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1. Introduction

The hydroxylation of p-coumaric acid (4-hydroxy-
cinnamic acid) to caffeic acid (3,4-dihydroxycinnamic
acid) is a major reaction in the conversion of L-phenyl-
alanine to lignin and many flavonoids in plants. The
reaction has been studied in some detail using a purified
phenolase from leaves of spinach beet [1,2] ; it requir-
ed both molecular oxygen and reducing agent. Ascor-
bate, NADH, NADPH, tetrahydrofolate and 2-amino-6,
7-dimethyl-4-hydroxy-5,6,7,8-tetrahydropteridine
(dimethyltetrahydropteridine) were all effective as re-
ducing agents.

Losses during purification of the crude enzyme sug-
gested that the enzyme was firmly bound to particles,
from which it could be released only by prolonged ex-
posure to (NH,),SO,. Kenten [3,4] showed that the
phenolase of broad bean leaves was brought into solu-
tion only by treatment with acid or alkali or by anionic
detergents, and the phenolase of sugar beet leaves was
released from chloroplast preparations only with
acetone or deoxycholate [5]. Distribution studies of
the phenolase of spinach beet leaves reported here have
shown the enzyme to be associated mainly with chlo-
roplasts, firmly bound to the lamellae.

Sato [6] demonstrated the hydroxylation with
chloroplasts from leaves of a number of plants, without
any added reducing agent. These observations have
been examined in more detail using preparations of
intact chloroplasts [7] to show that the reaction is
promoted by illumination with the same essential re-
quirements under these conditions as with the ex-
tracted enzyme.
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2. Materials and methods

2.1. Distribution of enzyme activity

Homogenates of freshly-harvested leaves from
plants of spinach beet (Beta vulgaris L. ssp. vulgaris),
grown in the greenhouse under artificial illumination
or in the garden, were fractionated by the procedure
of Tolbert et al. [8]. 100 g of washed leaves, from
which the larger veins and midribs had been removed,
were homogenised with 200 ml of 0.5 M sucrose con-
taining 20 mM glycylglycine buffer pH 7.5 in a Waring
Blendor for about 1 min. The macerate was squeezed
through muslin and centrifuged at 0—2° successively
at 500 g for 25 min, 6,000 g for 20 min and finally
30,000 g for 20 min. Each precipitate was resuspended
in 10—15 ml of the homogenising medium and, with
the final supernatant, assayed for hydroxylase and
catechol oxidase activities [1].

2.2. Experiments with illuminated chloroplasts

100 g of the washed laminae of leaves were macerated
in a Waring blendor with 200 ml of ice-cold 0.33 M
sorbitol, containing 0.01 M sodium pyrophosphate
buffer pH 6.5. The macerate was squeezed through
muslin and the liquid centrifuged at 500 g for 25 min,
and then at 6,000 g for 20 min to sediment whole
chloroplasts. The precipitate was resuspended in the
extraction medium, and again sedimented at 6,000 g
for 20 min. This fraction was finally suspended in
10—15 ml of homogenising medium.

Aliquots of the preparation, containing 0.25—1.5
mg of chlorophyll, were incubated with p-coumeric
acid (10 umoles) and 1.0 m! of HEPES buffer pH 7.6
at 12—15° in a total vol of 3 ml, with shaking, under
an illumination of 1,200 ft-candles. The reaction was
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stopped by the addition of 0.5 ml of 10% (w/v)
trichloroacetic acid, and caffeic acid determined [1].

2.3. Chlorophyll estimation
The chlorophyll content of fractions was estimated
spectrophotometrically [9].

3. Results

3.1. Distribution of phenolase activity

The hydroxylation activities sedimented from the
homogenate were not concentrated in any single frac-
tion (table 1). The fractions precipitated at 500 g and
6,000 g and likely to be richest in intact chloroplasts,
contained less total activity than either the fraction
sedimented at 30,000 g or the final supernatant. No
relation between the fractions could be seen when
these results were expressed on a protein basis, but
the specific activities, determined in relation to their
chlorophyll content, were all very similar. It is con-
cluded that the enzyme was firmly bound with the
chlorophyll to the chloroplast lamellae, so that the
enzyme was distributed with chloroplast fragmentsin

the other fractions. A significant amount of unattached

enzyme appears to have been present in the super-
natant fraction, perhaps released during the homogeni-
sation and fractionation in glycylglycine buffer [10,
11]. A peroxisomal preparation, separated from the
chloroplast fraction (6,000 g precipitate) by sucrose-
density centrifugation [8] showed no hydroxylase
activity.
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A similar distribution pattern was observed for
catechol oxidase activity. The differences between
the ratios of hydroxylase to catechol oxidase activi-
ties in the four fractions (0.19, 0.20, 0.25 and 0.19,
respectively) and the homogenate (0.17) are not con-
sidered to be significant so that no other phenolase
activities were present in any of the fractions in ap-
preciable quantity.

3.2. Hydroxylation of p-coumaric acid by illuminated
chloroplasts

[lluminated chloroplast suspensions hydroxylated
p-coumaric acid to caffeic acid without added reduc-
tant at a rate similar to that observed in darkness
when ascorbate was provided (fig. 1). However,
whereas the rate of the reaction in darkness began to
decline after 30 min, perhaps as the ascorbate became
exhausted [1], it remained linear over 60 min when
the chloroplasts were illuminated.

The amount of caffeic acid produced by illuminat-
ed chloroplasts was over three times as much as in
darkness, when no reductant was added {table 2).
Some endogenous reductant may have been respon-
sible for the production of caffeic acid in darkness;
this was apparently regenerated in light by reactions
sensitive to 3-(3,4-dichlorophenyl)-1, 1-dimethylurea
(DCMU). The importance of oxygen in the reaction
was shown by its inhibition in an anaerobic atmos-
phere in light so that even less caffeic acid was pro-
duced than in darkness.

Table 1
Distribution of p-coumaric hydroxylase and catechol oxidase activities in fractions from spinach beet leaf homogenate.

Hydroxylase Catechol Oxidase

Specific Total Specific Total

activity activity activity activity
Fraction {m-units/ (m-units) (m-units/ (m-units)

mg chlorophyll) mg chlorophyli)
Crude homogenate 210 7182 (100%) 1233 42180 (100%)
500 g precipitate 205 1577 (22.0%) 1081 8338 (19.8%)
6,000 g precipitate 170 998 (13.9%) 867 5085 (12.6%)
30,000 g precipitate 180 2704 (37.6%) 715 10733 (25.4%)
30,000 g supernatant 618 2647 (37.0%) 3197 13699 (32.5%)

The figures in parentheses indicate the activity of each fraction as a percentage of crude homogenate.
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Fig. 1. Time course of caffeic acid production by chloroplast

preparations in light (#—e—e), and in darkness with addition

of 10 umole ascorbate (0—o—0). The conditions were those

described for table 2, with samples taken after the periods in-
dicated.

4. Discussion

The results suggest that the enzyme is bound to
chloroplast lamellae and, in the catalysis of p-coumaric
acid hydroxylation, requires oxygen and a reductant,
which appears to be regenerated in light, Attention
has been drawn to the special role of dimethyltetra-
hydropteridine in suppressing additional catechol
oxidase activity during hydroxylation [12], and its
likely participation in chloroplast oxidoreductions
[13] suggests that it may act here as the reductant.
The possible participation of ferredoxin or reduced
plastoquinone as primary reductants produced by the
two photosystems in chloroplasts needs investigation.
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Table 2
Hydroxylation of p-coumaric acid in chloroplast suspensions.

Caffeic acid

produced
Conditions (umole)
Light, air 0.45
Dark, air 0.12
Dark + ascorbate (10 umoles), air 0.42
Light + DCMU (1 uM), air 0.13
Light, anaerobic 0.07

0.5 ml of chloroplast suspension (containing 0.63 mg of
chlorophyll) was incubated with 1.0 ml of 0.05 M HEPES
buffer, pH 7.6, together with additions where shown, in a
total vol of 3 ml at 12° with shaking. p-Coumaric acid
(10 umoles) was added after 30 min illumination, where
indicated, and incubation continued for a further 30 min,
when caffeic acid was determined.
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