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Abstract 

The pH dependence of squash-leaf nitrate reductase has been studied. It has been found that high- and low-activity forms 
of purified nitrate reductase (both forms dephosphorylated) have different optimum pH values. A high-activity form has 
always a higher pH optimum compared with a low-activity form. Model computations show that the decrease in activity and 
the corresponding change of the pH optimum is apparently due to a conformation-dependent increase of proton dissociation 
of the enzyme. As previously shown, this behavior is also observed in leaf extracts during the conversion (and probably 
phosphorylation of nitrate reductase) from a high-active form to a low-active form when plants are transferred from light to 
darkness. 0 1997 Elsevier Science B.V. 

Ke~~rds: Nitrate reductase; pH; Kinetics; Cucurhifa mc~,xGmr (squash) 

1. Introduction 

Nitrate reductase (NR) catalyzes the reduction of 
nitrate to nitrite. 

NADH+H++NO, zNAD++NO; +H,O 

CR’) 

This process is rate-determining in the assimilation 
of nitrate to organically bound nitrogen in higher 
plants and algae, and is therefore considered as one 
of the regulating steps in nitrogen metabolism. The 
activity of nitrate reductase is regulated at the tran- 
scriptional level [l,2]. but fine tuning of activity at 
the posttranslational level is also of physiological 
importance [3-91. 
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NADH:nitrate reductase is a composite enzyme 
which consists of two identical monomer units. Each 
monomer contains FAD, heme and molybdenum 
pterin-binding domains (Fig. 1). One way of regulat- 
ing nitrate reductase appears by phosphorylation at a 
conserved serine (located in the hinge between heme 
and molybdenum pterin-binding domains, Fig. 1) in 
the presence of Mg’+ and inhibiting proteins [ IO,1 11 
when plants are exposed to darkness. Nitrate reduc- 
tase-inhibiting proteins (NIP) have recently been 
identified to belong to the 14-3-3 family [ 12,131. 

We have previously shown [ 141 that purified ni- 
trate reductase has hysteretic properties [ 15- 171, i.e., 
the enzyme interconverts slowly between high- and 
low-activity forms. It has now been found that the 
purified enzyme showing hysteresis is not phospho- 
rylated at the regulatory serine site. In this paper, we 
show that nonphosphorylated high- and low-activity 
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Fig. I. Schematic representation of higher plant nitrate reductase 
monomer. Arrows indicate electron flow from NADH through 
FAD domam, bT5, and MO-cofactor to NO, [Il. The asterisk 
indicates the hinge between b4<, and MO-cofactor binding do- 
mains where the regulatory serine is located. (a) ‘Closed’ confor- 
mation; (b) ‘Open’ conformation. An increase of KE’“’ can be 
understood as a consequence of the open structure and an easier 
dissociation of the protons in the reacting solution. For discussion, 
see Sections I and 3.3. 

forms of purified nitrate reductase have different 
optimum (assay) pH values. A high-activity form has 
always a higher pH optimum compared with a low- 
activity form. Model computations show that the 
decrease in activity and the corresponding change of 
the pH optimum is due to a conformation-dependent 
increase of proton dissociation of the enzyme. Inter- 
estingly, this behavior is not only observed for the 
dephosphorylated purified enzyme, but also in leaf 
extracts during the conversion (and probable phos- 
phorylation) of a high-active nitrate reductase form 
to a low-active form when plants are transferred 
from light to darkness [ 181. Based on these observa- 
tions a schematic conformational model for the low- 
and high-activity forms of nitrate reductase is pro- 
posed. 

2. Materials and methods 

2.1. C&ration qf plants and enzyme preparation 

Squash plants (Cucurbita maxima) were grown 
and harvested as described earlier [ 141. Nitrate reduc- 
tase was purified [14] with affinity chromatography 

using blue sepharose and hydroxylapatite from 
light-treated plants and stored initially at pH 7.5 in 
25 mM tris-HCI buffer with 7 mM cysteine and 0.2 
mM EDTA. Nitrate reductase was purified SOO-fold 
with a specific activity of 12 units/mg protein [ 141. 
One unit of nitrate reductase is defined as the rate of 
1 pmol of nitrite produced in 1 min. Studies with 
NIP and Mg21 showed that this form of nitrate 
reductase appears not to be phosphorylated (see be- 
low). Enzyme from this purification was also com- 
pared with a preparation where an additional im- 
munological purification step [ 191 using a 
sepharose-immobilized antibody against NR was in- 
cluded. No differences in the hysteretic properties 
between the immunological and the blue sepharose 
preparations were detected indicating that the blue 
sepharose preparation gives an adequate description 
of the hysteretic properties of squash nitrate reduc- 
tase. 

Initial velocities I:,, of process Rl were deter- 
mined by measuring spectrophotometrically at 540 
nm the amount of nitrite ion produced as the diazo 
compound formed from sulfanilamide [20]. 

2.2. Diprotic model 

This model is well-established [21-251 and used 
to describe bell-shaped activity-pH curves. The en- 
zyme is considered as a diprotic acid EH,, but only 
species EH- and EHS are catalytically active. 
KE(“) and Kz(“) are dissociation constants of the 
fi;t and second dissociation steps of enzyme species 
EH, and EH,S, respectively, while k,, k_ , and k2 
are rate constants for the catalytically active reac- 
tions. 

EH2 EH2S 

&I) f$ K: k,[Sl (L5) NK:” kp 
EH- 2 EHS- 

(4 f$ K; ,:; (W f$ K; 
ic EH- + p 

E2- ES2- 

Rapid equilibrium assumption for steps Ll, L2, 



L.5 and L6 together with a steady-state assumption 
for species EHS leads to the rate equation: 

with V,,, = k2[El,, M, = I + (WI)/(K,E) + 
(K,E)/([H+l). M2 = 1 + ([H+I)/(K,ES) + 
(KiS)/([H+]) and K,=(k,+k_,)/(k,). [El, is 
the total concentration of the enzyme. 

3. Results and discussion 

3. I. Acticity-dependence on storage pH 

In order to assure identical amounts of enzyme at 
different storage conditions, a batch of purified ni- 
trate reductase was divided into two aliquots. In 
these aliquots the storage buffer was changed to 
either K-phosphate buffer (or to tris, hepes or 
bis,tris-propane buffers) of different pH values. En- 
zyme from both aliquots were taken and initial ve- 
locities were determined at different assay pH values 
in the range 6.5-8.5. Interestingly, at low assay pH, 
initial velocities L’, approached the same activity-pH 
curve and reaction velocities were practically inde- 
pendent of the storage buffer’s pH. At high-assay 
pH, initial velocities became markedly different and 
a ‘splitting’ of the c’,-pH curve occurred (Fig. 2a). 
This ‘splitting’ is observed directly after the pH of 
the storage buffer has been changed. Probably due to 

Fig. 2. (a) Solid and open circles show experimental initial 
velocities (mean of 4 independent experiments) of a NADH (100 
PM)-KNO, (5 mM)-nitrate reductase system. where divided 
nitrate reductase samples were stored in 50 mM phosphate buffers 
(including 3.5 mM cysteine) at pH 6.5 and pH 8.5, respectively. 
Solid lines <how computations from kinetic model. pH 6.5: K.2 = 
KY = 1.4~ IO-’ M: K; = K;’ = 1.0~ IO-” M. pH 8.5: K; = 
K,y = 1.4X IO-’ M: Kk = Kk’ =7.0X IO-” M. The assay pH 
optimum pH,,, corresponds to maximum I‘~, (dashed lines) and is 
given by the relationship pH,,,, =(1/2)(pK:_ +pK;). (h) ‘Split- 
ting’ B of I’,) at assay pH 8.75 for nitrate reductase stored at pH 
values 6.5 and 8.5 (see Fig. 2a) as function of storage time. Solid 
line is a curve fit of experimental data to saturation curve J = 
0.08 + cl,{ I - exp( - l/2 t)). (c) Linear relationship between pH of 
storage buffer and observed assay pH optimum. 

the enzyme’s hysteretic properties, the ‘splitting’ 
increases slightly and reaches a final value (Fig. 2b). 
In addition to the ‘splitting,’ a systematic change of 
the optimum-assay pH values (dashed lines) was 
observed. It was found that the more basic the 

.E 
E 
$ 0.2 - 

5 
S 
u5 

! 
- 0.1 - 

$ 

I I 
pH 8.5 

0.0 ’ I I I I I 

6.5 7.0 7.5 8.0 6.5 9.0 
pH in assay 

o.20/ 

0.001 I I I I I 
0 50 100 150 200 250 300 

Time, Min 

7.9 - 

% 
h 
2 7.8 - 
I 
f 

.: 7.7 - 
‘I 
0 

7.6 - 

‘e 

\ 
??

1 

751 I / I I I I 
6.0 65 70 7.5 8.0 6.5 9.0 

pH of storage buffer 



62 P. Ruofl; C. Lillo/ Biophysical Chemisty 67 (1997) 59-64 

Table I 
Parameter values” for different buffer systems 

Bufferb K; (Ml KiS (M) K,E (MI KiS (M) K, @I) VAX 

K-phosphate 
Tris 
Bistris-propaned 
Hepes 

1 x 10-7 I x IO_’ 2 x lo-9 2 x lo-’ I x lomJ I.1 
2 x 10-7 1 x lo-6 2 x 10-s 3 x 10-9 1 x lo-J 0.70 
3 x IO_’ 2 x 10-h 6 x IO-” I x 10-O 9 x 10-s 0.75 
5 x IO_’ 2 x lomh 9 x 10-9 2 x IO_” I x 10-j 0.90 

“See Ref. 1261. Uncertainties of regression parameters: V,,, , f 10%; K,b,, f 5%; K1\“$’ values, & 30%. 
b50 mM buffer concentration in assay; enzyme stored in 25 mM tris-HCI buffer, pH 7.5 with 1 mM EDTA and 3.5 mM cysteine. 
‘In AOD5&3 min. 
d(l,3-bis[tris(hydroxymethyI]methy1amino]propan~; p K, = 6.8; ph = 9.0 (25°C). 

storage buffer got, the more acidic became the opti- 
mum-assay pH (Fig. 2~). 

3.2. Presence 
buffer 

and absence qf cysteine in storage 

Cysteine is known to stabilize nitrate reductase 
preparations and to preserve the high-activity form 
of the enzyme. According to this, cysteine preserves 
high (assay) pH optimum values compared with 
enzyme preparations when no cysteine is present. On 
the other hand, cysteine is not able to convert a 
low-activity form (nitrate reductase with a delayed 
product formation, [14]) to a high-activity form. 

In the absence of cysteine, nitrate reductase 
preparations slowly transform from a high-activity 
form to a low-activity form with delayed product 
formation [ 141. Nitrate reductase preparations with 
an increasing extent of hysteresis also show succes- 
sively decreasing optimum (assay) pH values [ 181. 

3.3. Kinetic parameters from diprotic model 

To get information about the nitrate reductase 
kinetic parameters from the diprotic model, we have 
measured initial velocities of the purified nitrate 
reductase. Table 1 shows the various determined 
parameters. Fig. 3 shows initial velocities U, in 50 
mM K-phosphate buffer at different initial NO; 
concentrations and pH values keeping [NADH], con- 
stant at 100 PM. Solid lines are the result from a 
nonlinear curve fit of the kinetic parameters to the 
experimental data points (see legend of Fig. 3 for 
more details). Besides K-phosphate buffer, we have 
performed the same kinetic analysis in tris, bis,tris- 

propane and hepes buffers. The apparent K, value 
for nitrate was found to be 100 PM. 

It should be noted that in all the studies reported 
here, nitrate reductase was extracted as a high-active 
form, i.e., under conditions where the enzyme shows 
no inhibition with NIP and Mgzf, and is therefore, 

4.5 , / I 
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Fig. 3. Inset: Symbols show experimental initial rates I’,, 
(AOD,,O /3 min) of the nitrate reductase-NADH-nitrate system 
in phosphate buffer dependent of assay pH when initial nitrate 
concentration is varied. Nitrate concentrations are (from top to 
bottom): 5 mM, 400 PM, 200 FM, 13.5 PM and 100 FM. Initial 
NADH concentration for all experiments: 100 FM. Solid lines 
show nonlinear regression fit using the diprotic model. Parameter 
values are given in Table 1. Main figure: Symbols show experi- 
mental double reciprocal values as a function of assay pH. pH 
values (from top to bottom): 7.0, 8.5, 7.5, 8.0. Straight lines show 
the calculated double reciprocal lines obtained from optimized 
parameter values (Table I) of the diprotic model. Optimization of 
parameters were done by the commercial plotting programme, 
SigmaPlot [26]. For the phosphate buffer system the condition 
Kf = KY was used to get the intersection point on the abscissa. 
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Fig. 4. The fraction of active form ,f;H5 of enzyme EHS- in 
diprotic model as a function of pH. ,fkHS =[S]/(M, K,, + M2 
[S]). For definition of M, and M, see Section 2.2. 

according to present theories [ 10,l I], not phosphory- 
lated at the regulatory serine (Fig. I). Consequently, 
the low-activity form obtained during hysteresis [ 141 
is neither phosphorylated at this site. 

Typical to all velocity CL’,,)-pH curves is that at 
low-assay pH values, the curves approach each other, 
while at higher pH they split (Fig. 2a). The explana- 
tion of the ‘splitting’ can be made with the diprotic 
model by an increased dissociation of the second 
proton of species EH- and EHS-. In the diprotic 
model the reaction velocity L’ can be calculated from 
the fraction ,fEHS of the active form of the enzyme, 
EHS-, i.e., I: = kZIElo,fEHS. Fig. 4 shows that a 
change in Ki”’ can describe the experimental be- 
havior: increasing Ki”’ values show a decrease in 
the optimum-assay pH, while a ‘splitting’ in ,f,,, 
occurs at higher (assay) pH. The physical origin of 
the ‘splitting’ may be related to a change in the 
enzyme’s conformation dependent upon storage pH. 
At high-storage pH, it might be energetically more 
favorable for the enzyme to have an open conforma- 
tion (Fig. 1 b) and expose more dissociable protons to 
the medium (which otherwise would be buried in the 
enzyme’s interior). The result would be an increase 
of solvation energy due to the H’-OH- reaction. 
Probably also more than two protons determine the 
activity state of the enzyme. In the diprotic model 
the first proton dissociation may be unaffected by a 
conformational change, because the dissociation site 
is already exposed to the medium. The second proton 
in the diprotic model probably reflects proton disso- 
ciation sites that become increasingly exposed to the 
medium as the enzyme’s conformation becomes more 

open (Fig. lb). This could at least qualitatively ex- 
plain the increasing KE”’ values with increasing 
storage pH. 

Why is Fig. 2c linear? As indicated above. Ki”) 
may be related to the conformational state or confor- 
mational energy of the hydrated enzyme, which again 
is a function of storage pH. The linearity in Fig. 2c 
may reflect a linear free energy relationship between 
PK~~’ and pH,,irrnge. If pK,z’“) is not dependent 
upon storage pH (see argument above) then the 
optimum-assay pH becomes a linear function of 
storage pH, because pH,,, = (1 /Z>(p Kf + p KE). 
We are not aware of other enzyme systems showing 
this behavior. but a similar linear relationship be- 
tween the logarithm of substrate (S) concentration 
and optimum pH was observed for the Neurmporu 
crmm alkaline phosphatase (see Fig. 3 in Ref. [27]). 
Perhaps also here the linear log [H+lopt - log [S] 
relationship reflects a linear free energy relationship 
between conformational states induced by environ- 
mental conditions. 

The question, whether the picture of open and 
closed conformations also applies for the phosphory- 
lated NR-NIP complex will be the subject of further 
studies. 
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