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Abstract-The properties ofglycollate oxidase and glutamate dehydrogenase were studied in relation to the conditions 
used for the growth of Lemnn from which the enzymes were extracted. Glycollate oxidase is an octameric protein (M, 
300000) with an absorption spectrum indicating the presence of FMN and another chromophore. The enzyme could 
neither be detected nor activated in etiolated fronds, but the activity in green fronds was promoted by light. Contrary 
to earlier reports, we found no differences in the properties of glycollate oxidase isolated from Lemna grown in nitrate 
or ammonium. Light intensity and the form of inorganic nitrogen markedly affect the relative activity of glutamate 
dehydrogenase with NADH and NADPH. Our data are consistent with the presence of an enzyme whose coenzyme 
specificity is modified in response to environmental conditions. 

INTRODUCTION 

Although glycollate oxidase (EC 1.1.3. l), a key enzyme of 
photorespiration [1] was first isolated from tobacco 
leaves more than 30 years ago [2, 31, its quaternary 
structure is still controversial, with diversity of structure 
being reported between and within species [47]. Some of 
the reported differences could be artefactual or due to 
growth conditions. Thus, Emes and Erismann [S] repo- 
rted that Lemna glycollate oxidase had different molecu- 
lar properties depending on whether the fronds were 
grown on nitrate or ammonium. 

The physiological role of glutamate dehydrogenase 
(EC 1.4.1.2, EC 1.4.1.3, EC 1.4.1.4) in plants is now 
somewhat uncertain. Joy [9] has suggested that Lemna 
contains two forms of glutamate dehydrogenase, one 
specific for NADH, the other for NADPH, in which the 
relative activity is affected by the balance between nitrate 
and ammonium present in the growth medium. On the 
other hand, Ehmke and Hartmann [lo] argued that 
Lemna contains a single glutamate dehydrogenase active 
with both NADH and NADPH, and failed to detect any 
changes in enzyme activity levels in response to nitrogen 
source, the ratio of the relative activities remaining 
constant during various treatments. 

In this paper we report the effect of various growth 
conditions on the forms of glycollate oxidase and glutam- 
ate dehydrogenase present in Lemna. 

RESULTS AND DISCUSSION 

Glycollate oxidase 

PuriJcation of glycollate oxidase 

The purification of glycolate oxidase from Lemna is 
summarized in Table 1. The enzyme was purified to 

*Present address: Departamento de BotLnica, Instituto Super- 
ior de Agronomia, P-1399 Lisboa Codex, Portugal. 

homogeneity (1120-fold), as shown by polyacrylamide gel 
electrophoresis in the presence of SDS (SDS-PAGE). The 
purified enzyme had a specific activity of 559.7 nKat/mg 
protein. The addition of FMN to the pure enzyme did not 
alter its specific activity, indicating that FMN was not 
depleted during the purification procedure. An apparent 
increase in glycollate oxidase activity following the 
(NH&SO, step (Table 1) was observed in all prepara- 
tions. A similar effect was previously reported [l 11. 

The purification was achieved by exploiting the rather 
alkaline isoelectric point of the enzyme and by the use of 
an affinity chromatography step. Indeed, at pH 8.3, 
glycollate oxidase did not bind to the DEAE cellulose, 
whereas 95% of the extract proteins did. A similar step 
was used in the purification of the enzyme from Pisum 
satiuum leaves [S]. Affinity chromatography was per- 
formed with sepharose aminohexyl oxamate [ll], since 
IV-octyl oxamate is a reversible inhibitor of glycollate 
oxidase [ 121. 

Absorption spectrum 

The absorption spectrum of glycollate oxidase from 
Lemna minor is shown in Fig. 1, Fig. 1A shows the 
absorption spectrum of the oxidized and reduced forms of 
the enzyme. The oxidized spectrum shows a typical 
dominance of the flavin chromophore, with maxima at 
275, 345 and 445 nm, and shoulders at 410 and 480 nm. 
The ratio absorbance due to the protein peak in the near 

fJVI&,, may be taken as an index for glycollate oxidase 
purity: the lower the ratio, the purer the enzyme. For the 
spectrum shown in Fig. lA, the calculated ratio is 6.0, as 
compared with other values reported for the enzyme from 
rat liver (7.0; [I l]), lettuce leaves (7.3; [13]), pumpkin 
cotyledons (6.7; [14]) and human liver (6.1; [12]). The 
characteristic peaks of FMN disappeared when the en- 
zyme was reduced anaerobically by glycollate. 

To check the effect of pH on the spectrum of glycollate 
oxidase, a preliminary experiment was performed, in 
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Table 1. Purification of Lemna glycollate oxidase 

Purification step 

Specific 

Total Total activity 

protein activity (nkat/mg) Recovery 

(mg) (nkat) protein) W) 

_ 

Purification factor 

In step total 

(A) Crude homogenate 

(B) o-55% (NH&SO, 
fractionation 

(C) DEAE + CM-cellulose 
chromatography 

(D) Affinity chromatography 

(E) FPLC Mono Q column 

2883 1421.7 0.50 loo.0 1 1 

1480 1938.3 1.33 136.3 2.7 2.7 

71 2893.3 40.83 203.6 30.6 81.7 

4.1 1681.7 410.2 118.3 10.0 820.3 

1.9 1063.3 559.7 74.8 1.4 1119.3 

Lemnu fronds were grown in complete medium containing nitrate as the only nitrogen source. 

which the absorption spectrum of free FMN was deter- 
mined at three different pH values (Fig. 1 B). The peak at 
372 nm seems to shift gradually to shorter wavelengths as 
the pH increases, which is probably due to an ionization 
of FMN with a pK of 10.3 [ 151. Lemna glycollate oxidase 
does not have a peak at 372 nm---rather, it has a peak at 
345 nm, presumably due to the effect of the protein on the 
372 nm FMN peak. 

The dependence of glycollate oxidase absorption spec- 
trum on pH is shown in Fig. 1C and D. The main features 
are: (i) the gradual shift to shorter wavelengths of the peak 
at 345 nm as the pH increases, probably due to the 
ionization of FMN (Fig. 18); (ii) the relative height of the 
two peaks at 345 and 445 nm: as the pH increases from 8.6 
to 10.2, the ratio A,,,/A,,5 gradually increases from 0.95 
to 1.25; (iii) as the pH increases from 8.6 to 10.2, the peak 
at 445 nm gradually gives rise to two peaks: one at 
450 nm and another at 425 nm. This result suggests that 
the peak at 450 nm is due to the FMN molecule, whereas 
the peak at 425 nm may be due to a second chromophore, 
reported in the pig liver enzyme to have an absorption 
maximum at 425 nm [ 151, and whose structure was found 
to be 6-OH-FMN [ 161. 

Molecular structure qf glycollate oxidase 

When subjected to SDS-PAGE, purified preparations 
of glycollate oxidase from Lemnu gave a single protein 
band, suggesting that the enzyme consists of only one 
type of subunit. The M, of the subunit was estimated to be 
ca 38000 (Table 2). The subunit size reported for gly- 
collate oxidase from a wide variety of species is generally 
within the range 37 000-48 000. Allowing for the error in 
SDS-PAGE, which is ca+ 10% [17], this suggests a 
similar subunit size regardless of the source of the enzyme 

C61. 
Reports on M, and structure studies conducted with 

native glycollate oxidase obtained from various animal 
and plant sources have yielded widely divergent results- 
M, s from 93 000 [Spartina anglica, 61 to 700 000 [cucum- 
ber cotyledons; 181 have been reported, with the number 
of subunits varying from two [pea leaves; 53 to 16 
[cucumber cotyledons; 181. However, most reports sug- 
gest either a tetrameric or octameric structure for gly- 
collate oxidase. The reason for this apparent diversity of 
structure is unclear, but several hypotheses have been 
suggested [6]: (i) instability during the early stages of 
purification with an intrinsic tendency to form aggregates 

[18]; (ii) different molecular forms of the enzyme may 
have been selected during the isolation procedure: [iii] 
the enzyme may have real diversity in its molecular 
structure in different species. 

Purified glycollate oxidase from Lemnu has an esti- 
mated molecular weight of cu 300000 (Table 2), con- 
sistent with an octameric structure. This is in close 
agreement with the data for spinach leaves [19] and 
pumpkin cotyledons [14]. Lindqvist and Branden [7] 
recently reported the high resolution structure of the 
spinach leaf enzyme by X-ray crystallography, showing 
that the enzyme has an octameric form in the crystal. 
However, it contrasts with other studies [6, 121, including 
the reported M,s of 250000 and 500000 for Lemna 
glycollate oxidase (8). 

The effect of nitrate or ammonium in the growth medium 
on the properties ofg/Jx-ollate o.uidase 

Emes and Erismann [S] reported that glycollate oxi- 
dase is influenced by the form of nitrogen supplied to 
Lemna minor in such a way that the enzyme from plants 
grown on ammonium had a M, weight of 500000, 
whereas the enzyme from Lemna grown on nitrate had a 
M, of 2.50 000. Our experiments have not confirmed this 
report. Table 2 shows a comparison of several molecular 
characteristics of purified glycollate oxidase from Lemna 
grown on either nitrate or ammonium. All characteristics 
investigated were similar, suggesting that only one form 
of glycollate oxidase is present in Lemna. 

Lemna glycollate oxidase was found to have a pH 
optimum of 8.3 and an isoelectric point of ca 8.8. These 
findings are in good agreement with those obtained for 
the enzyme from other species (5, 11, 13, 14, 18). The 
rather alkaline isoelectric point was further illustrated by 
the fact that the enzyme did not migrate at pH 9.3 in 
polyacrylamide (5.5% w/v) gel electrophoresis a similar 
situation to that previously reported for the pumpkin 
cotyledon enzyme [ 141. 

The e&t of lighr 

Lemna fronds were grown under several irradiances. 
For each light condition, the soluble protein fraction was 
isolated and assayed for glycollate oxidase. chlorophyll a 
and h and protein, the results are presented in Fig. 2. 
Because of the absence of glycollate oxidase in dark 
grown fronds. extracts from dark grown fronds were 
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Fig. 1. Absorption spectrum of Lemna glycollate oxidase. Purified glycollate oxidase was extensively dialysed 

against 1 mM piperazine buffer pH 9.4. Enough 1.0 M piperazine buffer (with the required pH) was added to obtain 

a 70 mM piperazine buffer protein solution. The absorption spectrum of the enzyme was determined in a 1 ml silica 

cuvette at lo”, in a Pye-Unicam SP8-200 spectrophotometer. The absorption spectrum of 70 mM piperazine buffer 

was checked at several pH values, but no significant differences were observed. All readings were made against a 

70 mM piperazine buffer solution. (A) (--): Absorption spectrum of oxidised glycolate oxidase dissolved in 

70 mM piperazine buffer, pH 8.6; c .): Absorption spectrum of anaerobically reduced glycolate oxidase (by 

addition of glycolate) dissolved in the same buffer.(B) Absorption spectrum of FMN dissolved in 70 mM pipcrazine 
buffer, at three different pH values: 8.6 (---), 10.1(. .), and 10.7 (------). (C) Absorption spectrum of oxidized 

glycolate oxidase dissolved in 70 mM piperazine buffer, at five different pH values: 8.6 (---), 9.3 (. .), 9.6 (---), 

9.9 (-.-.-.). and 10.2 (------). (D) As in (C) but using an expanded scale. 

mixed with extracts from plants grown in the light and 
assayed for glycollate oxidase. In all cases, the measured 
activities indicated the absence of inhibitors in the etio- 
lated fronds. 

Light has long been known to promote the devel- 
opment of glycollate oxidase activity in leaves [20,21]. In 
Lemna minor, glycollate oxidase activity increases with 
increasing irradiance, paralleling the increase in the 
growth rate of Lemna. (Fig. 2A). 

Tolbert and coworkers [21-231 have shown that gly- 
collate oxidase is present in green tissue, but little activity 

PHYTO *8:*-o 

is found in the leaves of plants germinated and grown in 
total darkness. However, when etiolated leaves grown in 
total darkness are placed in the light, the activity of 
glycollate oxidase increases dramatically during the first 
6 hr of illumination, and its activity continues to increase 
for at least 48 hr [21,22]. Furthermore, when the leaves of 
etiolated plants were sprayed with substrate (glycollate, 
lactate, a-hydroxybutyrate or glyoxylate), glycollate oxi- 
dase increased during the following 24 hr [21,23]. Addit- 
ionally, incubation of a cell-free extract of etiolated leaves 
with glycollate or FMN for 18 hr also resulted in a sharp 
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Table 2. Molecular characteristics of glycollate oxidase from 

Lrmnu grown on either nitrate or ammonium as the source of 

nitrogen 

specifically both coenzymes [26 281. Furthermore. multi- 
ple forms of this enzyme have been reported in plants, and 
the pattern of isoenzymes appears to vary with the part of 
the plant or the growth conditions [39 331. 

Enzyme characteristics NO, NI-I; 
--.-- 

Enzyme purity 

I<, for glycollate (mM) 

K, for 0, (mM) 
Native M, 

Subunit M, 
Number of subunits 

Isoelectric point 
~______ 

pure* 

0.22-0.22t 
0.15--o. 16t 

304 000 

38 000 
8 

8.8 

pure* 

0.26-O.23? 
0.2 1 -0.17t 

301000 

38 500 

8 

8.7 

Two batches of Lemna fronds were grown in complete medium 

containing either nitrate or ammonium as Ihe only source of 

nitrogen. Glycollate oxidase from each batch was extracted and 

purified as described in the Experimental section. K, values were 

estimated using two BASIC computer programs 1381. To esti- 

mate this parameter for glycollate and O,, glycollate oxidase was 

assayed using the 2,6-dichlorophenol indophenol method and 

the oxygen electrode method, respectively. The enzyme native 

M, was estimated by gel filtration on Sephacryl S-300 superfine. 
whereas the subunit molecular weight was by SDS-PAGE. The 

isoelectric point was measured by chromatofocusing on PBE-94. 

In Lemna minor. Joy [9] suggested the existence of 
separate NADH and NADPH specific glutamate dehy- 
drogenases. as a result of detecting changes in the ratio of 
NADH to NADPH activity in response to changes in the 
nitrogen source of the growth medium. Subsequently, 
Ehmkc and Hartmann [lO] failed to detect any changes 
in glutamate dehydrogenase levels in response to ni- 
trogen source, and the ratio of the NADH ‘NADPH- 
dependent activities remained constant (U I?: 1) during 
the various treatments. Consequently. these authors sug- 
gested the existence of only me enz\ me in I.~rrlrlc~ minor. 

*As judged by SDS-PAGE (10% w,‘v acrylamide). 
tEstimates obtained by the use of two different methods: best 

fit (least squares method) to the Michaelis-Menten equation and 

direct linear plot, respectively. 

increase in enzyme activity. However, it should be noted 
that although a very active glycollate oxidase was always 
found in extracts from green leaves, its activity could also 
be increased two to fivefold by in vitro incubation with 
FMN or glycollate [23]. Tolbert and coworkers have 
suggested that glycollate oxidase proenzyme exists in 
etiolated leaves, but in amounts insufficient to account for 
all the active enzyme present in the corresponding green 
tissue. 

Our experiments sho\%cd that the nitrogen source 
affects ditferentially the NADH and NADPH-dependent 
activities of Len~ncl glutamutc dehydropenase. The results 
presented in Table 3 show that when LCVVICI fronds were 
grown in a medium containing ammonium as the only 
source of nitrogen, the IVADH-dependent activity was ~(1 
70% higher than when the fronds were grown in a 
medium containing nitrate as the only source of nitrogen. 
On the other hand. the NADPH-dependent activity was 
unaffected by the nitrogen source. These results are in 
good agreement with those reported be Jo> [9] and at 
variance with those reported b> Ehmke and Hartmann 
[IO]. One possible explanation of the discrepancy lies in 
the use of acetone [IO] to precipitate the enzyme before 
assay. It should bc noted that the NADH and NADPH 
activities are not additive iTahlc 3) and the data is 
therefore consistent with the presence of a glutamate 
dehydrogenase whose cocnqme specificity is modified by 
the presence of nitrate or ammonium in the growth 
medium. 

To test this hypotheses for Lemnu minor, fronds were 
grown in complete darkness. Glycollate oxidase activity 
could not be detected in extracts prepared from etiolated 
fronds (Fig. 2A). Furthermore, we could not determine 
enzyme activity when etiolated fronds were: (i) transferred 
to light for up to 18 hr; (ii) sprayed in the dark with 0.1 M 
glycollate 24 hr before extraction; (iii) extracted and incu- 
bated in vitro for up to 24 hr in the presence of either 
10 mM glycollate or 10mM FMN. Incubation of an 
extract prepared from etiolated fronds with an extract 
prepared from light grown fronds failed to show any 
increase in enzyme activity. 

The greening of etiolated seedling leaves is a pro- 
grammed development involving the activation of gly- 
collate oxidase. The failure to detect the activation of 
glycollate oxidase in etiolated Lemna suggests a modified 
programmed greening in this species. 

Glutamate dehydrogenase 

The activity of glutamate dehydrogenase with NADH 
and NADPH varies with the light conditions (Fig. 2B). 
Thus, the NADH-dependent activity doubled from the 
dark condition to a light intensity of (YI 0.4 W/m’, but 
then gradually declined with further increases in irra- 
diance, being 15 times lower under the highest irradiance 
used. The NADPH-dependent activity followed a totally 
different pattern, being highest in the fronds grown in the 
dark. This activity gradually decreased to 30’!4, with 
increasing irradiance. before starting to increase once 
more. Although the ratio NADII lo NADPH activity 
varied greatly (01 er 22.fotd), depending on the light 
supplied to the fronds, the t\so activities were never 
additive. suggesting that a single plutamatc dchydrogen- 
ase is involved. If this esplanation IS valid then the 
coenzyme specificit! ofglutamatc dehydl ogenase must bc 
modified not only by the nitrogen source but also by the 

light intensity. We have rm explanation for how these 
changes are affected. but failure to separate the NADH 

and NADPH activirics of glutamate dchydrogcnase by 
FPLC is evidence in support ofthe single cnqme hypoth- 
esis. 

Coenzyme spec$city in relation to growth on nitrate 
or ammonium EXPERIMER741. 

Whilst some authors suggest the existence of distinct Plant murerial und qrf~wrh c~ondirions. I,rmnn minor L., grown 

NADH and NADPH specific enzymes [24, 253, others under sterile conditions at 25 under continuous light (I 7 W:m’), 

proposed a single glutamate dehydrogenase using un- was used as the source ol planr malerial tin all the experiments. 
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Fig. 2. Effect of light on the activity of glycollate oxidase and 

glutamate dehydrogenase from Lemna minor. Lemna fronds were 

grown under several irradiances, and harvested in batches of 

3.0 g fr. wt. For each light condition, the soluble protein fraction 

from each of three batches of fronds was isolated and assayed for 

enzyme activities as described in the Experimental section. 

Vertical bars represent + the standard deviation, shown when 

bar is bigger than symbol. (A) Glycollate oxidase activity (nkat/g 

fr. wt). (B) Glutamate dehydrogenase activity (nKat/g fr. wt); 0: 

NADH-dependent activity; 0: NADPH-dependent activity; d: 

NADH + NADPH-dependent activity. (C) Protein concentra- 

tion (mg/g fr. wt). (D) Chlorophyll concentration (mg/g fr. wt); 0: 

total chlorophyll; A: chlorophyll a; 0: chlorophyll b. 

The medium, containing nitrate as the only source of nitrogen, 

was the same as the one described by Ferreira and Davies [33] 

except that it contained 10 mM sucrose. 

Where appropriate, the medium was modified in order to 

grow the fronds in the presence of ammonium as the only source 

of nitrogen. The modification was as follows: no KNO, was 

used; instead, 5 mM NH,HCO, was used and the concentration 

of KH,PO& was increased from 2 mM to 10 mM, to prevent the 

drop in pH which occurs when Lemna is grown in the presence of 

NH, as the only N source [34]. 

Where appropriate, illumination was also varied, and the 

following irradiances were used: (i) complete darkness; (ii) 

0.34 W/ma; (iii) 9.25 W/m’; (iv) 16.75 W/m’; (v) 37.5 W/m*. 

Table 3. NADH and NADPH-dependent activities 

of glutamate dehydrogenase from Lemna grown on 

either nitrate or ammonium as the source of nitrogen 

Enzyme activity (nkat/g fr.wt) NO; NHf 

NADH-dependent 6.4 10.9 

NADPH-dependent 1.1 1.1 

NADH + NADPH-dependent 5.9 10.3 

Lemna fronds were grown in complete medium 

containing either nitrate or ammonium as the only 

nitrogen source. Protein was extracted and assayed 

for glutamate dehydrogenase activities as described in 

the Eperimental Section. 

Irradiance reaching the fronds was measured with a radiometer 

LI-COR, model LI-185, with the sensor parallel to the surface of 

the medium. 

Extraction of soluble protein. Lemna fronds (3 g fr. wt) were 

frozen in liquid N,, then ground to a fine powder and extracted 

(4 ml per g fr. wt) in 100 mM Tris-HCI buffer pH 8.1, containing 

1 mM DTT and 1 mM PMSF. The homogenate was squeezed 
through two layers of muslin and clarified by centrifugation at 

30000g for 20 min at 1”. The supernatant was desalted at 1” on a 

PD-10 prepacked Sephadex G-25 M column, previously equilib- 

rated with 10mM Tris-HCI buffer pH 8.1, and the eluate 

assayed for enzyme activities. 

Purijication of glycollate oxidase. All operations were carried 

out at 2”. Precipitates were separated by centrifuging at 22 500 g 

for 30 min. 

Homogenization. Lemna fronds (300 g fr. wt) were homogen- 

ized in a Waring blender in 1200 ml of 100 mM K-Pi buffer, pH 

8.2. The homogenate was strained through four layers of muslin 

and centrifuged. 
Ammonium sulphate fractionation. The supernatant was taken 

to 55% saturation (NH&SO,, centrifuged, and the resulting 
supematant redissolved in 18 ml of 25 mM Tris-HCl buffer, pH 

8.3. 

Ion exchange chromatography on DEAE and CM celluloses. 
The protein solution was desalted in a Sephadex G-25 M column 

(2.56 x 34.8 cm), previously equilibrated with 50 mM K-Pi buf- 

fer, pH 8.2, and applied to a system of two columns: DEAE- 

cellulose (2.56 x 30.6 cm) and CM-cellulose (1.22 x 7.2 cm), both 

equilibrated with 25mM Tris-HCI buffer, pH 8.3. The eluate 

was monitored at 280 nm, and the first absorbing band, contain- 

ing the glycollate oxidase activity, was collected. 
Ajinity chromatography on Sepharose aminohexyl oxamate. 

The fractions with the highest enzyme activity were pooled, and 

the pH of the resulting solution was lowered to 6.6 by the slow 

and dropwise addition of 1.0 M K-Pi buffer, pH 6.2. The clear 

solution was applied to a column of Sepharose aminohexyl 
oxamate (1.2 x 5.2 cm), previously equilibrated with 50 mM K- 

Pi buffer, pH 6.2. The column was washed with 50 ml of 100 mM 

K-Pi buffer pH 7.2, and glycollate oxidase was eluted with 

70 mM Tris-HCI buffer, pH 9.6. 

Anion exchange chromatography on the FPLC Mono Q column 

(Pharmacia). The concentrated glycollate oxidase extract (4 ml) 

was desalted on a PD-10 prepacked Sephadex G-25 M column, 

previously equilibrated with 20 mM piperazine buffer, pH 9.8, 

and loaded on to the FPLC Mono Q column equilibrated in the 

same buffer. The bound proteins were eluted with a gradient of 

NaCl(0 to 1 M). The glycollate oxidase peak was collected and 

used as the source of pure enzyme. 

Enzyme assays. All assays were carried out at 25”. Glutamate 

dehydrogenase was assayed spectrophotometrically by 
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measuring the decrease in Axro associated with the oxidation of 

NADH. NADPH or NADH+NADPH. (i) NADH assay: the 

reaction mixture contained Tris-HCI buffer (100 mM, pH 8.4) 

NH,CI (66.7 mM), NADH (0.18 mM), extract, and 2-oxoglutar- 

ate (13.3 mM) in a final vol. of 3 ml. (ii) NADPH assay: identical 

to the NADH assay, except that NADPH replaced NADH in the 
reaction mixture. (iii) NADH+NADPH assay: assayed as be- 

fore, but in the presence of both NADH and NADPH; all 

extracts were assayed usin.g two different concentrations of 

pyridine nucleotides: 0.09 mM NADH +0.09 mM NADPH and 

0.18 mM NADH+O.IX mM NADPH, with identical results 

being obtained in all the extracts assayed. 

Glycollate oxidase was assayed spectrophotometrically, essen- 

tially according to the method of ref. [ 137. The reaction mixture 

contained K-Pi buffer (100 mM, pH X.2), sodium glycollate 

(10 mM), 2.6-dichiorophenol indophenol (0.003% w/v) and 

extract in a final vol. of 1 ml. Where appropriate, glycollate 

oxidase was also assayed using an oxygen electrode, essentially 

according to the method of ref. [S]. The reaction mixture 

contained K-Pi buffer (100 mM, pH 8.2) Na glycollate (10 mM) 

and extract in a final vol. of 3 ml. Chlorophyll was measured by 
the method of ref. 1351, and protein by the method of ref. [36]. 

Sodium dodecyl sulphate polpacrylamide ge/ electrophorcsis 

(SDS-PAGE). This technique was carried out by the method 

described in ref. 1371. 

Geljlfration on Sephacryl S-300. Gel filtration was performed 

in a column (2.61 x 40.3 cm) of Sephacryl S-300 superfine (Phar- 

macia), previously equilibrated with 50 mM K-Pi buffer, pH 8.2. 

The flow rate was 30 ml/hr. The protein markers used were horse 

spleen ferritin (M,=440000), bovine liver catalase (M, 

= 232 000) yeast alcohol dehydrogenase (M, = 150 000) pig 

heart malate dehydrogenase (M, = 70000) and horse heart cyto- 
chrome c (M, = I2 400). 

Chromatojbcusing on PEE-94. Chromatofocusing was per- 

formed in the range of pH 9-7 in a column (I .2 x 26.3 cm) of 

polybuffer exchanger PBE-94 (Pharmacia), using 25 mM 
ethanolamine-HCI buffer pH 9.55 as the start buffer and poly- 

butler 96-HCI pH 7.0 for elution, as described by Pharmacia. 

The Row rate was 30 ml/hr. 
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