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Abstract—Functionally-intact chloroplasts were obtained from 11-day-old pea (Pisum sativum cv Midfreezer)
seedlings. Enzyme-distribution studies with ribulose bisphosphate carboxylase and NADPH-dependent glycer-
aldehyde-3-phosphate dehydrogenase showed that ca 2.1% of the total tissue chloroplasts were present in the
chloroplast preparation. The rate of intactness of chloroplast preparations was 34-82%. SAM:caffeic acid
methyltransferase, flavanone synthase, UDPG:flavonoid-3-O-glucosyltransferase and SAM:quercetin methyl-
transferase activities were measured in the homogenate, supernatant and chloroplast lysate fractions. Significant
activities of the above four enzymes could only be detected in the homogenate and supernatant fractions. Similar
experiments with 11-day-old seedlings of green beans (Phaseolus vulgaris cv Early Gallatin), red cabbage
(Brassica oleracea cv Red Danish) and 6-week-old plants of spinach (Spinacia oleracea cv Bloomsdale) showed
a similar distribution of the flavonoid synthesizing enzymes. We conclude that under the reported conditions
chloroplasts are not involved in flavonoid biosynthesis.

INTRODUCTION

It is generally agreed that the main site of flavonoid
accumulation is the vacuole. A number of reports have
appeared concerning the occurrence of cinnamic-acid
derivatives and flavonoids in plastids [1-7]. These
reports led to the speculation that these compounds
are synthesized in plastids and are subsequently trans-
ported to the vacuole [8]. The development of techni-
ques for the detection and characterization of specific
enzymes of flavonoid metabolism permitted investiga-
tions of the subcellular localization of these enzymes.

Fractional phenylalanine ammonia-lyase (PAL) and
chalcone-flavanone isomerase activities were reported
by Weissenboeck et al. [9] in intact plastids, and
activities of PAL, flavanone synthase and hydroxy-
cinnamyl-CoA:quinate hydroxycinnamyltransferase by
Ranjeva et al. [10, 11] in functional chloroplasts. On
the other hand, experiments with Hippeastrum and
Tulipa protoplasts showed that flavanone synthase,
chalcone-flavanone-isomerase and  UDP-glucose:
anthocyanidin-3-O-glucosyltransferase activities were
chiefly located in the cytosol [12].

In the present paper we report the isolation of intact
chloroplasts from peas (Pisum sativum L. cv Mid-
freezer), green beans (Phaseolus vulgaris cv Early
Gallatin), red cabbage (Brassica oleracea cv Red Dan-
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ish), and spinach (Spinacia oleracea cv Bloomsdale)
and the subcellular localization of flavanone synthase,
UDPG:flavonoid glucosyltransferase, SAM:caffeic
acid methyltransferase and SAM:quercetin methyl-
transferase.

The major flavonoid constituents of pea seedlings
are kaempferol and quercetin-3-sophorotriosides, 3-p-
coumarylsophorotriosides and 3-ferulylsophorotrio-
sides [13, 14]. The flavonoid constituents of green-
bean seedlings are the 3-glucosides and 3-xylosyl-
glucosides of kaempferol and quercetin [15, 16]. Red-
cabbage seedlings contain chiefly the malonyl, p-
coumaryl, ferulyl and sinapyl esters of cyanidin-3-sop-
horoside-5-glucoside [17}. Spinach does not contain
flavonoids in significant quantities, and those present
are of rather unusual substitution pattern, such as
patuletin (3,5,7,3',4'-pentahydroxy-6-methoxyfiavone)
spinacetin (3,5,7,4'-tetrahydroxy-6,3'-dimethoxy fla-
vone) and 7-methoxyaxillarin (5,4,3'-trihydroxy-3,6,7-
trimethoxyflavone) [1, 18]. In order to determine if
flavonoid synthesis takes place at different subcellular
sites in different genera, the localization of the above
four enzymes (e.g. flavanone synthase, glucosyltrans-
ferase, caffeic acid methyltransferase and quercetin
methyltransferase) was investigated in these four
species.

RESULTS

The chloroplasts used for the study of the locali-
zation of enzymic activities appeared under the phase-
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Table 1. Specific activities of the ribulose-1,5-bisphosphate-carboxylase and NADPH-dependent gly-
ceraldehyde-3-P-dehydrogenase in subcellular fractions of Pisum per preparation

Chloroplast Shocked chloroplasts

Homogenate  Supernatant  preparation Stroma  Membrane
Chlorophyll (mg) 4.52 2.50 0.70 0.56
Protein (mg) 195 168 — 1.05 —
RUBP-carboxylase 740 706 10.3 15.5 —
total activity (nmol/min)
Specific activity 3.8 4.2 — 14.8 —
(nmol/min/mg protein)
G-3-P-dehydrogenase 64.3 51 0.16 14 —
(total activity nmol/min)
Specific activity 0.33 0.30 — 1.3

(nmol/min/mg protein)

contrast microscope as mostly shiny, highly refractive
and haloed, suggesting that their envelope remained
intact during the rapid isolation technique of Avron
and Gibbs [19].

Analysis of the subcellular distribution of enzymes
known to be specifically located in chloroplasts such as
ribulose-1,5-bisphosphate carboxylase and NADPH-
dependent  glyceraldehyde-3-phosphate  dehydro-
genase showed that 2.1% of the total tissue chloro-
plasts were recovered in the chloroplast preparation.
Using mechanical isolation in aqueous media, the yield
of partially or wholly functional chloroplasts in multi-
ple experiments could not be improved beyond 3%.
After osmotic shock there was a significant increase in
the activities of both marker enzymes. Based on this
activity increase, 34-82% of the isolated chloroplasts
retained their stromal contents (Table 1).

Parallel to the distribution of the above chloroplast
enzymes the activities of phenylpropanoid (e.g.
SAM:caffeic acid methyltransferase) and specific
flavonoid pathyway enzymes (e.g. flavanone synthase,
UDPG: flavonoid-3-O-glucosyltransferase and SAM:
quercetin methyltransferase) were monitored. An-
alyses of tissue homogenate. supernatant, chloro-
plasts, stroma, and membrane demonstrated that only
the homogenate and supernatant fractions contained
measurable activities for SAM:caffeic acid methyl-
transferase, flavanone synthase, SAM:quercetin
methyltransferase and UDP-glucose: flavonoid-3-O-

glucosyltransferase. No phenylpropanoid or flavonoid
path enzymic activity was associated with the intact
chloroplast preparation or stromal or membrane frac-
tions of pea seedlings (Table 2). Essentially the same
data were found with seedlings of green bean (Phase-
olus vulgaris cv Early Gallatin), red cabbage (Brassica
oleracea cv Red Danish), and spinach (Spinacia
oleracea cv Bloomsdale).

Comparison of the relative enzyme activities of the
supernatant fractions in pea seedlings showed that
SAM:caffeic acid methyltransferase and SAM:querce-
tin methyltransferase were present at approximately
two orders of magnitude higher activity levels than
flavanone synthase and UDPG-flavonoid-3-O-
glucosyltransferase. The same holds true for seedlings
of green beans, red cabbage and spinach (Table 3).
However, spinach seedlings contained approximately
10-fold lower activity of the above four enzymes than
the other plant species investigated. This is in agree-
ment with the low flavonoid content of this genus.

DISCUSSION

The four investigated enzymes, e.g. SAM:caffeic
acid methyltransferase, flavanone synthase, SAM:
quercetin methyltransferase and UDPG:flavonoid-
3-O-glucosyltransferase represent enzymes of the
general phenylpropanoid and specific flavonoid meta-
bolism. SAM:caffeic acid methyltransferase is re-
sponsible for the production of ferulic acid, which is

Table 2. % Distribution of enzyme activities in Pisum subcellular fractions

Chloroplast Shocked chloroplasts
Engymes Homogenate  Supernatant  preparation Stroma Membrane
Ribulose-1,5-bisphosphate- 100 95.3 1.4 2.1 —
carboxylase
NADPH-dependent glyceraldehyde- 100 100 0.25 2.1 —
3-P-dehydrogenase
SAM:caffeic acid methyl 100 98.3 0 0 0
transferase
Flavanone synthase 100 100 0 0 0
SAM:quercetin methyl 100 98.1 0 0 0

transferase
UDPG:flavonoid-3-glucosyl
transferase

100

100 0 0 0
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Table 3. Relative enzyme activities of supernatant fractions from peas, green beans, red cabbage and spinach

Relative enzyme activity (nmol/hr/100 g tissue)

SAM:caffeic acid Flavanone SAM:quercetin UDP-glucose:flavonoid
Plant material methyltransferase synthase methyltransferase glucosyltransferase

Pisum sativum 15 880 296 8477 21

(cv Midfreezer)

Phaseolus vulgaris 10 208 124 9790 128

(cv Early Gallatin)

Brassica oleracea 9372 785 8477 31

(cv Red Danish)

Spinacia oleracea 1313 22 3283 ° 2.2

(cv. Bloomsdale)

further transformed to produce lignin [20]. Flavanone EXPERIMENTAL

synthase is the first enzyme responsible for the estab-
lishment of the C,, flavonoid skeleton, SAM:quercetin
methyltransferase represents a central enzyme of the
metabolic process, and UDPG:flavonoid glucosyl-
transferase can be looked upon as the last enzyme
involved in flavonoid biosynthesis.

A report by Oettmeier and Heupel (1] on the
localization of p-coumaryltartaric acid and several
flavonoid glycosides yielding methoxy and methylene-
dioxy derivatives of a trihydroxyflavone in spinach
chloroplasts implied that these compounds could be
synthesized there. Further reports on isolation of
flavonoids from chloroplast preparations of Hordeum
(2], Impatiens [4], Avena [6] and Kalanchoe [21]
suggested that chloroplasts could be capable of syn-
thesizing flavonoids. The detection of phenylalanine
ammonia-lyase, the first enzyme of phenylpropanoid
metabolism in chloroplast preparations of Oenothera
hybrids [22], Hordeum vulgare [2] and from Petunia
[9] further supported this view.

The enzymic synthesis of naringenin closely resem-
bles the mechanism of fatty acid biosynthesis by the
fatty acid synthase complex [23]. Fatty acid synthases
are known to be localized in both the cytoplasm and
chloroplasts {24, 25] and it seemed possible that flava-
none synthase could be present in both subcellular
compartments. Data on its localization were equivocal
with reports on its occurrence in the cytosol [11] and
in chloroplasts [10].

The four enzymes of the phenylpropanoid and
flavonoid pathway investigated showed high activity in
the supernatant fractions of the homogenates in all
four plants. Chloroplast preparations, their stroma and
membrane fractions were devoid of any activity. It is
difficult to accurately determine the distribution of
enzyme activities in chloroplast preparations where a
large degree of breakage occurs during the isolation by
mechanical means. However, within the limits of accu-
racy of the enzyme assays used in the experiments, a
15-20% distribution of the enzymes between cyto-
plasm and chloroplasts could have easily been de-
tected. The absence of any activity of the phenylprop-
anoid and flavonoid path enzymes in the chloroplast,
stroma and membrane preparations of the four plant
species investigated suggest that chloroplasts are not
involved in their synthesis.

Plants. Pea (Pisum sativum L. cv Midfreezer) and green
bean (Phaseolus vulgaris cv Early Gallatin) seeds were germi-
nated in sand at 21° day and 18° night temps, illuminated for
16 hr daily with equal number of Cool White and Grow Lux
fluorescent lights (200 u Einstein—m?/sec) and harvested
after 11 and 16 days, respectively. Prior to harvest the
seedlings were placed in the dark for 12 hr to minimize
starch.

Red cabbage. (Brassica oleracea cv Red Danish) seeds
were sterilized with 6% NaClO soln, soaked overnight in
H,O and germinated in two layers of moist Whatman No. 1
filter paper in clear plastic boxes in the dark in a thermos-
tated growth chamber. The seedlings were illuminated con-
tinuously (200 p Einstein/m?/sec) as described elsewhere
[25].

Spinach. (Spinacia oleracea cv Bloomsdale—germinated as
above at 21° day and 15° night temps and grown for 6 weeks
under 16 hr daily illumination (200 u Einstein/m? sec).

Materials. p-Coumaryl-CoA was synthesized as described
previously [26].  S-Adenosyl-L-methionine-[methyl-'*C]
(SAM; sp. act. 59.7 mCi/mmol), uridinediphosphateglucose-
[**C)-[D-glucose-'*C(U)] (UDPG) sp. act. 240 mCi/mmol,
malonyl-CoA-[2-'*C] (sp. act. 32.1 mCi/mmol) and sodium
bicarbonate-['*C} (sp. act. 7.7 mCi/mmol) were purchased
from New England Nuclear, Boston, MA. Naringenin, D-
ribulose-1,5-diphosphoric acid and ATP (Na salt) were ob-
tained from Sigma, sorbitol, HEPES, NADPH and
phosphoglycerate were obtained from Calbiochem. Caffeic
acid, malvidin, malvidin-3-glucoside and quercetin were from
our laboratory collection.

Methods. All experiments were carried out at least in
triplicate.

Isolation of chloroplasts. Ali fractionation procedures were
carried out at 4° as described by Avron and Gibbs [19]. Plant
material (12-25 g) was homogenized for 2 x 2 sec in a Waring
blendor equipped with razor blades in 200 ml partially frozen
buffer [50 mM HEPES, pH 6.8, 300 mM sorbitol, 2 mM
EDTA, 20 mM KCl, 1 mM MgCl,, 1 mM MnCl,, 0.5 mM
KH,PO,, 2 mg/ml BSA, 2 mM ascorbate (added immediately
before use)]. The resulting homogenate was strained through
4 layers of cheesecloth and one layer of Miracloth and
centrifuged immediately at 2000 g for 30 sec. The supernat-
ant was decanted and the pellet taken up in 0.5-1.0ml
resuspension buffer (50 mM HEPES, pH 7.6, 400 mM sor-
bitol, 2mM EDTA, 1 mM MgCl,, 1 mM MnCl,) [27]. The
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integrity of the chloroplast preparation was monitored by
phase-contrast microscopy. and by assaying its ribulose bis-
phosphate carboxylase [28] and NADPH-dependent glycer-
aldehyde-3-phosphate dehydrogenase [29] activity.

Osmotic shocking of the chloroplasts. An aliquot of the
isolated chloroplast fraction was mixed with 10 vol. of
hypotonic buffer (SOmM HEPES. pH. 7.6. 2mM EDTA.
tmM MgCl,, 1 mM MnCl,) and centrifuged at 20000 g for 20
min at 4°. The resulting supernatant is referred to as stroma,
the pellet as the membrane fraction.

Determination of chloroplast related enzyme activities. All
enzyme reactions, except where noted differently, were car-
ried out at 30°.

NADPH-dependent glyceraldehyde-3-phosphate dehydro-
genase. This was determined by the method of Heber et al.
[29] as modified by Poulton (pers. commun.). The reaction
mixture contained 46umol Tris-HCl, pH 7.5, 10umol
MgSO,, 1.2 umol dithiothreitol (DTT), 11.2 umol phos-
phoglycerate, 1.4 wmol ATP, 0.16 umol NADPH and 40 ul
of either homogenate, supernatant, chloroplast or stroma
fraction in a total vol of 1.0 ml.

Ribulose bisphosphate carboxylase assay. This was carried
out according to Gibbs and Robinson [28]. The reaction
mixture contained 0.29 wmol NaH'*CO, in 90 ul resuspen-
sion buffer (50mM HEPES, pH 7.6, 400mM sorbitol, 2 mM
EDTA, 1mM MgCl,, 1mM MnCl,), 0.1mmol ribulose-1,5-
bisphosphate and 25-40 u| of the appropriate cell fractions.
All samples were assayed in duplicate. Aliquots (40 nl) were
withdrawn from the incubation mixtures at 5 min intervals,
placed on a 2.4 cm Whatman 3 MM filter paper discs and
acidified immediately with 50 u1 5 N HCI. Discs were al-
lowed to dry for at least 3 hr prior to liquid scintillation spec-
trometry in toluene (2.5 g PPO/L).

Activities of enzymes of phenylpropanoid and flavonoid
metabolism. For the determination of the activities of the
phenylpropanoid (SAM:caffeic acid methyltransferase) and
flavonoid enzymes (flavanone synthase, SAM:quercetin
methyltransferase, UDPG:flavonoid-3-O-glucosyltransferase)
aliguots of the cell fractions were treated for 30 min with
Dowex 1x 2 [24] and the filtrate centrifuged at 100 000 g for
30 min. All incubations were carried out for 20 min.

Flavanone synthase. Determined using a modified method
of Kreuzaler and Hahlbrock [30]. The incubation mixture
was composed of 50 ul 200mM K,HPO,/H,PO, buffer (pH
8.0) containing 4 mg BSA/ml, 50ui cell fraction, S pul p-
coumaryl-CoA (1nmol) and 5ul malonyl-CoA-[2-'4C)
(3nmol) and 5 pmol ascorbate in S ul phosphate buffer of
above. The products were separated by PC using authentic
naringenin as carrier substance and counted by liquid scintill-
ation spectrometry. To account for any interference from
fatty acid synthase reactions, background activities of the
difterent fractions were determined by omitting p-coumaryl-
CoA from the reaction mixtures.

SAM:caffeic acid methyliransferase activity. Determined
according to Poulton et al. [31] with 50 ul 200 mM
K,HPO,/H,PO, phosphate buffer (pH 8.0) containing
4 mg/m] BSA and 50 ul cell fractions.

SAM:quercetin methyltransferase activity. This was deter-
mined as above with quercetin as substrate. In the determina-
tion of both methyltransferase activities, backgrounds for the
individual subceliular fractions were determined by omitting
the phenolic substrate from the reaction mixtures.

UDP-glucose :flavonoid-3-O-glucosyltransferase  activity.
Determined as previously described [12] with malvidin as
substrate and malvidin-3-glucoside as carrier substance.
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Background was determined by omitting malvidin from the
reaction mixture.

Chlorophyll was determined according to Arnon [32], pro-
tein according to the method of ref. [33].
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