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The Reactivation of Nitrate Reductase from Spinach 
(Spinacia oleracea L.) Inactivated by NADH and Cyanide, 
Using Trivalent Manganese Either Generated by Illuminated Chloroplasts 
or as Manganipyrophosphate 

J.M. Maldonado*, B.A. Notton**, and E.J. Hewitt 
Long Ashton Research Station, University of Bristol, Long Ashton, Bristol BS18 9AF, U.K. 

Abstract. Nitrate reductase of spinach (Spinacia olera- 
cea L.) leaves which had been inactivated in vitro 
by treatment with NADH and cyanide, was reactivat- 
ed by incubation with oxidant systems and measured 
as FMNH2-dependent activity. Reactivation was pro- 
duced with trivalent manganese compounds repre- 
sented either by manganipyrophosphate or produced 
by oxidation of Mn 2 + ions in the presence of illumi- 
nated chloroplasts and compared with reactivation 
obtained with ferricyanide. Reactivation in the chlo- 
roplast system was equivalent to that with ferricya- 
nide when orthophosphate was used but was variable 
and weak in the presence of pyrophosphate, although 
manganipyrophosphate was formed freely. Reactiva- 
tion by manganipyrophosphate in dark reaction con- 
ditions was less effective than with ferricyanide but 
was not inhibited by the addition of pyrophosphate. 
Reactivation with illuminated unheated chloroplasts 
was dependent on added manganese and oxidation 
of manganese in the presence of pyrophosphate was 
abolished by boiling the chloroplasts. In the presence 
of orthophosphate however, boiled, illuminated chlo- 
roplasts reactivated the enzyme in the absence of add- 
ed manganese. Reactivation occurred spontaneously 
in air, more slowly than with the other oxidants, but 
to a similar extent to that produced by manganipyro- 
phosphate. The results provide a possible model for 
physiological reactivation mechanisms. 

Key words: Chloroplasts - Manganese oxidation - 
Nitrate reductase reactivation - Spinacia. 

Introduction 

Higher plant nitrate reductase catalyses the reduction 
of nitrate by NADH and additionally displays two 
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partial functions; the NADH mediated reduction of 
either cytochrome c or 2,6-dichlorophenolindophenol 
or ferricyanide (dehydrogenase function), and the re- 
duction of nitrate by either reduced FMN or benzyl- 
(methyl) viologen (see Hewitt et al. 1976). 

The nitrate reducing capacity of the enzyme can 
exist in vivo and in vitro in both active and inactive 
forms, conversion to the inactive form being accom- 
plished in vitro by incubation with NADH and cya- 
nide (Relimpio et al. 1971). The dehydrogenase func- 
tion of the inactivated nitrate reductase is unaffected 
(Palacian et al. 1974). Reactivation of the inactivated 
enzyme can be achieved in vitro either completely 
and rapidly with ferricyanide (Palacian et al. 1974), 
acting at a site believed to be different from that 
of the dehydrogenase acceptor (Rosa et al. 1976) or, 
less efficiently (as shown with the Chlorella enzyme) 
with Mn 3+ pyrophosphate (Funkhouser and Acker- 
mann 1976). Reactivation of the NADH and cyanide 
treated enzyme also occurs in the presence of flavin 
nucleotides in a few minutes in blue or white light 
and more slowly in darkness (Aparicio et al. 1976; 
Roldan et al. 1978). 

Manganese has a key role in oxygen evolution 
by chloroplasts (Cheniae 1970), being closely linked 
to the oxygen evolution reaction and involving a very 
positive photochemically generated redox potential 
(Gerretsen 1950). In the presence of illuminated chlo- 
roplast preparation Mn 2 § ions are oxidised to Mn 3 § 
ions and can be stabilised by pyrophosphate (Kenten 
and Mann 1955). This reaction is probably mediated 
by superoxide ions and protons (Kono et al. 1976). 

We therefore sought to test whether nitrate reduc- 
tase, previously inactivated by reduction in the pres- 
ence of cyanide, could be reactivated by photochemi- 
cal means using manganese and chloroplast prepara- 
tions and thus provide a possible model for a physio- 
logical system involving manganese in the regulation 
of nitrate reductase, as distinct from the alternative 
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possibility of inhibition of nitrate assimilation result- 
ing from decreased photosynthesis. 

Materials and Methods 

Plant Material and Enzyme Assay. Spinach (Spinacia oleracea L. 
c,). Noorman) plants were grown in a glasshouse using a nutrient 
film technique with Long Ashton type solutions (Hewitt 1966) 
and leaves were sampled after 5 6 weeks growth. 

Nitrate reductase was extracted in three vol/wt ratio of  0.1 M 
potassium phosphate buffer pH 7.5, with 1 mM EDTA and partial- 
ly purified using streptomycin sulphate, ammonium sulphate and 
hydroxylapatite (Notton et al. 1977). Protein was precipitated with 
50% saturation ammonium sulphate, dissolved in extracting buffer 
and stored at - 4 0  ~ C in separate small samples. The specific activi- 
ty of the preparation (0.2 units/nag protein) remained unchanged 
after several months of  storage under these conditions. 

FMNH2-nitrate reductase activity was determined by measur- 
ing nitrite formed (Paneque et al. 1965). The assay system in 1 ml 
contained 50 mM phosphate buffer pH 7.5, 1 mM EDTA, 10 mM 
potassium nitrate, the enzyme preparation and 0.2 mM F M N  re- 
duced by 0.1 ml $20~-  (8 mg ml-  1 in 50 mM NaHCO3) as electron 
donor. After 10 min incubation at 27 ~ C, the reaction was stopped 
by vigorous shaking in a rotamixer until the reduced F M N  was 
reoxidised and nitrite was measured by addition of  1 ml of sulpha- 
nilamide reagent followed by 1 ml of N-(1-naphthyl) ethylenedi- 
amide reagent. Activity was expressed as n moles of nitrite formed 
per minute and per ml of preincubation mixture. Protein concentra- 
tion was calculated from light absorbance at 280 nm and 260 mn 
(Warburg and Christian 1941). 

Nitrate Reductase Inactivation. To prepare in vitro inactivated ni- 
trate reductase, the enzyme was incubated for 30 rain at room 
temperature with 0.1 M potassiu m phosphate pH7.5 ,  2.0raM 
N A D H  and 0.5 mM KCN. To eliminate excess of N A D H  and 
cyanide the preparation was passed through a G-25 Sephadex col- 
umn equilibrated with 0.1 M potassium phosphate at the pH which 
was used later for each particular experiment. 

Chloroplast Preparation. Chloroplasts were prepared from young 
leaves of spinach according to the method of Asada and Takahashi 
(1971) with some modifications. Deveined leaves were cut into 
small pieces and ground with three vol/wt ratio of  0.4 M sucrose 
containing 50 mM tricine-KOH buffer pH 8.0 and 10 mM NaC1 
in a Polytron for 4 s at full speed. The homogenate was filtered 
through 4 layers of gauze and the filtrate was centrifuged at 2,000 g 
for 10 rain. The supernatant was discarded and the pellet resus- 
pended in one vol/wt ratio of the grinding medium and centrifuged 
again under the same conditions. The resultant pellet was finally 
resuspended in the grinding medium to give a concentration of 
2-4 nag of chlorophyll per ml. An equal volume of cold glycerol 
was then added, mixed well and the suspension stored at - 2 0  ~ C. 
Under these conditions the chloroplasts, hereafter designated un- 
heated, retained full Hill reaction properties and the photoxidation 
activity of Mn 2+ for more than a month (Kono et al. 1976). Chlo- 
rophyll was determined according to Arnon (1949). 

Assay of Manganese Oxidation. Unless otherwise indicated the reac- 
tion conditions for the oxidation of  manganese by chloroplasts 
were: 50 mM sodium pyrophosphate or orthophosphate pH 7.8, 
10 mM NaC1, 1 mM MnClz and chloroplasts equivalent to 180 gg 
of chlorophyll in a total volume of 2 ml. The mixture was incubated 
for 1 h at 20 ~ C during illumination by a focussed 500 W projector 
lamp and frequently shaken. Experiments were terminated by 
switching off the light and centrifuging the contents of each reaction 
mixture for 20 rain at 700 g. The amount of  Mn 3+ pyrophosphate 
formed was determined in the dear  supernatant solution from 

243 

its absorbance at 258 nm and assuming an extinction coefficient 
for the complex of  6.2.103 1 mol-  t cm-  1 (Kenten and Mann 1955). 
The supernatant from a mixture incubated in darkness without 
added MnClz was used in the blank cell. 

Chemicals and Materials. FMN was obtained from Sigma (London) 
Chemical Corp.; NADH from Boehringer Corp. (Mannheim); 
hydroxylapatite (Biogel HTP) from Biorad Labs.; Sephadex G-25 
from Pharmacia. All other chemicals were of analytical reagent 
grade. Mn 3+ pyrophosphate was prepared according to Funk- 
houser and Ackermann (1976). 

Results 

Dark (Chemical) Reactivation. The effect of mangani 
(Mn 3+) pyrophosphate (0.5, 1.0 and 2.5 raM), pre- 
pared chemically from mangani acetate and excess 
of pyrophosphate, were first tested in a dark system 
to compare them with effects of ferricyanide (Fig. 1). 
Reactivation by ferricyanide was maximal in 5 rain 
but activity then decreased slowly during 35 rain test- 
ed. Reactivation by Mn 3+ pyrophosphate increased 
more slowly up to 15 rain and then remained almost 
constant. The extent of reactivation was the same 
with added Mn 3+ between 0.5 and 2.5 mM. However 
the activity produced was only 60% of the maximum 
obtained with ferricyanide. In this particular experi- 
ment no spontaneous reactivation was observed in 
the absence of either oxidant, although this sometimes 
occurred slowly (see e.g. Fig. 2). Under the reaction 
conditions used, with Mn 3+ pyrophosphate prepared 
as described by Funkhouser and Ackermann (1976) 
there was a 4:1 ratio of pyrophosphate to Mn 3+ 
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Fig. 1. Reactivation of nitrate reductase by Mn s +-pyrophosphate, 
The enzyme was incubated, at room temperature in a final volume 
of 1.0 ml with 30 gmol phosphate buffer pH 6.4, either alone (o) 
or with the following additions: (e)  0.5 gmol potassium ferricya- 
hide; (z~) 2.5; (A) 1.0; ([]) 0.5 gmol Mn3+-pyrophosphate respec- 
tively. Molarifies of Mn3+-pyrophosphate are expressed in terms 
of manganese content. Nitrate reductase activity was assayed on 
aliquots taken from preincubation mixtures at the times indicated 
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Fig. 2. Effect of Mn z+ on the nitrate reductase reactivation by 
Mn3+-pyrophosphate. The enzyme was incubated with 50 gmol 
phosphate buffer pH 6.4, either alone (o) or with 1.0 gmol Mn a+- 
pyrophosphate (o) plus the following additions: (zx) 1.0; (A) 5.0; 
(D) 10 gmol Mn 2+ respectively. Mn 2+ was added as MnCI2. Other 
experimental conditions as in Fig. 1 
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Fig. 3. Spontaneous reactivation with time of nitrate reductase in 
the absence and in the presence of nitrate. The inactive enzyme 
was incubated, in a final volume of 2.0 ml, with 60 Ixmol of  phos- 
phate buffer pH 6.4, either alone (o) or in the presence of 40 I~mol 
potassium nitrate (o)  

giving a maximum total pyrophosphate concentration 
of about 30 mM in their system and 10 mM in ours. 
The effects of adding more Mn 2+ (1, 5 or 10 mM) 
to provide between 2:1 and about 1 : 1 ratios of pyro- 
phosphate to total manganese were therefore tested. 
As shown in Fig. 2, additioiaal Mn z+ ions were found 
to be severely inhibitory to the dark (chemical) reacti- 
vation system. 

The progress of spontaneous reactivation with 
time in darkness and in air was examined over 5 h 
in the absence or presence of nitrate (20 mM) (Fig. 3). 
Reactivation occurred slowly to a final extent which 
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Table 1. Photoxidat ion of Mn 2+ by spinach chloroplasts 

System Mn 3 +-pyrophosphate 
formed 
(gmol ml- 1) 

Complete, light 0.570 
minus added Mn z+ 0.019 
minus chloroplasts 0.004 
chloroplasts boiled for 10 rain 0.062 

Complete, dark 0.000 

was comparable to, or perhaps slightly more than, 
that obtained much more rapidly with Mn 3§ pyro- 
phosphate in different experiments (Figs. 1 and 2). 
Nitrate did not influence the extent of spontaneous 
reactivation but appeared to alter the kinetics from 
sigmoidal to more nearly linear with respect to time. 

Light (Photochemical) Reactivation. The photochemi- 
cal oxidation of Mn 2 + to Mn 3+, by illuminated chlo- 
roplast in the presence of pyrophosphate was next 
tested as described in the Methods. Oxidation was 
dependent on light or presence of chloroplasts and 
was decreased 90% using boiled-chloroplasts (Ta- 
ble 1). Endogenous manganese found in chloroplast 
systems (Kenten and Mann 1955) was similar in our 
system, namely about 1.5% of that added (1 mM) 
as calculated from the change in absorbance observed 
without added manganese. 

As shown in Table 1 only 55% to 60% of added 
manganese was stabilized as Mn 3 + and detected thus 
in the presence of 50 mM pyrophosphate. As shown 
in Fig. 4 this yield appears to approach a steady state 
with time, after 1 h, when chloroplasts equal to 90 gg 
chlorophyll ml-1 were used. However, as shown in 
Fig. 5, the yield of Mn 3+ pyrophosphate was in- 
creased to nearly theoretical (1 mM) when chloro- 
plasts were increased to 300 gg ch lo rophy l lml -1 ,  
with a similar illumination period of 1 h. These condi- 
tions were later adopted as optimal for the photo- 
chemical reactivating systems when orthophosphate 
was substituted for pyrophosphate (see below). 

When the unheated chloroplast system (above), 
containing 90 gg chlorophyll ml-  t, was used for the 
reactivation of the enzyme during 1 h illumination, 
there was little success, as shown in Table 2, when 
the medium contained pyrophosphate (25 mM); the 
reactivation being less than that occurring sponta- 
neously. In several tests under similar conditions, 
reactivation by this system in the presence of pyro- 
phosphate was variable, and ranged from less than 
the spontaneous change to not more than 25% of 
that obtained with ferricyanide over the period of 
1 h. Nevertheless the concentration of Mn 3+ pyro- 
phosphate produced (0.5 to 0.6 mM) in 1 h using 
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Fig. 4. Time course of Mn  2 + oxidation by 
illuminated chloroplasts. Experimental 
conditions were as described in Materials and 
Methods except for the i l lumination time 

Fig. 5. Effect of the concentration of chloroplast 
on the Mn 2§ photoxidation. Experimental 
conditions were as described in Materials and 
Methods except that  chloroplasts were added as 
indicated 

Table 2. Effect of orthophosphate and pyrophosphate on nitrate 
reductase reactivation by illuminated chloroplasts and  manganese  

System FMNH2-ni t ra te  
reductase 
(nmol NO2 
produced m i n m l  1) 

Inactivated enzyme plus 
Mn 2+ photoxidisiug system in 

25 m M  orthophosphate,  pH 7.5 37.5 
25 m M  pyrophosphate,  pH 7.5 4.5 
25 m M  orthophosphate  plus 
25 m M  pyrophosphate,  pH 7.5 8.0 

Inactive enzyme, dark 5.7 

The inactive enzyme was incubated in the light with the Mn  2 +- 
photoxidising system described in Materials and Methods,  except 
that  the systems were buffered as shown above. Other experimental 
conditions as in Fig. 6. The amoun t  of  Mn3-+pyrophosphate 
formed was the same either in the presence or in the absence 
of or thophosphate  
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Fig. 6. Reactivation of nitrate reductase by illuminated chloroplasts 
in the presence of mangenese. The complete Mn2+-photoxidising 
system was as described in Materials and Methods except that 
or thophosphate  was used in place of pyrophosphate  as buffer and 
inactive nitrate reductase was incubated with the system. After 
1 h the reactions were terminated as described in Materials and 
Methods and 0.1 ml aliquots from the supernatants  were assayed 
for FMNH2-ni t ra te  reductase before (plain) and after (bars) incu- 
bating with 0.3 m M  ferrJcyanide for 3 min. (I) Complete system, 
light; (II) chloroplasts omitted; (III) Mn  2+ omitted; (IV) with 
chloroplasts previously boiled for 10 min;  (V) complete system, 
dark 

90 lag chlorophyll ml t was about the same, as shown 
in Fig. 1, (0.5 mM) which produced substantial reacti- 
vation in the dark (chemical) system and which ap- 
proached (but more slowly) that obtained finally with 
ferricyanide. However when orthophosphate was used 
in the place of pyrophosphate in the chloroplast sys- 
tem with 90 lag chlorophyll ml t, reactivation of the 
enzyme was substantial (Table 2) and equal to that 
produced in the dark (chemical) system by Mn 3+ 
pyrophosphate (Figs. 1 and 2). The presence of ortho- 
phosphate did not influence the rate of Mn 3+ pyro- 
phosphate formation (not shown) but it appeared to 
lessen slightly the inhibitory effect of pyrophosphate 
on reactivation (Table 2). In the chloroplast system 
with pyrophosphate, increasing concentrations of 

Mn 2+ between 0.5 and 5 mM produced no reactiva- 
tion. The yields of Mn 3+ measured as pyrophosphate 
were between 500 and 670 gM over this range, i.e. 
between 100% and 13.4% respectively. 

We finally adopted the optimum conditions de- 
scribed above for photochemical oxidation of manga- 
nese by illuminated chloroplasts as measured in the 
presence of pyrophosphate (Figs. 4 and 5), namely 
using 300 gg chlorophyll ml- i for 1 h illumination, 
to test the reactivation of the enzyme in the system 
where orthophosphate now replaced pyrophosphate. 
As shown in Fig. 6, reactivation was now practically 
complete and equivalent to that obtained with ferri- 
cyanide in a dark (chemical) system. The reactivated 
enzyme was not additionally reactivated by further 
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Fig. 7. Reactivation of nitrate reductase using boiled chloroplasts. 
Inactive nitrate reductase was preincubated with the Mn 2 + photox- 
idising system either in the light or in the dark. Other experimental 
conditions as described in Fig. 6. Nitrate reductase activity before 
(plain) and after (bars) incubation with ferricyanide. (I) Complete 
system; (II) with boiled chloroplasts; (III) with boiled chloroplasts 
but Mn 2 § omitted; (IV) chloroplasts and Mn 2 + omitted 

treatment with ferricyanide after the illumination pe- 
riod. Reactivation was dependent on added manga- 
nese when unheated chloroplasts, prepared as de- 
scribed, were used in the orthophosphate medium 
(Fig. 6). 

In this system however, where orthophosphate 
replaced pyrophosphate, boiled illuminated chloro- 
plasts were now as effective as unheated chloroplasts 
for the complete reactivation of the enzyme (Figs. 6 
and 7). Furthermore, as shown in Fig. 7, reactivation 
by boiled (10 min) chloroplasts in the orthophosphate 
system was no longer dependent on added manganese 
but was still dependent on light. In the pyrophosphate 
system, by contrast, photochemical oxidation of man- 
ganese was prevented by heating the chloroplasts (Ta- 
ble 1) and the small variable extent of reactivation 
described above was dependent on added manganese. 

D i s c u s s i o n  

Our experiments confirm, for a higher plant nitrate 
reductase, that Mn 3§ pyrophosphate in the dark is 
able to reactivate the NADH-reduced and cyanide- 
bound state of the enzyme, as originally found by 
Funkhouser and Ackermann (1976) for the enzyme 
from Chlorella vulgaris. In the enzyme from both spe- 
cies, the reactivation was similar in extent namely 
about two-thirds that produced by ferricyanide, but 
slower. The reaction was similarly rather insensitive 
to effects of Mn 3+ pyrophosphate concentrations in 
the range of 1-3 mM. 

The reversible inactivation of nitrate reductases 
by 'over-reduction'  especially in the presence of cya- 
nide has been proposed as an important regulatory 

mechanism, (see Hewitt et al. 1979). If  such a mecha- 
nism is effective in viva, suitable metabolically-gener- 
ated oxidants must be produced, which can substitute 
for the very efficient behaviour of ferricyanide in reac- 
tivating the enzyme in vitro. The effects of Mn 3+ 
pyrophosphate suggest that manganese may be in- 
volved as a potential source of oxidant for the in 
viva regulation of the enzyme. 

Our experiments with chloroplasts prepared and 
used under conditions which preserve the capacity 
for oxygen evolution and Hill reaction activity (Asada 
and Takahashi 1971; Kono et al. 1976) support our 
idea (Hewitt et al. 1979) that manganese may be in- 
volved in a physiological redox mechanism for regula- 
tion of nitrate reductase activity and that illuminated 
chloroplasts may constitute one possible oxidation sys- 
tem. This mechanism, as tested here, is not dependent 
on the existence of pyrophosphate in the cells and 
it is actually inhibitory. The concentrations of manga- 
nese estimated by Kono et al. (1976) in chloroplasts 
(about 0.5 mM) would be consistent with that found 
adequate for reactivating the enzyme in our experi- 
ments. 

We would suppose the life of free Mn 3+ ions 
to be very brief in the absence of a stabilizing agent 
such as pyrophosphate and would rapidly generate 
hydrogen peroxide: 

2 Mn 3+ +2  H20,~-2 Mn 2+ + H 2 O z + 2  H +. 

However orthophosphate can replace pyrophos- 
phate in the formation of similar amounts of quite 
stable higher valency states of manganese (Kenten 
and Mann 1955), but the products tend to be insoluble 
and in living cells may precipitate as MnO2 (Kenten 
and Mann 1957; Stenuit and Piot 1960). Presumably 
some form of fairly stable higher valency manganese 
compound was formed in our experiments with chlo- 
roplasts and orthophosphate, which could reactivate 
the enzyme in a manner similar to that produced 
by Mn 3 + pyrophosphate. 

In the presence of excess Mn 2 + ions and a suitable 
stabilizing reagent (Kenten and Mann 1955) some 
Mn 3+ would be formed according to the reversible 
disproportionation: 

Mn 2 + + Mn 4 + (MnO2) ~ 2 Mn3 +. 

The equilibrium reached in the photoxidation of 
Mn 2+ and the yield of Mn 3+ pyrophosphate clearly 
depends on experimental conditions, as shown here 
with respect to chlorophyll concentration and in many 
other ways in previous experiments (Kenten and 
Mann 1955; Homann 1965; Bachofen 1966). These 
observations may be explained by the facts that Mn 3 + 
pyrophosphate is a reducible Hill reagent (Swenson 
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and Vernon 1969) and that photochemical manganese 
oxidation depends both on oxygen evolution by the 
chloroplasts (Homann 1965; McKenna and Bishop 
1967; Habermann et al. 1968) and on the presence 
of oxygen in the system (Bachofen 1966; McKenna 
and Bishop 1967; Kono et al. 1976). This oxidation 
is variously stated either to be independent of hydro- 
gen peroxide though still closely correlated with a 
capacity for the Hill reaction (Bachofen 1966), or 
to depend on peroxide formed by the Mehler reaction 
as the oxidant for manganese (McKenna and Bishop 
1967). Alternatively the superoxide anion (O~), which 
is generated by autoxidation of ferredoxin or FMNH2 
and normally behaves as a reductant, is believed to 
oxidise Mn 2§ directly (Asada et al. 1974; Kono et al. 
1976), though probably via the hydrated form 
Mn(OH) + for kinetic reasons (Homann 1965). 

Mn(OH) + +O~- +3 H + ,~Mn 3+ +H202 +H20 .  

The superoxide dependent oxidation is severely 
inhibited in the illuminated chloroplast system by su- 
peroxide dismutase. In our experiments (not shown) 
the addition of either superoxide dismutase or cata- 
lase to the chloroplast system with orthophosphate 
had no effect on the extent of reactivation of the 
enzyme. In the presence of pyrophosphate the forma- 
tion of Mn 3 + was not greatly influenced (only + 20% 
or - 1 5 % )  by the respective enzymes. 

Evidence at present indicates that nitrate reductase 
is outside chloroplast limiting membranes (see Hewitt 
et al. 1976). The extent to which Mn 3+ compounds 
would be available for the photochemical reactivation 
of nitrate reductase outside the chloroplasts in vivo 
would therefore depend on complex interaction of 
several factors. We must also suppose that if intact 
chloroplasts in vivo provide a manganese based oxi- 
dant, either it can diffuse out of the chloroplasts in 
a stabilized state or it produces a secondary oxidant 
such as hydrogen peroxide, which may function alone 
or in a manganese-catalysed reaction to reactivate 
the enzyme in a cytoplasmic location. Alternatively 
the photochemical system used in vitro may provide 
only a model for manganese oxidation which is per- 
haps achieved in other parts of the cell by peroxidase 
systems. We shall describe work bearing on some 
of these points in a separate paper. 

Our experiments using illuminated boiled-chloro- 
plasts indicated that reactivation of nitrate reductase 
can be achieved by other means than a manganese- 
dependent oxidation. The mechanism involved was 
probably similar to that for the oxidation of diketogu- 
lonic acid mediated by photosensitive pigments such 
as FMN (Homann 1965; Habermann et al. 1968) and 
was presumably dependent on a denatured protein- 
chlorophyll complex (Homann 1965). The reactiva- 

tion of nitrate reductase differed however in at least 
one important respect from photochemical oxidation 
of diketogulonic acid, because the latter was still es- 
sentially dependent on manganese regardless of 
whether undenatured, or heated chloroplasts, or 
FMN were used. Moreover the rapid photochemical 
reactivation of nitrate reductase which is produced 
in vitro by illumination in the presence only of FAD 
or FMN does not appear to require the addition 
of manganese (Rosa et al. 1976). 

As shown for nitrate reductase reactivation, the 
oxidation of diketogulonic acid can be achieved by 
Mn 3 + pyrophosphate in a dark reaction (Habermann 
et al. 1968) and additionally, pyrophosphate alone 
was reported to inhibit the photochemical oxidation 
of diketogulonic acid by FMN (McKenna and Bishop 
1967). Although in the dark system Mn 3§ pyrophos- 
phate, in the presence of as much as 7.5 mM excess 
pyrophosphate in our experiments, or up to 22.5 mM 
in those of Funkhouser and Ackermann (1976), effec- 
tively reactivated the enzyme in about 30 min, a simi- 
lar initial concentration of free pyrophosphate 
(25 mM) in the chloroplast system was variably, but 
generally severely, inhibitory. The presence of pyro- 
phosphate in the chloroplast system did not, however, 
prevent (within an appropriate time interval) the accu- 
mulation of Mn 3 + pyrophosphate in amounts similar 
to those which produced reactivation in the dark sys- 
tems used by ourselves and Funkhouser and Acker- 
mann (1976). We cannot suggest any obvious explana- 
tion for this curious paradox, except to note the possi- 
bly analogous results of McKenna and Bishop (1967) 
above. 

The enzymic site for the oxidative reactivation 
of nitrate reductase is not known. Manganese cata- 
lysed oxidations are considered to be essentially one- 
electron type reactions (see Homann 1965) and this 
would apply also to the action of ferricyanide. The 
haem group of nitrate reductase is readily autoxidiz- 
able (in seconds) (R.J. Fido, E.J. Hewitt and B.A. 
Notton, unpublished work) and is equally rapidly ox- 
idised by 2,6-dichlorophenolindophenol after reduc- 
tion by NADH (Notton et al. 1977), but spontaneous 
reactivation in air takes several hours (this work; 
Jetschmann et al. 1972, Moreno et al. 1972), com- 
pared with only several minutes or seconds using 
Mn 3 § pyrophosphate or ferricyanide respectively. We 
therefore believe these oxidants must reactivate the 
enzyme at a site other than the haem group. We 
have evidence to suggest that the dehydrogenase ac- 
ceptors, ferricyanide and 2,6-dichlorophenolindo- 
phenol can react at different sites (Maldonado et al. 
1978). Thus ferrocyanide (Fe 2§ state) inhibits the en- 
zyme competitively with nitrate but reduced indo- 
phenol has no effect on activity. Oxidised indophenol 
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a n d  o x y g e n  on ly  ve ry  s lowly  a n d  inef f ic ien t ly  reac t i -  

va te  the  enzyme ,  un l ike  f e r r i cyan ide  o r  M n  3§ p y r o -  

p h o s p h a t e .  These  o b s e r v a t i o n s  a re  cons i s t en t  w i t h  the  

c o n c l u s i o n  tha t  M n  3§ (or  f e r r i cyan ide )  r e a c t i v a t e  the  

' o v e r - r e d u c e d '  e n z y m e  by di rec t  o x i d a t i o n  o f  m o l y b -  
d e n u m  f r o m  M o  w to  M o  w by success ive  ex te rna l  

o n e - e l e c t r o n  t r ans fe r s  f r o m  the  very  s tab le  cyan ide -  

M o  w c o - o r d i n a t e d  state,  to  the  uns t ab l e  cyan ide -  

M o  w c o - o r d i n a t e d  state,  f r o m  w h i c h  cyan ide  dissoci -  

a tes  s p o n t a n e o u s l y  a n d  easi ly ( N o t t o n  a n d  H e w i t t  

1971 b). In  the  absence  o f  a d d e d  o x i d a n t s  r e a c t i v a t i o n  

p r o b a b l y  occurs  by  ve ry  s low in t e rna l  e l ec t ron  t rans-  
p o r t  f r o m  M o  TM to  the  read i ly  a u t o x i d i s a b l e  h a e m  

cen t re  a n d  a s imi la r  s low r e a c t i o n  m a y  occu r  wi th  

2 , 6 - d i c h l o r o p h e n o l i n d o p h e n o l .  
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course of this work and thanks also the University of Seville and 
the Department of Education in Spain for extended study leave. 
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