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the key intermediate in the biosynthesis of flavonoids.
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Substrate specificity of recombinant chalcone syn-
hase (CHS) from Scutellaria baicalensis (Labiatae)
as investigated using chemically synthesized aro-
atic and aliphatic CoA esters. It was demonstrated

or the first time that CHS converted benzoyl-CoA to
hlorobenzophenone (2,4,6-trihydroxybenzophenone)
long with pyrone by-products. On the other hand,
henylacetyl-CoA was enzymatically converted to an
nnatural aromatic polyketide, phlorobenzylketone

2,4,6-trihydroxyphenylbenzylketone), whose struc-
ure was finally confirmed by chemical synthesis. Fur-
hermore, in agreement with earlier reports, S. ba-
calensis CHS also accepted aliphatic CoA esters,
sovaleryl-CoA and isobutyryl-CoA, to produce phloro-
cylphenones. In contrast, hexanoyl-CoA only af-
orded pyrone derivatives without formation of a new
romatic ring. It was noteworthy that both aromatic
nd aliphatic CoA esters were accepted in the active
ite of the enzyme as a starter substrate for the com-
lex condensation reaction. The low substrate speci-
city of CHS thus provided further insight into the
tructure and function of the enzyme. © 2000 Academic Press

Key Words: chalcone synthase; polyketide synthase;
ubstrate specificity; phenyl propanoid; benzophe-
one; phlorophenone; aromatic polyketide.

Chalcone synthase (CHS) (EC 2.3.1.74) is a plant
pecific polyketide synthase that catalyzes a condensa-
ion of the C6–C3 unit of p-coumaroyl-CoA (1a) with
hree C2 units from malonyl-CoA to produce a new
romatic ring system (Scheme 1) (1). The reaction is
nitiated by binding of p-coumaroyl-CoA followed by
ormation of a thioester at the active site cystein resi-
ue of the enzyme. After three rounds of sequential
ecarboxylative Claisen condensation, cyclization and
romatization of the enzyme-bound tetraketide inter-
ediate lead to formation of naringenin chalcone (2a),

1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 181-54-264-5662. E-mail: abei@ys7.u-shizuoka-ken.
c.jp.
190006-291X/00 $35.00
opyright © 2000 by Academic Press
ll rights of reproduction in any form reserved.
n addition to chalcone, two pyrone derivatives; bis-
oryangonin (BNY) (3a) (2) and p-coumaroyltriacetic
cid lactone (CTAL) (4a) (3) are formed as early re-
eased derailment by-products when the enzyme reac-
ion is carried out in vitro.

CHS functions as a homodimer of a 41- to 44-kDa
olypeptide and shares 65–75% amino acid sequence
dentity with other members of the plant CHS-
uperfamily enzymes including stilbene synthase (1)
nd 2-pyrone synthase (4). Recently reported crystal
tructure of CHS from Medicago sativa (Leguminosae)
evealed that the dimer contains two functionally in-
ependent active sites; the coumaroyl-binding pocket
nd the cyclization pocket, defined by four residues
Cys164, Phe215, His303, and Asn336) conserved in all
he known CHS-superfamily enzymes (5). The couma-
oyl-binding pocket has been proposed to lock the moi-
ty in the position, while the cyclization pocket accom-
odates the elongating polyketide and this is where

he cyclization and aromatization of the new ring takes
lace (6). To control the stereospecificity of the enzyme
eaction, precise molecular interactions are required
or the enzyme-substrate complexes. The structure-
unction relationship of the CHS-superfamily enzymes
ave thus elicited intense chemical and biological

nterest.
In the previous paper, we investigated substrate

pecificity of recombinant CHS from Scutellaria
aicalensis (Labiatae) using chemically synthesized
-coumaroyl-CoA analogs (7). When 4-fluorocinna-
oyl-CoA was incubated, a fluorinated chalcone along
ith pyrone by-products were obtained, while other
-substituted analogs (4-Cl, Br, or OCH3) afforded only
yrone derivatives. On the other hand, analogs in
hich the coumaroyl aromatic ring was replaced by

uran or thiophene were efficiently converted to novel
nnatural polyketides containing the heteroaromatic
ing. It was thus demonstrated that the steric and/or
lectronic perturbations by the substituents may alter
he stability of the enzyme-bound tetraketide interme-
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lization pocket of the active site of the enzyme.
In continuation of the study, we now report enzy-
atic conversion of benzoyl-CoA (1b) and phenyl-

cetyl-CoA (1c) to unnatural aromatic polyketides by
ecombinant S. baicalensis CHS. In an early report,
enzoyl-CoA has been shown to be accepted as a sub-
trate by CHS from cell suspension cultures of Petrose-
ium crispum (formally called Petroselium hortense)
Umbelliferae), however, the enzyme reaction products
ad not been identified (8). Further, in addition to the
romatic CoA esters, we also reexamined substrate
pecificity of the enzyme toward aliphatic CoA esters
or which enzymatic conversion to phloroacylphenones
ave been reported (8, 9).

ATERIALS AND METHODS

hemicals

Benzoyl-CoA (1b) was chemically synthesized according to the
eported method (10). Thus, the two-step synthesis involved gener-
tion of the N-hydroxysuccinimide esters followed by a thioester
xchange with Coenzyme A. Phenylacetyl-CoA (1c), hexanoyl-CoA
1d), isovaleryl-CoA (1e), isobutyryl-CoA (1f), and malonyl-CoA were
urchased from Sigma.
Phlorobenzophenone (2,4,6-trihydroxybenzophenone) (2b) and

hlorobenzylketone (2,4,6-trihydroxyphenylbenzylketone) (2c) were
espectively synthesized by Friedel-Crafts acylation of phlorogluci-
ol (1.1 eq) with phenylacetyl chloride (1.0 eq) or benzoylchloride (1.0
q) in the presence of AlCl3 (1.0 eq).

ecombinant Enzyme

The CHS used in this study was cloned from young leaves of S.
aicalensis (11). The recombinant enzyme with an additional hexa-
istidine tag at the C-terminal was subcloned into pET-22b(1)
Novagen), expressed in E. coli, and purified by Ni-chelate affinity
hromatography as described before. Thus, E. coli BL21(DE3)pLysS
arboring the plasmid was cultured to an A600 of 0.6 in LB medium
ontaining 100 mg/mL of ampicillin at 30°C. Then, 0.4 mM IPTG
final concentration) was added to induce protein expression, and the
ulture was incubated further at 30°C for 16 h. Cells were collected
y centrifugation and resuspended in 50 mM K-phosphate buffer, pH
.0, containing 1 M NaCl. Cell lysis was carried out by the freeze-
haw method, and centrifuged at 25,000g for 20 min. The superna-
ant was passed through a column of Pro-Bond resin (Invitrogen) in
hich Ni21 was retained as an affinity ligand. After washing with 50
M K-phosphate buffer, pH 6.0, containing 1 M NaCl and 30 mM

midazole, the recombinant CHS was eluted with 15 mM K-phos-
hate buffer, pH 6.5, containing 10% glycerol and 500 mM imidazole.
inally, the enzyme preparation was desalted by Bio-Gel P6DG
esalting gel. The purified enzyme showed the KM 5 36.1 mM and

cat 5 1.26 min21 for p-coumaroyl-CoA.

nzyme Reaction

The standard reaction mixture contained 27 nmol of substrate
nalog (1b–1f), 54 nmol of malonyl-CoA, and 105 pmol of the purified
ecombinant CHS in a final volume of 500 mL of 100 mM potassium
hosphate buffer, pH 7.5, containing 1 mM EDTA. Incubations were
arried out at 30°C for 1 h, and stopped by adding 50 mL of 20% HCl.
he products were then extracted with 800 mL of ethyl acetate, and
oncentrated by N2 flow. The residue was dissolved in aliquot of
191
elow.
For large-scale enzyme reactions, benzoyl-CoA (1b) (11.2 mg, 11.9

mol), or phenylacetyl-CoA (1c) (10.0 mg, 11.3 mmol), were respec-
ively incubated with 15 mg of purified recombinant CHS in 200 mL
f 100 mM phosphate buffer, pH 7.5, containing malonyl-CoA (20.0
g, 23.1 mmol) and 1 mM EDTA at 30°C for 3 h. The reactions were

uenched by addition of 20% HCl (15 mL), and extracted with ethyl
cetate (200 mL 3 2). Extracts were dried over sodium sulfate and
vaporated to dryness. After HPLC separation, phlorobenzo-
henenone 2b (0.14 mg, yield 5.2%) or phlorobenzylketone 2c (0.12
g, 4.4%) were obtained, respectively.

PLC and HPLC–ESIMS

The enzyme reaction products were separated by reverse-phase
PLC (JASCO 880, JASCO) on a TSK-gel ODS-80Ts column (4.6 3
50 mm, TOSOH) with a flow rate of 0.8 ml/min. Gradient elution
as performed with H2O and MeOH, both containing 0.1% TFA. The
radient profiles were as follows: 0–5 min, 30% MeOH; 5–17 min,
inear gradient from 30 to 60% MeOH; 17–25 min, 60% MeOH; 25–27

in, linear gradient from 60 to 70% MeOH. Elutions were monitored
y a multichannel UV detector (MULTI 340, JASCO) at 290, 330,
nd 360 nm; UV spectra (198–400 nm) were recorded every 0.4 s.
On-line HPLC–ESIMS spectra were measured with a Hewlett–

ackard HPLC 1100 series (Wilmington, DE) coupled to a Finnigan
AT LCQ ion trap mass spectrometer (San Jose, CA) fitted with an
SI source. HPLC separations were carried out under the same
onditions as described above. The ESI capillary temperature and
apillary voltage were 275°C and 3.0 V, respectively. The tube lens
ffset was set at 20.0 V. All spectra were obtained in the negative and
ositive mode; over a mass range of m/z 120–350, at a range of one
can every 2 s. The collision gas was helium, and the relative colli-
ion energy scale was set at 30.0% (1.5 eV).

pectroscopic Data for the Enzyme Reaction Products
Products of benzoyl-CoA (1b). Phlorobenzophenone (2b): HPLC:

t 5 19.2 min. LC–ESIMS: MS, m/z 231 [M 1 H]1, 229 [M 2 H]2,
S/MS (precursor ion at m/z 231), m/z 185 (29), 171 (18), 153 (100),

05 (13). UV: lmax 313 nm. 1H NMR (400 MHz, (CD3)2CO): d 7.58 (2H,
), 7.48 (1H, m), 7.38 (2H, m), 6.00 (2H, s). Compound 3b: HPLC:
t 5 21.0 min. LC–ESIMS: MS, m/z 189 [M 1 H]1, 187 [M 2 H]2,
S/MS (precursor ion at m/z 187), m/z 143 [M 2 H-CO2]2. UV: lmax

25 nm. Compound 4b: HPLC: Rt 5 17.0 min. LC–ESIMS: MS, m/z
31 [M 1 H]1, 229 [M 2 H]2, MS/MS (precursor ion at m/z 229), m/z
85 [M 2 H-CO2]2. UV: lmax 288 nm.

Products of phenylacetyl-CoA (1c). Phlorobenzylketone (2c):
PLC: Rt 5 25.9 min. LC–ESIMS: MS, m/z 245 [M 1 H]1, 243 [M 2
]2, MS/MS (precursor ion at m/z 245), m/z 227 (100), 203 (50), 161

34), 153 (2), 91 (19). UV: lmax 294 nm. 1H NMR (400 MHz,
CD3)2CO): d 7.28 (4H, m), 7.21 (1H, m), 5.94 (2H, s), 4.42 (2H, s).
ompound 3c: HPLC: Rt 5 20.9 min. LC–ESIMS: MS, m/z 203 [M 1
]1, 201 [M 2 H]2, MS/MS (precursor ion at m/z 201), m/z 157 [M 2
-CO2]2. UV: lmax 294 nm. Compound 4c: HPLC: Rt 5 17.5 min.
C–ESIMS: MS, m/z 245 [M 1 H]1, 243 [M 2 H]2, MS/MS (precursor

on at m/z 243), m/z 199 [M 2 H-CO2]2. UV: lmax 289 nm.

Products of hexanoyl-CoA (1d). Compound 3d: HPLC: Rt 5 26.1
in. LC–ESIMS: MS, m/z 183 [M 1 H]1, 181 [M 2 H]2, MS/MS

precursor ion at m/z 181), m/z 137 [M 2 H-CO2]2. UV: lmax 294 nm.
ompound 4d: HPLC: Rt 5 21.2 min. LC–ESIMS: MS, m/z 225 [M 1
]1, 223 [M 2 H]2, MS/MS (precursor ion at m/z 223), m/z 179 [M 2
-CO2]2. UV: lmax 291 nm.

Products of isovaleryl-CoA (1e). Phlorisovalerophenone (2e):
PLC: Rt 5 27.0 min. LC–ESIMS: MS, m/z 211 [M 1 H]1, 209 [M 2
]2, MS/MS (precursor ion at m/z 211), m/z 193 (37), 165 (4), 155

100), 123 (1). UV: lmax 288 nm. Compound 3e: HPLC: Rt 5 20.2 min.
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on at m/z 167), m/z 123 [M 2 H-CO2]2. UV: lmax 295 nm. Compound
e: HPLC: Rt 5 16.9 min. LC–ESIMS: MS, m/z 211 [M 1 H]1, 209
M 2 H]2, MS/MS (precursor ion at m/z 209), m/z 165 [M 2 H-CO2]2.
V: lmax 288 nm.

Products of isobutyryl-CoA (1f ). Phlorisobutyrophenone (2f):
PLC: Rt 5 22.5 min. LC–ESIMS: MS, m/z 197 [M 1 H]1, 195 [M 2
]2, MS/MS (precursor ion at m/z 197), m/z 179 (100), 151 (50), 109

1). UV: lmax 294 nm.. Compound 3f: HPLC: Rt 5 16.4 min. LC–
SIMS: MS, m/z 155 [M 1 H]1, 153 [M 2 H]2, MS/MS (precursor ion
t m/z 153), m/z 109 [M 2 H-CO2]2. UV: lmax 295 nm.. Compound 4f:
PLC: Rt 5 12.0 min. LC–ESIMS: MS, m/z 197 [M 1 H]1, 195 [M 2
]2, MS/MS (precursor ion at m/z 195), m/z 151 [M 2 H-CO2]2. UV:

max 289 nm.

ESULTS AND DISCUSSION

When benzoyl-CoA (1b) and malonyl-CoA were incu-
ated with the recombinant S. baicalensis CHS over-
xpressed in E. coli, three products were isolated by
PLC (Fig. 1B). The first product showed a UV spec-

rum (lmax 313 nm) similar to that of benzophenone,
uggesting the structure of phlorobenzophenone (2,4,6-
rihydroxybenzophenone) (2b) (Scheme 1). The LC–
SIMS spectrum gave a parent ion peak [M 2 H]2 at
/z 229, and the 1H NMR spectrum of 2b obtained

rom large scale incubation (5.2% yield from 11 mg of
b) showed seven aromatic protons (d 7.3–7.6, 5H, and
6.00, 2H, s), supported the structure. It was finally

onfirmed by direct comparison (MS, 1H NMR) with
ynthetic compound which was obtained by Friedel-
rafts acylation of phloroglucinol with benzoylchloride.
The other two products, 3b and 4b, respec-

ively showed a UV spectrum similar to that of bis-
oryangonin (BNY) (3a) and p-coumaroyltriacetic acid

actone (CTAL) (4a), the early released derailment by-
roducts of CHS enzyme reactions in vitro when the
eaction mixtures are acidified before extraction. The
C–ESIMS spectrum of the BNY-type compound 3b
ave a parent ion peak [M 2 H]2 at m/z 187, indicating
he reaction had terminated after two condensation
eactions of malonyl-CoA, and in MS/MS (precursor ion
t m/z 187), the fragment at m/z 143 corresponded to
M 2 H-CO2]

2, consistent with the presence of a a-py-
one ring. Enzymatic formation of 3b from benzoyl-
oA and two units of malonyl-CoA has been reported

or 2-pyrone synthase from Gerbera hybrida (Aster-
ceae) (4). On the other hand, the CTAL-type com-
ound 4b gave a parent ion peak [M 2 H]2 at m/z 229,
upporting the successive condensation of three units
f malonyl-CoA, and in MS/MS (precursor ion at m/z
29), the fragment at m/z 185 corresponded to [M 2
-CO2]

2, confirming the presence of a-pyrone ring. The

FIG. 1. HPLC profile of the enzyme reaction products from m
henylacetyl-CoA (1c), (D) hexanoyl-CoA (1d), (E) isovaleryl-CoA (1e
halcone (2a) is converted to racemic naringenin (5,7,49-trihydroxyfl
192
matic ring formation.
It was for the first time demonstrated that CHS also

atalyzed condensation reaction of benzoyl-CoA (1b)
ith three units of malonyl-CoA to form a new aro-
atic ring system of phlorobenzophenone 2b. Here it

hould be noted that benzophenone and its deriva-
ives (e.g., xanthones) have not been isolated from S.
aicalensis. Further, in addition to S. baicalensis (La-
iatae) CHS, recombinant CHSs from Pueraria lobata
Leguminosae) and Ipomea purpurea (Convolvulaceae)
lso converted benzoyl-CoA to phlorobenzophenone
data not shown). On the other hand, benzophenone
ynthases from Centaurium erythraea (12) and Hype-
icum androsaemum (Hypericaceae) (13), have been
hown to catalyze the condensation of 3-hydroxyben-
oyl-CoA with three units of malonyl-CoA to produce
,39,4,6-tetrahydroxybenzophenone, which is a key
ntermediate in the biosynthesis of xanthones. Benzo-
henone synthase is another member of the CHS-
uperfamily enzymes that does not accept p-couma-
oyl-CoA as a starter substrate. The structural differ-
nce of the active site of the enzyme between CHS and
enzophenone synthase is not well understood yet.
Interestingly, S. baicalensis CHS also accepted

henylacetyl-CoA (1c) to produce a novel unnatural
olyketide 2c (Fig. 1C). The LC–ESIMS spectrum of 2c
ave a parent ion peak [M 2 H]2 at m/z 243, and the 1H
MR spectrum obtained from large scale incubation

4.4% yield from 10 mg of 1c) showed seven aromatic
rotons (d 7.2–7.3, 5H, and d 5.94, 2H, s) and two
enzyl protons (d 4.42, 2H, s), suggesting the structure
f phlorobenzylketone (2,4,6-trihydroxyphenylbenzyl-
etone) (2c), which was finally confirmed by direct
omparison (MS, 1H NMR) with chemically synthe-
ized compound obtained by Friedel-Crafts acylation of
hloroglucinol with phenylacetylchloride. In addition
o phlorobenzylketone, phenylacetyl-CoA also afforded
yrone by-products 3c and 4c as in the case of other
nalogs.
In earlier studies, CHSs have been shown to accept

liphatic CoA esters; hexanoyl-CoA was enzymatically
onverted to phlorocaprophenones by CHS from cell
uspension cultures of Petroselium crispum (formally
alled Petroselium hortense) (Umbelliferae) (8), while
urified Pinus sylvestris (Pinaceae) CHS afforded phlo-
isovalerophenone and phlorisobutyrophenone respec-
ively from isovaleryl-CoA and isobutyryl-CoA (9). In
greement with these reports, recombinant S. baica-
ensis CHS also converted isovaleryl-CoA (1e) and
sobutyryl-CoA (1f) to phlorisovalerophenone (2e) and

nyl-CoA and (A) p-coumaroyl-CoA (1a), (B) benzoyl-CoA (1b), (C)
nd (F) isobutyryl-CoA (1f). Note that by acid treatment naringenin
none) (2a*) through a non-stereospecific ring-C closure.
alo
), a

ava
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hlorisobutyrophenone (2f), respectively (Figs. 1E and
F). In contrast, interestingly, hexanoyl-CoA (1d) only
fforded pyrone derivatives 3d and 4d; formation of
hlorocaprophenone was not detected in our assay sys-
em (Fig. 1D). This may suggest species difference be-
ween S. baicalensis and P. crispum in the active site
tructure of the enzyme.
The low substrate specificity of CHS for the non-

hysiological substrates is remarkable. In particular, it
as noteworthy that the enzyme accepted both aro-
atic and aliphatic CoA esters, smaller in size than the
atural substrate, as a starter for the complex conden-
ation reaction. With locked in the coumaroyl-binding
ocket of the active site, the enzyme-bound thioester
fficiently initiated the subsequent chain elongation
nd guided the course of the cyclization and aromati-
ation reactions. In contrast, as reported in our previ-
us paper, 4-substituted coumaroyl-CoA analogs (4-Cl,
r, or OCH3), larger in size than that of p-coumaroyl-
oA, only afforded pyrone derivatives without forma-

ion of a new aromatic ring. The steric and/or electronic
erturbations may thus alter the stability of the

SCHEME 1. Proposed mechanism for the enzymatic conversion o
2a), phlorophenones (2b–2f), BNY-type (3a–3f), and CTAL-type by
194
nzyme-bound tetraketide intermediate or the opti-
ally folded conformation in the cyclization pocket of

he active site of the enzyme. Further, it should be also
oted that even for the smaller starter substrates, the
hain elongation always stopped at three rounds of
ondensation of malonyl-CoA; no evidence was found
or enzyme reaction products with more than four units
f malonyl-CoA, suggesting the rigid steric require-
ent for the cyclization pocket in the active site of the

nzyme. To obtain further insight into the structure
nd function of the enzyme, synthesis of other sub-
trate analogs as well as site-directed mutagenesis ex-
eriments based on the crystal structure of the enzyme
re now in progress.
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