoids with non-natural substituents
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incorporated in their structures) may also possess interest-
ing biological activity, and hence have potential pharmaceutical
uses. Therefore, there is an interest in synthesizing non-
natural flavonoids. Chemical-enzymatic synthesis of non-natural
flavonoids and polyketides have been pursued, but these meth-
ods require enzymatic or chemical synthesis of CoA thioesters
which are then used as substrates to the polyketide synthase
[13–15]. The enzymatic methods require the use of expensive
cofactors (e.g. ATP, CoA) limiting the ability to scale up the syn-
thesis. There has been considerable recent interest in the area of
metabolic engineering of microorganisms for the production of
flavonoids [12,16,17]. Flavonoids can be synthesized by expressing
enzymes involved in flavonoid biosynthesis in recombinant hosts
such as Saccharomyces cerevisiae and E. coli, where the cofactors
required by the enzymes are biosynthesized by the host. These
metabolically engineered microorganisms can be used to synthe-
size non-natural flavonoids by a precursor directed biosynthesis
approach [18]. First, a non-natural substrate is added to an organ-
ism expressing a biosynthetic pathway, and if the substrate and
the corresponding intermediates are accepted by the enzymes in
the pathway, this non-natural substrate is incorporated into the
final products. This method has shown promise for production of
non-natural flavonoids such as flavanones, flavonols, and stilbenes
[19,20].

This study demonstrates the ability of metabolically engi-

neered S. cerevisiae, expressing 4CL and CHS from the flavonoid
biosynthesis pathway, to synthesize novel non-natural fla-
vanones from cinnamic acid analogues and dihydrochalcones from
phenylpropanoic acids by the precursor directed biosynthesis
approach.

dx.doi.org/10.1016/j.molcatb.2010.05.017
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:jamorgan@purdue.edu
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. Materials and methods

.1. Chemicals

2-Aminocinnamic acid and 3-aminocinnamic acid was
urchased from City Chemical LLC (West Haven, CT). 2-
hlorocinnamic acid was purchased from ACROS Organics
Geel, Belgium). 3-Methoxycinnamic acid, 2-methylcinnamic acid,
-methoxycinnamic acid, was purchased from Alfa Aesar (Ward
ill, MA). 5-Bromo-2-methoxy cinnamic acid, 2-chloro-6-fluoro
innamic acid, 3-chlorocinnamic acid, trans-2,3-dimethoxy-
innamic acid, 2-ethoxycinnamic acid, 2-fluorocinnamic acid,
-fluorocinnamic acid, hydrocinnamic acid (phenylpropanoic
cid), 2-hydroxycinnamic acid, 3-hydroxycinnamic acid, 3-
ethylcinnamic acid, 4-methoxycinnamic acid, 2-nitrocinnamic

cid, 3-nitrocinnamic acid, phloretic acid (dihydro-p-coumaric
cid), urocanic acid (3-(4-Imidazolyl)acrylic acid), were of the
ighest available purity and purchased from Sigma–Aldrich Co. (St.
ouis, MO). Phloretin was purchased from MP Biomedical (Solon,
H).

.2. Strain and plasmid

Saccharomyces cerevisiae strain AH22 (MATa leu2-3 leu2-112
is4-519 can1) (ATCC 38626) and S. cerevisiae strain, WAT11U,
derivative of the W303-B strain (MAT a; ade2-1; his3-11, -15;

eu2-3, -112; ura3-1; canR; cyr+) were used as the host strains.
he plasmid pKS2�Hyg containing 4CL and CHS open reading
rames (pKS2�Hyg-4CL-CHS) with individual galactose inducible
romoters (GAL10) controlling expression was constructed as pre-
iously described [21,22]. The 4CL gene (GenBank accession no.
18675) is from the plant Arabidopsis thaliana, and CHS (GenBank
ccession no. AF315345) is from the plant Hypericum androsae-
um.

.3. E. coli and yeast manipulations

The plasmid pKS2�Hyg-4CL-CHS was transformed into chem-
cally competent E. coli TOP10 F’ cells according to the

anufacturer’s protocol. Recombinant E. coli TOP10 F’ (Invitro-
en) was grown at 37 ◦C in Luria Bertani broth supplemented with
00 �g/mL of ampicillin for maintenance of plasmid. The plasmid
KS2�Hyg-4CL-CHS was transformed into S. cerevisiae using the

ithium acetate/SS carrier DNA/PEG method [23]. Yeast transfor-
ants were selected on YPDH agar plates that were incubated at

0 ◦C for about 3 days. Yeast strains were grown at 30 ◦C in YPDH
nd YPLH media. YPDH media contains 10 g/L yeast extract, 20 g/L
eptone, 20 g/L glucose, and 200 �g/mL Hygromycin (A.G. Scien-
ific, San Diego, CA). YPLH is similar to YPDH, but contains the same
uantity of galactose instead of glucose. Hygromycin was added
efore inoculation of media.

.4. Substrate Screening

A single colony of AH22 or WAT11U harboring pKS2�Hyg-4CL-
HS from a YPDH plate was inoculated in 10 mL of YPDH and grown

or about 24 h at 30 ◦C with shaking at 300 rpm. Culture tubes con-
aining 10 mL of YPDH were inoculated to achieve an initial OD600
f 0.05. After approximately 20 h of growth, the cultures were cen-
rifuged at 1000 × g for 5 min. The cells were resuspended in 10 mL
f YPLH medium in order to induce gene expression. After 6 h

f induction, substrate dissolved in DMSO was added to the cul-
ure to give an initial concentration of 500–600 �M. Samples were
aken after about 20 h and were quenched with an equal volume
f methanol. The samples were then centrifuged at 18,000 × g for
min and the supernatant was stored at −20 ◦C prior to HPLC anal-
lysis B: Enzymatic 66 (2010) 257–263

ysis. Product formation was determined by formation of new peaks
on the HPLC chromatogram.

2.5. Fermentation and product isolation

A single colony of AH22 harboring pKS2�Hyg-4CL-CHS from
a YPDH plate was inoculated in 50 mL of YPDH in a 250 mL flask
and grown for about 24 h at 30 ◦C with shaking at 300 rpm. Three
1-L flasks containing 300 mL of YPLH were inoculated with the
appropriate volume of cells from overnight culture to achieve an
OD600 = 0.05. After 5 h the cinnamic acid analogue was added to the
culture in powder form to achieve a calculated initial concentration
of 1 mM. Cultures were incubated at 30 ◦C with shaking at 300 rpm
for 3 days. After fermentation, the cells were removed by centrifu-
gation at 600 × g (2000 rpm using JA-14 rotor) for 10 min. Next,
the combined supernatant was extracted twice with equal volumes
of ethyl acetate. The ethyl acetate fractions were concentrated by
rotary evaporation and the isolated residue was resuspended in
methanol and stored at −20 ◦C.

2.6. Chromatography and product purification

Flavonoids produced by AH22 expressing 4CL and CHS were
analyzed by high performance liquid chromatography (HPLC) using
an Agilent Zorbax SB-C18 column (4.6 mm × 75 mm) with the col-
umn temperature maintained at 30 ◦C. Solvent A was 1.5% (v/v)
acetic acid in water; solvent B was methanol. Solvent B was main-
tained at 10% for 4 min, then increased to 60% over 42 min, and
held for 4 min before increased to 70% in 2 min and maintained for
2 min. Solvent B was returned to 10% over 2 min. Phloretin produc-
tion was analyzed by HPLC using the following method. Solvent A
was 1.5% (v/v) acetic acid in water and solvent B was acetonitrile.
Solvent A was then held at 90% for 4 min. Solvent A was decreased
from 90% to 40% over 42 min, and then held at 40% for 4 min. Sol-
vent A was decreased further to 30% over 2 min and held for 2 min
before returning back to 90%. The flow rate was 0.9 mL/min with an
injection volume of 20 �L. Preparative HPLC was performed using
an Agilent Zorbax SB-C18 column (9.4 mm × 100 mm) with the col-
umn temperature maintained at 30 ◦C. Solvent A was 1.5% (v/v)
acetic acid in water; solvent B was acetonitrile. The flow rate was
2.0 mL/min. Solvent A was held at 95% for 2 min and then decreased
from 95% to 35% over 23 min. Solvent A was then increased back to
95% over 2 min. Fractions were collected with a Foxy Jr. fraction
collector (Teledyne Isco, Lincoln, NE).

2.7. LC/MS

Electrospray ionization analyses were carried out on a Waters
Micromass Q-TOF micro mass spectrometer system (Waters, Mil-
ford, MA). Samples were analyzed by HPLC on a C18 column
(2.1 mm × 150 mm, Waters) by the following method. A was 1.5%
(v/v) acetic acid in water; solvent B was acetonitrile. The flow rate
was 0.3 mL/min and the column temperature maintained at 30 ◦C.
After 20 �L of sample was injected, solvent B was 5% for 4 min, then
was increased to 50% over 56 min, and held for 5 min, before it was
returned to 5% in 5 min. UV absorbance at 290 nm was monitored
for detection of novel flavonoids. Negative ion mode was applied
with the mass spectrometer scan range from 50 to 600 m/z.

2.8. MS analysis
Isolated residues samples were dissolved in methanol in prepa-
ration for mass spectrometry analysis. Electrospray ionization MS
and Tandem MS (MS/MS) were carried out on a FinniganMAT LCQ
Classic (ThermoFinnigan Corp., San Jose, CA) mass spectrometer
system in either the negative or positive ion mode. Tandem MS
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Table 1
Screening of cinnamic acid analogues for metabolism by 4CL and CHS in recombinant
S. cerevisiae.

Substrate Name New products
formed by
4CL-CHSa

# of new products
detected by HPLC.

Cinnamic acid analogues

2-Aminocinnamic acidb Yes 1
3-Aminocinnamic acidb Yes 2
5-Bromo-2-methoxy cinnamic acid Yes 3
2-Chlorocinnamic acid b Yes 1
3-Chlorocinnamic acid b Yes 1
2-Chloro-6-fluoro cinnamic acid Yes 4
2,3-Dimethoxycinnamic acid No -
2-Ethoxycinnamic acid No -
2-Fluorocinnamic acid b Yes 2
3-Fluorocinnamic acid b Yes 2
2-Hydroxycinnamic acidb Yes 3
3-Hydroxycinnamic acid b Yes 3
2-Methylcinnamic acid b Yes 3
3-Methylcinnamic acid b Yes 2
2-Methoxycinnamic acid No -
3-Methoxycinnamic acid Yes 2
4-Methoxycinnamic acid No -
2-Nitrocinnamic acid No -
3-Nitrocinnamic acid Yes 2
Urocanic acid Yes 1
Phenylpropanoic acids
Phenylpropanoic acid Yes 1
Phloretic acid Yes 2

a

S.R. Werner et al. / Journal of Molecula

esults were obtained by selecting the ion of interest. The precursor
on was then subjected to collision-induced dissociation, resulting
n the formation of product ions. The collision energy was set to
0% of the maximum available from the 5-V tickle voltage, with a
-mass-unit isolation window.

.9. 1H NMR analysis

In preparation for proton NMR analysis, the isolated residues
ere dried then resuspended in deuterated methanol. The 1H NMR

pectra were acquired on a Bruker DRX 500 MHz spectrometer.
orrelation spectroscopy (COSY) was used to find which protons
re spin–spin coupled to each other to determine molecular struc-
ure. Chemical shifts are referenced to the methanol solvent peak
t 3.3 ppm.

. Results and discussion

.1. Substrate screening for production of non-natural flavonones

In a previous study, Jiang et al. [22] constructed a metaboli-
ally engineered S. cerevisiae expressing PAL, 4CL and CHS from
he flavonoid biosynthetic pathway capable of producing the
avanones naringenin and pinocembrin from the amino acids
henylalanine and tyrosine. The dihydrochalcones, phloretin and
′,4′,6′-trihydroxydihydrochalcone as well as CHS derailment prod-
cts were also produced. Jiang et al. [21] also reported formation of
avanones and dihydrochalcones by addition of cinnamic acid and
-coumaric acid to S. cerevisiae coexpressing 4CL and CHS. There-
ore, we examined the ability of this yeast stain expressing 4CL
nd CHS as a platform for production of non-natural flavonoids by
ddition of cinnamic acid analogues to the yeast cultures.

As a screen for cinnamic acids that could be accepted through
he engineered pathway, 22 cinnamic acid analogues were indi-
idually added to recombinant yeast cultures expressing 4CL and
HS, and the products formed were compared against a control
here no substrate was added. Formation of new peaks on HPLC

hromatograms by monitoring 290 nm compared to the control
ndicated the possible formation of non-natural flavonoids and
ovel CHS derailment products. The majority of the substrates
ested showed formation of new products by HPLC (Table 1). This
ould indicate 4CL and CHS have broad substrate specificity and
apable of metabolizing many non-natural cinnamic acids. To con-
rm the new products being formed in the substrate screening
ssay were the corresponding non-natural flavanones or derail-
ent products from CHS, LC/MS analysis was performed on a select

umber samples. For some of the screened analogues, only one or
wo of the proposed products were detected (Table 2). Two types of
ossible products, analogues of pinocembrin (1b–10b) and tetrake-
ide lactones (1c–10c), have the same molecular weight and could
ot be differentiated by LC/MS. Due to lack of authentic standards, it

s not possible to definitely conclude which of these products have
een produced. Products from 10 of the 22 cinnamate analogues
dded to the AH22 host coexpressing 4CL and CHS were analyzed
y LC/MS (Table 2).

The results showed that all ten of the tested compounds could
e metabolized by 4CL and CHS. Based on the structure of prod-
cts from CHS and the molecular weight of metabolites detected
y negative ion mode LC/MS, the structures of major products
ere proposed. The effects of functional group substitution on
he cinnamic acid aromatic ring gave interesting trends in prod-
ct distributions. Among the tested analogues, 1a produced only
etraketide products but 2a produced only dihydrochalcone and
riketide lactone products. 3a produced only tetraketide products
ut 4a produced both tetraketide products and triketide lactone.
As determined by new peaks on the HPLC chromatogram compared to control
by monitoring 290 nm.

b Samples that were selected for LC/MS analysis to confirm formation of products
from CHS.

5a and 6a gave products with a reduced carbon-carbon double
bond, dihydrochalcone and the triketide derailment products. 7a
produced a tetraketide product but 8a produced only a triketide
lactone. 9a and 10a both produced tetraketide products. In gen-
eral, all substrates with R1 substitution regardless of size or polarity
produced tetraketide products except for 5a. Substrates with R2
substitutions tend to produce the reduced dihydrochalcone and
triketide lactone products.

3.2. Production of non-natural flavanones and polyketides

Precursor addition of cinnamic acid analogues to the S. cerevesiae
strain AH22 expressing 4CL and CHS was scaled up to 3× 300 mL
scale fermentations (900 mL combined) to isolate a significant
quantity of products for further characterization. The non-natural
flavanones and polyketides that were isolated in significant quan-
tity are shown in Fig. 1.

The product isolated from addition of 2-methylcinnamic acid
(1a, Fig. 1) to the engineered yeast occurred at a retention time
of 25.5 min and UV spectrum had �max = 289 nm. ESI-MS spectrum
gave a parent ion peak [M+H]+ at m/z 271 suggesting the conden-
sation of three malonyl-CoA by CHS. Analysis of 1H NMR and COSY
spectra revealed two aromatic protons of ring-A (ı 5.9), four cou-
pled aromatic protons of ring-B (ı 7.53 and 7.25), three methyl
protons (ı 2.38), and two �-carbonyl protons (ı 3.1 and 2.72)
coupled to one proton (ı 5.67), confirming ring closure and the
structure of 2′-methyl-5,7-dihydroxyflavanone (1b, Fig. 1). A quan-
tity of 3 mg of 1b was isolated from the fermentation. A chemical
synthesis of this flavanone has been reported in the literature, but
this is the first report using precursor directed biosynthesis [24,25].
The product isolated from addition of 2-aminocinnamic acid
(9a, Fig. 1) to the engineered yeast occurred at a retention time of
19.8 min and the UV spectrum had �max = 289 nm. ESI-MS spectrum
gave a parent ion peak [M–H]− at m/z 270 suggesting the conden-
sation of three malonyl-CoA by CHS. Tandem MS on the parent ion
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Table 2
Products from incubation of cinnamic acid analogue substrates (1a–10a) with AH22 coexpressing 4CL and CHS. R1 and R2 are substituted functional group on the aromatic
ring of cinnamate; 1b–10b are pinocembrin analogues; 1c–10c are coumaroyltriacetic acid lactones (CTAL); 1d–10d are 2′ ,4′ ,6′-trihydroxydihydrochalcone products; 1e–10e
are triketidelactones.

.

Cinnamic acid analog substrates Substitution Products

R1 R2 b or c d e

1a Me – Yes No No
2a – Me No Yes Yes
3a OH – Yes No No
4a – OH Yes Yes Yes
5a F – No Yes Yes
6a – F No Yes Yes
7a Cl – Yes No No
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8a –
9a NH2

10a –

ave a major fragment at m/z 252 corresponding to [M–H–H2O]−.
nalysis of 1H NMR and COSY spectra revealed two aromatic pro-

ons of ring-A (ı 5.9), four coupled aromatic protons of ring-B (ı
.23, 7.1, 6.78 and 6.72), and two �-carbonyl protons (ı 3.3 and
.75) coupled to one proton (ı 5.55), confirming ring closure and
he structure of 2′-amino-5,7-dihydroxyflavanone (9b, Fig. 1). A
uantity of 1.2 mg of 9b was isolated from the fermentation. This
avanone has not been previously reported.

When 3-aminocinnamic acid (10a, Fig. 1) was incubated with
he engineered yeast, two products were isolated by HPLC. The
rst product occurred at a retention time of 14.5 min and UV spec-
rum had �max = 290 nm. ESI-MS spectrum gave a parent ion peak
M–H]− at m/z 270 suggesting the condensation of three malonyl-
oA by CHS. Tandem MS on the parent ion gave a major fragment
t m/z 226 corresponding to [M–H–CO2]−, suggesting the presence
f a pyrone ring. In addition, positive ion mode ESI-MS spectrum
ave a parent ion peak [M+H]+ at m/z 272 consistent with the con-
ensation of three malonyl-CoA by CHS. Tandem MS on the parent

on in positive ion mode gave the fragments at m/z 153 and m/z
46 corresponding to fragmentation around the central ketone of a
HS derailment product. Based on the above evidence, we hypoth-
size the residue is a derailment product from CHS that could be
dentified as the structure of 10c (Fig. 1). A quantity of <1 mg of
he product was isolated from the fermentation. The second prod-

ct occurred at a retention time of 12.9 min and UV spectrum had
max = 287 nm. ESI-MS spectrum gave a parent ion peak [M–H]−

t m/z 272 suggesting the condensation of three malonyl-CoA by
HS. Tandem MS on the parent ion gave a fragment at m/z 228 cor-
esponding to [M–H–CO2]−, suggesting the presence of a pyrone
No No Yes
Yes No No
Yes Yes No

ring. In addition, positive ion mode ESI-MS spectrum gave a parent
ion peak [M+H]+ at m/z 274 consistent with the condensation of
three malonyl-CoA by CHS. Tandem MS on the parent ion in positive
ion mode gave a fragment at m/z 148 corresponding fragmentation
around the central ketone of a CHS derailment product. Based on
the above evidence, we hypothesize the residue is a derailment
product from CHS that could be identified as the structure 10f, the
dihydro form of 10c (Fig. 1). A quantity of <1 mg of product was iso-
lated from the fermentation. These derailment products have not
been reported in the literature.

The product isolated from addition of urocanic acid (11a, Fig. 1)
to the engineered yeast occurred at a retention time of 8.2 min and
UV spectrum had �max = 284 nm. ESI-MS spectrum gave a parent
ions peak [M–H]− at m/z 245 and [2M–H]− m/z 491 (dimer) sug-
gesting the condensation of three malonyl-CoA by CHS. Tandem MS
of the parent ion gave a major fragment at m/z 201 corresponding to
[M–H–CO2]−, indicating the presence of a pyrone ring. A quantity of
2.2 mg of product was isolated from the fermentation. Based on the
above evidence, we hypothesize the residue is a derailment prod-
uct from CHS that could be identified as the structure of 11c (Fig. 1).
This derailment product has not been reported in the literature.

3.3. Production of dihydrochalcones
Jiang et al. [22] hypothesized the dihydrochalcones formed
in addition to the flavanones naringenin and pinocembrin from
the metabolically engineered yeast is due to endogenous reduc-
tases capable of reducing the carbon–carbon double bonds of
cinnamic acid and p-coumaric acid. This suggested, in addition
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F cursor addition of cinnamic acid analogues to S. cerevisiae AH22 expressing 4CL and CHS.

t
p
d

e
F
3
c
p
o
o
s
g
a
f
c
p
fi
a

ig. 1. Biosynthesis of non-natural flavanones and CHS derailment products by pre

o cinnamic acids being metabolized through 4CL and CHS, that
henylpropanoic acids are used as precursors in the formation of
ihydrochalcones.

Precursor addition of phloretic acid (12a, Fig. 3) to S. cerevisiae
xpressing 4CL and CHS resulted in the formation of phloretin (12d,
ig. 3). The quantity of phloretin in the supernatant increased to
6 ± 7 mg/L after 17 h. There was no further increase in phloretin
oncentration after longer fermentation times (Fig. 2). When
hloretic acid (12a, Fig. 3) was incubated with the engineered yeast
n a larger scale, two products were isolated by HPLC. One product
ccurred at the same retention time as phloretin (22.17 min) and
howed the same UV spectrum (�max = 286 nm). ESI-MS spectrum
ave a parent ion peak [M–H]− at m/z 273. Analysis of 1H NMR
nd COSY spectra revealed two aromatic protons of ring-A (ı 5.80),

our coupled aromatic protons of ring-B (ı 7.03 and 6.68), and four
oupled alkyl protons (ı 3.25 and 2.84), confirming the structure of
hloretin (12d, Fig. 3). A quantity of 3.8 mg of phloretin was puri-
ed from the large scale fermentation. Phloretin was synthesized in
similar manner using metabolically engineered E. coli [26]. Small

Fig. 2. Addition of the precursor phloretic acid to S. cerevisiae AH22 expressing 4CL
and CHS for the phloretin production. After the cells were grown in YPDH for 20 h
reaching an OD600 of 3.5, the cells were resuspended in YPLH and induced for 6 h
before addition of substrate. Time zero corresponds with addition of phloretic acid to
the induced culture. The data points and error bars correspond to the mean ± stdev
(n = 3).
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Fig. 3. Biosynthesis of dihydrochalcones by precursor addition o

mounts of phloretin were detected after 24 h of cultivation, but an
bsolute quantity was not report.

Besides phloretin, a second product eluted at a retention time of
7.6 min and UV spectrum had �max = 282 nm. ESI-MS gave a parent

on peak [M–H]− at m/z 231 and [2M–H]− at m/z 463 (dimer), sug-
esting the condensation two malonyl-CoA by CHS. Tandem MS of
he parent ion gave the major fragment at m/z 187 corresponding
o [M–H–CO2]−, indicating the presence of a pyrone ring. Analy-
is of 1H NMR and COSY spectra revealed two protons consistent
ith a pyrone ring (ı 5.80 and 4.80), four coupled aromatic pro-

ons of ring-B (ı 6.99 and 6.67), and four coupled alkyl protons (ı
.85 and 2.70), confirming the structure of dihydrobisnoryangonin
12c, Fig. 3). A quantity of 2.6 mg of product 12c was isolated from
he fermentation. Product 12c is a derailment product from CHS
nd has been previously synthesized enzymatically with type III
olyketide synthase from Wachendorfia thyrsiflor [27].

The product isolated from addition of phenylpropanoic acid
13a, Fig. 3) to the engineered yeast occurred at a retention time
f 22.6 min and UV spectrum had �max = 281 nm. ESI-MS gave a
arent ion peak [M–H]− at m/z 257, and tandem MS of the par-
nt ion resulted in no fragment. Analysis of 1H NMR and COSY
pectra revealed two aromatic protons of ring-A (ı 5.79), five cou-
led aromatic protons of ring-B (ı 7.22 and 7.15), and four coupled
lkyl protons (ı 3.31 and 2.94), confirming the structure of 2′,4′,6′-
rihydroxydihydrochalcone (13d, Fig. 3). A quantity of 2.1 mg of
3d was isolated from the fermentation. These studies confirm
henylpropanoic acid can be metabolized by the phenylpropanoid
athway for the production of dihydrochalcones (Fig. 3). This is the
rst time trihydroxydihydrochalcone has been synthesized using
recursor directed biosynthesis starting from phenylpropanoic
cid.

There are several explanations for the low yields of prod-
ct achieved from this system and there are possibilities for

mprovement. First, the pathway most likely does not accept the

on-natural substrates as well as the natural substrates. Use of
nzymes with broader substrate specificity could be used or engi-
eered. Second, the non-natural substrates could be inhibiting
rowth of the yeast cells, impacting product yield. Third, there
ould be loss of product due to the low efficiency of the extraction
ylpropanoic acids to S. cerevisiae AH22 expressing 4CL and CHS.

and isolation steps. To improve the yield, further metabolic engi-
neering of the yeast strain could be used to increase malonyl-CoA
available for CHS as used for a polyketide synthase for production
of a fungal polyketide [28].

4. Conclusion

In this study, a metabolically engineered yeast expressing 4CL
and CHS was explored as a platform for producing non-natural
flavanones and dihydrochalcones. By precursor addition of cin-
namic acid analogues to the engineered yeast, several non-natural
flavanones and dihydrochalcones were formed. Also, several prod-
ucts from CHS derailment were formed. Of the eight isolated
compounds, one flavanone and three derailment products are
novel compounds. It is conceivable that introducing non-natural
substituents into the flavonoid structure may result in novel com-
pounds with potentially valuable medicinal properties compared.
This study indicates metabolically engineered organisms could be
used to manufacture such non-natural compounds.
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