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Abstract—Flavanone synthase, chalcone-flavanone isomerase and UDP-glucose; anthocyanidin-3-0-glucosyltrans-
ferase activities of protoplasts and subcellular fractions of protoplasts of Hippeastrum and Tulipa were investigated.
Subcellular fractions studied were intact vacuoles, cytosol and particulate components of protoplasts less the vacuole.
Thecytosolfraction had the highest activity of the three enzymesstudied. Resultssimilar to those found for Hj, ippeastrum
were obtained with fractions from leaves and petals of Tulipa. The increase in flavanone synthase activity in the
cytosol fraction from petals of Hippeastrum during development paralleled the increase in anthocyanin content of
the petals.

INTRODUCTION Table 1. Flavanone synthase activity of subcellular fractions of
. . . Hippeastrum and Tulipa protoplasts
Hippeastrum petals contain the 3-rutinosides of kaemp-

ferol, quercetin, pelargonidin and cyanidin [1]. Tulipa  Fraction Hippeastrum Tulipa Tulipa
petals contain the 7-glucuronide of kaempferol, the 3- petals petals  leaves
glucosides and 3-rutinosides of pelargonidin, cyanidin total cpm/preparation*
and delphinidin and the leaves contain 3-rutinoside-7-
glucuronides of kaempferol and quercetin [2]. All these I;e"“ls 78 160F — -
. . . rotoplasts 2220 1600 —

compounds are derived by the enzymatic transformation Particulate
of naringenin, the primary product of the enzyme cytoplasm 3000 0 0
flavanone synthase. Cytosol 22200 6000 760

In recent years elucidation of the pathways of flavonoid  vacuole 0 0 0
biosynthesis has led to speculation on the localization of 100000 g pellet 1000 220 104

the enzymic activities involved. It has been suggested [3]
that some of the enzymic activities associated with the * Total cpm per preparation derived from 2 x 10° protoplasts.
synthesis of flavonoids may occur on or in the tonoplast, 1 Total cpm in a preparation derived from 700 mg of petal
or in the vacuolar sap. The enzymes involved in the bio-  tissue-—see Experimental.
synthesis of flavonoids, however, have their pH-optima at . L.
7 or above [4) whereas the vacuoles of most plant tissues ~ acuvity of flavanone synthase (Table 1). S.“mla_f ly, proto-
is acidic. It therefore seems unlikely that synthesis of plasts obtained from this tissue contain this activity.
flavonoid compounds occurs in the vacuolar sap. It is When protoplasts were fractionated into vacuole, en-
rather expected, that most, if not all enzymes involved in riched c'y‘fosol and part{culate cytoplasm fractions most of
the above process are associated with cytoplasmic frac-  the activity was associated with the cytosol (Table 1).
tions or the cytoplasmic face of the tonoplast. In addition to naringenin, 'the product of the ﬂavanoqe
The availability of enzymatically-isolated protoplasts Synthase reaction, intermediate products of the enzymatic
and vacuoles [5] has enabled us to localize the enzymic ~ Synthesis, bisnoryangonin, p-hydroxybenzalacetone and
activities of flavanone synthase, chalcone-flavanone theé 4-hydroxy-5,6-dihydro-6-(4-hydroxyphenyl)-2-py-
isomerase and UDP-giucose:anthocyanidin-3-0-gluco- [one (6] were detected on radiochromatograms after
syltransferase in various subcellular fractions obtained Paper Chro}natOgraphlc separation of 1ncuba}tlon mix-
from protoplasts of Hippeastrum and Tulipa petals and ~ tures. In this Tespect flavanone syn(hase of Hq{peastrum
Tulipa leaves. Data showing a correlation between Petals was similar to that found in Petroselinum [6],
anthocyanin content of petals and the flavanone synthase ~ Ieleasing the intermediate products of naringenin only

activity of protoplasts derived from developing petals of i1 vitro in the presence of 2-mercaptoethanol. These
Hippeastrum are also presented. data suggest that the site of naringenin biosynthesis is in

the cytosol. Quantitatively similar data to those obtained
RESULTS with Hippeastrum were found when Tulipa petals and

leaves were studied.
Flavanone synthase An additional fraction was obtained by centrifuging
Mature Hippeastrum petals contain a relatively high  the enriched cytosol fraction at 100000g for 30 min to
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Table 2. Anthocyanin content and flavanone synthase activity
of developing floral buds of Hippeastrum

Table 4. UDP-Glucose :anthocyanidin glucosyltransferase acti-
vity of subcellular fractions of Hippeastrum and Tulipu

Bud petal Anthocyanin in Flavanone synthase Fraction Hippeastrum Tulipu Tultpa
length wmol/100 mg activity in cpm* petals petals leaves
(cm) fr wt dry wt cytosol vacuole total cpm/preparation™®
2.4) 0.01 021 367 0 Protoplasts 16 000 360 640
(4.9) 0.68 11.39 1310 0 Particulate
(7.5) 0.80 14.32 2550 0 cytoplasm 4 000 0
Cytosol 75000 14200 1700
* Total cpm 1n preparations derived from 10" protoplasts. Vacuole 0 0 0
100000g pellet 300 0 0

remove residual membranous materials. The 100000g
pellet and the particulate cytoplasm fraction are pre-
sumed to be enriched in endoplasmic reticulum and
dictyosome membranes. These fractions contained all
the recoverable NADH cytochrome ¢ reductase activity
of Hippeastrum and Tulipa protoplasts (G. J. Wagner,
unpublished).

To determine if flavanone synthase activity was corre-
lated withanthocyanin production during flower develop-
ment, the anthocyanin content of Hippeastrum petals of
varying age was determined, protoplasts were prepared,
fractionated, and their cytosol and vacuoles assayed
(Table 2). As shown, the increase in flavanone synthase
activity in the cytosol fraction paralleled the increase of
anthocyanin in petals during development from the early
bud (2.4 cm) stage until immediately before opening
(7.5 cm). Throughout the expansion process, no enzy-
matic activity was detected in the vacuole. Clearly, the
site of naringenin biosynthesis is in the cytosol.

Table 3. Chalcone-flavanone isomerase activity of subcellular
fractions of Hippeastrum

Hippeastrum petals

Fraction total A A/preparation®
Protoplasts 8.82
Particulate cytoplasm 0.762
Cytosol 12.88

Vacuole 0

100000 ¢ pellet 0

* Total acuvity (A A4,,,) 1n preparations derived from 2 x 10°
protoplasts.

* Total cpm in preparation derived from 2 x 10° protoplasts

Chalcone-flavanone isomerase

This enzyme, similar to flavanone synthase, could only
be detected in the cytosol fraction of Hippeastrum (Table
3). Its presence could not be established in any of the
Tulipa cell fractions presumably due to inhibition by the
relatively high levels of phenolic compounds remaining
in preparations from petals and leaves, which could not
be'removed with PVP and Dowex 1 x 2 treatment during
and after homogenization.

UDP-Glucose -anthocyanidin-glucosyltransferase

This enzyme was not detected in vacuole preparations
from Hippeastrum petals or from leaves or petals of
Tulipa (Table 4). Maximum glucosyltransferase activity
was found in cytosol fractions of all three tissues, similar
to both other enzymes studied.

The percent distribution in subcellular fractions of 1he
three enzymes investigated is summarized in Table 5.
The negligible amount of activity present in the particu-
late cytoplasm fraction and in the 100000g pellet is
probably due to contamination of these fractions with
cytosol, since no further efforts were made to purify these
fractions.

DISCUSSION

Flavanone synthase, the first enzyme in the flavonoid
biosynthetic pathway, is responsible for the establishment
of the C, 5 skeleton [7] of flavonoid compounds. Other

Table 5 Distribution of enzymic activities in subcellular fractions of Hippeastrum and Tulipa

Tissue Fraction %, of total activity recovered
flavanone chalcone-flavanone UDP-glucose
synthase 1somerase anthocyanidin
glucosyltransferase
Hippeastrum petal Particulate cytoplasm 5-15 5-6 6-12
Cytosol 80-95 94 88-96
Vacuole 0 0 0
100 000g pellet 1-4 0 <1
Tulipa petal Particulate cytoplasm 0 - 0
Cytosol 97 — 100
Vacuole 0 0 0
100 000g pellet 35 — 0
Tulipa leaf Particulate cytoplasm 0 - 3
Cytosol 88 -— 87
Vacuole 0 -— 0
100000g pellet 12 — 0
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enzymes in specific flavonoid pathways modify (e.g.
hydroxylate, methylate, oxidize and glycosylate) the
reaction product of the flavanone synthase, the 4,5,7-
trihydroxyflavanone naringenin. Until recently it was
thought [ 7] that the next enzyme in flavonoid metabolism
was chalcone-flavanone isomerase and that this enzyme
was associated with the synthesis of naringenin. Recent
investigations [8, 9] have revealed that the end product
of the flavanone synthase reaction is naringenin, and not
its chalcone isomer, and that the chalcone-flavanone
isomerase activity is not required for the closure of the
heterocyclic ring. Wong [10] showed that chalcones are
used as substrates for a garbanzo bean (Cicer arietinum)
peroxidase producing flavonols and their isomeric
benzoxepinone-spiro-cyclohexadienones. A possible role
of chalcone-flavanone isomerase may be in providing
substrates for this reaction. Thus, the isomerase can be
considered as a central enzyme in the biosynthetic path-
way offlavonoidsinvolved in the conversion of flavanones
to flavanonols and flavonols. It has been suggested that
glycosylation is the last step in the metabolism of flavo-
noids and that glycosyltransferases may be localized on
the inner face of the tonoplast, or in the vacuole [3].
Glycosylation may either assist in transport of antho-
cyanins across membranes or provide necessary solubility
properties. Data presented here indicate that enzymes
involved in the three stages of flavonoid synthesis, e.g.
beginning (flavanone synthase), central (chalcone-flava-
none isomerase), and end (UDP-glucose :anthocyanidin-
3-O-glucosyltransferase) are associated with the cytosol
and not the vacuole. These observations are consistent
with a hypothesis in which flavonoid biosynthesis takes
place on closely-clustered enzymes in the cytosol. The
pH optima of enzymes involved in flavonoid biosynthesis
support this view.

Itis not likely that the method used to prepare vacuoles
and other fractions results in dissociation from the tono-
plast of the enzymes studied. Available evidence indicates
that treatments such as sonication, exposure to high ionic
strength or metal ion chelating agents are required to
solubilize peripheral proteins from membranes [11].
Further, if the enzymes studied here were associated with
the cytoplasmic face of the tonoplast, and were released
during isolation, one would expect to find some residual
activity to be retained. No vacuolar associated activities
were detected. The anthocyanin and ion content of
isolated vacuoles is virtually the same as that of intact
protoplasts [ 12]. Thus, loss of sap proteins during vacuole
isolation is not expected. The low enzyme activities
recovered from whole protoplasts relative to protoplast
fractions suggests that disruption of whole protoplasts
subjects sensitive enzymes to more extensive destruction
by phenolic compounds than do results during fractiona-
tion by isolation of intact vacuoles. A similar phenomenon
was observed when the ATPase of isolated vacuoles was
compared with that of whole protoplasts [12].

There is suggestive evidence that some flavonoids may
be synthesized on the endoplasmic reticulum (ER). Dark-
staining droplets of condensed tannins in the shoot apex
of Oenothera[13] and in cell cultures of white spruce [ 14]
and slash pine [ 15] have been found to be first associated
with the smooth ER. Nearly all of the cinnamate hydroxy-
lase and a portion of phenylalanine ammonia lyase of
Solanum tuberosum L. were reported to be associated with
microsomal preparations from this tissue [16]. The
overall conversion of phenylalanine to anthocyanins may

occur near the ER by cytoplasmic and ER bound enzymes
acting in close proximity to each other and to the tono-
plast.

EXPERIMENTAL

Plant material. Hippeastrum (cv Dutch Red Hybrid) was
obtained from Jackson and Perkins Co. and Tulipa (variety Most
Miles) from K. Van Bourgondein and Sons, Inc., Babylon, NY.

Materials. p-Coumaryl-CoA was synthesized as described
previously [6], [2-**C]-malonyl-CoA and UDP-'*C-p-Glucose
was obtained from New England Nuclear, Boston, MA.
Naringenin chalcone was prepared according to ref. [17].
Naringenin, malvidin and malvidin-3-glucoside were from our
laboratory collection.

Determination of the anthocyanin concentration. Petals were
thoroughly extracted at room temp. with 50 ml1 0.01 % HCl in
MeOH. Vacuoles (10°) were added to SO ml 0.01% HCI in
MeOH where they ruptured immediately. The anthocyanin
concentration determined as described previously [18].

Preparation of protoplasts and vacuoles from anthesis stage and
developing Hippeastrum petals and Tulipa petals and mature
leaves was carried out as previously described [S]. In brief,
vacuoles were released from enzymatically-isolated protoplasts
(incubated 1n enzyme 19 hr) by treatment with 0.2 M K,HPO,/
HCI pH 8. After removing the particulate materials (particulate
cytoplasm), the vacuole-containing suspension was centrifuged
at 100 g for 3 min. This resulted in a pellet containing intact
vacuoles and a supernatant enriched in cytosol. Tulipa leaf
vacuoles were centrifuged at 110g for 3 min. Sedimented
vacuoles were washed by resuspending them in 0.7 M mannitol,
1 mM HEPES/NaOH buffer, pH 8, 0,5 mM dithiothreitol and
recentifuged. Yields of vacuoles from protoplasts were approxi-
mately 209, for Hippeastrum, and 40%, for Tulipa petals and
leaves. Vacuoles and protoplasts were counted using a 0.2 mm
deep well type slide. Since protoplasts were not generally washed
free of 1solation medium prior to preparation for enzyme assays,
control experiments were performed to determine if the enzyme
mixture used in protoplast 1solation contained any of the enzy-
matic activities studied. No activity was found.

Preparation of tissue and subcellular fractions for enzymatic
assay. All manipulations were carried out at 4°. Unless otherwise
noted homogenates were centrifuged at 12500¢ for 1 min, HC1
washed polyvinyl pyrrolidone (PVP) and Dowex 1 x 2 ion
exchange resin (PO, -form, pH8 ) were used to remove antho-
cyanin and phenolic contaminants. The buffer mixture contained
02 M K,HPO,/HC], pH 8, 2.4 mM mercaptoethanol.

Hippeastrum petals {(ca 700 mg) were ground with 100 mg
silica and 200 mg PVP 1n 2 ml buffer mixture in a chilled mortar
for 5 min. The homogenate was centrifuged and the supernatant
(ca 1.6 ml) stirred with 100 mg Dowex 1 x 2, and centrigufed. The
final supernatant was used for the determination of enzymatic
activities.

Protoplast. Ca 2 x 10° protoplasts in 1 ml buffer mixture were
homogenized in a glass tissue grinder with 100 mg PVP. The
supernatant, after centrifugation and Dowex 1 x 2 treatment,
was used for the enzyme assays.

Particulate cytoplasm Particulate cytoplasm recovered from
2 x 10° protoplasts was homogemzed with 100 mg PVP in
1.0 ml buffer mixture and was centrifuged for 2 min. The super-
natant was treated with Dowex 1 x 2, centrifuged and the result-
ing supernatant used for enzyme assays.

Cytosol. The K,HPO,/HCI from which the vacuoles were
originally sedimented was enriched in soluble cytoplasmic
constituents, but also contained vacuolar sap and tonoplast
derived from vacuoles which lysed duringisolation. This fraction
was centrifuged at 100000g for 30 min to remove residual
particulate materials. The resulting pellet (100000 g pellet) was
suspended in 1 m] buffer mixture, homogenized and assayed. The
supernatant (cytosol) was concd to ca 3 ml using a Diaflow CECI
ultrafiltration cell [19] and used for enzyme assays.

Vacuoles. Vacoules from ca 2 x 10° protoplasts were homo-
genized with 100 mg PVP in 1ml buffer mixture. The homo-
genate was centrifuged, the supernatant treated with Dowex
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1 x 2, centrifuged and the final supernatant used for the enzyme
assays.

Determinationof enzyme activities. Flavanone synthase. Samples
(100 pl) were incubated with 5 pl p-coumaryl-CoA (1 nmol) and
5l [2-1*C] malonyl-CoA (1.5 nmol, 1 1 x 10* dpm) for 20 min
at 30°. The '*C-naringenin was separated and counted as
described 1n ref. [8].

Chulcone-flavanone isomerase. Determined according to ref.
[20]

UDP-glucose  anthocyanidin glucosyltrunsferase  Samples
(100 pl) were incubated with 5 pl [ 1*C]-UDP-glucose (423 pmol
11 x 10dpm) and 5 ul (14 nmo!} malvidin in ethylene glycol
monomethyl ether (EGME) for 20 min at 30°. The reaction was
stopped by the addition of 20 ul conc HOAc and 20 pg of
malvidin-3-glucoside 1n 20 pl EGME was added as carrier.
Malvidin-3-glucoside was separated on Whatman no. 1 paper
strips (4 x 40 cm) in H,O-HOAc-HCI (82:15.3), cut out and
counted by liquid scintillation spectrometry 1n toluene (2.5g
PPO/1.).
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