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Abstract-Whereas tllummatton of mature leaf discs and prolonged tllummatton of spmach beet seedlings gave rise to 
co-ordmated increases m PAL and C4H followed later by increases together m pC3H and o-dlphenol oxldase, relatively 
brief lllummatlon of seedlings with white or red light gave co-ordmated increases m PAL, C4H and pC3H without any 
increase m DOPA oxldase The pC3H Induced m young seedhngs has been partially purified and shown to be a copper 
protein with relatively low DOPA oxldase activity, but chromatographlcally separable from other phenolases present 
The enzyme was similar to these other phenolases but dlstmgulshed by its mablhty to catalyse the 3-hydroxylatlon of 
tyrosme Thts phenolase with low oxldase activity was induced mamly m the hypocotyl and IS possibly concerned with 
hgnm biogenesis, whereas the high-oxldase phenolases present m the cotyledons or induced m leaves may play some role 
m the protection of the tissue following physical damage 

INTRODUCTION 

The roles 01 phenylalamne ammonta-lyase (PAL, EC 
4 3 1 5) and cmnamate Chydroxylase (C4H, EC 
1 14 13 11) m catalysmg the mltlal reactions in the blo- 
synthesis of hgmn [l, 21, flavonolds [3] and chlorogemc 
acid [4] from phenylalanme have been successfully es- 
tablished by relating increases m their activities to the 
accumulation of these phenohc products following en- 
vironmental changes such as dlummatlon, tissue exclslon 
or nitrogen starvation [S] In some cases, a precisely co- 
ordinated increase m the actlvltles of the two enzymes has 
been demonstrated [2,3] These two enzymes give rise to 
p-hydroxylated phenohcs, but many phenohc products 
show 3,4-dlhydroxy substltutlon, often with partial or 
complete methylatlon, knowledge of the enzymes re- 
sponslble for this hydroxylatlon pattern IS far from 
complete Genetic studies have recently been used m 
detecting enzymes catalysmg the 3-hydroxylatlon of 
p-coumaroyl CoA [6] and the 3’-hydroxylatlon of nar- 
mgerun and dlhydrokaempferol [7] m the blogenesls of 
hydroxylated flavonolds m certain species, though their 
mductlon m relation to PAL and C4H has still to be 
demonstrated The changes m p-coumarate 3-hydroxylase 
(EC 1 14 17 2) and DOPA oxldase actlvltles have been 
studied here m relation to PAL and C4H to determine 
whether any metabohc co-ordmatlon between these en- 
zymes might exist 

The condltlons under which the phenolase (EC 
1 14 18 1) from mature spinach-beet leaves can catalyse 
effectively the hydroxylatlon of p-coumarate to caffeate 

Abbrevlatlons used PAL, phenylalanme ammoma-lyase, C4H, 
cmnamate 4-hydroxylase, pC3H, p-coumarate 3-hydroxylase 

have been described [8, 91, with the elimination of the 
further oxldatlon of cat&ate to caffeoyl qumone [lo] The 
capacity to catalyse this hydroxylatlon does not, however, 
establish the role of the enzyme VI UIUO, and indeed several 
arguments can be raised against this function In many 
tissues phenolase can catalyse p-coumarate hydroxylatlon 
at more than 100 times the maximum activity of PAL, the 
enzyme shows only a low speclficlty for its phenohc 
substrate [ll, 121, it may be thylakold-bound m green 
cells away from the other enzymes of phenylpropanold 
metabolism [13] and 1s much less affected than these by 
seasonal change [ 14,151 However, phenolases with some 
dlscrlmmatlon for their phenohc substrate have been 
reported [ 163 and also a phenolase from Sorghum mter- 
nodes has been described,, which shows low o-dlphenol 
oxldase activity relative to its hydroxylase activity [ 171, so 
reducing the hkehhood of further oxldatlon of the 
dlphenol 

The response of PAL, C4H and pC3H actlvltles m 
spinach-beet to exclslon and lllummatlon has been ex- 
amined here The lllummatlon of young seedlings has 
been shown to increase pC3H co-ordmately with PAL 
and C4H, the partial purification and properties of a 
hydroxylase pecuhar to lllummated seedlings 1s described 
Some of these results have been outlined earlier [ 18, 191 

RESULTS 

Enzyme changes UI excised leaf dws 

When excised discs from mature spinach-beet leaves 
were floated on water at 25”, pC3H and DOPA oxldase 
actlvrtles showed a steady increase over 60 hr, whereas the 
activities of PAL and C4H declined (Fig 1) Upon 
lllummatlon lmmedlately after exclslon, however, PAL 
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Fig 1 Changes m actlvltles of (a) PAL, (b) C4H, (c) pC3H and (d) DOPA ox~dase m excised spinach-beet leafdIscs 
under lilummatlon (open symbols) and m darkness (closed symbols) 

and C4H Increased together followmg an mltlal lag 
period, to reach a peak at 24 hr, they then declined 
towards the control value There was only a small increase 
m pC3H above the dark controls until 36 hr, after which 
activity rose to a brief peak at 48 hr, changes m DOPA 
oxldase followed an almost precisely slmllar time-course 

There was thus no synchromzatlon between PAL and 
C4H on the one hand and pC3H on the other The co- 
ordmatlon between the increases in pC3H and DOPA 
oxldase implies the mductlon of phenolase actlvlty ob- 
served at a time when the cut surfaces of the leaf became 
brown 

Enzyme changes durmg seedlmg growth 

Changes m PAL and C4H in the cotyledons and first 
leaf-pair of spinach-beet seedlings were closely co- 
ordinated durmg 32 days of lllummatlon followmg germl- 
nation for 6 days m darkness (Fig 2) The same general 
pattern was observed for pC3H and DOPA oxldase m the 
cotyledons and first leaf pair with peaks of activity 
possibly rather later than the peaks of PAL and C4H 
activity, and with additional peaks developmg after 
prolonged lllummatlon The changes suggest increases m 
phenolase actlvlty, but the imprecise co-ordmatlon be- 
tween the hydroxylase and oxldase actlvltles may Imply 
changes m a heterogeneous phenolase population with 
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Fig 2 Changes m activities of (a) PAL, (b) C4H, (c) pC3H and 
(d) DOPA oxnIa.se m cotyledons (closed symbols) and first leaves 
(open symbols) during dlummatlon of spmach-beet seedlings for 
32 days under 16 hr light-8 hr dark, after 6 days germination and 

growth m darkness Abscissa and ordmates as m Fig 1 
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different hydroxylase+xldase ratios rather than Increases 
m the activity of any single phenolase 

Enzyme responses to dlummatlon 

Illummatlon of etlolated Gday-old spmach-beet seed- 
lmgs promoted rapid changes m PAL, C4H and pC3H 
over 24 hr (Fig 3) Changes m PAL and C4H were again 
closely co-ordmated, and all three enzymes reached a peak 
at or before 12 hr No changes were observed m seedlmgs 
kept m darkness over this period By contrast with PAL 
and C4H, high activities of pC3H were observed m the 
dark controls but, when these were subtracted from the 
actlvltles of the lllummated seedlings, the pattern of 
change m the lllummated seedlings was broadly slmdar to 
that of PAL and C4H There were high mltlal DOPA 
oxldase and tyrosme hydroxylase actlvltles, but neither 
showed any change upon lllummatlon The results are 
consistent with the presence of a phenolase, which did not 
respond to dlummatlon, and a hydroxylase, which m- 
creased m co-ordmatlon with PAL and C4H, this hydro- 
xylase showed very low or no oxldase actlvlty and 
dlscrlmmated between p-coumarate and tyrosme as 
substrates 

This conclusion was confirmed by exammmg the 
changes induced by dlummatmg seedlings with red and 
far-red light (Table 1) At first sight, the closely correlated 
changes m PAL and C4H do not appear to be reflected by 

changes m pC3H, but if 70”/, of the mltlal actlvlty IS 
subtracted from each value the resulting actlvltles show a 
surprlsmgly close correlation with the changes m the other 
two enzymes DOPA oxldase actlvlty did not change The 
results are agam consistent with the development of a 
hydroxylase with very httle or no oxldase actlvlty 

Separatton and charac terlzatton of photo-Induced hydro- 
xylase actwlty 

Homogenates of lllummated (6 hr) and non-dlummated 
etlolated seedlings were purified by ammonium sulphate 
fractionation, gel filtration and Ion-exchange chromatog- 
raphy The Increased hydroxylase actlvlty followmg II- 
lummatlon was found m the 35-70% saturated am- 
momum sulphate fraction and was eiuted m the void 
volume through Sephadex G-100 (Figs 4A and 4C) The 
hydroxylase actlvlty retained by the column showed a 
high hydroxylase-oxldase ratio upon elutlon (Table 2) 

The active eluate from non-dlummated seedlings was 
fractionated through DEAE-cellulose m a three-step 
gradient firstly, linearly, from 20mM dlsodlum 
orthophosphate-10mM citrate (pH 5 3) to 1OOmM dl- 
sodium orthophosphate-50mM citrate (pH 5 3), and then 
with 200 mM dlsodmm orthophosphate-100 mM citrate 
(pH 5 3) followed by 1 M sodium chloride The hnear 
gradient gave two peaks of oxldase actlvlty (peaks 1 and 3 
respectively, Fig 4B) Subsequent elutlon with 200mM 

(a) 

Perlod of Illumination(h) 

Fig 3 Changes m actlvltles of (a) PAL, (b) C4H and (c) pC3H durmg dlummatlon of 6-day dark-grown spmach- 
beet seedhngs (open symbols) and m seedlings kept In darkness (closed symbols) 
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Table 1 Effect of red/far-red hght treatments on enzyme levels m etlolated spmach-beet seedhngs 

Enzyme actlvltles 

Treatment 

Phenylalanme Cmnamate 4 p-Coumarate 3-hydroxylase 
ammoma-lyase hydroxylase (nmol/hr/mg protem) DOPA oxldase 
(nmol/hr/mg (nmol/hr/mg W,&mm/mg 

protem) protem) 1 2* protem) 

Darkness 325(10) 042(10) 317(10) 87(1 0) 206 
Red (15 mmHarkness 9 77(3 0) 1 12(2 6) 481(1 5) 251(29) 214 
Red (15 mln)-far-red (5 mm)-darkness 5 46(1 7) 057(14) 363(1 1) 133(15) 200 
Far-red (5 mm)-darkness 5 52(1 7) 063(1 5) 370(1 1) 140(1 6) 204 
Red 1002(3 1) 143(34) 514(16) 284(3 3) 206 

6-Day-old dark-grown seedbngs were exposed to the condltlons mdlcated for a total penod of 3 hr before assay Figures m 
parentheses Indicate actlvlty of each enzyme relative to Its dark control 

*The data m column 2 are those m column 1 after deductlon of 230 nmol/hr/mg protem 

Cl ’ A 
” 

300 

200 100 I--IYIL I 

P 

t \ . \ 
0 ’ 

a. l - 
3 5 IO 15 

3 E 
4 

15 . 

IO I’ hi ‘\ / 
<* \ 

5 t . 

0 
15 20 

!_& 
30 

?O 

I5 

00 

10 

Froctlon number 

Fig 4 Elutlon profiles of pC3H (0) and DOPA oxldase (0) prepared from dark-grown seedlings (30g) on (A) 
Sephadex G-100 followed by chromatography of fractions 6-10 on (B) DEAE-cellulose, and from dark-grown 
seedhngs (38 g) dlummated for 6 hr on (C) Sephadex G-100 followed by chromatography of fractions 610 (D) and 
11-17 (E) on DEAE-cellulose (F) Chromatography of fractions 31-35 (peak 2) from (D) on DEAE-cellulose 

Numbers refer to peaks dlscussed m the text Elutlon as described m the ExperImental 
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dlsodmm orthophosphate-1OOmM citrate (pH 5 3) fol- 
lowed by 1 M sodmm chloride gave two peaks (not 
shown), 4 and 5, respectively Each peak correlated with 
peaks of hydroxylase actlvlty, but the ratios of the two 
actlvltres m the peaks vaned (Table 2) Fractlonahon of 
the eluate from lllummated seedhngs gave the same four 
peaks but also an addltlonal peak (peak 2), which 
accounted for ail of the addltlonal hydroxylase actlvlty 
(Fig 4D) The oxldase retained by Sephadex G-100 and 
subsequently eluted emerged from DEAE-cellulose as a 
single peak correspondmg to peak 3 (Fig 4E) 

Each fraction was subjected to polyacrylamlde gel 
electrophoresls, and stained for oxldase acttvlty (Fig 5) 
Complex patterns were observed m peaks 3 and 4 and m 
the low MW fraction retained by Sephadex G-100 Peaks 
1 and 2 were barely dlstmgulshable and appeared to 

M I2 3 4 5 LMW 2121 
-- ---- ______ ___-- 

--G- - -E- - _ _ _ __ __ __ __ - ______ 
96 - 

-- _____ _ 

68 

45 

--m B-m- 

30 - 

Fig 5 Polyacrylamlde (10%) gel electrophoresls of peak frac- 
tlons partially denatured at room temperature M, Marker 
proteins w&h MWs ( x lo-‘), 1-5, peak fractions (see Ftg 4Dand 
text), LMW, low MW fraction from Sephadex G-100 after 
chromatography on DEAE-cellulose, 2(2), peak 2 after re- 

chromatography (see Fig 4F) 

consist of three components, MWs 40000, 80000 and 
above 100000, respectively No hydroxylase activity was 
detected on gels by the methods employed 

Each peak showed Identical K, values for DOPA 
(2 35 mM)and p-coumarate (0 27 mM) Three of the peaks 
(1, 4 and 5) also catalysed the hydroxylatlon of tyrosme, 
but the fraction induced by lllummatlon (peak 2) was 
active only with p-coumarate The hydroxylase actlvlty of 
each peak was competltlvely mhlblted by sahcoyl hydro- 
xamate and benzoyl hydroxamate [20], and non-com- 
petitively by the specific copper chelator, dlethyldlthlo- 
carbamate, all were unaffected by 1 mM 2,2’-blpyndyl, 
showing that the hydroxylatlon was not activated by Fez+ 
(Table 2) 

The slmllarlty of response of the peaks to these different 
reagents and their slmdar electrophoretlc patterns suggest 
that they are multiple forms of the same enzyme rather 
than lsoenzymes This multlphclty could be demonstrated 
only If sufficient ascorbate was added to the homogemz- 
atlon medium to prevent lrreverslble bmdmg to DEAE- 
cellulose and If ammomum sulphate was removed com- 
pletely by gel filtration, smce ammomum sulphate, al- 
though necessary for maximum hydroxylase activity [S], 
mhlblts oxldase actlvlty and IS responsible for the ap- 
parently excessive oxldase recovery after gel filtration 
With these precautions, the hydroxylase and oxldase 
actlvltles of the orlgmal homogenate are accounted for m 
the subsequent procedure (Table 2) 

Further chromatography of the hght-induced hydro- 
xylase activity (peak 2) through DEAE-cellulose gave a 
single peak (Fig 4F), again with a high hydroxylase- 
oxldase ratio (Table 2) The preparation had catechol 
oxldase actlvlty but did not hydroxylate tyrosme Gel 
electrophoresls showed the same oxldase pattern, with 
significantly greater proportions of the 80000 MW form 
(Fig 5) 

Smce most of the light-induced hydroxylase actlvlty 
had been found m the seedling hypocotyls, extracts from 
the hypocotyls and cotyledons of IlIummated seedlings 
were subjected to the same fractlonatlon procedures and 
the elutlon patterns from DEAE-cellulose compared 
(Table 3) The total hydroxylase actlvltles were closely 
related to the weights of hypocotyl and cotyledon ex- 
tracted, by comparison, the oxldase actlvltres were slmllar 

Table 3 Hydroxylase and oxldase actlvltles m fractions from hypocotyls and cotyledons of dlummated seedlmgs 

Hypocotyls Cotyledons 

Total activity Total actlvlty 
Ratlo Ratlo 

Fraction pC3H DOPA oxldase pC3H/oxldase pC3H DOPA oxldase pC3H/oxldase 

Peak 1 48 71 0067 58 74 0 078 
Peak 2 84 32 0 266 23 22 0104 
Peak 3 82 189 0043 46 375 0012 
Peak 4 43 168 0025 12 70 0017 
Peak 5 52 183 0 028 11 77 0014 
0/0 recovery 
of activity 109 65 88 58 - 

Dark-grown seedhngs (52 g), dlummated for 6 hr, were separated mto hypocotyls (36 g) and cotyledons (15 g) 
The homogenates were fractionated as described m the Experlmental and Fig 4 pC3H actlvlty 1s given as pmol/hr 
and DOPA oxldase actlvlty as E,,,/mm 
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despite this difference in weight Peak 2 agam showed an 
exceptionally high hydroxylase+xldase ratio, especially 
m the hypocotyls This peak was the major hydroxylase 
peak m the hypocotyls, and the hypocotyl peak accounted 
for 80 % of the total activity of peak 2 m hypocotyls and 
cotyledons By comparison, peak 3 carried 60% of the 
oxldase activity m the cotyledons and was also the major 
oxldase peak m the hypocotyls, peaks 4 and 5 were 
substantially less active m the cotyledons but from both 
hypocotyls and cotyledons, their hydroxylase*xldase 
ratios were slmllar to those of the corresponding peak 3 It 
1s concluded that the hydroxylase activity of peak 2 1s 
probably the significant enzyme m light-stimulated 
hydroxylatlon, while the oxldase activity of peak 3, 
together with peaks 4 and $1~ probably more important 
than its capacity to catalyse hydroxylation 

DISCUSSION 

Two different patterns of response by pC3H and 
DOPA oxldase to environmental treatment are reported 
here In excised leaf discs and during seedling growth, 
there appears to be a virtually co-ordinate increase in the 
two actlvltles These may be simultaneous with changes in 
PAL and C4H, as m the cotyledons and first leaves of 
lllummated seedlings, or subsequent to these changes 
Neither give reason to believe that the increased phenolase 
activity takes part m biosynthetic processes and, especially 
m the leaf discs, It seems as hkely that the enzyme provides 
an armoury of oxldatlve, and perhaps also of hydroxylat- 
lve, activity m the green parts against surface damage, 
whether by physlcal agents [21] or by predators and 
pathogens [22,23] This 1s supported by the development 
of browning at the cut surfaces of the leaf discs as the 
phenolase develops [ 191 

The second pattern IS that observed m seedlings 
subjected to white or red light Here the changes m pC3H 
are correlated with changes m PAL and C4H, but no 
changes m DOPA oxldase activity were found These 
changes take place against a high phenolase background, 
proportionately higher m the cotyledons than the hypo- 
cotyls Much of the pC3H response IS found m the 
hypocotyls, and it may be slgmficant that fractlonatlon 
studies have found the induced hydroxylase peak to be 
four times as active m the hypocotyl as m the cotyledons 
Comparison with the response of etlolated pea seedlings 
to dlummatlon suggests that this enzyme IS concerned 
with hgmficatlon, m the stem apices of pea seedlings, 80 “/, 
of the hgmficatlon induced by light takes place m the 
eplcotyls, compared with the apical buds, with a cor- 
responding dlstrlbutlon of the enzymes convertmg caffeelc 
acid to comferyl alcohol and of cell wall peroxldase [2] 
These latter enzymes are already present m etlolated pea 
seedlings [2] and soya cells [1] and do not increase in 
activity during hgnm production, they may be confined to 
specific cells able to undergo ddTerentlatlon upon mduc- 
tlon of the earlier enzymes It seems hkely that pC3H 1s 
associated with PAL and C4H m a slmllar process in 
spinach beet seedlings, even though some reservation 
might be expressed because of Its relatively high activity, 
before and subsequent to lllummatlon 

These results invite comparison with phenolase activity 
m the first internodes of Sorghum blcolor seedlings [17], 
which produce cyamdm glycosldes upon dlummatlon 
[24] A low MW phenolase, which catalysed the hydrox- 
ylation of p-coumarate with only weak dlphenol oxldase 

activity, was separated by Sephadex G-100 gel filtration 
from higher MW forms with high dlphenol oxldase 
activities, one of which could also catalyse the hydrox- 
ylatlon, the properties of these higher MW forms were 
generally similar to those of the spinach-beet phenolase 
The internode hydroxylase, by comparison with that from 
Sorghum leaves, did not appear to aggregate and showed 
no increase m oxldase activity on purrficatlon through a 
hydroxyapatlte column [ZS] From spinach-beet seed- 
lings, however, the low MW forms, showing a maJor 
40000 MW band, possessed relatively low hydroxylase 
activity, and the photomduced hydroxylase showed bands 
of similar intensity correspondmg to MWs of 40000, 
80 000 and 120 000 (or possibly, 160 OOO), respectively, on 
PAGE A precise comparison between the two systems IS 
difficult because no observations on phenolase activity m 
umllummated Sorghum internodes have been described 

The presence of multiple forms of polyphenol oxldase 
m spinach leaves has been demonstrated for both 
thylakold-bound and stromal enzymes [26, 271 The 
proportions of these different forms varies with age but no 
evidence that the production of any of them depends upon 
lllummatlon has been reported Furthermore, they are 
reported not to show hydroxylase actlvlty with the 
exception of a single, weak form present mainly m 
younger primary leaves Forms slmllar to peaks 1 and 3 
have been isolated from membranes and separated by gel 
filtration and DEAE-cellulose chromatography and have 
been claimed to correspond to tetramer and monomer, 
respectively [28], but gel electrophoresls of the forms 
reported here show dlstmct heterogeneity It remains to be 
established whether peak 2 reported here 1s m any way 
slmdar to the only form capable of catalysmg the hydrox- 
ylatlon of monophenols isolated from spinach chloro- 
plasts [26], and further physical analysis 1s necessary to 
determine the essential difference between the enzymes of 
peaks 1 and 2, which, although having a slmllar composite 
structure, differ widely m then relative capacities for 
hydroxylatmg monophenols 

The photomduced increase m pC3H activity thus 
appears to be due to an increase in a copper oxygenase 
with only limited oxldase activity The properties of this 
enzyme show that it 1s not fundamentally different from 
the other phenolases present, but 1s probably another 
form with a different type of aggregation or conformation 
which facditates hydroxylatlon with suppression of fur- 
ther oxldatlon of the o-dlphenol formed 

EXPERIMENTAL 

Piant matertal and growth con&trots Seeds of spinach-beet 
(Beta uulgans L cv) were germinated in vernucuhte in growth 
cabmets at 25”, either m darkness or under a 16 hr hght-8 hr dark 
regime 

White hght was provided by fluorescent tubes, gvmg an 
Intensity of 53 x 10” ergs/cm’/sec at sod level Red light was 
provided by fluorescent tubes filtered through one layer of No 1 
and one layer of No 6 Cmemold (Rank Strand Elect@, the 
transmitted hght having wavelengths between 570 and 710 nm 

(&ax = 630nm) with a total flux of 320 ergs/cm’/sec Far-red 
hght was provided by using an FRF 700 Plexiglass filter 
(Westlake Plastics, Lenm Mills, PA, U S A ) with a wavelength 
spread from 710 to 750nm at an intensity of 450 ergs/cm’@ at 
sod level The growth room was lllummated only by a green safe- 
light, under which enzyme extractions were also carned out 
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Discs were excised from mature leaves of plants, grown activity was tested by incubating the gel wrth 3 3 mM p- 
outdoors, with a 7 mm cork borer and floated on H,O contammg coumarate and 3 3 mM ascorbate m 100 mM Na,HP04-50 mM 
streptomycm (25 mg/l ) and CaSO, (SOmg/l) The discs were citric acid, pH 5 3, contammg 0 5 M (NH&SO,, and detecting 
Incubated at 25” either m darkness or under the white light the caffelc acid produced either by colour production [8] or by 
source UV fluorescence 

Enzyme assays When multlple enzyme assays were performed 
on the same tissue, each enzyme was extracted from separate 
samples of the same batch by the procedures described here If the 
enzymes were assayed m separate expts, PAL was used as the 
reference enzyme, because of Its reproduclblhty Each expt was 
repeated x 3, with no significant varlatlon m the patterns of 
change with age of seedling or with the period of dlummatlon 

(1) PAL was extracted by homogemzmg the tissue m 50mM 
Tns-HCI buffer (pH 8 5) with insoluble PVP (10% wt of plant 
material) After squeezmg through muslin, the homogenate was 
centnfuged at 2500 g for 30mn1, and the supernatant then 
assayed for PAL activity spectrophotometrlcally [29] 
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