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Chalcone synthase (CHS) and stilbene synthase (STS) catalyse
condensation reactions of p-coumaroyl-CoA and three C, units
from malonyl-CoA up to a common tetraketide intermediate but
then catalyse different cyclization reactions to produce naringenin
chalcone and resveratrol respectively. On the basis of sequence
alignment with other condensing enzymes including 3-ketoacyl-
(acyl carrier protein) synthases of polyketide and fatty-acid
synthases, site-directed mutagenesis was performed on the active-
site G*"?FGPG loops in CHS and STS. The CHS-P375G mutant
showed a 6-fold decrease in overall condensing activity with
selectively increased production of p-coumaroyltriacetic acid
lactone (CTAL, the derailment product of the tetraketide inter-
mediate). Meanwhile, resveratrol production by STS-P*"G
strongly decreased to give various products in the order CTAL >
resveratrol & bisnoryangonin > naringenin. As a result, narin-

genin production (cross-reaction) by STS-P?*G was close to
309, of resveratrol production. Both G***L mutants of CHS and
STS showed no condensing activity with residual malonyl-CoA
decarboxylase activity. These results suggested that the
G*?FGPG loop in CHS and STS contribute to a determination
of the outcome during cyclization reactions by serving as a
part of the active-site scaffold on which the stereochemistry of
cyclization is performed. These observations provide the first
biochemical indication that cyclization reactions are modulated
by active-site geometry. The implications for the evolutionary
relationship of these enzymes are also discussed.

Key words: active-site geometry, condensing enzymes, Cross-
reaction.

INTRODUCTION

Chalcone synthase (CHS, EC 2.3.1.74), which is ubiquitous in
plants, catalyses the first committed reaction of flavonoid and
isoflavone biosynthesis. Stilbene synthase (STS, EC 2.3.1.95),
found in a limited number of unrelated plants, catalyses the
biosynthesis of the backbone of phytoalexin stilbenes [1,2]. Both
enzymes share common features in structure and function. They
are homodimers of approx. 43 kDa subunits and catalyse
decarboxylative Claisen condensation of a phenylpropanoid
CoA-ester (e.g. p-coumaroyl-CoA) and three C, units from
malonyl-CoA, leading to a common linear tetraketide inter-
mediate (Figure 1). However, the ensuing cyclization reactions in
CHS and STS are different. In CHS, acylation involving carbons
6 and 1 gives rise to chalcone. In STS, cyclization involving
carbons 2 and 7 is accompanied by the removal of the terminal
carboxy group, yielding stilbene. The amino acid sequence
similarity between these two enzymes is more than 659%.
Higher similarity between CHS and STS from related plants than
between CHSs and STSs led to a suggestion that STSs have
evolved from CHSs several times independently [3]. CHS and
STS are representative members of the CHS enzyme superfamily,
which now includes Gerbera hybrida 2-pyrone synthase [4],
Humulus lupulus phlorisovalerophenone synthase [5] and
Hydrangea macrophylla p-coumaroyltriacetic acid synthase [6].
Recent studies on the bacterial genes encoding the CHS-like
proteins phlD from Pseudomonas fluorescens [7] and rppA from
Streptomyces griseus [8] expand the superfamily into the realm of
micro-organisms. The phlD enzyme is proposed to catalyse

condensation of acetoacetyl-CoA with two molecules of malonyl-
CoA and the CHS-type cyclization to give a phloroglucinol,
whereas the rppA protein catalyses four steps of condensation
with malonyl-CoA as starter and extender units and a de-
carboxylative cyclization to produce a tetrahydroxynaphthalene.
These newly discovered CHS-like enzymes demonstrate a broader
diversity in the CHS superfamily with regard to starter CoA and
the number of condensation reactions and biological origin than
previously realized.

On the basis of common chemistry (decarboxylative con-
densation) and the reported local similarity in CHS and other
condensing enzymes [9], particularly in the C-terminal sequences
of CHS and 3-ketoacyl-(acyl carrier protein) synthases (KASs)
[10,11], we reasoned that the active-site structures of CHS and
STS and other condensing enzymes might share common
features. To address this hypothesis, we first predicted on a
computer (with PREDATOR) [12] the secondary structures of
CHS and STS and aligned the C-end regions of CHS and STS
with those of other condensing enzymes, including Escherichia
coli KAS 1II [13], in such a way as to optimize matches of the
secondary structures. As shown in Figure 2, a similarity in
the secondary structure organization and the locations of highly
conserved amino acids was recognized. The strictly conserved
His-303, Asn-336 and Pro-375 of Pueraria lobata CHS
and Arachis hypogaea STS are aligned with His-303, His-340 and
Phe-400 of E. coli KAS II respectively, all of which are located
at the active site of KAS II [13]. Indeed, the recently determined
three-dimensional structure of alfalfa (Medicago sativa) CHS
(PDB accession no. 1BI5) [14] revealed that these amino acid

Abbreviations used: BNY, bisnoryangonin; CHS, chalcone synthase; CTAL, p-coumaroyltriacetic acid lactone; KAS, 3-ketoacyl-(acyl carrier protein)
synthase; LC/APCIMS, liquid chromatography/atmospheric-pressure chemical-ionization MS; RP-TLC, reverse-phase TLC; STS, stilbene synthase; Trx,
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Figure 1 Reactions catalysed by chalcone and stilbene synthases

Reactions leading to the by-products BNY, CTAL and triacetic acid lactone (TAL) are also shown.
Chemical bonds originating from the C, units of malonyl-CoA are indicated by thick lines.
Naringenin chalcone is chemically converted into naringenin under the reaction conditions used.
In plant cells, chalcone isomerase catalyses the stereospecific conversion of naringenin
chalcone into (—)(2S)-naringenin.

residues, along with Phe-215, largely define the active site of
alfalfa CHS, validating the alignment presented in Figure 2. A
prominent feature found in Figure 2 is that the G*”*FGPG loop
in the CHS superfamily enzymes contains a strictly conserved
proline residue, unlike the corresponding flexible loop of
S#*"FGFG in KAS II [13]. This Pro-375 residue, which should
provide some rigidity and unique configuration in this loop, was
mutated to Gly to investigate the functional role of the G*?’FGPG
loop in CHS and STS. In addition, Gly-374 was changed to Leu
in an attempt to introduce a bulky side chain in the loop.

EXPERIMENTAL
Site-directed mutagenesis

Wild-type and mutant CHS and STS were expressed as
thioredoxin—His-tagged fusion proteins (Trx-CHS and Trx-STS)
for improved solubility and easy purification with pET-32a(+)
(Novagen) as expression vector. The full-length cDNA species
encoding P. lobata CHS and A4. hypogaea STS were rescued by
sequential Ncol/BamHI digestions from pET3d-CHS and
pET3d-STS [15]. The resulting DNA fragments were sticky-end
ligated into Ncol/BamHI-digested dephosphorylated pET-32a,
yielding pET-CHS and pET-STS. Mutagenesis was performed
with the PCR megaprimer method [16] with pET-CHS and pET-
STS as templates. The forward flanking primers were 5'-
GACAAGGCCATGGTGAGCGTA-3" (the start codon is in
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italics and the Ncol site is underlined) for Trx-CHS and 5'-
GACAAGGCCATGGTGTCTG-3" for Trx-STS. The reverse
primers were 5-TGTGGATCCAAACTCCAGCAAGT-3’ (the
BamHI site is underlined) for Trx-CHS and 5-TTCGGATCC-
CCCGTATTATA-3 for Trx-STS. Because of high nucleotide
sequence similarity in CHS and STS, a single mutagenic primer
was used to create mutants of both enzymes. The mutagenic
primer for the G***L mutants was 5-GGTTTTCTTCCTGGA-
CTTACTATTG-3" (the mutated residue is in bold) and the
primer for the P?"°G mutants was 5-GGTTTTGGAGGTGGT-
CTTACTATTG-3". After first PCR with the mutagenic primer
and the reverse flanking primer, a second PCR was performed
with the forward flanking primer and the first PCR products
(megaprimer), giving full-length DNA fragment containing the
desired mutation. High-fidelity Ex Tag DNA polymerase
(Takara, Japan) was used in the PCR. The mutations were
confirmed by DNA sequence analysis with the flanking primers
and the Dye Terminator Cycle Sequencing kit (Applied Bio-
systems).

Protein expression and purification

Wild-type and mutant enzymes were expressed in E. coli AD494-
(DE3)pLysS (Novagen). After an induction period of 20 h at
25 °C (10 h for the G*"*L mutants), the soluble fraction obtained
in accordance with the manufacturer’s recommendations was
applied to a column of Ni**-iminodiacetic acid—Sepharose
(Chelating Sepharose Fast Flow; Pharmacia) equilibrated with
buffer A [20 mM sodium phosphate buffer (pH 7.4)/300 mM
NaCl/109% (v/v) glycerol/0.19% (v/v) Triton X-100/
10 mM imidazole/5 mM 2-mercaptoethanol]. After the column
had been washed with 80 mM imidazole in buffer A, the fusion
proteins were eluted with 250 mM imidazole in buffer A and
stored in buffer B [100 mM potassium phosphate buffer
(pH 7.2)/109%, (v/v) glycerol/0.1%, (v/v) Triton X-100/1 mM
dithiothreitol]. Protein concentration was determined with Bio-
Rad’s adaptation of the Bradford dye assay [17] with Trx-CHS
as standard.

Enzyme assay

The condensing activity of the enzyme was determined as
described previously [15] except that the reaction was performed
in buffer B and terminated by acidification to pH 4 with 1 M
HCI. Derailment products, bisnoryangonin (BNY) and p-
coumaroyltriacetic acid lactone (CTAL), were identified from
their R, values [BNY, R, 0.4; CTAL, R,, 0.6 in reverse-phase C,
TLC with methanol/water/acetic acid (60:40:1, by vol.) as
solvent] [15]. The detection method consisted of acidification,
extraction with ethyl acetate and reverse-phase TLC (RP-TLC)
of the radiolabelled products. This permitted the simultaneous
quantification of all the products. Chemical transformation of
naringenin chalcone to naringenin (Figure 1) was complete under
the reaction conditions used ; no appreciable amounts of chalcone
were detected.

Malonyl-CoA decarboxylase activity was determined by fol-
lowing the formation of acetyl-CoA [4]. At the end of the enzyme
reaction for 20 min at 37 °C in 0.1 M Hepes, pH 7.0, with
100 uM [2-*C]malonyl-CoA, a 10-20 xl portion of the aqueous
phase was analysed on a silica 60 TLC plate (catalogue no.
1.11798; Merck) with propan-2-ol/water/259%, (v/v) ammonia
(80:5:15, by vol.) as solvent, permitting the separation of acetyl-
CoA (R, 0.6) from remaining malonyl-CoA (R, 0.25). The
specific enzyme activity was expressed in pmol of product
produced/s per mg (pkat/mg).
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loop II loop III
-> I N
CHS 299 FWINHPGGPA ILDQVEQKLG ------- LKP EKMKATRDVL SDYGNMSSAC VLFILDEMRR KSAENGLKTT
STS 299 FWIAHPGGRA TLDQVEEKVN ------- LKP EKMKATRDVL SNYGNMSSAC VFFIMDLMRK KSLEAGLKTT
rppA 266 FFIVHAGGPR ILDDLCHFLD ------- LPP EMFRYSRATL TERGN[ASSV VFDALARLFD D----GGAAE
spinach KAS III 327 WLLLIHQANQR IIDAVATRLE ---------- VPSERVLSNL ANYGN[TSAAS IPLALDEAVR SGK-------
. -> I - E— L
E. coli KAS IT 299 YVNAH[GTSTP AGDKAEAQAV KTIFGEAASR V---LVSSTK SMTIGHLLGAA GAVESIYSIL ALRDQAVPPT
6-MSAS 347 YVEAHJATSTP LGDPTEVSAV SAVYGKGRPE GNPCFIGSVK PNMGHLEAGA GGVGFIKAVM AVEKATFPPQ
0AS 336 FVEAH|GTGTR LGDPMEIGAI AAVYGRDRSG QEPCAVGSVK SNIGHLEGAA GVAGVIKAIL ALDEDRIPAS
tem-KS 309 YINAHIGSGTR QNDRHETAAF KRSLGQ-RAY DVPVS--SIK SMIGHELGAI GSLELAACAL ATEHGVIPPT
DEBS1-KS1 330 YVEAHGTGTR LGDPIEVHAL LSTYGAERDP DDPLWIGSVK SNIGH[TQAAA GVAGVMKAVL ALRHGEMPRT
FAS-KS 288 YIEAH|GPGTK VGDPQERNGI TRALCATRQE --PLLIGSTK SNMGHPEPAS GLDALAKVLL SLEHGLWAPN
loop IV
— S >

CHS 362 --mmmmmmmm e mmmcmmoe- G EGLEWGVLAG FGPGL[TIE TVVLRSVAI-end

STS 362 --mmmmmmm mmmmmmmn oo G EGLDWGVLF|G FGPGLITIE TVVLRSMAI-end

rppA 325 oo e e SAQGLIAG FGPGI{TAE VAVGSWAKE-

spinach KAS TIT 380 —--------= ——-———mooe —ommme V KPGNIIATS|G FGAGL|TWG SSIIRWG-end

- > >

E. coli KAS IT 366 INLDNPDEGC DLDFVPHEAR QV-------- SGMEYTLCNSS FGFGG[TNGSL IFKKI-end

6-MSAS 417 TNLKRLNSRI DWDQAGVKVV QETLEWPGNE DDVRRAGVCS YGYGG[TVSHA ITEEFAQQL-

0AS 406 LLDGDPNPET DWAGLDIRLA TRALPWP-ER PHPRRAAVS|G FGYGG[TVAHV VLEQAPTAP-

tem-KS 376 ANYEEPDPEC DLDYVPNVAR EQ-------- -RVDTVLSVIG SGFGGIFQSAA VLARPKETR-

DEBS1-KS1 400 LHFDEPSPQI EWDJGAVSVV SQARSWP-AG ERPRRAGVSS FGISGITNAHV IVEEAPEAD-

FAS-KS 356 LHFHSPNPEI PALLDGRLQV VDQ-PLP--- VRGGNVGINS FGFGGJSNMHI TLRPNTQSA-

Figure 2 Alignment of amino acid sequences of chalcone and stilbene synthases with other condensing enzymes

Amino acid sequences of the C-terminal ends of CHS and STS were aligned with the corresponding regions of other condensing enzymes by comparing secondary structures (cc-helices indicated
by thick bars and /-sheets by arrows) of CHS [14] and £. cofi KAS 11 [13]. Of the four loops that largely make up the active site of CHS, loop | containing the nucleophilic reaction centre Cys-164
is not shown. The abbreviations and GenBank accession numbers are as follows: CHS, P. lobata CHS (D10223); STS, A. hypogaea stilbene synthase (AB027606); ropA, Streptomyces griseus
gene similar to CHS (AB018074); spinach KAS Ill, Spinacia oleracea KAS 11l (CAA80452); E. coli KAS I, E. coli KAS Il (P39434); 6-MSAS, Aspergillus terreus 3-ketoacyl synthase domain of
6-methylsalicyclic acid synthase (D85860); OAS, Streptomyces viridochromogenes 3-ketoacyl synthase domain of orsellinic acid synthase (CAA72713); tcm-KS, Streptomyces glaucescens
tetracenomycin polyketide synthase condensing enzyme (M80674); DEBS1-KS1, Saccharopolyspora erythraga 6-deoxyerythronolide B synthase condensing domain (module 1) (S13595); FAS-KS,

Homo sapiens 3-ketoacyl synthase domain of fatty-acid synthase (P49327).

Steady-state kinetic analysis

All kinetic experiments were performed in 0.1 M Hepes at pH
7.0. The K, (app) values for p-coumaroyl-CoA in the condensing
reaction were determined at a malonyl-CoA concentration of
10 uM; those for malonyl-CoA were determined at 100 uM p-
coumaroyl-CoA. Under these conditions, the production of
triacetic acid lactone, an aberrant by-product formed from
two malonyl-CoA molecules and acetyl-CoA that is derived from
malonyl-CoA decarboxylation in situ (Figure 1), was minimal,
permitting reliable determination of the K (app) values for
naringenin and resveratrol formation. The reactions were per-
formed with 2 ug of the wild-type enzymes and 10 ug of the
mutants at 37 °C for 20 min, then analysed by TLC as described
previously [15]. The K (app) values for malonyl-CoA in malonyl-
CoA decarboxylation were determined in the absence of p-
coumaroyl-CoA. The reaction mixture (50 ul) contained enzyme
(1 ug of wild-type enzyme and 5 ug of mutant) and various
concentrations of malonyl-CoA. After 20 min at 37 °C, 5 ul of
1 M HCI was added to terminate the reaction. A 10 ul aliquot
of the reaction mixture was applied directly to a silica 60 TLC
plate to quantify acetyl-CoA formation. For each experiment,
five substrate concentrations covering the range 0.2-5 K (app)
were employed. The data of v against [S] were fitted to the
Michaelis-Menten equation; the V. and K (app) values were
obtained with a non-linear regression program (SigmaPlot;
Jandel Scientific).

Identification of the reaction products of the P"°G mutant of STS
by LC-MS

Reaction products produced by STS-P*”G (10 mg, 2 pkat/mg
for resveratrol production) were identified by liquid chromato-
graphy/atmospheric-pressure chemical-ionization MS (LC/
APCIMS) as described previously [15], except that substrate
concentrations of 0.1 mM p-coumaroyl-CoA and 0.1 mM
malonyl-CoA were used.

RESULTS
Expression and purification

The enzymes were expressed as Trx fusion proteins and they were
joined with the Trx protein at their N-ends via a linker containing
the His, tag and an enterokinase cleavage site. These Trx fusion
proteins are hereafter referred to as CHS and STS unless
otherwise noted. The His, tag enabled us to obtain the wild-type
enzyme and the P?”*G mutants in apparent homogeneity after a
single purification step with Ni**-chelation chromatography
(Figure 3A). Mutant enzymes were purified under conditions
that were essentially identical with those used for the wild-type
enzymes. The Pro-375 — Gly mutation in both CHS and STS
apparently disturbed the folding process so that most of the
expressed P*”>G mutants were recovered in an insoluble fraction
as inclusion bodies. This resulted in an approx. 4-fold decrease in
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Figure 3 SDS/PAGE (A) and radio-TLC (B, C) of the wild-type and mutant
chalcone and stilbene synthases

(R) Soluble (s) and insoluble (i) £. coli extracts and purified (p) Trx—CHS and Trx—STS enzymes
(60 kDa, arrow) are shown. Proteins were separated on 12% (w/v) polyacrylamide mini-slab gels
under reducing conditions, followed by staining with Coomassie Brilliant Blue R250. Lane M,
molecular mass markers (molecular masses are shown in kDa at the right). (B, C) Radio-TLC
of CHS and STS reaction products. Condensing activities of wild-type and P¥°G mutants of CHS
and STS (B) were determined with p-coumaroyl-CoA and [2-'“Cmalonyl-CoA as substrates. The
cyclization products (naringenin and resveratrol) as well as derailment products (BNY and
CTAL) were separated and quantified by using reversed-phase (Cy) TLC and an Imaging Plate
Analyzer (BAS2000; Fuji). The products were identified by using authentic samples or by a
comparison of their known A values [15]. C. Malonyl-CoA decarboxylation (acetyl-CoA
formation) activity (C) was assayed with [2-'*C]malonyl-CoA as a sole substrate. Acetyl-CoA (a)
and malonyl-CoA (m) were separated on a silica 60 TLC plate and identified by comparing their
A values [4]. The reactions were performed with 1 zq of the wild-type enzyme, 5 g of the
PS5G mutant enzyme or 15 ug of the G**L mutant enzyme. o, TLC origin; f, solvent front.

the yields of the purified mutants in comparison with the wild-
type enzymes (Table 1). The Gly-374 — Leu mutation exhibited
more adverse effects during expression, especially in the STS-
G*™L mutant. A time-course study nevertheless revealed a peak
in expression level at 10-12h after induction as judged by
SDS/PAGE (results not shown). Hence both the G*¥L mutants
were harvested after 10 h induction at 25 °C. Owing to lower
expression levels and solubilities, the G** L mutants were only
partly purified by Ni**-chelation chromatography (Figure 3A).

Enzyme activity and product profile of mutant enzymes

Purified enzymes were analysed for their ability to catalyse both
condensing and malonyl-CoA decarboxylation reactions. Wild-
type native CHS and STS enzymes recovered by cleavage of the
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Trx-fusion enzymes with enterokinase (Stratagene) showed
product profiles and specific activities that were virtually identical
with those of the fusion enzymes. This indicates that the Trx
polypeptide in the fusion protein does not interfere with the CHS
and STS reactions. However, the native enzymes were less stable;
the Trx-fusion enzymes were therefore used in this study.

During the CHS and STS reactions in vitro, BNY and CTAL
are also produced as derailment products by hydrolysis of the
growing chain at the stage of triketide and tetraketide respectively
(Figures 1 and 3B) [6,15,18]. The detection method (acidification
of reaction mixture followed by extraction and RP-TLC analysis)
was chosen to follow both the production of not only the final
products but also the derailment products so as to assess the
mutational effects on the active site. CHS and STS also catalyse
malonyl-CoA decarboxylation and CO, exchange in both the
presence and the absence of p-coumaroyl-CoA [19,20]. The
decarboxylation of malonyl-CoA initially produces an acetyl-
CoA carbanion, which is subsequently protonated to acetyl-CoA
(Figure 1). In the present study, acetyl-CoA formation was
followed, to measure malonyl-CoA decarboxylation activity in
the absence of p-coumaroyl-CoA (Figure 3C).

When Pro-375 was mutated to Gly in CHS, specific activities
calculated for the condensation reaction (total C, units condensed
for all the products/s per mg of protein) and malonyl-CoA
decarboxylation decreased 5.9-fold and 6.8-fold respectively
(Table 1). However, a smaller decrease in V, _ values for
condensation (3.1-fold) and for decarboxylation (1.6-fold) in-
dicated that Pro-375 has a limited role in the early step of
malonyl-CoA decarboxylation (Table 2) and that the larger
differences in specific activities were due partly to different
degrees of purity. More interestingly, the product profile of
CHS-P?*”G was also changed. Whereas the ratio of CTAL to
naringenin produced by the wild-type CHS was less than 0.4, the
same ratio in the CHS-P?*"G-catalysed reaction increased to
nearly 0.9 under identical reaction conditions (Figure 3B). In
contrast, BNY production remained relatively constant (5-7 %,
of total condensations) in the wild-type CHS and CHS-P*"G.
These results indicated that selectively increased CTAL pro-
duction by the P*”*G mutant was not simply due to a ‘loosening
up’ of the active site caused by increased flexibility in the loop.
This ‘loosening up’ effect would have resulted in an increased
access of solvent water to the growing intermediates, leading to
an increased production of both derailment products. Rather, it
seemed more likely that the change in the active-site configuration
of the CHS-P?*”G mutant impeded proper CHS-type folding of
the enzyme-bound tetraketide intermediate, which should even-
tually be hydrolysed by solvent water. Once hydrolysed, the
resulting free tetraketide could no longer undergo the CHS-type
cyclization because the cyclization (intramolecular Claisen con-
densation) requires an activated carbonyl carbon (Figure 1). As
a result, the free tetraketide probably diffuses out of the active
site and undergoes spontaneous lactonization to give CTAL.

The K, (app) and V,,_ values for the wild-type STS and STS-
P3G mutant were not significantly different, indicating that the
Pro-375 — Gly mutation did not significantly affect the malonyl-
CoA binding and decarboxylation reaction of STS. However, the
same mutation had a drastic effect on the product profile.
Whereas the product profile in the wild-type STS reaction
was resveratrol > CTAL ~ BNY > naringenin, it changed to
CTAL > resveratrola BNY > naringenin in the STS-P*”G
reaction (Table 1 and Figure 3B). Clearly, the ability of this
mutant to catalyse the STS-type cyclization to produce
resveratrol was greatly impaired. The concurrent increase in
production of BNY and CTAL suggested that, in contrast with
CHS-P?7G, ‘loosening up’ of the active site in STS-P**G had a
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Table 1

Expression, product profile and enzyme activity of the wild-type and mutant chalcone and stilbene synthases

Results are means 4+ S.D. (7 = 3-6). Yields are those of purified enzymes obtained after a Ni**-chelation chromatography step. For determining the product profiles and measuring the specific
activity of the condensing reaction, the reaction was performed in 0.1 M potassium phosphate, pH 7.2, containing 10% (v/v) glycerol, 0.1 % (v/v) Triton X-100 and 1 mM dithiothreitol with 0.1 mM
p-coumaroyl-CoA and 16.8 uM [2-"%C]malonyl-CoA as substrates. Specific activity is defined as pmol of G, units condensed/s per mg of protein (pkat/mg). For measuring the specific activity
of the malonyl-CoA decarboxylation, the reaction was performed in 0.1 M Hepes, pH 7.0, with 100 xM [2-"*C]malonyl-CoA as a sole substrate. The amounts of enzymes added to the reaction
were: wild-type enzymes, 1 g; P375G mutants, 5 xg; G374L mutants, 15 xg. Specific activity is defined as pmol of acetyl-CoA produced/s per mg of protein (pkat/mg). ‘Inactive’ signifies that
even with 30 «g of partly purified mutant enzyme (Figure 3), the amounts of any products were below the detection limit.

Product profile (mol%)

Specific activity (pkat/mg)

Yield (mg/100 ml Condensing Malonyl-CoA
Enzyme Variant of culture) Naringenin CTAL BNY Resveratrol reaction decarboxylation
CHS Wild-type 82+29 68+75 24+42 53+24 30+17 220+32 390+39
G374L 0.1440.014 Inactive 0.714+0.71
P375G 24+19 48+6.5 43+36 67+31 25+15 37+16 57 +16
STS Wild-type 80422 17404 10+70 86437 79488 280480 170435
G374L 0.1540.028 Inactive 124+1.0
P375G 1.8+1.2 7.3+10 42452 24+43 27443 60 +20 39+3.8

Table 2

Results are means 4 S.D. (7 = 3). Under the heading ‘Condensing reaction” are shown K (app) and I/

Kinetic parameters of the wild-type and mutant chalcone and stilbene synthases

/o Values for naringenin production by CHS and for resveratrol production by STS.

Condensing reaction

K, (@pp) (uM)

Malonyl-CoA decarboxylation

Enzyme Variant p-Coumaroyl-CoA Malonyl-CoA I/ o« (pmol/s per ml) K., (app) (1M) /.o (Pmol/s per ml)
CHS Wild-type 50471 30+12 0.46+0.27 49+64 12+1.2

P375G 44428 25+0.71 0.1540.04 23+29 76+14
STS Wild-type 22457 2.040.89 0.53+0.23 31+ 47410

P375G 1640.71 0.89+0.10 0.13+0.06 22455 524025

major role. Further, STS-P*”G exhibited an increased cross-
reaction [15] of up to 30 9,. That is, the mutant catalysed almost
one CHS-type cyclization for every three STS-type cyclization
reactions. It should be noted that the increased cross-reaction
cannot be attributed solely to the decreased production of
resveratrol because the specific activity for naringenin production
by STS-P3"3G (1.6 +0.60 pkat/mg, mean+ S.D.) remained simi-
lar to that of the wild-type enzyme (1.6 +0.41 pkat/mg) in spite
of the 4.7-fold decrease in condensing ability and the 4.4-fold
decrease in malonyl-CoA decarboxylation activity (Table 1).
This unexpected result could best be explained by the fact that
different cyclization reactions in CHS and STS are indeed
controlled by differences in the active-site geometry, which
determines the way in which the linear intermediate folds before
cyclization [14,21]. It is therefore proposed that the active sites of
CHS and STS are configured to favour one type of spatial
folding of the intermediate. The P*"*G mutation alters the STS
active site to allow both types of folding to occur partly by
‘loosening up’ (see the Discussion section).

As a way of assessing whether the mutant retained the
conformational integrity of the wild-type enzyme, kinetic par-
ameters of the wild-type and mutant enzymes were compared. As
summarized in Table 2, the Pro-375 — Gly mutation in CHS and

STS had a limited effect on the K (app) values for both
substrates, suggesting that the mutants retained the wild-type
tertiary structures. The identity of the products formed by STS-
P3G was confirmed by LC-APCIMS analysis in positive-ion
mode. The results were in complete agreement with earlier
reports [6,15]: BNY, MS m/z 231 [M+H]"; CTAL, MS m/z 273
[M +H]*; resveratrol, MS m/z 229 [M + H]*, MS-MS (precursor
ion at m/z 229) m/z (rel. 9%) 211 (50), 135 (100), 119 (17), 107
(18); naringenin, MS m/z 273 [M + H]*, MS-MS (precursor ion
at m/z 273) m/z (rel. %) 171 (13), 153 (76), 147 (100).

No condensing activity was detected with the G*"*L mutants
of CHS and STS, even after larger amounts of proteins were
added to the reaction. Some residual malonyl-CoA activities
were detected but they were less than 19, of the corresponding
wild-type activities. Because of the lower expression and solubility
of the G*"*L mutants, the possibility cannot be excluded that the
almost complete loss of the enzyme activity is due to minimal
amounts of functionally folded enzymes. However, considering
the fact that partly purified preparations contained the mutants
as the major protein (Figure 3A), it seems more likely that the
loss of activity was due either to the blocking of active sites by
the bulky side chain of Leu or to the impaired flexibility of the
loop.
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DISCUSSION

It is generally accepted that CHS and STS catalyse the synthesis
of a linear tetraketide intermediate by means of common
chemistry and a common set of catalytic amino acid residues.
They do differ in subsequent cyclization reactions; however, an
understanding of how the enzymes exhibit stereospecific control
in different ring formation reactions has proved to be a challenge.
To produce different ring systems connecting different sets of
carbon atoms, the common tetraketide intermediate must be
folded differently in the active sites of CHS and STS (Figure 1).
This different folding can in principle be controlled by different
active-site geometries. CHS- or STS-specific amino acids that
might govern different cyclization reactions have not been
identified. Further, the recent report [14] that there is no
functional amino acid in the cyclization pocket of CHS to act as
a base during cyclization provided support for the notion that
different active-site geometries, not different sets of strategically
positioned functional residues (bases), control different cycliza-
tion reactions in CHS and STS [1,3,21].

Pro-375 in the G*"2FGPG loop is strictly conserved not only
in CHS and STS but in all other members of the CHS superfamily
cloned so far. Further, Pro-375 is a characteristic residue uniquely
found in the CHS superfamily enzymes and not in any other
condensing enzymes (Figure 2). The results obtained in the
present study show that the Pro-375 — Gly mutation exhibits
different effects in CHS and STS. In CHS, the mutation impeded
the ability of the enzyme to catalyse the CHS-type cyclization,
resulting in a selectively increased production of the derailment
product, CTAL. In contrast, in STS, the mutation resulted in not
only a ‘loosening up’ of the active site to give an increased
production of both derailment products, BNY and CTAL, but
also a net increase in cross-reaction (naringenin production).
These results suggested that, although conserved in the super-
family members, the exact role of the loop in catalysis, especially
during cyclization, might differ between the different enzymes in
the family.

The X-ray crystal structure of alfalfa CHS showed that the
G*?FGPG loop makes up a part of the sidewall of the enzyme’s
active site. The corresponding S*’FGFG loop of E. coli KAS 11
is located at the entrance of the active-site pocket and acts
primarily as the flexible gate to the active site [13,14]. The results
obtained in this study suggest strongly that the G*"?FGPG loops
in CHS and STS contribute to determining the outcome during
cyclization reactions by serving as a part of the active-site
scaffold on which the stereochemistry of cyclization is performed.
This can be realized by providing both van der Waals interactions
[14] and physical confinement during intermediate folding. Simi-
lar cases, in which an alteration of the active-site geometry by
evolution or by site-directed mutagenesis has led to a novel
enzyme activity, can be found in the conversion of oleate 12-
desaturase into oleate 12-hydroxylase and of 13-lipoxygenase
into 9-lipoxygenase [22,23].

However, it should be noted that the chemistry of the STS-
type cyclization is more complex than that of the CHS-type
cyclization. The STS-type reaction involves hydrolysis, cycliza-
tion and decarboxylation, although the order of events is yet to
be resolved. A clear understanding of how these enzymes perform
different cyclization reactions requires a knowledge of the three-
dimensional structures of STS and other members of the family
including p-coumaroyltriacetic acid synthase, which does not
catalyse a cyclization reaction [6].

The local similarity and conservation of the key residues and
structural elements between CHS and other condensing enzymes
presented here (Figure 2) raises an interesting point about the
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evolutionary origin of CHS and STS. Enzymes of secondary
metabolism have evolved from pre-existing enzymes, ultimately
from those involved in primary metabolism. Even though it has
been suggested that CHS and STS are evolutionarily connected
with the condensing enzymes (KAS) in fatty-acid synthases [24],
a lack of overall similarity has prevented this notion from
gaining general acceptance [3]. The recent demonstration of
functional CHS-like enzymes in micro-organisms [7,8], together
with information presented in this study, should provide new
insights into understanding this long-standing question. One
attractive model is that the ancient CHS, along with other CHS-
like enzymes including the bacterial enzymes, diverged from the
evolutionary line of other condensing enzymes (KAS in fatty-
acid and polyketide synthases) to meet the need for a variety of
secondary metabolites including flavonoids. This process could
have involved developing a new functional role for the GFGPG
loop by mutating a bulky amino acid to a proline residue.
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