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Plant Polyketide Synthases Leading to Stilbenoids Have a Domain Catalyzing
Malonyl-CoA:CG, Exchange, Malonyl-CoA Decarboxylation, and Covalent Enzyme
Modification and a Site for Chain Lengthening
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ABSTRACT: Stilbene synthases and the related bibenzyl synthases are plant polyketide synthases whose
biological functions lie in the formation of antimicrobial phytoalexins. The formation of hydroxystilbenes
from one molecule of acyl-CoA and three molecules of malonyl-CoA is catalyzed by a homodimeric 90
kDa protein and includes Claisen condensations and cleavage of a thioester followed by decarboxylation.
Combining inhibitor studies, protein modifications, and site-directed mutagenesis, we were able to
differentiate between the binding sites for malonyl-CoA and the regions responsible for the selection of
the primer p-coumaroyl-CoA om-hydroxyphenylpropionyl-CoA, respectively. Mutations in the C-terminal

part of the molecule or modification by photolabeling witazidocinnamoyl-CoA influence the overall
reaction, the formation of hydroxystilbenes, but leave partial reactions, such as the malonyl-GoA:CO
exchange and the malonyl-CoA-dependent modification of the enzyme, unaffected. Data obtained with
several kinds of stilbene synthase and mutant forms suggest that the malonyl-CoA-dependent covalent
modification takes place at a cysteine residue in the N-terminal part of the enzyme. Mutations in the
C-terminal half of the enzyme molecule do not interfere with the malonyl-CoA-dependent reactions.

Aldol reactions and the related Claisen condensations arethe products and partial reactions are different. Even more
mechanisms widely used in biochemistry for the formation similarities to the stilbene synthases were found with bibenzyl
of carbon-carbon bonds. Among the processes which rely synthases (Reinecke & Kindl, 1994; PreisigHléu et al.,
on this kind of anabolism are the condensing enzymes of 1995) which convert a phenylpropanoic acid derivative
fatty acid biosynthesis and polyketide synthases leading toinstead of a phenylpropenoic acid derivative and lead to
various natural compounds. Polyketides which are of interestdihydrostilbenes (bibenzyls).
because of their distinct physiological functions have been By combining different enzymatic assays, protein modi-
described from bacteria, fungi, and higher plants (Hopwood, fications, and site-directed mutagenesis, we describe details
1990; Katz & Donadio, 1993; Hutchinson & Fujii, 1995). of the enzymatic mechanisms of stilbene synthases and the
Stilbenes, a class of polyketides arising by chain lengthening related bibenzyl synthases. The investigation shows that
of one molecule of a phenylpropane unit with three acetate malonyl-CoA is not only condensed with starter CoA esters
units derived from malonyl-CoA, are restricted to a few plant but reacts also with the enzyme forming an acyl protein.
genera (Hart, 1981; Kindl, 1985). At certain stages of
development and upon elicitation by fungal signals, these EXPERIMENTAL PROCEDURES
plants synthesize hydroxystilbenes and their derivatives,

which eventually function as fungistatic phytoalexins (Hain nant EnzymesStilbene synthases from peanut and grapevine

et'?rl;elb?gs;n%s;t?cegf :earlgé }3:;21 to the stilbene SkeletonWere obtained from cell suspension cultures according to
y q 9 Schigpner and Kindl (1984) and Liswidowadt al. (1991)

(Figure 1) includes (a) three consecutive Claisen reactions,While the bi
: ) pine enzyme was prepared from young plants
which are succeeded by (b) an aldol reaction that forms theinfected withBotrytis cinereaas described by Gehlest al.

second aromatic ring, (c) .the cleavagg Ohine thioeste_r bor]d'(1990). For the preparation of the orchid bibenzyl synthase
and (d)_a d_ecarboxylanon of an intermediary stilbene (Reinecke & Kindl, 1994) and the recombinant grapevine
calrti[oxyllc ?(t:;]d' It f',hlould tta'e fea&é)lte ':P C(ij(terr]nonstrate thg stilbene synthase forms, we used the bacterial expression of
existence ol the partial reactions and o find e COreSpond=py\a constructs in the vectors pDS (Melchior & Kindl,

ing domains in th_e amino acid sequence by homologies \.Nith 1990) andEscherichia colistrain NM522 as host or pQE11
enzymes catalyzing related processes. All of the reaCt'ons(Preisig—MUIer et al, 1995) ancE. coli strain M15/pREP4

take place by the function of 90 kDa homodimeric enzymes, . . ;

: 7 N . ) as host. Thus, the N-terminal region was either enlarged
designated “stilbene synthases (Sppner& Kindl, 1984, by the sequence MRIIRRP- preceding the original start
Gehlertet al,, 1990). Structurally, stilbene synthases (Sehro methionine (Melchior & Kindl, 1990) or contained an
?erﬁt ?I" 1988; melChlorS%degl’Sl??é) areiggla%selyl{d:elatﬁd additional stretch of 15 amino acid residues including a His-
0 chalcone synthases (Sttey chraier, ) althoug 6-tag (Preisig-Miler et al, 1995). For obtaining His-tagged

mutant forms, pDS-MO (pSV25; Melchior & Kindl, 1990)

T This work was supported by the Deutsche Forschungsgemeinscha ; ; _ ; ; ;
(SFB 286) and the Fonds der Chemischen Industrie. fyvas cleaved wittSad in the 3 noncoding region. Following

* Author to whom correspondence should be addressed. blunt end formation, the coding sequence was cut out near
® Abstract published irAdvance ACS Abstractsune 15, 1997. the start ATG of stilbene synthase usiSgl. The vector
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Ficure 1: Chemical reactions involved in the formation of hydroxystilbene (resveratrol) frooumaroyl-CoA and malonyl-CoA. Partial
reactions considered in this paper include a malonyl-CoA:EX@hange reaction, repeated Claisen condensations of CoA ester originating
from phenylpropane units (a), an aldol reaction (b) affording the cyclic compound, the thioesterase reaction (c) acting on a stilbene-2-
carboxyl ester, and a decarboxylase step (d).

pQE11 was digested witHindlll. After blunt end forma- MO enzyme or its derivatives, recombinant enzymes derived
tion, aSal restriction site was created. Basic recombinant from vector pDS, were obtained as apparently homogeneous
DNA methods such as restriction enzyme digestions, liga- proteins by binding the proteins present in a cridecoli
tions, transformations, and DNA sequencing were carried cell extract to hydroxylapatite in the presence of 20 mM Tris-
out as recommended by the suppliers of biochemicals andHCI, pH 7.5, and 1 mM dithiothreitol. The enzyme eluted
kits. Site-specific mutagenesis experiments were performedwith a phosphate gradient buffer could be further purified

using the Transformer Site-Directed Mutagenesis Kit (Clon-
tech) or the In Vitro Mutagenesis Kit (Amersham) and
grapevine stilbene synthase MO (Melchior & Kindl, 1990)
as template.

A Puull site was introduced within the triplet coding for
Ser-221 of bibenzyl synthase contained in pBibSy811
(Preisig-Miller et al, 1995) to allow cleavage and subsequent
fusion with the Puull site of stilbene synthase at the
respective position. A secon@uwull site was present
downstream of the multiple cloning site of pQE11. To

by anion-exchange chromatography on a Mono Q FPLC
column (Pharmacia). Throughout the purification proce-
dures, it was advantageous to add 17% glycerol for stabiliz-
ing the enzyme activity. Molecular exclusion chromatog-
raphy in the absence of glycerol led to a reduction of enzyme
activity yield of more than 80%.

To purify His-tagged fusion proteing,. coli strain M15-
(pPREP4) containing the respective pQE11 plasmid was
grown at 35, 17, or 10C, respectively. Induction was
achieved by adding IPTG to 1 mM. After 3 or 24 h (as

construct plasmid pM12, we used MO in pQE11 and replaced indicated), the cells were harvested, resuspended in buffer
the region downstream of tHeuull site with the respective A (50 mM sodium phosphate, pH 8.0, 300 mM NacCl, 10
fragment from pBibSy811. Equally, the plasmid pM13 was mM imidazole, and 2 mM mercaptoethanol), and lysed by
obtained by replacing the coding region of bibenzyl synthase freezing, thawing, and sonicating. The homogenate was
downstream of théwull site with the respective fragment clarified by centrifugation, and the supernatant was loaded
taken from stilbene synthase. This procedure did not changeonto N?"-NTA agarose column (Preisig-Mer et al., 1995).
the amino acid sequence in the range around Ser-221. AllBound proteins eluted with 120 mM imidazole in buffer A
plasmids were partially sequenced to confirm the changeswere finally recovered in 100 mM HEPE$H 8.0, and 2
made. mM mercaptoethanol. These conditions restored the enzyme
A deletion removing a large part of the carboxyl terminus activity.
was designated pDS-M8 (129 amino acid residues removed). Antisera were raised in rabbits against orchid bibenzyl
The construct pDS-M8 was generated by digesting pDS-MO synthase, grapevine stilboene synthase MO, and stilbene
with Banll which cuts at two sites in the C-terminal half of synthase prepared from peanut cell suspension cultures.

MO cDNA. Religation of the shortened plasmid resulted in
the MO derivative M8, coding for a 29 kDa protein
representing amino acid sequence2B3 (related to wild
type enzyme) and -KLKG at the C-terminus.

A rapid and efficient purification of the enzymes from cell
suspension cultures or plants induced with fungal elicitor

Stilbene synthases were de novo synthesized in vivo by
incubating bacterial strains or plant cell cultures with

radioactively labeled precursors according to Liswidowati

et al. (1991).

1 Abbreviations: EDTA, disodium salt of ethylenediaminetetraacetic

was achieved by absorbing the proteins of the crude extractacid; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; HPLC,
on hydroxylapatite (Bio-Gel HTP) and removing all carbo- high-performance liquid chromatography; IPTG, isoprofihioga-
hydrates by washings. Subsequent to elution with phosphate{jacmpyranos'de' PC, paper chromatography; SBBGE, sodium

L odecyl sulfate-polyacrylamide gel electrophoresis; TFA, trifluoro-
a combination of chromatography on Blue Sepharose-Cl- eetic acid: TLC, thin-layer chromatography: Tris, tris(hydroxymethyl)-
6B and Sephacryl S-200 led to almost pure enzymes. Theaminomethane.
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Assays of Enzyme Adties. Stilbene synthase activity to Steckigt and Zenk (1975). Data faX-hydroxysuccin-
was determined by measuring the conversiomp-cbuma- imidyl p-azidocinnamate follow.'H-NMR (CDCl;): 2.88
royl-CoA plus [2#‘C]malonyl-CoA (Amersham; 2.0 GBg/  ppm (s, 4H); 6.54 ppm (d, 16.0 Hz, 1 H); 7.08 ppm (d, 7.9
mmol) into resveratrol. The amount of radioactive resver- Hz, 2 H); 7.55 ppm (d, 8.1 Hz, 2 H); 7.87 ppm (d, 16.0 Hz,
atrol was quantified after TLC and liquid scintillation 1 H). MS,m/e286 (M", 40%); 258 (27%); 172 (97%); 160
counting of the respective zone scraped off the thin-layer (35%); 144 (97%); 132 (17%); 116 (100%); 89 (96%).
plate (Schippner & Kindl, 1984). The test for malonyl-CoA: The CoA ester purified by PC showed three relative
14CO, exchange activity was carried out at pH 8.0 in a total maxima in the absorption spectrum at 203 rm= 20.8
volume of 100uL by incubating the enzyme with 1.0 MM cn2/umol), 260 nm ¢ = 16.9 cn¥/umol), and 336 nmd =
malonyl-CoA and 8Q«M NaH"CO; (adjusted to 200 MBa/ 17.2 cn#/umol). Exposure of the CoA ester to UV light of
mmol) at 30°C for 60 min. Subsequently, the mixture was 300-366 nm greatly reduced the absorption at 336 nm.
placed in an exsiccator along with NaOH, acidified, and left p-Azidocinnamoyl-CoA was used either as competitive
under reduced pressure. Radioactive malonic acid Wasjnhibitor of the binding ofp-coumaroyl-CoA or as a means
purified by PC and quantified by liquid scintillation counting. ., affinity labeling. In the latter case, the enzyme (0M)

For assaying the malonyl-CoA decarboxylase activity, [1,3- \ a5 incubated with the azido compound (0.1 mM), treated

“Clmalonyl-CoA (NEN Du Pont; 1.2 GBg/mmol) was i Uy light for 6 min, and subsequently purified by gel
incubated with the enzyme in a two-arm minivessel contain- chromatography or PAGE.

ing the decarboxylase mixture in one side arm and 20% (v/
v) phenylethylamine dissolved in methanol and spread on
filter paper in the other side arm. After incubation for 6
min at 30°C, 100uL of phosphoric acid was added to the
enzyme mixture via a rubber-sealed entry. The radioactivity
of the CQ produced and absorbed on the filter paper was

determined by liquid scintiliation counting. containing 15% glycerol, 10 mM dithiothreitol, 2 mM

Malonyl-CoA was 6.1|SO used to demonstrate_an acyl benzamidine hydrochloride, and 2 mM EDTA. After
transfer to the enzyme: 100 pmol of enzyme was incubated .

with 1 nmol of [234C]malonyl-CoA in 100uL of 40 mM incubation, the enzyme was exchanged, using a PD-10 gel
potassium phosphate, pH 8.0, at*&for 30 min. Stilbene filtration column (Pharmacia), into 100 mM potassium
synthases chemically modified by the reaction witi{e}- phosphate buffer, pH 7.5.

malonyl-CoA were purified by gel exclusion chromatography _nhibition of the stilbene formation was tested with
on Sephadex G-100 according to their molecular mass of diisopropy! fluorophosphate. The inhibitor (dissolved in

90 kDa. The radioactive proteins were run on PAGE and 1SOPropyl alcohol) was used at concentrations of-G3nM,
visualized by autoradiography or photoimaging. and incubated with 25 ng of enzyme, 40 mM potassium
For characterization of the radioactive acyl group trans- Phosphate, pH 8.8, 2% (v/v) ethylene glycol, 1.5 mM
ferred to the protein, the modified enzyme was treated with Mercaptoethanol at 3@ for 30 min.  Cerulenin [(33R)2,3-
0.2 M hydroxylamine at 37C for 50 min. The removal of epoxy-4—oxo—7,10.—dodeca(:j|enoylam|de] was u_sed as inhibitor
the acyl group was demonstrated by rechromatography ofOf the condensation reaction at a concentration of 0.1 mM.
the protein. In another experiment, the hydrolysis of the  Loss of malonyl-CoA**CO, exchange activity was studied
covalently labeled enzyme was carried out with 0.3 N sodium by treatment of stilbene synthase with mercurials such as
hydroxide at 30°C for 60 min. Subsequently, the mixture ~P-hydroxymercuribenzoate (Subramani & Schachman, 1981).
was acidified, and the carboxylic acids were exhaustively p-ChloroP®Hg]mercuribenzoate was obtained by oxidation
extracted with ether. After addition of carrier compounds, Of tolyl[?*Hg]mercuric chloride in agueous solution (Whit-
acetic acid and malonic acid were characterized and quanti-more & Woodward, 1941). The conversion of 0.1 mmol of
fied asp-bromophenacyl esters. As blank allowing for small p-toluenesulfinate with 0.1 mmol 6PHgCl, (Amersham;
amounts of acetic acid formed by chemical decarboxylation adjusted to 300 MBg/mmol) was as according to Whitmore
of malonic acid during the course of hydrolysis and purifica- €t al. (1941). p-Hydroxymercuribenzoate was purified by
tion we incubated stilbene synthasex&) with 1 nmol of HPLC following the absorption at 233 nra{ 17 cmimol)
[2-14C]malonic acid (10 kBq) and isolated the radioactive (Boyer, 1954). 10@g of purified MO enzyme was incubated
acetic acid ap-bromophenacyl ester as described above. This With 2 nmol of p-hydroxyP*Hg]mercuribenzoate in a
value (1.5%) was used to correct the yields of malonic acid phosphate buffer, pH 8.0, at 3C for 30 min. Following
and acetic acid obtained from acylated enzymes. Further-purification of the protein by passage through a column filled
more, to control the efficiency of the chemical hydrolysis With Sephadex G-50 (10 mL total volume) and concentration
of the radioactive modified enzyme, we determined the in a speed-vac, the labeled protein was subjected to exhaus-
radioactivity remaining in the protein recovered by precipita- tive proteolysis by incubation with the protease Glu-C
tion. (Boehringer). A?2%Hg-labeled peptide was purified by
Inhibition Studies. pAzidocinnamoyl-CoA was synthe- HPLC on Ggreversed phase following theradiation, and
sized fromp-azidobenzaldehyde (Bridges & Knowles, 1974) the mercuribenzoate group was subsequently removed by
by condensation with malonic acidH-NMR (CDCL): 6.34 addition of excess of dithiothreitol. After another HPLC
ppm (d, 15.9 Hz, 1 H); 7.00 ppm (d, 8.6 Hz, 2 H); 7.49 ppm chromatography, the N-terminal part of the peptide fragment
(d, 8.6 Hz, 2 H); 7.68 ppm (d, 16.0 Hz, 2H). MB/e189 was sequenced by automatic Edman sequencing.
(M*, 77%); 161 (100%); 143 (99%); 115 (74%). Other Techniques.HPLC was performed with a €
The reaction withN-hydroxysuccinimide led to the reactive  reversed phase column. Elution was with an gradient formed
ester which was further converted to the CoA ester accordingby 0.1% TFA and 80% aqueous acetonitrile, 0.07% TFA.

Modification of stilbene synthases wilrethylmaleimide
was done by incubating the enzyme at pH 8.0 withuB0
N-ethylmaleimide at 30C for 30 min. To ensure that the
substrate binding thiol residues were fully reduced before
reaction with thiol-specific inhibitors, protein pellets were
resuspended in 100 mM potassium phosphate buffer, pH 7.6,
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Table 1: Survey of the Wild Type Enzymes, the Mutants, and the Recombinant Proteins

enzyme form derived from construction protein purification

(Schupner & Kindl, 1984)
(Liswidowatt al., 1991)
(Gehlert et al., 1990)

arachis wild type
grapevine wild type
pine wild type

bibenzyl synthase pBibSy811 Hindlll fragment in pQE11 (Reinecke & Kindl, 1994; Preisig-Nér et al,, 1995)
grapevine pSV25 pSV25 inserted irfest site of pDS12 described in this publication

M1 MO MOQP in pQE11; C60A Ni*-NTA affinity chromatography
M2 MO MO in pQE11;A(K53,K54,K55)
M3 MO MO in pQE11; A37P
M4a MO MO in pDS12; S250A
M4b MO MO in pQE11; S250A Ni*-NTA affinity chromatography
M5 MO MO in pQE11; N249D;A255D HTP chromatography similar to MO
M6 MO MO in pQE11; C130A
M7 MO MO in pDS12; C341A
M8 MO MO in pQE11;A(264—392)
M9¢ MO MO in pQE11; C164A NiT-NTA affinity chromatography
M10¢ MO MO in pQE11; VSI-(236-232)EAAD N#i?#*-NTA affinity chromatography
M12¢ MO, pBibSy811 MO(%-221) fused to bibenzyl synthase

(222-392)
M13¢ MO, pBibSy811 bibenzyl synthase{221) fused to MO

(22—392)

aContains an N-terminal extension MRIIRRP (Melchior & Kindl, 1990%al fragment from MO inserted int&al site of pQE11 resulting,
compared to the wild type SV25, in an N-terminal extension, MRE3RRP-.¢ Made by using kit and instructions provided by Clontech.

Electrophoreses, fluorography, and Western blots wereonly after prolonged time periods of incubation with the
performed according to Laemmli (1970) and Feussner andsulfhydryl reagents, or by partially unfolding, were the other
Kindl (1994). Protein content was determined according to sulfhydryl groups modified. This property was utilized to
Lowry et al.(1951). Limited proteolysis using V8 protease assay whether the mutant forms behaved similarly and thus
(Glu-C, Boehringer) was carried out as described earlier could be regarded as folded in a way similar to the wild
(Hohne et al, 1996). Automated Edman degradation of type protein.

peptides was performed using an Applied Biosystems model  stilbene Synthases Catalyze Malonyl-CoA;&gchange,
477A sequencer. Malonyl-CoA Decarboxylation, Chain Lengthening of p-
Coumaroyl-CoA, and Their Own @alent Chemical Modi-
RESULTS fication. As the studies were intended to unravel the

Preparation and Characterization of Various Forms of Presence and cooperation of two or more specific binding
Stilbene SynthasesWild type stilbene synthases were domains, we looked for possible partial reactions included
prepared from cell suspension cultures of peanut or grape-in the multistep reaction sequence leading to the second
vine. Additional grapevine stilbene synthase forms were aromatic ring (see Figure 1). Partial reactions have been
obtained either as fusion proteins slightly altered in the found earlier with the related enzymes, namely, fatty acid
N-terminal region or as proteins with a 15 amino acid Synthase and chalcone synthase. By designing specific tests,
N-terminal extension carrying a His-tag. For the synthesis it iS possible to assay some partial activities of the stilbene
of bibenzyls (dihydrostilbenes), the His-tagged form of Synthases and to use the activities to characterize the total
bibenzyl synthase frorRhalaenopsisvas used. The prin-  Process.
ciple for constructing the vectors for site-directed mutagen- Malonyl-CoA:CQ Exchange and Malonyl-CoA Decar-
esis and bacterial expression of fusion proteins and the databoxylation Using various forms of stilbene synthases
of the various forms of stilbene synthases used in this paper(Figure 2), we observed malonyl-CoA:G@xchange in the
are summarized in Table 1. absence of the second substrate, peeoumaroyl-CoA. The

For kinetic characterization, we concentrated on the exchange reaction characterized by a pH optimum of 8.0
properties of the fusion protein MO. This protein, identical obeyed hyperbolic kinetics. From the initial velocities, we
to the wild type grapevine enzyme, except for a slightly calculated for the purified enzyme MO a maximal velocity
altered N-terminal region possessing an extension MRIIRRP, of the malonyl-CoA:CQexchange reaction as 320 pkat/mg

exhibited Kn, values slightly lower than the wild type
enzyme: 1.2uM for p-coumaroyl-CoA and 6.3«(M for
malonyl-CoA instead of 1.aM for p-coumaroyl-CoA and

of protein. Thus, the maximal velocity of this partial activity
(320 pkat/mg of protein) is similar to the velocity of the
overall reaction leading to resveratrol (350 pkat/mg of

9 uM for malonyl-CoA; avma (related tqumol of resveratrol protein). In partially purified preparations, the immunopre-
formed) of 350 pkat/mg of protein was calculated for MO cipitation of the protein with antistilbene synthase antiserum
compared to 370 pkat/mg of the enzyme isolated from the caused a parallel decrease of both stilbene formation and
plant. malonyl-CoA:CQ exchange activity in the supernatant.

To assess the extent to which the overexpressed proteins Methylmalonyl-CoA was tested as a potential substrate
regain a configuration comparable to the wild type enzyme, for a putative methylmalonyl-CoA:C{exchange reaction.
we applied the knowledge that stilbene synthases posses&nzymatic activity was observed with an initial rate as much
sulfhydryl groups differently accessible to modification by as 10% of the malonyl-CoA-dependent reaction. An ex-
Ellman’s reagent or alkylation. The wild type enzyme was change reaction using succinyl-CoA as substrate could not
characterized by a single very reactive sulfhydryl group, and be detected. Furthermore, methylmalonyl-CoA functioned
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Table 2: Methylmalonyl-CoA Affecting the Malonyl-CoACQO, Exchange Activity and Acting as Substrate of a Methylmalonyl-G#20,

Exchange
radioactivity
substrates addition product isolated incorporated
malonyl-CoA malonyl-CoA 2.5 kBqg
malonyl-CoA methylmalonyl-CoA malonyl-CoA 0.5 kBqg
methylmalonyl-CoA methylmalonyl-CoA 0.3 kBg

a Stilbene synthase (1) and 1.0 mM malonyl-CoA were incubated with 4 nmol of N&E1O; (2.0 GBg/mmol) in 10Q:L of 40 mM phosphate
buffer (pH 8.0) in the presence or absence of 1.0 mM methylmalonyl-CoA.

—O~— Ah
—a— MO
- ms5
—— B G
A 25 25
°
£
o
0 T T T T 0
0 10 20 30 40 50
Time (min)
B
125 125
3 —O— Resveratrol formation
8 1000 —ik— Exchange reaction - 100
s
°
i 75
Q
2
k]
« 50
25
0 T 0

5-
101
15+
254

Antiserum  (ul)

FiGure 2: Malonyl-CoA:CQ exchange analyzed using various
purified stilbene synthases, malonyl-CoA, aHtC]bicarbonate. (A)
Stilbene synthases (58 ng each) fréwmachis hypogae#Ah) and

the recombinant grapevine enzymes MO (M0) and M5 (M5) and a
bibenzyl synthase from orchid (BS) were used for the time course.
The reaction was followed by analyzing the production of labeled
malonyl-CoA at various time periods. (B) Using partially purified

43 kDa -

Ficure 3: Chemical modification of stilbene synthase by reaction
with [2-1“C]malonyl-CoA. Lanes %4, protein stain; lanes-57,
fluorography. Lanes 2 and 5, product of the conversion ofi@5

of peanut stilbene synthase with 2B labeled malonyl-CoA; lanes

3 and 6, as lanes 2 and 5 but in the presence ofulb
methylmalonyl-CoA; lanes 4 and 7, grapevine stilbene synthase
MO form carrying a mutation C164A (M9) incubated with J2]-
malonyl-CoA; lane 1, marker proteins.

Stilbene synthases also possess low malonyl-CoA decar-
boxylase activity. With [1,34C]malonyl-CoA as sole
substrate, we followed the formation 6fCO,. Using
stilbene synthase MO and malonyl-CoA at concentrations
saturating for the chain-lengthening reaction, the decarboxy-
lation reaction was considerably slower (5 pkat/mg of
protein) than the conversion of malonyl-CoA into the stilbene
resveratrol (data not shown). Using 1481 malonyl-CoA,

a rather unusual concentration in vivo, we observed a
maximal velocity of 200 pkat/mg of protein in VvitroVmax
refers toumol of CO, released.

Reaction with [21*C]malonyl-CoA leads to a chemical
modification of stilbene synthase. When various forms of
purified stilbene synthase were incubated withj@}-
malonyl-CoA we observed the formation of radioactively
labeled protein. Applying rigorous and stringent purification
methods, we demonstrated the presence of a covalently
modified protein and characterized it by SBBAGE (Figure
3). The fluorography also shows that methylmalonyl-CoA
competes with the malonyl-CoA-dependent modification
reaction.

Further Characterization of the Malonyl-CoA Binding Site.
The inhibition studies performed with methylmalonyl-CoA
indicate that the interaction between the stilbene synthase
and malonyl-CoA is specific as far as only methylmalonyl-
CoA can interfere in a competitive way. It is noteworthy
that methylmalonyl-CoA interfered with all reactions taking

preparation of stilbene synthase MO, we assayed both the resverap|ace with malonyl-CoA. The other result is, and this was

trol-forming activity and the malonyl-CoA:C{exchange activity
remaining in the supernatant following immunotitration with
antiserum.

as a competetive inhibitor to the malonyl-CoA:&£€xchange
reaction (Table 2).

corroborated by all following experiments, that in cases

where malonyl-CoA conversions were affected, the conver-
sion to resveratrol was influenced in the same way (data not
shown), suggesting that the malonyl-CoA-dependent steps
precede resveratrol formation.
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1 2 3 4 5 Table 3: Analysis of the Hydrolyzable Moiety in Different Forms
of Stilbene Synthases Covalently Modified by Incubation with
- [2-14C]Malonyl-CoA2
-q radioactivity (Bq)
h 4 products of hydrolysis
% form of stilbene covalently bound malonic acetic
43 kDa - — s synthase to the enzyme acid acid
- peanut wild type enzyme 4.8 1.1 3.7
k grapevine MO form 8.8 2.1 6.7
- grapevine M5 form 11.8 2.1 9.7
— & pine wild type enzyme 10.1 3.3 6.8
- orchid fusion protein 4.3 1.3 3.0
FIGURE 4: Reaction with [24C]malonyl-CoA of stilbene synthase apPeanut and grapevine enzymes are resveratrol-forming stilbene

MO and the MO form reacted witN-ethylmaleimide. The enzymes  synthases, the pine enzyme is a pinosylvin-forming stilbene synthase,
were tested for their capacity to covalently modify themselves. After and the orchid enzyme is a bibenzyl synthase catalyzing the malonyl-
|nCUbaj[|0n of the enzymes with the radioactive malonyI'COA, CoA_dependent conversion Uﬁ_hydroxypheny|propanoy|-CoA to
analysis of the protein was carried out by SBFSAGE and trinydroxybibenzyl. Following modification, the proteins were purified

photoimaging. Lanes-13, protein stain; lanes 4 and 5, fluorogra- by gel chromatography and subjected to hydrolysisgigitN sodium
phy. Lanes 2 and 4, MO; lanes 3 and 5, modification reaction nydroxide at 25°C for 30 min.

performed after preincubation of MO with & N-ethylmaleimide.

characterized by a sequence TSVRRVMLY. This indicates
that both chemical modifications brought about by reaction
with N-ethylmaleimide or mercuribenzoate, respectively, take
place at the cysteine-164 of the wild type grapevine stilbene
synthase.

To gain further information about the kind of modification
brought about by incubation with [ZC]malonyl-CoA we
incubated the modified and then rigorously purified protein
with 0.2 M hydroxylamine at 37C for 50 min. Subsequent
gel chromatography of the protein revealed that 90% of the
radioactivity formerly bound to the protein was released from
it. The easy cleavage of the acyl group by neutraL,@H
provides evidence for an acyl thioester bond.

In further characterizing the malonyl-CoA binding site,
we proved cysteine-164 to be the putative site of the
enzyme’s chemical modification by [Z€]malonyl-CoA.
Earlier experiments with various stilbene synthases have
shown that a thiol group is essential for the catalytic activity
of resveratrol formation. Langt al. (1991) applied site-
directed mutagenesis to find out which of the eight thiol
groups in the peanut stilbene synthase is essential for activity.
They found that exchanging cysteine residues by alanine
residues in most cases greatly reduced the activity of
resveratrol formation, with the mutation in C-164 having the
most dramatic effect. We suspected that thiol groups may

be essential for both the malonyl-CoA binding site and the ™ £ yhe characterization of the putative acyl group released
chain elongation to resveratrol. we prepared various forms of modified stilbene synthases
To assign the particular thiol group, we used both the and subjected them to alkaline hydrolysis. Chemical analysis
stilbene synthase MO deactivated and modified by reactionof the acid groups removed from the protein by this
with N-ethylmaleimide and a MO form carrying a mutation procedure showed that both acetyl and malonyl groups have
C164A, designated M9. We tested these forms for their been present on the protein (Table 3). As these acyl groups
capacity to covalently modify themselves by reaction with \ere sensitive toward reaction with hydroxylamine the
[2-*C]malonyl-CoA. In both cases, the capability for this combined data suggest that the chemical modification
reaction taking place with the wild type enzyme was observed by reacting stilbene synthases witk3malonyl-
abolished (Figure 4) Furthermore, we Subjected the MO CoA afforded ma|0ny| and acety| thioesters.
protein modified by reaction withethytH]-N-ethylmale- Grapevine stilbene synthase MO was prepared Eoeoli
imide to exhaustive proteolysis with Glu-C. After separating cells grown in the presence of2P]-ortho-phosphate and
the peptide fragments by reversed phase HPLC, we isolatedheanut stilbene synthase was obtained from cell cultures
one radioactively labeled fragment which was subjected to grown on a §2P]-ortho-phosphate-containing medium. Fol-
N-terminal sequencing. The sequence found (TSVRRVM- |owing immunoprecipitation, we were unable to detect any
LY) corresponds to the range of amino acid residues-158 |apeling by phosphate in the de novo synthesized enzymes
167 in the recombinant grapevine stilbene synthase MO (i.e.,indicating the absence of a phosphopantetheine structure.
151-160 in the wild type form). Likewise, the analysis of fragmentation pattern provided by
From earlier investigations (Liswidowadit al., 1991) it electrospray ionization mass spectrometry demonstrated that
was known that stilbene synthases possess a rather exposestilbene synthase lacks a phosphopantetheine group. In this
thiol group which may be used for purification of the enzyme respect, stilbene synthases resembles chalcone synthases
by binding it to mercuri agarose and removing it using (Kreuzaleret al,, 1978).
dithiothreitol. Here, we used the exposed thiol group to  Stilbene synthases possess seven cysteine residues, and
modify the enzyme by reacting it witA®Hg-labeled p- thiol side chains other than in Cys-164 may contribute to
hydroxymercuribenzoate. Following purification, the protein the nucleophile formation required for Claisen condensation.
was subjected to proteolysis with Glu-C. Isolation of the Despite the lack of a thiol group on a phosphopantetheine
labeled peptide fragment, removal of the mercuribenzoate arm, arguments can be put forward that a second sulfhydryl
group, and sequence determination identified a fragmentgroup is involved. We used several recombinant forms of
which encompassed, according to its N-terminal sequence,grapevine stilbene synthase MO (Table 4) to address this
a region identical to the fragment mentioned above. Both question. We proceeded by assessing the structural require-
peptides, selected on the basis of their radioactive label, werements for malonyl-CoA decarboxylation and malonyl-CoA-
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Table 4: Survey of Mutant Forms Analyzed for Partial Reactions with Malonyl-CoA and the Total Reaction Leading to Regveratrol

malonyl-CoA malonyl-CoA:CQ covalent modification resveratrol

form mutation decarboxylase exchange activity with malonyl-CoA formation
MO 100 100 100 100
M1 C60A <5 <5 <5 <5
M2 A(K53,K54,K55) 10 5 <5 <5
M3 A37P 100 100 100 80
M4 S250A 60 né 20 <5
M5 N249D, A255D 65 110 80 50
M6 C130A 60 nd 50 50
M7 C347A 100 100 nd 80
M8 A(264—-392) 30 nd ? <1
M9 C164A <5 nd <5 <5
M10 VSI-(230-233)EAAD 110 nd 100 75

aThe conversion rates are related to MO and are given iR id, not determined. Activity decreases rapidly during purification.

dependent covalent enzyme modification with respect to the A
possible role of further cysteine residues; e.g., on the basis
of sequence homology with the active centers of 3-hydroxy-
3-methylglutaryl-CoA synthase we chose the thiol group of
Cys-60 as a potential nucleophilic agent acting in malonyl- 100-1-
CoA-dependent reaction.

Mutations C60A and\(K53,K54,K55) led to the proteins
designated M1 and M2, respectively. Both mutant forms
were characterized by their virtual lack of any malonyl-CoA-
dependent partial activity (Table 4). This indicates that Cys-
60 and its environment have to be implicated in the transfer
of malonyl-CoA preceding the resveratrol formation. A
change A37P at a putative turn in the secondary structure
did not alter any of the partial activities, neither the malonyl-
CoA decarboxylation nor the resveratrol formation. Another 0
mutation in the N-terminal half of the enzyme sequence, M6
(C130A), was used to test a potential role for Cys-130.

Unlike M1, the activities of M6 were only slightly reduced.

Characterization of a Putate p-Coumaroyl-CoA Binding
Site by Affinity Labeling.For all stilbene synthases tested, 1
p-azidocinnamoyl-CoAK; = 9.4 uM) was found to be an
efficient inhibitor competing wittp-coumaroyl-CoA. How- =
ever, p-azidocinnamoyl-CoA was not converted into a :
stilbene derivative. Furthermorg-azidocinnamoyl-CoA 43 kDa - e p—— — ——
was bound to the enzyme and subsequently covalently linked ;
to neighboring amino acid residues via photochemical nitrene
formation. The outcome was that the resveratrol formation
was reduced, the chain lengthening being much more affectedricure 5: Differential effect of p-azidocinnamoyl-CoA on the

than the preceding malonyl-CoA:G@xchange (Figure 5).  binding sites fop-coumaroyl-CoA and malonyl-CoA, respectively.
(A) Effect of the photoaffinity labeling wittp-azidocinnamoyl-

In addition, we prepared 50@g of photolabeled enzyme  CoA (lanes 2 and 4) on the chain-lengthening reaction (lanes 1
and subjected it to an extensive but not complete proteolysisand 2) and the malonyl-CoA:GGexchange (lanes 3 and 4). (B)
by Glu-C. Following separation and purification of the Enzyme labeling by reaction with [ZC]malonyl-CoA; p-azido-
cleavage products, we selected two fragments on the basi€nnamoyl-CoA is not interfering with the malonyl-CoA binding

22 : ' . ) . site as shown by the unreduced formation of chemically modified
of their mtenswe_absorpnon of the cinnamoyl reS|du<_a at 262 enzyme in the presence pfazidocinnamoyl-CoA. Protein stain
nm (see Experimental Procedures) and determined the(left) and fluorography (right). Lane 1, 7/ of stilbene synthase
N-terminal sequence. This led to the characterization of a MO, 15 ug of bovine serum albumin, and 1sg of human

peptide | with the N-terminal sequence DALDSLVG and a fransferrin; lane 2, MO; lane 3, MO incubated with 0.1 mM

: : . p-azidocinnamoyl-CoA.
peptide Il with the N-terminal sequence RPLFQLVS. The
N-terminus of peptide | corresponds to amino acid residues We examined the binding @Fazidocinnamoyl-CoA also
204—211 of the wild type grapevine stilbene synthase by a second means which is able to differentiate between
(characterized in pSV25), and the N-terminal region of the p-coumaroyl-CoA binding and malonyl-CoA binding
peptide Il is identical to amino acid residues 2241. Thus, sites, i.e., the covalent chemical modification of the enzyme
the putative binding site for malonyl-CoA, which is in the by acting on [21“C]malonyl-CoA. As seen in Figure 5B,
N-terminal region of the stilbene synthase and requires atthis modification reaction was not prevented by the presence
least the stretch between residues-300, is separated from  of p-azidocinnamoyl-CoA.
the p-coumaroyl-CoA binding site requiring the middle and On the basis of the preferable binding pfazidocin-
the C-terminal parts of the enzyme molecule. namoyl-CoA to amino acid residues lying in the middle or

125 125

o

100

75

50

25
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A
Fas VAGY GACVA
Thiocesterase VAGY GACCA
Stilbene synthase L, I P N GAIAG
Chalcone synthase I L P D GATIDG
Fas2 AV IT G F G QK
B
Stilbene synthase ELKKFNS-- -RI
HMGCoA synthase 1 DLKSRULDS-SRT
HMGCoA synthase 2 DLKARILDS-SRIK
MCoA decarboxylase DLKRRVGPYRR

Ficure 6: Comparison of stilbene synthase sequence encompassing potential active sites. Ser-250 and its environment are compared with
the potential active centers of enzymes possessing thioesterase activity (A). Rat fatty acid synthase (Easl Ab989) and a bacterial
thioesterase (Lét al,, 1996) were included for comparison. The respective chalcone synthase sequence clearly differs by the three charged
residues (D). The respective sequence ITSFG of yeast Fas2 (Molerabdl988) indicates that deviations from the consensus sequence
GxSxG are allowed. Part B shows Cys-60 of stilbene synthase aligned with sequences of malonyl-CoA decarboxylase from uropygial gland
(MCoA decarboxylase; Jangt al, 1989) and with two forms of a hydroxymethylglutaryl-CoA synthase (HMGCoA synthase; Kattar-
Cooleyet al, 1990).

the C-terminal part of the stilbene synthase molecule, but used diisopropyl fluorophosphate as inhibitor. We observed
certainly not to the N-terminal region, apeazidocinnamoyl- a significant inhibition when the enzyme was incubated with
CoA not interfering with the binding and modification at diisopropyl fluorophosphate 30 min at 3C prior to the
the malonyl-CoA binding site, it would be tempting to addition of the substrates. Applying 5 mM diisopropyl
conclude simply that the two binding sites, although forced fluorophosphate in this way resulted in 90% inhibition. The
to interact during chain lengthening, are separated from eacheffect could not be reversed by preincubation with diiso-
other. This is corroborated by the findings that mutant M8 propyl fluorophosphate in the presenceafoumaroyl-CoA.
constructed as the deletion of C-terminal amino acid residues |n line with this experiment, we looked for a potential
(A(264-392)) lacked any stilbene-forming activity but candidate of the thioesterase active center. As the reaction
possessed a significant amount of malonyl-CoA decarboxy- sequence catalyzed by chalcone synthase does not include
lase activity. an esterase and decarboxylase step, we also concentrated on
After malonyl-CoA andp-coumaroyl-CoA are bound to  differences between the structures of stilbene synthases and
the synthase, a condensation reaction should proceed whiclthalcone synthases. On the basis of sequence comparisons
may have similarities to the condensation reaction of fatty with thioesterase consensus sequences (Figure 6), Ser-250
acid synthases and 6-methylsalicylic acid synthase (Omura,and its environment were thus assumed as candidates for an
1976). Inthose cases, the antibiotic cerulenirg[8R)-2,3- active center. Mutation S250A (in protein M4) did not alter
epoxy-4-oxo-7,10-dodecadienoylamide] frabephalospo- the malonyl-CoA decarboxylase or the malonyl-CoA:CO
rium caerulenavas used as inhibitor to characterize the thiol exchange reaction but greatly reduced the stilbene formation
group involved in the condensation reaction (Omura, 1976; (Table 4). Mutation in the environment of Ser-250 did not
Kauppinenet al, 1988; Morisakiet al, 1993). Using cause significant reduction of activities, as shown with M5
stilbene synthase MO and 0.1 mM cerulenin, we observed (N249D,A255D). As expected, M5 was susceptible to
an 80% inhibition in the resveratrol formation. The level chemical modification by [24C]malonyl-CoA.
of inactivation of stilbene synthase MO and M5 (Q«B1) Studies To Assign a Putaéi m-Hydroxyphenylpropionyl-
by cerulenin (10(:M) was also determined after the enzyme CoA Binding Site. The orchid bibenzyl synthase has
had been preincubated wighicoumaroyl-CoA. Preincuba-  previously been characterized by its clear preference of
tion with p-coumaroyl-CoA (30Q:M) was found to protect  m-hydroxyphenylpropionyl-CoA as substrate instead of the
the enzyme from inactivation, whereas preincubation with p-hydroxyphenylpropenoyl-CoAptcoumaroyl-CoA) used by
malonyl-CoA (300uM) had virtually no protective effect.  the resveratrol-forming stilbene synthases. The two CoA
During the sequence of reactions postulated for the esters functioning as starters in the chain elongation process
formation of hydroxystilbenes like resveratrol, an intermedi- differ in two respects: (ay,f-unsaturated versus saturated
ary structure of a stilbenecarboxylic acid CoA-ester may be fatty acid moiety and (b)ara versusmeta substitution
proposed. This intermediate should eventually be convertedpattern. By sequence comparison and looking for changes
to the stilbene by a thioesterase and decarboxylase (sedetween stilbene synthases and bibenzyl synthase we selected
Figure 1). Therefore, the primary sequence of stilbene the stretch DEAADE in bibenzyl synthase (residues-229
synthases was screened for putative thioesterase motifs. T®34 in wild type enzyme) compared to DVSI-E in stilbene
obtain data hinting at the presence of such an activity we synthase (residues 22234 in wild type enzyme) as the
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Sequence requirement for compared to the wild type form, it was still possible to test
malonyl-CoA-dependent them with p-coumaroyl-CoA andn-hydroxyphenylpropio-
reactions . .
nyl-CoA as substrates. Applying the ratidor the conver-
€---------- > .
€ e m - > sion rates op-hydroxylated eduatt-hydroxylated educt we
Putative binding site for found a preferencex(= 4.Q4) for_ the p_-h_ydroxylated
phenylpropane unit compound when the N-terminal region originated from the
C-60 stilbene synthase, and a preference rfetahydroxylated
1 i 164 392 educt & = 0.38) when the N-terminal region was from the

bibenzyl synthase. Thus, the selectivity for the aromatic
substrate should reside within the region upstream of the
fusion point used here, i.e., amino acid residue 221.

DISCUSSION
221 230 Many aspects of the biosynthesis of cyclic polyketides
Fusion Hydroxylation M8 resemble those of fatty acid synthesis in terms of both
peint  pattern chemistry and enzymatic mechanism, despite the great

FIGURE 7: Map of the stilbene synthase molecule of the sites variety in the polyketide structures that are formed. For
addressed in the present study. The amino acid residues arénstance, both syntheses employ repeated Claisen condensa-

Rumgere? as they oceur in thte m%pe graﬁevir;e St"be”elsé’”rase-tions for acyl chain elongation, usually involving acetyl-CoA
s phenylpropane units, we testedhydroxyphenylpropenoyl-Co i

(p-coumaroyl-CoA), m-hydroxyphenoylpropanoyl-CoA, ang- and .malt)?:yl ACOA dand,htcl) a Ilessleé (thelgt, EUI¥.ry|t tC OA,
azidophenylpropenoyl-CoA. The fusion point indicates the site Propionyl-CoA, and methylmalonyl-CoA. For the first ime
where stilbene synthase and bibenzyl synthase were fused alternatelyvith polyketide synthases, we provide further details con-

to obtain mutants M12 and M13. The mutation site where marked cerning the binding and activating of malonyl-CoA as chain-
differences in the preferrence wf versusgp-hydroxylated substrates lengthening reagent.

was observed is labeled “hydroxylation pattern” while the region ) . .
covalently modified withp-azidophenylpropenoyl-CoA is indicated The mode of Claisen condensation between an aromatic
as a black bar. With M8, we indicate the length of the deletion CoOA ester and the carbanion-providing malonyl-CoA im-

mutant still showing malonyl-CoA decarboxylase but no capacity plicates several partial reactions (Figure 1). The reactions
of resveratrol formation. with malonyl-CoA take place in the absence of the second
substrate, and we do not know whether these steps are
prerequisites of the Claisen condensation or side reactions.
However, the present data obtained with stilbene synthases
suggest that all conversions observed with malonyl-CoA
) . ; proceed at the same center which also is involved in the
dependent partial reactions but showed a slightly reduced nsective chain lengthening because the inhibitory effects
resveratrol-forming activity (Table 4). and mutations all influenced the various processes taking

With their respective substrates, homogenous stilbeneplace with malonyl-CoA in the same way. Several mutations
synthase exhibits a specific activity 5 times as high as that and modifications were found which lack the capacity of
of purified bibenzyl synthase. With MO, the conversion rate resveratrol formation but exhibited full or reduced conversion
of m-hydroxyphenylpropionyl-CoA to the bibenzyl was less rates with malonyl-CoA while no cases were detectable vice
than 0.35% of the conversion gf-coumaroyl-CoA to  versa. This is emphasized by the analysis of the deletion
resveratrol. In M10, the conversion rate pcoumaroyl- mutant form M8 lacking a large C-terminal region which
CoA to resveratrol was 75% of the rate observed with MO has been shown to be required for bindingpafoumaroy!-
while the ratio of conversion afrhydroxyphenylpropionyl-  CoA. The results agree with the concept that malonyl-CoA
CoA relative top-coumaroyl-CoA increased to 0.11 upon binding (a) precedes the condensation reaction and (b)
this mutation. This indicates that the preferencerfmta proceeds to a large extent independently from resveratrol
hydroxylated substrates was indeed attained by the exchanggormation.

of the four amino acids. The findings also show that the )| stilbene synthases and bibenzyl synthases were char-
site for selecting the phenylpropane unit is within the 5cterized by a malonyl-CoA:C@xchange reaction. Thus,
C-terminal half of the enzyme molecule. the stilbene synthases tested behaved similar to the chalcone
With respect to the preference aheta and para synthase fronfPetroselinum hortensgreuzaleret al,, 1978)
hydroxylated substrate, we fused an N-terminal part of the in that they form an enzyme-bound species of acetyl-CoA.
stilbene synthase MO with an C-terminal part of a bibenzyl However, stilbene synthases differ from chalcone synthase
synthase (M12) as well as an N-terminal part of the bibenzyl as we did not find detectable amounts of side products as
synthase with the C-terminal part of stilbene synthase (M13). benzalacetones or dihydropyrones reported for chalcone
Choosing a common restriction enzyme site for stilbene synthase (Hrazdinat al, 1976). Likewise, as to the
synthase MO and bibenzyl synthase cDNA we made con- sequential order of reactions, the kind of ring closure
structs by cleaving the cDNAs at nucleotide 701 (of SV25) catalyzed by stilbene synthase deviates from the chalcone
and fusing the two fragments obtained in a reciprocal mannersynthase steps and instead resembles the formation of
(see Figure 7). Thus, the respective proteins were composed-methylsalicylic acid (Dimrothet al, 1976): the new
of part | of stilbene synthase and part Il of bibenzyl synthase aromatic ring includes one C-atom originating from the
(M12, Table 1) and vice versa (M13, Table 1). While the starter acyl group, and the product is a carboxylic acid. A
absolute activities of these recombinant proteins decreasedcarboxylic acid has been postulated for the stilbene formation

putative site crucial for binding aheta or para-hydroxy-
lated substrates. The mutant protein M10 deriving from
stilbene synthase MO but carrying EAAD instead of VSI-
was characterized by full activities in all malonyl-CoA-
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(Figure 1), and its occurrence has precedents since stilbeneBridges, A. J., & Knowles, J. R. (1978iochem. J. 143663
2-carboxylic acids have been found in plants (Kindl, 1985). _568-h - och
Malonyl-CoA:CQ; exchange reaction has also been observed D'rgéogéliégénge mann, E., & Lynen, F. (1978)r. J. Biochem.
with S-ketoacyl-ACP synthase frof. coli (Albertset al, Feussner, I, & Kindl, H. (1994planta 194 22—28.

1972). Yeast fatty acid synthase revealed a malonyl-CoA Fischer, R., & Hain, R. (1994Furr. Opin. Biotechnol. 5125-

decarboxylase activity when it was treated with iodoaceta- 130. . .
mide (Kreszeet al, 1977). Gehlert, R., Schgpner, A., & Kindl, H. (1990Mol. Plant-Microbe
Interact. 3 444—449.

The molecular structures of 6-methylsalicylate synthase Ha\i/n, R, RBEif,WH- J.,\}&ragsg, EI-. Laggesbagte!& E.,HKirgl, H.,
and most othef-ketoacyl synthases (Kauppinenhal., 1988) ornam, b., Wiese, W., SCNMeIzer, £., SCHreier, . H.ex#0
have in common a cysteine as substrate-binding site and the il)g_"’ Thomzik, J. E., & Stenzel, K. (1998)ature 361 153-
-SH group of a phosphopantetheine arm as the site for thenqart, J. H. (1981)Annu. Re. Phytopathol. 19437-458.
second substrate. In contrast to these invariant structures irHdhne, M., Nellen, A., Schwennesen, K., & Kindl, H. (1998)r.
bacterial and fungal polyketide synthases, both chalcone J- Biochem. 2416—11.
synthase and stilbene synthase lack a phosphopantethein ?;Z"("j?nog'GD' Qgeﬁzgﬁgf{l”“g;?&fffeéz‘é; g;ggéch H. (1976)
arm. Thus, they are assumed to use two different cysteinyl  ~ arch. Biochem. Biophys. 17392-399. T
residues for the transfer reactions. In stilbene synthasesHutchinson, C. R., & Fujii, I. (1995Annu. Re. Microbiol. 49,
likely candidates for this task are Cys-164 and Cys-60 201-238.

(Figures 6 and 7). Originally, Cys-341 was implicated in Jag%lS-C-Eé,mcgeﬁasgsrggggégs M., & Kolattukudy, P. E. (1989)
the _catalytlc mechan!sm (Sc‘mmr & Schraler, 1_990_) on the_ Kattar-Cooley, P. A., Wang, H. H., Mende-Mueller, L. M., &
basis of sequence similarities to the cerulenin-binding sites  miziorko, H. M. (1990) Arch. Biochem. Biophys. 28323
found inE. coli f-ketoacyl-ACP synthase (Kauppinehal, 529.

1988). A C164A mutation has been found to abolish the Katz, L., & Donadio, S. (1993Annu. Re. Microbiol. 47, 875~
capacity for resveratrol formation (Lawt al, 1991)' nge Kauppinen, S., Siggaard-Andersen, M., & von Wettstein-Knowles,
we demonstrate that the transfer and reactions y\{lth _the P. (1988)Carlsberg Res. Commun. 5357—370.

malonyl group take place at Cys-164. Chemical modification Kindl, H. (1985) in Biosynthesis and Biodegradation of Wood
of Cys-164 by reaction withN-ethylmaleimide or mer- ComponentgHiguchi, T., Ed.) pp 349377, Academic Press,
curibenzoate abolished the reactions with malonyl-CoA. ~ New York.

- - . _ . . _ Kresze, G.-B., Steber, L., Oesterhelt, D., & Lynen, F. (19d).
Likewise, mutations at Cys-60 strongly impaired the malo 3. Biochem. 79191--190.

nyl-CoA-dependent reactions. Kreuzaler, F., Light, R. J., & Hahlbrock, K. (197BEBS Lett. 94
Under physiological conditions in plants, the pathways LagnsrglliYS' K. (1970)Nature 227 680684

from phenylalanine vi@-coumaroyl-CoA to trinydroxystil- | anz T.. Tropf, S., Mamner, F. J., Scirer, J., & Schider, G.

bene and vian-hydroxyphenylpropionyl-CoA to trihydroxy- (1991)J. Biol. Chem 266, 9971-9976.

bibenzyl and dihydrophenanthrenes differ in many aspects LiS(vi/gdgole/gtli, Meligi??gol?. gﬂlmann, F., Schwer, B., & Kindl, H.
i i i in disti anta —314.

]EKm.(Ij.I’ 13.?)5)' I|3espt|;t19 thelrdoctc_:ltérrence Itr;] dISttht plaﬂ_t hLowry, O. H., Rosebrough, N. J., Farr, A. L., & Randall, R. J.

amilies, bibenzyl synthase and stilbene synthase show a high™ 151 3 'Biol. Chem. 193265 275.

degre_e of styuctu_ral similarities. _Thls led us to prepare fusion melchior, F., & Kindl, H. (1990)FEBS Lett. 26817—20.

proteins which differ from the wild type forms only in terms  Melchior, F., & Kindl, H. (1991)Arch. Biochem. Biophys. 288

of the overall structure. Surprisingly, the recombinant 552-557.

proteins (M12 and M13) had only 1/50 of the activity M%gmfds'ﬁ'. ?iyggg)lfaBl?c’)l.S.Cﬁé’mlv.lOZ%)gll\ZLS?g—T;;;Sg., W.Y. &

compared to other mutant proteins (e.g., M10 and M5) which \1orisaki. N.. Funabashi, H., Shimazawa, R.. Furukawa, J., Kawagu-
had changes solely in the range of amino acid residues 200 chi, A., Okuda, S., & Iwasaki, S. (199%ur. J. Biochem211,

270 (see Figure 7). Butthe crucial feature in M12 and M13  111-115.

was the fact that the two partial sites fused together at Ser-Omura, S. (1976Bacteriol. Re. 40, 681-697.

; ; Preisig-Miler, R., Gnau, P., & Kindl, H. (1995Arch. Biochem.
221 seem to be not fully compatible and obviously do not Biophys 317, 201-207.

yield an appropriate binding site for the aromatic thioester. gejnecke, T., & Kindl, H. (1994Phytochemistry 3563—66.
Thus, exchanges of various small groups at particular sitesSchippner, A., & Kindl, H. (1984)J. Biol. Chem. 2596806
in the range of amino acid residues 22270 seem to be 6811.

less harmful to the gain of stilbene-forming activity than chr$i2m6i7§rfe¥\irll%éW' S., & Schder, J. (1988)Eur J.
changes in the overall topology of a broad area within the Schrader, J., & Schirder, G. (1990)Z. Naturforsch, 45¢1—8.

C-terminal part of the enzyme molecule. Steckigt, J., & Zenk, M. H. (1975F. Naturforsch. 30c352-358.
Subramani, S., & Schachman, H. K. (198L)Biol. Chem. 256
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