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ABSTRACT

Activity of nitrate reductase and glycolate dehydrogenase in spinach leaves changes in
identical patterns following changes in the levels of nitrate available in the nutrient
solution of the plants. Replacing nitrate by ammonium jons caused loss of activity of
both enzymes in cauliflower but this loss was less extensive in spinach plants. Glycolate
dehydrogenase and nitrate reductase activities were negligible in Mo-deficient spinach
and cauliflower lesves, but increased to identical extents upon addition of Mo to the
nutrient medium. The activity of both enzymes was increased to levels found in control
plants when tungstate was added to Mo-deficient plants. Phosphate buffer was found 1o
be the best extraction medium for both enzymes, stimulating nitrate reductase by 15%
snd glycolate dehydrogenase 3-fold. Both enzymes showed a similar pH sensitivity but
differed In their thermal densturation sctivation energies. Gel chromatography indicated
that glycolate dehydrogenase protein differs from that of nitrate reductase,

Nitrate reductase has a specific requirement for NADH in higher plants (Beevers &
Hageman, 1969) although the metabolic source of the reducing equivalents used for
the reduction of nitrate is uncertain. Klepper et al. (1971) suggested that the oxidation
of glyceraldehyde-3-phosphate by its NADH-dependent dehydrogenase may supply
the electrons required for the reduction of nitrate. Lips (1971) suggested that
oxidation of glycolate could be a suitable source of electrons for this process. These
alternative sources are not necessarily mutually exclusive.

Subsequent observations were made supporting the idea of the involvement of
glycolate metabolism in nitrate reduction: (a) Conditions which would normally
prevent induction of nitrate reductase by nitrate, such as darkness, permit induction
of the enzyme upon supplementation of the induction medium with glycolate (Roth-
Bejeranc & Lips, 1973b); (b) Glycolate dehydrogenase, an enzyme whose capacity to
oxidize glycolate and reduce NAD® becomes evident under anaerobic conditions was
found in higher plants (Roth-Bejerano & Lips, 1973a); (c) Glycolate dehydrogenase
and nitrate reductase activities were both found in plants grown on nitrate and
dissppeared with nitrate depletion of the plants’ growth medium (Roth-Bejerano &
Lips, 1973a).

The present work compares the enzymes involved in glycolate oxidation and nitrate
reduction.
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Abbreviations used in text: GLDH — glycolate dehydrogenase, GO — glycolate
oxidase, Cat — caralase, NR — nitrate reductase, NADH — reduced nicotinamide
edenine dinucleotide, EDTA — ethylenediaminetetraacetate, NAD® — nicotinamide
adenine dinucleotide.

MATERIALS AND METHODS

Plant Material

Spinach (Spinacea oleracea L. cv. Noorman) was germinated and grown in a
greenhouse for 6—8 weeks in nutrient sand cultures and irrigated with Long Ashton
nitrate type nutrient solution (Hewitt, 1966). Some experiments were also performed
with cauliflower (Brassica oleracea L. var. borrytis cv. Majestic) or barley (Hordeum
vulgare L. cv. Dvir), 6-8 days old, grown under identical conditions, Molybdenum
deficiency conditions were produced using the purified nutrient media of Hewin
(1966).

Enzyme Extraction

Fully expanded leaves of spinach plants, 6—8 weeks old, were detached, washed
thoroughly in tap water, rinsed in deionized water, and immediately homogenized in
0.1 M phosphate buffer, pH 7.4, containing 10"*M EDTA. Homogenization was
carried out using 3 ml medium per 1 g of tissue in an icecold mortar with a pre-
chilled pestle. The homogenate was filtered through 2 layers of gauze and the filtrate
was centrifuged for 15 min at 19,000g.

Enzyme assay

a) Nitrate reductase (EC 1.6.6.2) was assayed with NADH, measuring nitrite
formation as previously described (Hewitt & Nicholus, 1964).

b) Glycolate oxidase (EC 1.1.3.1) was assayed following the method described by
Hess and Tolbert (1967), measuring glyoxylate phenylhydrazone formation at 324 nm,

¢) Glycolate dehydrogenase was assayed spectrophotometrically at 324 nm by
following the rate of glyoxylate phenylhydrazone formation in the presence of NAD"
under anaerobic conditions using Thunberg cuvettes with an optical path length of
I cm. The assay mixture contained 3.3 mM phosphate buffer, pH 7.4; I uM NAD®;
33 mM phenylhydrazine and 0.1 ml homogenate in 2.7 ml water and 0.3 ml of 0.1 M
glycolate in the side arm. The cuvette was alternately evacuated and flushed with argon
three times before tipping in the glycolate to start the reaction. Rates of glycolate
dehydrogenase activity were expressed as umoles of phenylhydrazone formed in the
presence of NAD®, after subtracting the amount of phenylhydrazone formed by the
control (without NAD®), using an extinction coefficient of 1.7 X 10* 1.mol™' cm™
(Dixon & Komberg, 1959). Generation of NADH could not be followed with the
crude homogenate due to its NADH-oxidizing capacity.

d) Product identification: For the identification of phenylhydmzones, one-
dimensional paper chromatography was used following the procedure described by
Cavallini et al. (1949). The assays for glycolate oxidase and glycolate dehydrogenase
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were carried out in a water bath at 30°C for 5 min, and then boiled (assay mixture as
described above). A sample containing the complete assay mixture that had been
boiled at 0 time and glycolate phenylhydrazone prepared in vitro was used as control.
Samples of 0.4 ml of each treatment were applied to Whatman No. | chromatography
paper and run for 15 h in a preequilibrated chromatography tank. For radioactive
identification 1-'*C glycolate from the Radioactive Centre, Amersham, was used and
radioactivity was measured using a Packard Tri-carb liquid scintillation spectrometer
3380.

¢) Catalase (EC 1.11.1.6) was assayed as described by Lick (1963).

f} Column chromatography of protein: After centrifugation at 19 000g the super-
natant was applied to a Sepharose C1-6B column (3 X 43 em) pre-equilibrated with
0.1 m phosphate buffer, pH 7.4, containing | mM EDTA. Elution of proteins from the
column was carried out with the same buffer at a rate of 1.2 ml*min™, in 7 ml
fractions.

RESULTS

Effects of Nutrient Media Composition

Spinach plants grown in complete nutrient medium were transferred to nitrate-
free medium. Nitrate in the plants at the time of transfer was rapidly assimilated and
the resulting shortage of nitrate became evident in the declining activity of nitrate
reductase. Activity of NR, GLDH and GO (Fig. 1) was followed for 3 days during the
period of nitrate depletion, and for a further 2 days in which nitrate was restored to
the nutrient medium of the plants. Three such experiments were made over depletion
periods of 3—4 days resulting consistently in identical changes in the activities of
nitrate reductase and glycolate dehydrogenase. Glycolate oxidase was unaffected by
changing nitrate levels in the medium.

Molybdenum was shown to be essential for nitrate reductase activity (Hewitt,
1975) and its replacement by tungstate caused inhibition of the enzyme (Heimer et al.,
1969). Two types of experiment were performed in the present work to study the
effect of MoO3® and WO3? on the enzymes under observation. In the first (Table I),
increasing concentrations of Mo in the growth medium led to increased activity of
the three enzymes, but to different extents, Increasing Na;MoO, concentration in the
nutrient medium of spinach plants from 0.05 to 48 pg/l caused nitrate reductase
activity to increase 55-fold and glycolate dehydrogenase 18-fold. In cauliflower leaves
the increase was 81- and 65-fold, respectively. Glycolate oxidase and catalase in the
same plants and under identical conditions increased only 5-fold in spinach and 2.5-
fold in cauliflower.

The effect of MoO3® supply and addition of WOZ? for different periods of time on
the activity of NR, GLDH and GO was studied (Table 11). Plants grown in the presence
of low concentrations of MoOZ? were transferred to nutrient solutions containing
WO3;?. The activity of GO after 8 days increased to about 90% of the level of control
plants (adequate Mo concentration) but GLDH activity increased to only 50% and
NR activity to only 40% of that found in the control plants in the same period.
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Fig. 1. Effect of nitrate content of nutrient medium on NR, GLDH and GO sctivities. NR, »—#
(100 activity = 7.6 smales NO; formed/g/h); GLDH, x-x (100% activity = 7.3 umaoles glyoxy-
late phenylhydrazone formed/g/h); GO, o—o (100% sctivity = 73.2 pmoles glyoxylate phenyl-
hydrazone formed/g/h). Duta of representative experiment.

TABLE 1
The effect of Na,MoD, concentration In the nutrient supply
of spinach and cauliflower leaves on the activities of nitrate
reducatse (NR), giycolate dehydrogenase (GLDH),
glycolate oxidase (GO} and catalase (Cat)

Plant Na Mo0), Aetivigy!
gl NR GLDH GO Car
Spinach 48 6.60 503 678 312
3.0 6.90 333 594 182
0.2 0.68 0.83 218 11.5
0.1 0.47 055 193 9.1
0.05 0.12 0.28 13.0 5.8
Cauliflower i0 114 11.0 931.7 -

0.05 004 0.17 366 -

'NR activity = umol NO; formed/g fr. wi/h: GLDH activity =
umol glyoxylate-phenylhydrazone formed/g/h; GO activity =
umol glyoxylate-phenythydmazone formed/g/h: Cat activity =
mmol H,0, oxidived/g fr. wi/h.
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TABLE 1l
The eifect of Na, WO, sdded to the nutrient medium of
spinach plants grown under conditions of Na,MoO,
deficiency on the activity of nitrate reductase (NR),
glycolate dehydrogenase (GLDH) and glycolate
oxidase (GO) extracted from leaves

Growth condinons Acmg‘gl
NR GLDH GO

Standard medium (3 sg/l Ma) 100* 100? 100*
Mo deficiency (0.05 ug/l) 7 8 28
Ma deficiency + 3 g/l Na,WO,
for: 4 days 26 37 47
B days kt:} 50 91
28 days 44 62 101

' Activities presented as % of that of control plants grown on
standard medium. '

25,78 umol NO; formed/g fr. wi/h.

15 68 wmol of glyocalate-phenylhydrazone formed/g fr. wifh,
467.52 umol of glyoxalute-phenylhydrazone farmed/g fr. wi/h,

TABLE 11
Interactions between nitrogen source and molybdenum supply on the activities' of nitrate
reductase (NR), glycolate dehydrogenase (GLIH) and glycolate oxidase (GO) in spinach

and cauliflower leaves
Planr N Mo NR ] LDH % (7] %
supply  supply® congrol confrol control
Spinach NOG + 9.94 100 11.70 100 938 100
- 0.67 7 0.83 7y 20.9 22
NHL + B.04 B0 3.54 30 498 53
- 0.26 3 041 4 51.8 55
Cauliflower NG + 12.7 100 128 100 £9.2 100
= 021 2 0.15 F i 234 26
NH; - 0.18 | 0.34 3 56.1 63

- 0,06 0.5 0.06 0.5 459 51

1 Activities as gmoles product/g (r. wi/h. Mean values of four experiments,
3+ =48 ugfl; — = 0.1 pp/l for spinach and <0.05 ug/l for cauliflower.

The interactions between the effects of different nitrogen sources in the medium
and Mo requirements were examined using ammonium sulphate instead of potassium
nitrate with spinach and cauliflower plants (Table II1). Decreasing Mo supply caused
loss of NR and GLDH with either nitrate or ammonium treatments in spinach plants.
Only low GLDH and NR activities were found in caulifflower with Mo supplied in the
presence of ammonium fons (by contrast with spinach plants), but Mo deficiency
caused further decrease of enzyme activity. Replacement of nitrate by ammonium
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TABLE IV
Activities of nitrate reductase (NR), glycolate dehydrogenase (GLDH ) and
glycolate oxidase (GO) in extracts obtained from spinach leaves,
at different pH (0.1 mM phosphate buifer + | mM EDTA)

Activiey®
pH NR GLDN G
7.0 3.75 2.10 43.50
7.5 7.05 7.08 73.00
7.8 7.00 B.BD 75.00
8.2 6.40 6.30 78.00
8.5 6.05 5.00 77.50

! Activities as umoles product/g fr. wi/h.

TABLE ¥
The effect of different extracting bufTers (pH 7.5) an the activities of nitrate
reductase (NR), glycolate dehydrogenase (GLDH) and glycolate oxidase
(GO} of spinach leaves grown under standard conditions

Bufyer R
R GLDN GO
0.02 M tris-HC1 + | mM EDTA 48 08 123

0.10 M tris-HCl + 1| mM EDTA 5.0 1.3 1L7
0.10 M potassium phosphate buffer + | mM EDTA 5.7 4.5 12.8

¥ Activities as gmoles product/g fr. wi/h.

caused similar decreases of GO (45—-55%) in both spinach and cauliflower given Mo,
but there was little or no further decrease of GO with Mo deficiency in ammonium,
while activities in this treatment were more than twice those in the corresponding
nitrate treatment.

Biochemical Properties

The pH optima of the three enzymes were determined (Table IV). The results
indicate a broad pH optimum (7.5-8.5) for GO, a narrow one (pH 7.5-7.8) for NR,
while that for GLDH is 7.8,

Homogenization of the tissue in different buffers did not affect the activity of GO
(Table V) but the activity of GLDH dehydrogenase was significantly greater in
phosphate buffer than in tris-HCl. Phosphate buffer also yielded higher activity of NR,
as would be expected with this enzyme (Hewitt and Nicholas, 1964; Lips, 1975).

We also studied thermal inactivation of the enzymes (Fig. 2). Nitrate reductase is
the most sensitive of the three enzymes tested, GLDH is slightly more stable and GO is

a relatively stable enzyme at higher temperatures.
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TABLE V1
Paper chromatography of the products of the glycolate dehydrogenase
{GLDH) reaction, The experiments were performed on green

Ay conditions Ry Radioactivity in spot (DPM)*
+0, 0.78 5038

~0y 0.79* 106

-0, + NAD* 0.79 2227

Glyoxylate phenylhydrazone 0.78 -

! Nelther UV fluorescence nor radicactivity were found along the chromato-
gram except the ones shown.
1 A very pale spot.
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Fig. 3. Gel chromatography of GLDH, NR and GO on Scpharose C1-6B. Activities expressed in
males product/fraction/h, and protein in mg/fraction. NR, » —»; GLDH, x—x; GO, 0 -2,

The occurrence of GLDH in higher plants has been shown in previous work (Roth-
Bejerano & Lips, 1973a). The reaction product of GLDH in vitro was identified in two
ways: (a) fluorescence after UV irradiation of the chromatogram; (b) using 1-**C
glycolate as the substrate of the reaction and determining location of radivactivity in
the chromatogram, Radioactivity was found only in one spot of the chromatogram
(other than the origin), and coincides with that found by UV irradiation {Table V1),
The results obtained by two independent methods show that the products of glycolate
dehydrogenase and glycolate oxidase are identical, most probably being glyoxylate.

The three enzymes were separated on a Sephadex-Cl6B column (Fig. 3) indicating
that they are three different proteins,
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DISCUSSION

Glycolate dehydrogenase and nitrate reductase seem to have several common charac-
teristics (Fig. 1). The extractable activities of both enzymes depended similarly and
very sensitively on nitrogen nutrition during growth of the plants (Fig. 1), even when
different species behave differently with respect to forms of nitrogen supplied. The
activity of glycolate oxidase, on the other hand, was less affected by nitrogen
depletion, or (in cauliflower) by replacing nitrate by ammonium.

It seems unlikely that the activity of GLDH described here is related to a NR
sub-unit or apoprotein having NADH dehydrogenase activity with cytochrome ¢ as
an acceptor which is induced by nitrate together with NR (Wray & Filner, 1970;
Hewitt, 1975), While GLDH disappeared in the plants lacking Mo (where little active
NR was detected), cytochrome ¢ reductase occurred abundantly in similarly treated
plants (Hewitt et al,, 1977). Plants grown on a range of concentrations of Mo showed
close correlation between the amounts of the dehydrogenase and reductase activities
and these were decreased to 2—6% when the plants were deprived of Mo, indicating
that Mo may in some way be necessary for the activity, production or stability of
GLDH. Glycolate oxidase and catalase were less sensitive 1o Mo level in the nutrient
medium, but also decreased 1o about one-third of control values, although only when
nitrate was used as the nitrogen source (Table ).

These observations were supported by the effects of WOZ? (Table 11) in Mo-
deficient plants. Similar changes were obseérved for both NR and GLDH, which
Ingreased slowly and incompletely but more rapidly imnitially than GO. Nitrate
reductase contains Mo, but giving WOZ* to Mo-deficient plants slowly restored NR
activity although W by itself wis unable to activate the enzyme. This apparent
anomaly may possibly be explained by the fuct that small amounts of W improve
incorporation of Mo into NR (Notton et al., 1979). The WO;? enhancement of NR
activity also extended to GLDH activity and the slow response may indicate a
structural change or repair of the enzymes sccompanied by enhanced Mo incorpora-
tion into the protein.

The subcellular site of nitrate reductase is unknown although it has been suggested
that it is on the single membrane of microbody-like organelles or the outer membrane
of chloroplasts (Hewitt, 1975; Lips, 1975). Glycolate dehydrogenase may also be on
microbody membranes (Lips, 1971, 1975) while glycolate oxidase and catalase have
been established as microbody stroma enzymes (Tolbert, 1971). The loss of NR and
GLDH from association with microbodies occurred very easily during rapid accelera-
tien in a centrifuge (Lips, 1975) Mo deficiency caused severe breakdown of chloro-
plast membranes (Notton, 1972: Fido et al,, 1977) which has been ascribed to
possible superoxide damage caused by excessive cytochrome ¢ reductase sctivity in
nitrate-induced systems, Damage in this case was mitigated by the supply of tungstate
or by replacing nitrate with ammonium. We found a close correlation between the
effects of nitrogen nutritional conditions on NR and GLDH activities, bat not on that
of GO. The various biochemical tests indicate that NR and GLDH activities are
independent of GO and that they are associated with different proteins.
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The very close relationships between NR and GLDH activities are compatible with
previous suggestions (Kaplan et al., 1974; Lips, 1979) that glycolate can provide
the reductant of NR. This view has received support from in vivo tests on Lolfum
perenne using glycolate (James & Smith, 1979), which stimulated NR activity.
Inhibitors of glycolate dehydrogenase decreased NR activity and glyceraldehyde-3-
phosphate did not promote NR activity. We have so far been unable to couple NR
with GLDH in vitro using crude extracts of spinach containing both systems with (or
without) added phenylhydrazine under anaercbic conditions. Purified NR did not
appear 1o catalyze glycolate oxidation in the presence of NAD® and phenylhydrazine
{unpubl, work with D.P. Hucklesby). Although the reduction of NAD® by glycolate is
thermodynamically very unfavourable the overall reaction between glycolate and
nitrate should be feasible and phenylhydrazone formation would be expected 1o
promote the reaction. The evidence for in vivo coupling in Lolium implies thar
conditions may nevertheless be appropriate in intact cefls for achieving the reaction.
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