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Summary. Nitrate reductase was protected from inactivation in wheat leaf extracts by NADH, while NADPH 
was less effective. NAD, NADP or adenylates did not affect nitrate reductase inactivation in vitro. Glutamine 
synthetase was more stable than nitrate reductase and was protected from inactivation by ATP. ADP, AMP or 
pyridine nucleotides had no or only a minor effect on the decrease of  glutamine synthetase activity in extracts. 
The caseolytic activity extracted from senescing leaves was slightly decreased by NADH and NADPH but this 
effect was not sufficient to explain the stabilization of  nitrate reductase by NADH. Oxidized pyridine nucleo- 
tides and adenylates had no major effect on the caseolytic activity under the conditions used. 

Introduction 

There is evidence that nitrate reductase (NR) can be 
inactivated in plant extracts by endogenous peptide 
hydrolases2-4~ Phenylmethylsulfonylfluoride (an inhi- 
bitor of  serine peptide hydrolases) has been found to 
protect NR from inactivation in extracts from maize 
roots 5. Leupeptin (an inhibitor of some endopepti- 
dases) has been noted in barley leaf extracts to 
prevent the formation of  smaller breakdown products 
from NR  4. Leupeptin also improves the stability of 
several enzymes in extracts from castor bean endo- 
sperm 6. Aminopeptidase has been found to be more 
stable under conditions of low endopeptidase activity 
in extracts from bean cotyledons collected at various 
stages of  germination 7. Treatments of  the extracts 
causing lower endopeptidase activities delay the inac- 
tivation of  aminopeptidase. 
For the inactivation of  enzymes by proteolysis, both 
the peptide hydrolase activities present and the sus- 
ceptibility of  the substrate proteins (e.g. enzymes) are 
important 8. Substrates, coenzymes and other low 
molecular weight compounds have been found to 
change the susceptibility of  various enzymes from 
microorganisms and animals to peptide hydrolases in 
vitro and in vivo 8. ATP-stimulated peptide hydrolases 
have been detected in rat liver 9 and in E. coli 1~ 
Nitrate reductase which is known to be a very un- 

stable enzyme, and glutamine synthetase (GS) are 
involved in the assimilation of inorganic nitrogen. 
While the former is needed only for the assimilation 
of  nitrate, GS is also required for the reassimilation of 
ammonium liberated in the photorespiratory nitrogen 
cycle 11 or in other metabolic processes (e.g. by phenyl- 
alanine ammonia lyase, threonine dehydratase). NR 
requires for its enzymatic activity reduced pyridine 
nucleotides and ATP is needed for the GS reaction. In 
order to investigate the effect of  adenylates and of  
pyridine nucleotides on enzyme inactivation, NR and 
GS are of  interest because of their different cofactor 
requirements. 
The objectives of  the present work were to investigate 
the in vitro stability and inactivation of NR and GS in 
leaf extracts, and to examine the effects of  adenylates 
and of pyridine nucleotides on the inactivation rates. 
Since highest endopeptidase activities had been found 
in wheat leaves late in senescence 12, extracts from 
senescing flag leaves were used as a source of  proteo- 
lytic activity. 

Materials and methods 

Plant materials. Flag leaves of  winter wheat (Triticum 
aestivum L., cv. 'Probus') were collected on a field in 
Zollikofen near Bern at various stages of  development 
during summer 1981. These leaves were transported 
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in plast ic  bags  on  ice to the  l a b o r a t o r y  and  s tored  
frozen ( - 1 8  ~ F l a g  leaves  col lected on  June  12th 
were used as the source o f  G S  (extract  o f  y o u n g  leaves 
in exper imen t s  with GS).  Extracts  f rom senescing 
leaves were p r e p a r e d  in all  exper imen t s  f rom senes- 
cing flag leaves col lected on July  17th. The  ext rac t  
f rom senescing leaves  showed very  high endope p t i -  
dase  activity,  no N R  act ivi ty  and  only  a m i n o r  G S  
act ivi ty  (less than  3% of  the act ivi ty  found  in extracts  
f rom young  leaves).  
Since N R  act ivi ty was lost upon  freezing,  whea t  p lan ts  
were also grown in a cul ture  room in pots  with coarse  
quar tz  sand.  The  pots  with the ge rmina t ed  whea t  were 
p laced  in a rec ip ient  con ta in ing  nu t r ien t  solut ion with  
3.5 m M  ni t ra te  as n i t rogen  source ]3. The  p lan ts  were 
grown in a 14 h l igh t /10  h da rk  cycle as descr ibed  
ear l ier  13. Leaves  o f  2 -4 -week-o ld  seedl ings were used 
as the source o f  N R  (extract  o f  young  leaves in 
exper iments  inves t iga t ing  N R  inact ivat ion) .  These  
leaves were col lected i m m e d i a t e l y  before  extract ion.  

Enzyme extraction and pre-incubation of extracts. L e a f  
samples  were ex t rac ted  in 4 vo lumes  o f  ex t rac t ion  
m e d i u m  (100 m M  imidazole-HC1 p H  7.5, 15 m M  
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Figure 1. Stability of nitrate reductase in extracts from wheat 
leaves. Fresh extract from young leaves was mixed (1:1) with: fresh 
extract from senescing leaves (A), extract from senescing leaves 
precipitated with ammonium sulfate and resuspended in buffer (B), 
extract from senescing leaves kept for 5 min at 100 ~ (C), extract 
from senescing leaves containing 2% casein (D) and buffer (E). The 
symbols represent the means +_SD of 5 separate pre-incubations. 
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MgSO4,  12 m M  m e r c a p t o e t h a n o l  and  1% w / v  polyvi -  
ny lpo lypy r ro l i done )  using a Po ly t ron  h o m o g e n i z e r  
(Kinemat i ca ,  Luzern)  for 20 sec at  low speed  and  for  
5 see at  full  speed.  The  h o m o g e n a t e  was passed  
th rough  Mirac lo th  (Ca lb iochem,  San  Diego)  and  cen-  
t r i fuged for 10 min  at  20,000•  g in a Sorval l  RC-5 
centr ifuge.  The  supe rna tan t s  were then  desa l t ed  by  
cen t r i fuga t ion  th rough  S e p h a d e x  G-25 co lumns  14 
equ i l ib ra t ed  with ext rac t ion  m e d i u m  minus  po lyv iny l -  
po lypyr ro l idone .  Ext rac t  f rom y o u n g  leaves was 
mixed  1:1 with e i ther  buf fe r  (control)  or  with extract  
f rom senescing leaves.  Effectors  were a d d e d  to these 
mic tures  f rom 10-fold concen t r a t ed  stock solut ions  
(1.8 ml  extract  p lus  0.2 ml  stock solut ion) .  Buffer  
ins tead  o f  the stock so lu t ion  was a d d e d  to the con- 
trols. The  samples  were p r e - i n c u b a t e d  in s toppe red  
test tubes  in the cold room (2 ~ or  in a wate r  ba th  
(30 ~ In all  exper imen t s  the p H  was 7.5 du r ing  the 
p re - incuba t ion .  

Ammonium sulfate precipitation. Solid a m m o n i u m  sul- 
fate was a d d e d  to the cen t r i fuged  extract  (10 ml  
extract  p lus  4.74 g a m m o n i u m  sulfate)  and  s t i r red for 
30 min  at  2 ~ The  p rec ip i t a te  was col lected by  
cen t r i fuga t ion  (10 min  at 20,000 • g), r e s u s p e n d e d  in 
ex t rac t ion  m e d i u m  minus  po lyv iny lpo lypy r ro l i done ,  
and  desa l ted  on Sephadex  G-25 as desc r ibed  above .  
Most  o f  the caseolyt ic  act ivi ty  (86-97%) o f  the act ivi ty  
p resen t  in the or ig inal  extract)  was recovered.  The  
resuspended  and  desa l ted  prec ip i ta te  was used to 
invest igate  the effect o f  pyr id ine  nucleot ides  and  o f  
adeny la te s  on the caseolyt ic  act ivi ty  at  p H  7.5 ( table  
2) and  for inac t iva t ion  exper iments  as ind ica ted  
(figs 1 and  2). Fo r  measu remen t s  o f  the caseolyt ic  
act ivi ty  at p H  5.4 ( table  2) the r e suspended  prec ip i ta te  
was desa l ted  on Sephadex  G-25 equ i l ib ra t ed  with 
100 m M  acetate  buffer  p H  5.4. 

Enzyme assays. Nit ra te  reductase  was d e t e r m i n e d  as 
descr ibed  ear l ier  ]5, except  that  E D T A  was omi t t ed  
f rom the assay mixture .  T h e  n i t ra te  fo rmed  was 
de tec ted  with the Gr iess - I losvay  reagent  ]6. I f  N A D H  
or  N A D P H  was present  in the p re - incuba t ion  mix- 
ture, b lanks  were m a d e  wi thout  ni t rate .  

Table 1. Effect of pyridine nucleotides and ascorbic acid on the stability of nitrate reductase in extracts from wheat leaves 

Compound added Initial activity % of the initial activity 
(final concentration (I.tmol/h/ml) min pre-incubated at 30 ~ min pre-incubated at 2 ~ 
during pre-incubation) 15 24 33 54 37 60 90 120 150 

Control 3.21 _+ 0.08 22 4 3 < 1 44 36 32 24 12 
NADP (3 mM) 3.36+_0.48 26 12 6 < 1 46 46 33 23 12 
NADPH (1 mM) 3.22+_0.39 38 21 12 9 74 72 65 40 18 
NADPH (3 mM) 3.48+_0.35 63 37 34 27 100 86 88 92 80 
NADH (3 raM) 3.41 +_ 0.24 96 70 60 36 108 103 103 100 105 
Ascorbate (10 mM) 3.23+_0.52 20 5 < 1 < 1 37 33 22 17 7 

The initial activity represents the mean • SD of 5 replicates. The remaining activity at 30 ~ and at 2 ~ was determined for each compound 
in 5 separate pre-incubations and the data shown represent the means of these 5 replicates. 
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G l u t a m i n e  synthetase  was de t e rmined  by  measur ing  
the A T P - d e p e n d e n t  p roduc t ion  o f  7 -g lu tamyl  hydrox-  
a m a t e  17. Blanks  were m a d e  wi thout  ATP.  I f  adeny-  
lates were a d d e d  to the extracts,  a 2nd set o f  b lanks  
was p r e p a r e d  wi thout  hydroxy lamine .  The  differences 
be tween  the 2 b lanks  were used as indica tors  for the 
ac tua l  A T P  concen t ra t ion  in the p r e - i ncuba t ed  ex- 
tracts.  The  low activit ies observed  in b lanks  wi thout  
A T P  were c o m p a r e d  with the 7-g lu tamyl  hydrox-  
a m a t e  fo rma t ion  when  low concent ra t ions  o f  A T P  
were a d d e d  to ATP-f ree  assays. 
A d e n y l a t e s  and  pyr id ine  nucleot ides  a d d e d  to the 
p r e - i n c u b a t i o n  mixtures  d id  not  affect the ini t ia l  
activit ies o f  N R  and  GS.  The  r ema in ing  enzyme 
act ivi t ies  in inac t iva t ion  exper iments  are  expressed in 
% of  the  ini t ia l  activity.  
The  pro teo ly t ic  act ivi ty  with azocasein  as subs t ra te  
was d e t e r m i n e d  at  37 ~ as descr ibed  ear l ier  12, except  
tha t  the  Tris-HC1 buffer  p H  7.5 was rep laced  by  
ext rac t ion  m e d i u m  minus  po lyv iny lpo lypyr ro l idone .  
Ace ta te  buf fe r  (100 m M )  was used for the measure -  
ments  at  p H  5.4. 
In  o rde r  to detect  the loss o f  N A D H  dur ing  pre-  
incuba t ion ,  50 txl o f  the p re - incuba t ion  mixtures  were 
a d d e d  to 0.95 ml  dist i l led wate r  and  the OD366 was 
r ead  i m m e d i a t e l y  after  di lut ion.  Di lu ted  extracts  
wi thout  N A D H  were used as blanks.  

Results and discussion 

G S  was cons ide rab ly  more  s table  than  N R  in extracts  
f rom whea t  leaves (figs 1 and  2). This  is consis tent  
with the fact that  G S  is still p resent  in young  whea t  
leaves af ter  f reezing (6-12% loss), while  essent ia l ly  n o  
N R  act ivi ty  was found  in extracts  f rom frozen leaves.  
G l u t a m i n e  synthe tase  is p resen t  in cereal  leaves  in 
2 forms (GS  I loca ted  in the cy top lasm and  G S  II  
loca ted  in the chloroplasts)  18,19. Since G S  I contr ib-  
u ted  in young  whea t  leaves to only a b o u t  10% of  the 
total  act iv i ty  (da ta  not  shown),  the results  ob t a ined  

with extracts  f rom young  leaves m a i n l y  descr ibe  the 

Table 2. Effect of pyridine nucleotides and of denylates on the 
caseolytic activity (azocaseinase) in extracts from senescing wheat 
leaves 

Compound added Azocaseinase Azocaseinase 
(final concentration pH 5.4 pH 7.5 
during incubation) mg/h/g fresh mg/h/g fresh 

wt*) %**) wt*) %**) 

Control 2.66+0.42 100 2.88+0.24 100 
NAD (3 mM) 2.84• 107 2.90+0.17 100 
NADH (3 mM) 1.63+0.28 61 2.13+0.35 74 
NADP (3 mM) 2.43+0.33 91 2.73+0.32 95 
NADPH (3 mM) 1.48 _+ 0.32 55 1.94 4- 0.20 67 
ATP (10 mM) 2.94+0.52 110 2.774-0.22 96 
ADP (10 mM) 2.68+0.50 100 3.03+0.31 105 
AMP(10mM) 2.78+0.30 105 2.90+0.19 101 

*) Mean + SD of 5 determinations (mg azocasein hydrolyzed per h 
per g fresh weight); **) % of the control. 

p roper t ies  o f  G S  II. W h e n  extract  f rom senescing 
leaves was mixed  with extract  f rom young  leaves,  
bo th  N R  and  G S  were inac t iva ted  more  r ap id ly  than  
in extract  f rom young  leaves d i lu ted  with buf fe r  
(figs 1 and  2). In  the presence  o f  1% casein the 
s tabi l i ty  o f  the  2 enzymes  was cons ide rab ly  i m p r o v e d  
in the mixed  extracts  and  was s imi lar  to the s tabi l i ty  
observed  in extract  f rom young  leaves d i lu ted  with 
buffer.  Since the ' fac tor '  inac t iva t ing  N R  and  G S  was 
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Figure 2. Proteolytic activity and stability of glutamine synthetase 
in extracts from wheat leaves. Fresh extract from young leaves was 
mixed (h l) with: fresh extract from senescing leaves (A), extract 
from senescing leaves precipitated with ammonium sulfate and 
resuspended in buffer (B), extract from senescing leaves kept for 
5 min at 100 ~ (C), extract from senescing leaves containing 2% 
casein (D) and buffer (E). The symbols for glutamine synthetase 
activity represent the means +SD of 5 separate pre-incubations. 
The bars for the proteolytic activity represent the means of dupli- 
cate measurements at the beginning of the pre-incubation. 
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Figure 3. Effect of the amount of extract from senescing leaves 
added on the inactivation of glutamine synthetase and on caseolytic 
activity present during pre-incubation. A Extract from young leaves 
mixed with buffer (1:2). B Extract from young leaves 
mixed with buffer and with extract from senescing leaves (hh l ) .  
C Extract from young leaves mixed with extract from senescing 
leaves (1:2). The symbols for glutamine synthetase activity repre- 
sent the means ___SD of 5 separate pre-incubations. The bars for the 
proteolytic activity represent the means of duplicate measurements 
at the beginning of the pre-incubation. 
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precipitable by ammonium sulfate and was ineffective 
after heating for 5 min at 100 ~ it appears likely that 
it is a protein. A good correlation was found between 
the caseolytic activity in the extracts and the velocity 
of  enzyme inactivation (fig 2 and 3). Our data are 
consistent with the hypothesis that the rapid inactiva- 
tion of NR could be due to proteolysis 2-4. Although 
GS was more stable than NR, similar inactivating 
processes must be assumed. The endopeptidase(s) 
reaching highest activities during protein mobilization 
from senescing leaves 12 should be considered as a 
major factor involved in the inactivation of NR and 
GS. 
NR was protected from inactivation when NADH 
(1 mM) was present in the preincubation mixture, 
while the addition of NAD or of adenylates had no 
effect (fig. 4). NADPH was less effective than NADH 
at both 1 mM and 3 mM concentrations (fig.4, 
table 1), NADP (3 mM) was ineffective. The addition 
of the oxidized forms of  the pyridine nucleotides 
(NAD, NADP) did not alter the inactivation rate of  
NR. With NADPH as coenzyme, NR activity was 
about 25% of the activity observed with NADH 
(results not shown). The more effective coenzyme 
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(NADH) was also a better protectant than N A D PH 
for NR. Since the addition of ascorbate (table 1) did 
not alter the inactivation rate, it appears unlikely that 
the protection of  NR is a general effect of  reducing 
substances. 
The inactivation of  GS was only slightly delayed in 
the presence of 3 mM NADH, and NAD was ineffec- 
tive in the same concentration (fig. 5, A). In contrast to 
NR, GS was protected by ATP (fig.5, B). AMP had 
no effect on GS inactivation and ADP often seemed 
to slightly protect GS during the initial time of  pre- 
incubation. The effect of ADP is probably due to the 
formation of ATB by adenylate kinase activity 
present in the extracts. GS activity was, after a pre- 
incubation of 5.5 h at 30 ~ with 10 mM ATP, still 
above 70% of  the initial activity (data not shown). 
The metabolization of ATP during pre-incubation 
lowered the ATP concentration in the pre-incu- 
bation mixture as shown in figure 5, B. A better 
protection of GS should be possible if the ATP 
concentration could be maintained at 1 mM. The 
decrease of the NADH concentration was a problem 
as well. The rapid inactivation during the 1st h of pre- 
incubation, when the NADH level was still high 
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Figure 4. Effect of pyridine nucleotides (A) and of adenylates (B) 
on nitrate reductase inactivation. Extract from young wheat leaves 
was mixed 1:1 with extract from senescing flag leaves before the 
effectors were added from stock solutions. The initial nitrate 
reductase activity was 3.46 (A) and 3.61 (B) pmol/h/ml.  The 
symbols represent the means +SD of 5 separate pre-incubations. 
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Figure 5. Effect of pyridine nucleotides (A) and of adenylates (B) 
on glutamine synthetase inactivation. Extract from young wheat 
leaves was mixed 1:1 with extract from senescing flag leaves before 
the effectors were added from stock solutions. The initial glutamine 
synthetase activity was 20.3 (A) and 23.3 (B) pmol/h/ml.  The 
symbols represent the means +SD of 5 separate pre-incubations. 
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(fig.5, A), shows that NADH was not effectively 
protecting GS. In experiments with 3 mM NADPH 
no major stabilization of GS activity was observed. 
Therefore it can be concluded that pyridine nucleo- 
tides in either reduced or oxidized form had no or 
only a minor effect on GS inactivation. The addition 
of glutamate or of glutamine to the pre-incubation 
mixture did not alter the stability of GS (fig. 6). GS 
inactivation was slightly accelerated if magnesium 
ions were omitted from the pre-incubation mixture. 
Assuming that the rapid inactivation of NR and GS 
after the addition of extract from senescing leaves was 
due to proteolysis, it remained open whether the 
effectors (NADH, ATP) were interacting with the 
substrate proteins (NR, GS) or with the proteolytic 
enzymes. The different behavior of NR and GS in 
presence of pyridine nucleotides and adenylates sug- 
gests interactions with the substrate proteins rather 
than with the peptide hydrolase(s). As shown in 
table 2, the hydrolysis of azocasein by extract from 
senescing leaves was not affected by adenylates. 
Reduced pyridine nucleotides in concentrations of 
3 mM diminished the azocasein hydrolysis at pH 5.4 
by 39% (NADH) and by 45% (NADPH). At pH 7.4 
(pH of the pre-incubation mixtures in inactivation 
experiments) azocasein hydrolysis was reduced only 
by 26% (NADH) and by 33% (NADPH). This minor 
effect of reduced pyridine nucleotides on peptide 
hydrolase activity at pH 7.5 could be responsible for 
the slight stabilization of GS by NADH. 
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Figure 6. Influence of Mg, glutamate and ghitamine on the inacti- 
vation of glutamine synthetase. Extract from young wheat leaves 
was mixed 1:1 with extract from senescing flag leaves. The concen- 
tration during pre-incubation was 15 mM for Mg and 20 mM for 
glutamate and glutamine. The initial glutamine synthetase activity 
was 25.7 gmol/h/ml.  The symbols represent the means +SD of 
5 separate pre-incubations. 

Considerable direct and indirect effects of pyridine 
nucleotides and of adenylates on the inactivation of 
NR and GS were observed in wheat leaf extracts. It 
remains open whether the degradation rates of these 
two enzymes can also be altered in vivo by adenylates 
or pyridine nucleotides. Interactions of low molecular 
weight compounds with peptide hydrolases or with 
substrate proteins should be considered as possible 
factors regulating proteolysis. 
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