
Plant Physiol. (1996) 110: 791-799 

Aromatic Polyketide Synthases' 

Purification, Characterization, and Antibody Development to Benzalacetone Synthase from 
Raspberry Fruits 

Wlodzimierz Borejsza-Wysocki and Ceza Hrazdina* 

lnstitute of Food Science, Cornell University, Geneva, New York 14456-0462 

pHydroxyphenylbutan-2-one, the characteristic aroma com- 
pound of raspberries (Rubus idaeus L.), i s  synthesized from p- 
coumaryl-coenzyme A and malonyl-coenzyme A in  a two-step 
reaction sequence that i s  catalyzed by benzalacetone synthase 
and benzalacetone reductase (W. Borejsza-Wysocki and C .  
Hrazdina [1994] Phytochemistry 35: 623-628). Benzalacetone 
synthase condenses one malonate with p-coumarate to form the 
pathway intermediate p-hydroxyphenylbut-3-ene-2-one (p-hy- 
droxybenzalacetone) i n  a reaction that i s  similar to those cata- 
lyzed by chalcone and stilbene synthases. We have obtained an 
enzyme preparation from ripe raspberries that was preferentially 
enriched in  benzalacetone synthase (approximately 170-fold) 
over chalcone synthase (approximately 14-fold) activity. This 
preparation was used to characterize benzalacetone synthase 
and to develop polyclonal antibodies in rabbits. Benzalacetone 
synthase showed similarity in  its molecular properties to chal- 
cone synthase but differed distinctly in  its substrate specificity, 
response to 2-mercaptoethanol and ethylene glycol, and induc- 
tion i n  cell-suspension cultures. The product of the enzyme, 
p-hydroxybenzalacetone, inhibited mycelial growth of the rasp- 
berry pathogen Phytophthora fragariae var rubi at 250 p ~ .  We 
do not know whether the dual activity in the benzalacetone 
synthase preparation i s  the result of a bifunctional enzyme or i s  
caused by contamination with chalcone synthase that was also 
present. The rapid induction of the enzyme in  cell-suspension 
cultures upon addition of yeast extract and the toxicity of i t s  
product, p-hydroxybenzalacetone, to phytopathogenic fungi also 
suggest that the pathway may be part of a plant defense response. 

The characteristic aroma of raspberries is caused by the 
compound pHPB, also referred to as the "raspberry ketone" 
(Schinz and Seidel, 1957; Braun and Hieke, 1977; Larsen et al., 
1991). Recent investigations in our laboratory have shown 
that raspberry ketone is synthesized in the berries by a two- 
step biosynthetic pathway that is reminiscent of the pathways 
involving CHS (Hrazdina et al., 1976) and STS (Schoppner 
and Kindl, 1984). In the first step, malonyl-COA is condensed 
with p-coumaryl-COA to form the polyketide intermediate 
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p-hydroxybenzalacetone (p-hydroxyphenylbut-3-ene-2-one). 
This reaction is carried out by an enzyme, BAS. In the second 
step, the intermediate product, p-hydroxybenzalacetone, is 
reduced to pHPB, the raspberry ketone, by the enzyme ben- 
zalacetone reductase, which uses NADPH as the proton do- 
nor (Borejsza-Wysocki and Hrazdina, 1994a). 

BAS, the first enzyme of the pathway, is interesting for a 
number of reasons. Its reaction mechanism shows similar- 
ity to the other aromatic polyketide synthases such as CHS 
and STS (Schroder and Schroder, 1990); however, the con- 
densation of the malonate unit with p-coumaryl-COA is 
followed by decarboxylation that leads to a chain shorten- 
ing in the molecule. Like CHS in flavonoid metabolism and 
STS in that of stilbenes, BAS appears to be a key enzyme in 
the biosynthesis of the raspberry ketone. Figure 1 illus- 
trates the similarities as well as the differences in the 
reactions catalyzed by CHS, STS, and BAS. 

In earlier work (Hrazdina et al., 1976) we reported the 
formation of benzalacetone derivatives with a purified 
CHS preparation from parsley cell-suspension cultures in 
the presence of 2-ME. At that time, it was thought that this 
compound was the "early release product" of the CHS 
reaction, because of interference by 2-ME with the active 
center of the enzyme. Our investigation of the biosynthesis 
of the raspberry aroma compound pHPB showed that the 
production of benzalacetone is not an artifact but that this 
compound is the product of a specific enzyme (Borejsza- 
Wysocki and Hrazdina, 1994a). In that work we also re- 
ported the biosynthetic steps leading to the formation of 
the raspberry ketone and the detection of activities of the 
enzymes involved. We have continued this investigation 
and report here the partia1 purification and characteriza- 
tion of BAS from raspberry fruits, development of its anti- 
bodies, and induction of the enzyme in raspberry cell- 
suspension cultures upon treatment with yeast extract. 

MATERIALS A N D  METHODS 

Reagents 

[2-'4C]Malonyl-CoA was from New England Nuclear; 
p-coumaryl-, cinnamyl-, caffeyl-, ferulyl-, 5-hydroxyferu- 

Abbreviations: BAS, benzalacetone synthase; CHS, chalcone 
synthase; 2-ME, 2-mercaptoethanol; pHPB, p-hydroxyphenylbu- 
tan-2-one; STS, stilbene synthase; TBST, Tris-buffered saline plus 
Tween 20. 
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lyl-, and sinapyl-CoAs were synthesized as previously de- 
scribed (Hrazdina et al., 1976). Ultrogel AcA-44 was from 
IBF Biotechnics (Villeneuve la-Garenne, France); Phenyl- 
Sepharose CL-4B and PBE 94 were from Pharmacia; DEAE 
Bio-Gel A was from Bio-Rad. Molecular weight markers for 
calibration of the AcA-44 column were from Pharmacia; 
SDS-PAGE standards were from Bio-Rad; anti-rabbit IgG 
alkaline phosphatase conjugate and 5-bromo-4-chloro-3- 
indolyl-phosphate/nitroblue tetrazolium color develop- 
ment substrate were from Promega. Acrylamide/bis-acryl- 
amide, ammonium persulfate, Trizma base, 2-ME, and 
2,5-diphenyloxazole were from Sigma; and N,N,N’,N’-tet- 
ramethylethylenediamine was from Bio-Rad. A11 chemicals 
for tissue culture (i.e. basal salt mixture, growth regulators, 
vitamins, and myo-inositol) were from Sigma. Bacto yeast 
extract was obtained from Difco Laboratories (Detroit, MI), 
and 1,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene was 
from Packard (Downers Grove, IL). 

Buffers 

The following buffer solutions were used: A, 0.2 M po- 
tassium phosphate (pH 8.0) containing 0.4 mM Suc and 1 
mM PMSF; B, 0.2 M potassium phosphate (pH 8.0); C, 0.2 M 

potassium phosphate containing 40% (w/v) ammonium 
sulfate; D, 0.2 M potassium phosphate (pH 8.0) containing 
20% (w/v) ammonium sulfate and 20% (v/v) ethylene 
glycol; E, 0.2 M potassium phosphate (pH 8.0) containing 
40% (v/v) ethylene glycol; F, 20 mM potassium phosphate 
(pH 8.0); G, 8-fold diluted Pharmacia Polybuffer 74 (pH 
4.0); H, 20 mM imidazole buffer (pH 7.4); I, 1.0 M Tris-HC1 
(pH 8.5); J, Tris/Gly/SDS for PAGE (Kodak); K, Tris/Gly 
for protein transfer to immunoblots (Kodak); L, 1.59 g of 
Na,CO,, 2.93 g of NaHCO,, and 0.2 g of NaN, in 1 L of 
H,O (pH 9.4); M, 50 mM Mes (pH 5.5-6.5); N, 50 mM 
Tris-HC1 (pH 7.0-8.5); O, 50 mM Gly (pH 9.0-10.0). Buffers 
from A to H also contained 6 mM 2-ME. 

Plant Material 

Raspberry plants (Rubus idaeus L. cv Royalty) were 
grown in the experimental plots of Cornell University’s 

New York State Agricultura1 Experiment Station (Geneva). 
Mature berries were harvested and used immediately or 
frozen in liquid nitrogen and stored at -90°C. 

Raspberry cell-suspension cultures were established from 
callus culture and propagated in a modified Anderson’s basal 
salt medium supplemented with 2,4-D, indole-3-b utyric acid, 
and 6-(dimethylally1amino)-purine (Borejsza-Wysocki and 
Hrazdina, 1994b). Cells were harvested in the linear phase of 
growth, and 3-g samples were transferred to 125-mL Erlen- 
meyer flasks containing 20 mL of medium. Af‘ter 7 d of 
growth, 10 mL of medium (control) or 10 mL of medium 
containing SUC or yeast extract were added to a final concen- 
tration of 0.5 M (SUC) and 3 g L-’(yeast extract). Cultures were 
incubated in a shaking incubator at 150 rpm in darkness and 
at 25°C. Cells were harvested by filtration in 12-h intervals, 
frozen in liquid N,, and stored at -90°C for later use. 

Purification of BAS 

A11 procedures were carried out at 4°C. Fresh or frozen 
berries were homogenized in a Waring blender with 1 
volume of buffer A, in the presence of 10% (w/v) PVP. The 
homogenate was squeezed through a fine nylon mesh and 
centrifuged for 20 min at 20,000g. Dowex-1 (Sigma) (22 g 
Lpl) was added to the supernatant, stirred for 60 min, and 
removed by filtration. The filtrate was used for enzyme 
purification. 

Harvested cells were ground in a chilled mortar (0°C) 
with buffer B (12, w/v)  and centrifuged for 5 min at 
11,5008. Saturated ammonium sulfate was added to the 
crude extract to 30% saturation and stirred for 210 min. The 
precipitate was removed by centrifugation at 20,0009 for 20 
min. The ammonium sulfate concentration of the superna- 
tant was increased stepwise to 40, 50, and 80% saturation, 
the pH of the solution was adjusted to 8.0 and st,irred for an 
additional 30 min, and the precipitate was removed by 
centrifugation as above. The protein pellet obtained from 
the 80% ammonium sulfate saturation was resuspended in 
30 mL of buffer B. This protein solution was applied to an 
Ultrogel AcA-44 column (2.5 X 87 cm) previously equili- 
brated with buffer B and eluted with the same buffer, and 
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6.5-mL fractions were collected. BAS-containing fractions 
were pooled, brought to 40% ammonium sulfate satura- 
tion, and loaded onto a Phenyl-Sepharose CL-4B column 
(1.5 X 8 cm) that was equilibrated with buffer C. The 
column was washed with 100 mL of buffer C and eluted by 
stepwise addition of 100 mL of buffer D and 100 mL of 
buffer E. Fractions (5 mL) were collected and assayed. The 
fractions containing the highest BAS activity were pooled 
and dialyzed overnight against two changes of buffer F. 
The dialyzed protein extract was loaded onto a DEAE 
Bio-Gel A column (2.5 X 7 cm) that was equilibrated with 
buffer F. The column was washed with 150 mL of buffer F 
and eluted with 400 mL of a linear gradient (20 mM buffer 
F to 200 mM buffer B). Fractions (6.5 mL) containing BAS 
activity were pooled and concentrated to 5 mL in a con- 
centrator (PM-10 membrane; Amicon, Beverly, MA). The 
concentrated protein was diluted (1:10, v/v) in buffer G 
and applied to a PBE 94 column (1.5 X 8 cm) equilibrated 
in the same buffer. Unabsorbed protein was removed with 
50 mL of buffer G, and the column was eluted with 400 mL 
of buffer H. Fractions of 6.5 mL were collected, and every 
fifth fraction was used for measuring pH. For enzyme 
assays, 0.5 mL of buffer I was added to the fraction to 
adjust the pH to 8.0. Fractions with the highest BAS activity 
were pooled and concentrated as described above. 

Protein was determined by the method of Bradford 
(1976) using BSA as standard. 

Enzyme Assays 

Enzyme activity was determined as previously described 
(Borejsza-Wysocki and Hrazdina, 1994a). The reaction mix- 
ture (110 pL) contained 100 pL of extract or eluate, 1 nmol 
of p-coumaryl-CoA (in 5 pL of 1 mM acetic acid), and 5 
nmol of [2-14C]malonyl-CoA (in 5 pL of aqueous hydro- 
chloric acid solution) and was incubated at 30°C for 30 min. 
The reaction was stopped by adding 20 pL of glacial acetic 
acid and 50 pg of p-hydroxybenzalacetone and 50 pg of 
naringenin in 5 p L  of ethanol. Reaction products were 
extracted for 5 min with 250 pL of ethyl acetate and sepa- 
rated on Whatman No. 1 paper strips (4 X 40 cm) in a 
mixture of water:acetic acid:n-butanol (11:1:8, v/v/v).  The 
area containing the trapped reaction products was detected 
under UV light (350 nm) and cut out, and radioactivity was 
determined by liquid scintillation spectrometry in 20 mL of 
toluene cocktail containing 2,s-diphenyloxazole (2.5 g L-l) 
and 1,4-bis-2-(4-methyl-5-phenyloxazolyl)-benzene (0.1 g 
L-’). Enzyme activity was expressed as nkat kgpl protein. 

Effect of Reducing Agents and Ethylene Glycol on 
Enzyme Activity 

The activity of BAS and CHS as a function of 2-ME and 
glutathione concentration in the reaction mixture was de- 
termined with a crude protein fraction precipitated at 80% 
ammonium sulfate saturation. The precipitate from a 1-mL 
sample was removed by centrifugation at 12,0008 for 20 
min, and the protein pellet was resuspended in 1 mL of 
buffer B containing O to 10 mM 2-ME or glutathione. 

For experiments with ethylene glycol, protein was col- 
lected from the Phenyl-Sepharose CL-4B column and dia- 
lyzed overnight against two changes of buffer F. Fifty 
microliters of buffer F containing different amounts of 
ethylene glycol (0-9.0 M) were added to 50 PL of dialyzed 
protein extract (20 pg of protein), which was mixed and 
incubated for 5 min at 4°C before starting the enzymic 
reaction by addition of substrates. Enzyme activity was 
measured as described above. 

Enzyme Characterization 

The M ,  of the native enzyme was estimated by gel filtra- 
tion on an AcA-44 column (2.5 X 87 cm) equilibrated with 
buffer B. The column was calibrated with Blue Dextrane 
2000 (Pharmacia) (Mr 2,000,000), aldolase ( M ,  158,000), BSA 
( M ,  66,000), and chymotrypsinogen A ( M ,  25,000). A BAS 
preparation purified through the Phenyl-Sepharose CL-4B 
step was used for the M ,  determination. The M ,  of enzyme 
subunits was also determined using SDS-PAGE as de- 
scribed by Laemmli (1970) with unstained protein stan- 
dards (Bio-Rad Low Range M ,  Calibration Kit) as markers. 

The pH optimum of the enzyme was determined in the 
range 5.5 to 10.0, using 50 mM buffers M, N, and O. The pI 
of the enzyme was determined during chromatofocusing as 
described above. 

A BAS preparation purified through the DEAE step was 
used in the Michaelis-Menten kinetic experiments. The re- 
action mixtures contained 35 pg of protein dissolved in 70 
pL of 50 mM phosphate buffer, pH 8.0 (6 mM 2-ME), and 
varying concentrations of malonyl-CoA (0.25-40.0 p ~ )  and 
p-coumaryl-CoA (0.1-50.0 p ~ )  in a total volume of 100 pL. 
Reaction mixtures were incubated at 30°C for 30 min, and 
enzyme activity was measured as described above. 

The substrate specificity of BAS and CHS was deter- 
mined in standard incubations with a partially purified 
enzyme using p-coumaryl-, cinnamyl-, caffeyl-, ferulyl-, 
5-hydroxyferulyl-, and sinapyl-CoAs (1-10 p ~ ) .  The activ- 
ity of the enzyme using p-coumaryl-CoA was designated 
100%. 

Electrophoresis and lmmunoblotting 

Gel electrophoresis was carried out in 10% denaturing 
polyacrylamide gels as described by Laemmli (1970) in a 
Bio-Rad Mini-Protean I1 cell using buffer J. Two-dimen- 
sional gel electrophoresis was performed as describea by 
O’Farrell (1975). Protein was detected by staining with 
Coomassie brilliant blue. 

Immunoblotting was carried out basically as described 
by Towbin et al. (1979). Protein from SDS gels was electro- 
blotted in buffer K for 1 h (83- X 55- X 0.75-mm gels) or 
overnight (142- X 110- X 3-mm gels) at 150 mA. Mem- 
branes were washed three times (for 10 min each time) with 
TBST containing 10 mM Tris-HC1 (pH %O), 150 mM NaC1, 
and 0.05% Tween 20 and blocked for 30 min with 0.5% and 
for 3 h with 5% nonfat dry milk in TBST. Membranes were 
incubated overnight with anti-BAS antibody (1:5000 di- 
luted with TBST) and washed four times (for 15 min each 
time) with TBST, and antibody complexes were detected 
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with anti-rabbit IgG alkaline phosphatase conjugate ac- 
cording to Promega's method. 

lmmunological Experiments 

Polyclonal antibodies to BAS were developed by inject- 
ing protein purified through a final SDS-PAGE step in 
Freund's complete adjuvant in a New Zealand White rab- 
bit. The initial injection contained approximately 300 pg of 
protein. Two additional booster injections (200 pg of pro- 
tein each) were given at 2-week intervals. Blood collection 
started 35 d after the initial injection, and the rabbit was 
bled at 10-d intervals. After the highest antibody titer was 
reached, the rabbit was exsanguinated. Sera were frozen 
and stored at -20°C. 

The IgG fraction was purified by chromatography on an 
Affi-Gel Protein A column (1 X 6.5 cm) using an antibody 
purification system (Affi-Gel Protein A Maps 11, Bio-Rad). 
Fractions (1 mL) were collected, and the presence of BAS 
antibodies was monitored by ELISA as described by En- 
gvall and Perlmann (1972). 

The effect of the antibodies on enzyme activity was 
tested as described by Hrazdina et al. (1986) with a slight 
modification for BAS. Varying amounts of the purified 
antibody (0.7-16.6 pg) dissolved in 100 p L  of eluting buffer 
were added to 100 pL of an enzyme preparation (21 pg of 
protein) that was purified through the Phenyl-Sepharose 
step. Reaction mixtures were incubated for 1 h at 37°C and 
overnight at 4°C. After incubation, the mixtures were cen- 
trifuged for 30 min at 15,OOOg and 100 pL of supernatant 
was used for the enzyme assay. Controls contained preim- 
mune rabbit serum. 

Measurement of Fungitoxicity 

Fungitoxicity of the reaction product was determined 
with Pkytopkthorafragariae (narrow host range) and Botrytis 

cinerea (wide host ranges). Cultures of P. fragariae NY 334 
designated later as P.fragariae var rubi (Wilcox, 1991) were 
grown as described by Wilcox (1989). B. cinerea was grown 
on Difco potato dextrose agar medium (39 g L-I)). Funga1 
colonies were incubated at 24°C in darkness. A 9-mm- 
diameter medium plug with mycelia was removed from 
the inoculum with a sterile cork borer and placled on the 
surface of the medium containing p-hydroxybenzalacetone 
or pHPB (O, 0.125, 0.250, 0.500, 0.750, or 1.0 mM) in 100- X 
15-mm plastic Petri dishes. Experiments were carried out 
in quadruplicate. Changes in colony diameter were mea- 
sured during incubation. Fungitoxicity is expressed as per- 
centage of growth rate inhibition of mycelium. 

RESULTS 

Purification and Molecular Characterization of BAS 

Because of the relatively low protein content of raspberry 
fruits, a large amount of plant material was used for the 
isolation of the enzyme. The purification consisted of re- 
moval of the viscous polysaccharidic material by stepwise 
addition of ammonium sulfate to 50% saturation and re- 
moval of the precipitate by centrifugation. This step re- 
moved the majority of the polysaccharide fraction that 
interfered with the chromatographic separations. The en- 
zyme was precipitated in the 50 to 80% ammonium sulfate 
saturation range and purified in four column chromato- 
graphic steps (Fig. 2). These included gel filtration (Fig. 
2A), hydrophobic chromatography (Fig. 2B), ion-exchange 
chromatography (Fig. 2C), and chromatofocusing (Fig. 2D). 
The purification of BAS as monitored by SDS-PAGE in 10% 
gels is shown in Figure 3. This purification process resulted 
in a 170-fold enrichment of enzyme activity. The final 
enzyme preparation contained approximately 3 rng of pro- 
tein and had 17% of the total enzyme activity present in the 
crude homogenate (Table I). CHS was co-purified with 

Figure 2. Purification of BAS from ripe raspber- 
ries cv Royalty. A, Gel filtration on Ultragel 
AcA-44; B, hydrophobic chromatography on 
Phenyl-Sepharose CL-4B; C, ion-exchange chro- 
matography on DEAE Bio-Gel A; D, chromato- 
focusing on a PBE 94 column. 
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Figures. SDS-PAGEof the BAS during purification. Lanes contain 10
fug of protein per well. The purification steps were ammonium sulfate
fractionation (lane 2), gel filtration on Ultrogel AcA-44 (lane 3),
hydrophobic chromatography on Phenyl-Sepharose CL-4B (lane 4),
ion-exchange chromatography on DEAE Bio-Gel A (lane 5), and
chromatofocusing on PBE 94 (lane 6). Lanes 1 and 7 contained
protein markers. The gel was stained with Coomassie brilliant blue.

BAS in all chromatographic steps. However, whereas BAS
was purified 172-fold, CHS was co-purified only 14-fold
(data not shown).

The molecular characteristics of BAS closely resembled
those of CHS and STS, two other aromatic polyketide syn-
thases that catalyze similar reactions and that occur widely
in the plant kingdom. BAS had an approximate Mr of
83,000 (±5,000) as determined by molecular sieving, and it
was composed of two identical or similar subunits each
with an Mr of 41,500 (±1,500). The pH optimum of the
enzyme was approximately 8.0, and the pi was approxi-
mately 5.3, as determined by chromatofocusing on a poly-
buffer exchange column. In Michaelis-Menten experiments
the enzyme showed half-saturation (Km) at 1.0 /AM with
malonyl-CoA and 3 /J.M with p-coumaryl CoA (Table II).

Substrate specificity experiments using other aromatic
CoA derivatives as second substrates were carried out, and
the results were compared with those for CHS. The results
of these experiments are shown in Table III. Use of p-
coumaryl-CoA as substrate in both the BAS and CHS re-
actions was set as 100%, and utilization of other aromatic
CoA derivatives was calculated as a fraction or multiple of
this. For CHS, the highest incorporation of aromatic CoA
derivatives was with p-coumaryl-CoA, followed by cin-
namyl-CoA. BAS used ferulyl-CoA as substrate most effi-
ciently, followed by p-coumaryl-CoA, 5-hydroxyferulyl-
CoA, cinnamyl-CoA, caffeyl-CoA, and sinapyl-CoA. These
experiments clearly indicate that the two enzymes are dis-
tinctly different in their substrate specificity.

The presence of 2-ME, glutathione, and ethylene glycol
in the reaction mixture further confirmed differences in
activities of BAS and CHS. The results of these experiments
are shown in Figure 4. The presence of 2 mM 2-ME reduced
CHS activity by 43% and 10 mM 2-ME in the reaction
mixture resulted in an 80% inhibition of the enzyme. Under
the same conditions the activity of BAS increased to ap-
proximately 35% in the presence of 4 and 6 mM 2-ME.
Higher concentrations of 2-ME did not change the activity
of BAS significantly (Fig. 4A).

Glutathione (2 mM) markedly decreased (40%) the activ-
ity of both enzymes. However, the activity of BAS was
significantly higher than CHS at all glutathione concentra-
tions tested (Fig. 4B).

A different effect on the activities of BAS and CHS was
observed upon addition of ethylene glycol during the pu-
rification step on the Phenyl-Sepharose CL-4B column. En-
zyme activity containing fractions before dialysis had a
BAS/CHS ratio of 13, decreasing to 2 after dialysis. The
presence of ethylene glycol at different concentrations af-
fected the activities of BAS and CHS differently (Fig. 4C).
Although the activity of BAS increased steadily up to 6 M
ethylene glycol in the solution, the activity of CHS showed
a steady decrease at these concentration levels.

Preparation and Properties of the Anti-BAS Antibody

The protein preparation after chromatofocusing (1.0 mg)
contained a minor contaminating band (Fig. 3) that had to
be removed for the antibody preparation. Therefore, the
protein preparation was further subjected to SDS-PAGE.
The protein band corresponding to BAS (approximately
700 /ig) was visualized with the Rapid Reversible Stain
(Diversified Biotech, Newton Center, MA), excised from
the gel, and used for development of polyclonal antibodies.
The anti-BAS serum was affinity purified and used in the
immunoblotting and immunoprecipitation experiments.
Two-dimensional immunoblotting of the BAS preparation
showed the presence of a narrow band with an approxi-
mate Mr of 41,500 that was located in the pH 5.6 to 6.2
region (data not shown). The shape of the band indicated
the presence of differently charged protein species in the
BAS preparation with similar or identical Mrs.

The purified antibody precipitated the activity of BAS
from a protein preparation that was purified through the
hydrophobic chromatography step (Fig. 5). Although the
antibody also precipitated the activity of CHS, its effective-
ness in inhibiting enzyme activity was less than with BAS.
This result could be interpreted as indicating a similarity in

Table I. Purification of BAS
Fraction

Crude extract
(NH4)2SO4 fractionation and AcA 44 filtration
Hydrophobic chromatography
DEAE chromatography
Chromatofocusing

Total Protein

mg
2656

92
28
14

3

Total Activity

pkat
5.91
4.42
4.39
3.12
1.03

Specific Activity

ukat kg~ ' protein
0.002
0.048
0.157
0.223
0.345

Purification

fold
1

24
78

111
172

Yield

%
100

75
74
53
17
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Table II. Molecular properties of BAS 

Property Value 

Mr 83,000 2 5,000 
M, subuni t  41,500 2 1,500 
pH optimum 8.0 
Pl 5.3 
Kln 

Malonyl-COA 1 WM 

pcoumaryl-COA 3 w 

epitopes between BAS and CHS. However, we cannot rule 
out the possibility that two distinct enzymes gave rise to 
two sets of antibodies. 

lnduction of BAS and CHS Activity in 
Cell-Suspension Cultures 

To further investigate the relationship between BAS and 
CHS, we carried out enzyme induction experiments with 
cell-suspension cultures in the presence of Suc and yeast 
extract (Fig. 6). Addition of fresh medium (10 mL) to 20 mL 
of raspberry cell-suspension culture (control) changed BAS 
activity slightly without measurable effect on the activity of 
CHS. Addition of Suc (0.5 M) to the cells resulted in a more 
than 2-fold induction in the activity of BAS, but it had no 
measurable effect on the activity of CHS. Treatment of the 
raspberry suspension cultures with a yeast extract resulted 
in a rapid, transient increase of BAS activity (5-fold) that 
reached a maximum approximately 50 h after treatment. 
During this time the activity of CHS in the cell-suspension 
cultures remained unchanged at a basal level. 

In immunoblots a protein band with an approximate M ,  
of 41,500 was recognized (data not shown). Although pro- 
tein bands with higher M,s were also recognized by the 
antibody preparation and gave stronger staining, they 
were not related to either BAS or CHS. The cross-reactivity 
of these bands was apparently caused by recognition of 
carbohydrate residues by the antibody. When blots were 
subjected to periodate oxidation to remove carbohydrate 
residues (Woodward et al., 1985), only the BAS/CHS band 
was recognized by the antibody preparation (data not 
shown). However, periodate treatment also diminished the 
intensity of the immunostaining significantly. . . 

lnhibition of Mycelial Growth 

A 40% inhibition of mycelial growth was suggested in 
the literature as the value at which to classify a fungus as 
sensitive or tolerant to a phytoalexin (Delserone et al., 

Table 1 1 1 .  Substrate specificity of a partially purified enzyme prep- 
aration in the BAS and CHS reactions 

Substrate BAS CHS 

p-Coumaryl-COA 1 O0 1 O0 
Cinnamyl-COA 36 57 
Caffeyl-COA 15 2 

5-H ydroxyferu lyl-COA 60 2 
Ferulyl-COA 300 6 

Sinanvl-CoA 8 1 

O 2 4 6 8 1 0 1 2  

O 2 4 6  8 1 0 1 2  
mM 

O 2 4 6 8 1 0  
M 

Figure 4. Effect of 2-ME (A), glutathione (B), and ethylene glycol (C) 
on the activities of BAS and CHS in standard'enzyme assays. Bars 
indicate ?SE. 

1992). p-Hydroxybenzalacetone showed higher toxicity to 
P. fragariae var rubi and to B. cinerea than pllPB at a11 
concentrations tested (Fig. 7). The compound showed a 
40% inhibition at 250 p~ concentration (40 pg mL-') and 
completely inhibited mycelial growth at 1 mM (162 pg 
mL-l) of P. fraguviae var rubi, the most frequently isolated 
fungus from infected raspberry plants (Wilcox, 1991). p -  
Hydroxybenzalacetone had markedly less effect on B.  cine- 
rea (Fig. 7A). Both fungi were tolerant to pHPB; however, 
mycelial growth of P. fragariae var rubi was inhibited more 
than 50% in the presence of 1 mM pHPB (Fig. 7B). 

D I SC U SSI ON 

Polyketide synthases are multifunctional enzymes that 
catalyze repeated decarboxylative condensations between 
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O 4 8 12 16 20 
pg Antibody added 

Figure 5. lnhibition of BAS (O) and CHS (O) activities by the purified 
anti-BAS antiserum. The preimmune serum (A) had no inhibitory 
effect on the activities of either enzyme. 

acyl thioesters (McDaniel et al., 1994). CHS is a key enzyme 
in the biosynthesis of flavonoid compounds that condenses 
three malonyl-COA with one p-coumaryl-COA to form an 
aromatic polyketide (Hrazdina et al., 1976). This polyketide 
is cyclized to naringenin chalcone, from which most fla- 
vonoid compounds derive. It has been reported that 'hy- 
droxystilbenes are synthesized by a similar reaction mech- 
anism (Rolfs and Kindl, 1984; Schoppner and Kindl, 1984; 
Fliegmann et al., 1992) and that CHS and STS are closely 
related enzymes both in structure and function. Evolution- 
ary trees based on the amino acid sequences do not place 
the two enzyme types into separate groups, and differences 
in the amino acid sequences of the two enzymes are not 
confined to certain regions of the proteins (Tropf et al., 
1994). Both enzymes catalyze the stepwise addition of ac- 
etate units to p-coumaryl-COA or cinnamyl-COA and con- 
tain a family signature box of 12 amino acids that has been 
strictly conserved (Bairoch, 1992). Although the condensa- 
tion reaction of both enzymes is similar, the products of 
their reaction arise from different ring closure mechanisms. 
This requires a different folding of the enzyme-bound tet- 
raketide intermediate (Schroder and Schroder, 1990). In 
addition to condensing acetate with p-coumaryl-COA or 
cinnamyl-COA, STS also performs a decarboxylation reac- 
tion, shortening the polyketide chain by one carbon atom 
(Fliegmann et al., 1992). Lanz and co-workers (1991) have 

O 1 O0 200 I I I 
Hours 

Figure 6. Changes in t h e  activity of BAS and CHS in raspberry tissue 
cultures in the presence of 0.5 M SUC, or yeast extract (3 g L-'). Bars 
indicate ?SE. 

100 

80 

60 

40 

E 20 

5 

h 

E 

E 0  
.- 
Y 

- .- 
O 0.125 0.25 0.5 0.75 1 5 

20 40m 0 
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Figure 7. Effect of p-hydroxybenzalacetone (A), and pHPB (B)  on 
mycelium growth of P. fragariae var rubi (W) and B. cinerea (a). Bars 
indicate ?SE. 

shown that C Y S ' ~ ~ ,  which is strictly conserved in CHS and 
STS proteins, is essential for enzyme activity and that this 
Cys represents the active site for the condensing reaction. 
A single change of His to Gln at position 166 changed the 
substrate preference of the enzyme (Schroder and Schro- 
der, 1992; Schroder et al., 1993). With the exception of 
position 166, the amino acids surrounding the essential Cys 
at 169 are strongly conserved in a11 known CHSs and STSs. 
Investigations by co-expression of active site mutants with 
differently mutated, inactive proteins showed that the het- 
erodimers synthesized the end products, indicating that 
each subunit performed a11 three condensation steps (Tropf 
et al., 1995). Both enzymes expressed as a single species in 
Escherickia coli and synthesized both products, which were 
also obtained with a CHS heterodimer containing a single 
active site. Therefore, deducing the amino acid sequence of 
BAS will be of importance in understanding not only the 
reaction mechanism of the aromatic polyketide synthases 
but also their structural similarities. 

As shown in Figure 1, BAS carries out a reaction similar 
to those carried out by CHS and STS. Although some 
molecular properties of the three enzymes appear to be 
similar, the reaction catalyzed by BAS differs partially from 
the others. To illustrate both the similarities and the differ- 
ences, we have listed the molecular properties of BAS 
below and compared it to CHS where appropriate. The M, 
of BAS and CHS are similar or identical. BAS has a M, of 
approximately 83,000 and is composed of two subunits 
with similar M,s of 41,500 each. CHS has been reported to 
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have a M ,  of 83,000 in buckwheat (Hrazdina et al., 1986) 
with a subunit M ,  of 41,500. Since CHS activity was present 
in the purified BAS preparation, albeit to a lesser extent, 
the M,s of BAS and CHS in raspberry fruits seem to be 
identical. Two-dimensional immunoblot analysis resulted 
in the recognition of a single narrow band. Since the puri- 
fied BAS preparation also contained some CHS activity, we 
do not know presently whether this protein band repre- 
sents a multifunctional polyketide synthase or a mixture of 
two enzymes. The anti-BAS serum had significantly less 
effect on CHS than on BAS (Fig. 5). The pH optimum of 
both enzymes falls in the same range, i.e. 7.5 to 8.5, as does 
the pI (pH 5.2 for CHS, 5.3 for BAS). K ,  values for both 
enzymes are within the 1 to 10 PM range, showing equally 
high substrate affinity. However, BAS and CHS showed 
different substrate specificities (Table 111). CHS in rasp- 
berries used p-coumaryl-COA exclusively as substrate, 
whereas BAS utilized ferulyl-COA three times more effi- 
ciently than p-coumaryl-COA. It is not known presently 
whether the preferential use of ferulyl-COA is the result of 
in vitro conditions, since a purified CHS preparation from 
parsley also produced the corresponding benzalacetone 
derivative (Hrazdina et al., 1976). Neither the correspond- 
ing benzalacetone derivative nor its reduction product 
have been reported in raspberries or other plant genera. 
5-Hydroxyferulyl-COA was also used by BAS as substrate, 
albeit at a much lesser extent. 

Further evidence that BAS is a different enzyme from 
CHS came from the activities of these two enzymes in 
stressed raspberry cell cultures and in the presence of 2-ME 
or ethylene glycol (Fig. 4). When raspberry cell-suspension 
cuitures were exposed to 0.5 M SUC in the medium and the 
activities of both enzymes were determined, BAS showed a 
2-fold increase in activity (Fig. 6). When raspberry cultures 
were treated with a yeast extract to mimic the effect of 
fungal invasion, the activity of BAS increased s-fold, 
reached a maximum 50 h after treatment, and declined 
thereafter. During the same time course the activity of the 
CHS remained steady at a basal leve1 and did not show 
significant differences between the control and stressed 
raspberry cells. Since BAS and CHS were assayed under 
conditions in which both BAS and CHS are active, this is a 
clear evidence for the preferential induction of BAS upon 
yeast extract treatment. A similar response was shown in 
carrot cell-suspension cultures treated with fungal elicitors 
(Marinelli et al., 1994). Changes in the activities of BAS and 
CHS in raspberry cell-suspension culture were similar to 
activities observed for STS and CHS in peanut cell-suspen- 
sion cultures (Rolfs et al., 1987). In both systems activity of 
CHS was lower than the activities of the BAS or STS. 

Additional evidence that CHS and BAS may be different 
enzymes came from inhibition experiments with 2-ME and 
ethylene glycol. Whereas BAS activity increased in the 4 to 
6 mM 2-ME concentration range, CHS activity decreased 
under the same conditions. Susceptibility of CHS to in- 
creasing concentration of 2-ME was reported earlier by 
Kreuzaler and Hahlbrock (1975). However, whereas an 
increasing concentration of 2-ME in the reaction mixture 
affected the formation of naringenin/naringenin chalcone 

and bis-noryangonin, it had no visible effect on the forma- 
tion of p-hydroxybenzalacetone. The presence of ethylene 
glycol in the enzyme preparation markedly increased the 
activity of BAS but inhibited the activity of CHS by 80% 
(Fig. 4C). A similar effect of ethylene glycol on enzyme 
activity (phosphofructokinase) was observed by Podestá et 
al. (1994) in potato. Therefore the reaction mechanism, 
substrate specificity, effect of antibody, and the ,analysis of 
induction kinetics in stressed raspberry tissue cultures ar- 
gue that BAS is an independent enzyme. 

CHS and STS are closely related plant-specific polyketide 
synthases that are key enzymes in the biosynthesis of fla- 
vonoid and stilbene phytoalexins (Rolfs and Kindl, 1984; 
Lanz et al., 1991; Schroder et al., 1993). The toxic effect of 
flavonoid (Skipp and Bailey, 1977; Hahn et al., 1985; Del- 
serone et al., 1992) and stilbene phytoalexins (Ilart, 1981; 
Dercks and Creasy, 1989) on pathogenic fungi i!; well doc- 
umented. Isoflavonoid phytoalexins have been reported in 
a number of plant species, although to date the work has 
mainly been limited to members of the Leguininosae (Dixon, 
1980; Ingham, 1982). In the Rosacea, phytoalexins have been 
identified in apple (Kuc, 1976) and strawberry cultivars 
(Mussell and Staples, 1970). Postinfection accumulation of 
phenolics in the bordering zone of resistant raspberry cul- 
tivars has also been reported (Kozlowska and Krzywanski, 
1993a, 199313). Therefore, the inhibitory effect of the p -  
hydroxybenzalacetone on P. fragariae var rubi and B. ciizerea 
in the micromolar to millimolar range (Fig. 7) suggests that 
the raspberry ketone biosynthetic pathway may also be 
involved in the defense mechanism of the genus Rubus 
toward pathogenic fungi. BAS has also been detected in 
pea, apple, grape, and tobacco tissue cultures (W. Borejsza- 
Wysocki and G. Hrazdina, unpublished data) artd its path- 
way product or the corresponding glucosylated form 
(Pabst et al., 1990) has been found in rhubarb roots (Mu- 
rakami and Tanaka, 1972), in European cranberries (Hirvi 
et al., 1981), in the fruits of sea buckthorn (Hirvi and 
Honkanen, 1984), in Scutellaria species (Lin (and Chou, 
1985), and in needles of pine (Pinus conforta) (Bauer et al., 
1955; Higuchi and Donnelly, 1977). These data iridicate that 
this pathway may not be restricted to Rubus only. 
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