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Abstract The assimilatory nitrite reductase catalyses the 
conversion of nitrite to ammonia. The enzyme from Candida 
utilis has been previously purified to homogeneity and shown to 
be a heterodimer consisting of 58 kDa and 66 kDa subunits. The 
enzyme has also been shown to be induced by nitrate and 
repressed by ammonium ions. The levels of nitrite reductase 
mRNA, its protein and the enzyme activity were modulated 
together indicating that the primary level of regulation of this 
enzyme existed at the transcriptional level. Here we report that 
the 58 kDa and 66 kDa subunits of the enzyme were 
differentially phosphorylated under the induced and repressed 
conditions, indicating a second level of regulation. The highly 
phosphorylated 66 kDa subunit was shown to be dephosphoryl-
ated by calf intestinal alkaline phosphatase. The enzymatic 
activity associated with the native enzyme also decreased due to 
the dephosphorylation. Each of the subunits could undergo 
autophosphorylation at serine/threonine residues as demon-
strated by thin layer chromatography and recognition by 
antibodies to phosphoamino acids. The presence of similar 
phosphorylated subunits under in vivo conditions has also been 
demonstrated. A model has been proposed to explain the post-
translational regulation of the enzyme. 
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1. Introduction 

Nitrite reductase is one of the key enzymes in the nitrogen 
assimilation pathway, involved in the conversion of nitrite to 
ammonia. Although the purification and characterisation of 
nitrite reductases from many systems have been studied in 
great detail, the regulation of the enzyme is a comparatively 
less studied aspect. The gene expression is controlled predom-
inantly at the level of transcript accumulation. It has been 
found in many cases that the induction of gene expression is 
caused by nitrate or nitrite and the repression by ammonia. 
Nitrate has been shown to induce nitrite reductase activity in 
maize [1,2], spinach [3], Aspergillus nidulans [4], barley [5] and 
mustard [6]. Apart from plants, the transcriptional control for 
nitrite reductase gene expression has been studied in cyano-
bacteria [7] and Chlamydomonas reinhardtii [8]. In Neurospora 
crassa [9] and the yeast Hansenula wingei [10], the regulation 
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has been studied only at the level of enzymatic activity. A few 
cases of post-translational modifications of nitrite reductase 
have been reported from various systems [11-13]. However, 
the regulation of this enzyme due to post-translational mod-
ifications has not yet been reported. 

Candida utilis, a unicellular eukaryote, belongs to the yeast 
family which is universally recognised as an important model 
system for the study of genetics. Apart from its many indus-
trial uses, С utilis serves as an ideal system for the study of 
nitrogen assimilation by virtue of its rapid growth, non-path-
ogenicity and adaptability to grow on a single inorganic 
source of nitrogen [14]. Phosphorylated enzymes have been 
characterised from this organism for quite some time [15-
18]. Recently a phosphorylation dependent signal transduc-
tion pathway has been implicated in the activation of cyto-
plasmic trehalese in С utilis [19]. 

We have previously purified and characterised the nitrite 
reductase from С utilis and shown it to be a heterodimer 
consisting of 66 kDa and 58 kDa subunits. The phosphoryl-
ated nature of the 66 kDa subunit was demonstrated when the 
enzyme was purified with nitrate as the source of nitrogen 
[20]. We have also recently shown that the primary level of 
regulation for this enzyme was transcriptional and conse-
quently the effect was also reflected at the translational level 
[21]. Here we report that a second level of regulation exists for 
this enzyme at the post-translational stage in the form of 
differential phosphorylation of the subunits under induced 
and repressed conditions. A model has been proposed to ex-
plain the mechanism by which nitrite reductase is regulated in 
C. utilis. 

2. Materials and methods 

2.1. Materials 
The ECL chemiluminescence kit and calf intestinal alkaline phos-

phatase (CIAP) were obtained from Amersham International, 
Amersham, Bucks, UK. [γ-32Ρ]ΑΤΡ (sp. act. 3000 Ci/mmol) and 
[32P]orthophosphate (carrier free) were purchased from Bhabha 
Atomic Research Centre, Bombay, India. X-ray film XR-2, developer 
and fixer were obtained from Indian Photographic Company Limited, 
Bombay, India. Zymolase, adenosine triphosphate (ATP), dithiothrei-
tol, phosphoamino acids, phosphoserine and phosphotyrosine anti-
bodies were purchased from Sigma Chemical Company, St. Louis, 
MO, USA. Yeast extract and peptone were purchased from Difco 
Laboratories, Detroit, MI, USA. Cellulose coated thin layer Chroma-
tographie (TLC) plates were bought from E. Merck, Darmstadt, Ger-
many. All other chemicals of analytical grade were obtained from 
BDH Limited, Bombay, India or from Sarabhai Chemicals, Baroda, 
India. 

2.2. Organism 
С utilis CBS 4511 (wild type), obtained from Centraalbureau voor 

Schimmelcultures, Delft, The Netherlands, was used in all experi-
ments. 
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2.3. Maintenance and growth conditions 
The С utilis cultures were maintained by monthly transfers on 

Sabouraud's dextrose agar slants containing 1% neopeptone, 1% dex-
trose, 0.2% yeast extract and 2% agar. 

The basal medium used to grow C. utilis was essentially as de-
scribed by Wickerham [22]. Nitrate and ammonia were used respec-
tively as supplements for the induction and repression of the enzyme 
as determined previously [21]. 

2.4. Preparation of cell free extract 
The harvested cells were resuspended in Tris-HCl buffer (10 mM, 

pH 8) containing 1 mM EDTA, 0.1 mM phenylmethylsulfonyl fluo-
ride (PMSF), 10 mM 2-mercaptoethanol and 10% glycerol and dis-
rupted in a French pressure cell at 15000 psi twice. The slurry was 
centrifuged at 8000 Xg for 20 min at 4°C and the supernatant was 
used for further experiments. 

2.5. Purification and assay of nitrite reductase 
The cells were grown with glucose (1%) as the sole source of car-

bon, and nitrate (50 mM) as the sole source of nitrogen. The enzyme 
was purified to homogeneity as described earlier [20]. Methyl viologen 
nitrite reductase activity was assayed by the method of Ida [23]. Ni-
trite disappearance was determined after a 100-fold dilution of the 
reaction mixture by the diazo coupling method [24]. 

2.6. Estimation of proteins 
The protein content was determined by the method of Lowry as 

modified by Hartree [25] using crystalline bovine serum albumin as 
standard. 

2.7. Electrophoresis and western immunoblot analysis 
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE) was carried out according to Laemmli [26]. Western blot 
analysis was carried out essentially according to the method of 
Towbin et al. [27]. For the phosphoamino acid analysis of the 
nitrite reductase subunits, phosphoserine and phosphotyrosine anti-
bodies were used at a dilution of 1:12 500. The corresponding sec-
ondary antibody from the chemiluminescence kit was used at a dilu-
tion of 1:5000. All detections were done according to the supplier's 
protocol. 

2.8. Immunoprecipitation 
Immunoprecipitations were performed with crude cell lysates, 

according to the method of Perbal [28]. The polyclonal antibody 
against Cucurbita pepo nitrite reductase [29] was used at a dilution 
of 1:2000. 

2.9. Separation and renaturation of subunits 
The two subunits of nitrite reductase were eluted out of the SDS-

PAGE gel and renatured according to the method of Hager and 
Burgess [30]. 

2.10. Assay for phosphatase activity 
The phosphatase activity of the separated subunits, reconstituted 

enzyme, and the native enzyme was assayed using p-nitrophenylphos-
phate as the substrate [31]. 

2.11. Assay for protein kinase activity 
The assay for the protein kinase activity was carried out according 

to Lorberboum et al. [32]. The subunits, individually (20 μg protein) 
or together (10 μg of each of the subunits), were incubated with 
[γ-32Ρ]ΑΤΡ at 30°C for 30 min. The presence of phosphorylated prod-
ucts were determined either by estimating the TCA insoluble Ceren-
kov counts in a scintillation spectrometer or by subjecting a portion of 
the reaction mix to SDS-PAGE and subsequent autoradiography of 
the dried gel. 

2.12. Phosphoamino acid analysis by thin layer chromatography 
The radiolabelled subunits of nitrite reductase (obtained by in-

cubating 10 μg of each subunit with 20 μθί of [γ-32Ρ]ΑΤΡ) were 
hydrolysed with 6 N HC1 in a vacuum sealed tube for 1 h and 
phosphoamino acid analysis was carried out according to Boyle et 
al. [33]. 

3. Results 

3.1. Differential phosphorylation of the subunits under 
induced (nitrate grown) and repressed (ammonium grown) 
conditions 

The С utilis cells grown in the presence of either nitrate or 
ammonia were labelled with [32P]orthophosphate and cell ex-
tracts (having equal amounts of protein) were immunoprecip-
itated with Cucurbita pepo nitrite reductase antibody under 
the same experimental conditions. A differential phosphoryl-
ation pattern of the two subunits of nitrite reductase was 
reproducibly obtained. When grown in presence of nitrate, 
only the 66 kDa subunit was phosphorylated, while both 58 
kDa and 66 kDa subunits were phosphorylated when ammo-
nium salt was used as the source of nitrogen (Fig. 1A). 

Quantitation of the phosphorylated subunits under the dif-
ferent conditions indicated that the 66 kDa subunit was phos-
phorylated at least 3-fold more under the nitrate grown con-
ditions. On the other hand, the 58 kDa subunit underwent a 
5-6-fold hyper-phosphorylation under the ammonium grown 
condition compared to the nitrate grown one where its phos-
phorylation status was negligible. However, the extent of the 
58 kDa phosphorylation was still much less (3^1-fold) when 
compared to the 66 kDa phosphorylation under the induced 
conditions (Fig. IB). 

3.2. Effect of phosphatase on nitrite reductase and its subunits 
Since the 66 kDa subunit was found to be highly phos-

phorylated under induced (nitrate grown) condition while 
being phosphorylated to a much lower extent under the re-
pressed (ammonium salt grown) condition, the possibility was 
there that either the 58 kDa or the 66 kDa subunit may have 
possessed phosphatase activity leading to dephosphorylation 
of the subunits. To examine this aspect purified and renatured 
58 kDa and 66 kDa subunits were incubated with p-xiitro-
phenylphosphate and the release of p-nitrophenol was moni-
tored. However, attempts to detect phosphatase activity asso-
ciated with both the subunits, either individually or in 
combination, were unsuccessful (data not shown). 

CIAP, tested to be free of any protease activity (data not 
shown), was chosen as a prototype phosphatase in further 
studies. CIAP was employed to dephosphorylate the purified 
labelled 66 kDa subunit of nitrite reductase. Most of the la-
belled phosphates could be removed within a 30 min interval 
(Fig. 2A, lanes 2-5). The fact that the phosphate groups on 
the 66 kDa subunit were accessible to phosphatase was fur-
ther proved when the incubation of the subunit with CIAP 
was carried out in presence of nitrilotriacetic acid, a CIAP 
inhibitor. Even after a 30 min incubation there was no loss 
in the amount of radioactivity attached with the subunit (Fig. 
2A, lane 1). 

Nitrite reductase, purified from cells grown under induced 
conditions was incubated with CIAP for various time inter-
vals. It was observed that the activity of the enzyme decreases 
with the increase in duration of incubation with CIAP com-
pared to the control experiments where the incubation was 
carried out at the same time intervals but in the absence of 
CIAP. The loss in enzyme activity was around 80% within 30 
min of incubation (Fig. 2B). 

3.3. Autophosphorylation of the subunits of nitrite reductase 
To determine whether the subunits of nitrite reductase had 
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the capability of autophosphorylation, the individual subunits 
were incubated with [γ-32Ρ]ΑΤΡ (10 μ ο ) in kinase buffer. 
Though the radioactivity associated with the acid-insoluble 
material indicated a low autophosphorylation level of both 
58 kDa and 66 kDa subunits (Fig. ЗА, A and B), the phos-
phorylated products were not detected on autoradiography 
(Fig. 3B, lanes 1 and 2). Therefore the experiment was re-
peated with higher [γ-32Ρ]ΑΤΡ amounts (40 μ θ ) . When the 
reaction mixture was subjected to SDS-PAGE and the subse-
quent gel autoradiographed, very low levels of the phospho-
rylated products were visible (Fig. 3C, lanes 1 and 2). 

The 66 kDa subunit when dephosphorylated in vitro with 
CIAP proved to be a better substrate for the addition of new 
phosphates and undergoes rephosphorylation to a very high 
extent, as shown in Fig. 3B, lane 3. So the possibilities that 
existed were: (i) the 58 kDa subunit had the ability to phos-
phorylate the other subunit by phosphotransfer, (ii) the larger 
(66 kDa) subunit can autophosphorylate itself in spite of the 
presence of the smaller subunit (58 kDa). To determine which 
one of the above possibilities was actually happening, the 58 
kDa subunit was incubated with the 66 kDa subunit, in native 
and dephosphorylated states, in presence of [γ-32Ρ]ΑΤΡ (10 

Fig. 2. Effect of calf intestinal alkaline phosphatase. A: Dephos-
phorylation of 66 kDa subunit. The 66 kDa subunit which was la-
belled under induced conditions was eluted from the gel, renatured 
and incubated at different time intervals with 0.5 units of CIAP. 
The reaction mix was subjected to 10% SDS-PAGE. Lane 1: 66 
kDa (20 μg protein) treated with CIAP for 30 min along with nitri-
lotriacetic acid (20 mM, final concentration); lanes 2-5: 66 kDa (20 
μg protein in each case) treated with CIAP for different time inter-
vals. The gel was subsequently autoradiographed. B: Effect on ni-
trite reductase activity. The purified native enzyme (20 μg protein) 
was incubated with 0.5 units of CIAP at 30°C. The reactions were 
stopped at definite time intervals and nitrite reductase activity was 
assayed immediately. In control experiments where CIAP was not 
added assays were carried out after the preincubation of the enzyme 
at the same time intervals. The nitrite reductase activity in absence 
of CIAP at the beginning of the incubation (i.e. at zero time point) 
was considered as 100% and the values obtained for both the con-
trol and CIAP treated enzyme (at different time intervals) were cal-
culated relative to it. 

Fig. 1. Phosphorylation of the subunits of nitrite reductase. A: Dif-
ferential phosphorylation status. The С utilis cells were grown 
under the condition of induction (nitrate) (lane I) or repression 
(ammonium ions) (lane 2) in phosphate free Wickerham medium 
but in the presence of [32P]orthophosphate. Aliquote of the cell free 
extracts (containing 200 μg of protein) were immunoprecipitated (as 
described in Section 2), and the immunoprecipitates were subjected 
to 10% SDS-PAGE and the gel was subsequently autoradiographed. 
В : Quantitation of the phosphorylation of the subunits. The autora-
diograph shown in A was quantitated in a LKB 2202 Ultroscan La-
ser Densitometer. The two different conditions of growth are indi-
cated as induction (I) and repression (R). The experiment was 
carried out thrice and the quantitations were reproducible. The 
phosphorylation of the 66 kDa subunit under induced condition (I) 
was considered as 100% and relative to it the levels were calculated 
for other subunits. 

μ(3). A phosphorylated product was obtained when 58 kDa 
subunit was incubated with dephosphorylated 66 kDa (Fig. 
3B, lane 4) and not when incubated with normal phosphoryl-
ated 66 kDa subunit (Fig. 3B, lane 5). This showed that au-
tophosphorylation to be an intrinsic property of the 66 kDa 
subunit and not due to the kinase activity of the 58 kDa 
subunit on the 66 kDa subunit. 

However, there still remained the possibility that the phos-
phorylated products seen were the result of limited autophos-
phorylating ability of the 58 kDa subunit. To check this pos-
sibility, the 58 kDa subunit was preincubated with unlabelled 
ATP (Fig. 3B, lanes 6 and 7), so that its autophosphorylation 
takes place prior to its incubation with native or de-
phosphorylated 66 kDa subunit in presence of 40 μ θ of 
[γ-32Ρ]ΑΤΡ. The presence of the same phosphorylated prod-
ucts again proved the different extents of the autophosphor-
ylating abilities of the 66 kDa subunit in the phosphorylated 
and dephosphorylated conditions. During the above set of 
experiments several positive controls (proteins reported in lit-
erature to autophosphorylate) were tested and a negative con-
trol was always included (data not shown). This was carried 
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out to discount the possibility of non-specific radiolabelling of 
subunits, specially since a comparatively high amount of ra-
dioactivity have been used. 

3.4. Phosphoamino acid analysis 
The dephosphorylated 66 kDa subunit after in vitro phos-

phorylation with cold 1 mM ATP was subjected to immuno-
blotting with phosphoamino acid antibodies. A phosphoryl-
ated product of 66 kDa was observed with phosphoserine 
antibody as the probe (Fig. 4A, lane 1). The same product 
was detectable with lower intensity when the normal 66 kDa 
subunit was probed with the same antibody (Fig. 4A, lane 2). 
The dephosphorylated 66 kDa on subsequent phosphoryl-
ation with cold ATP underwent exhaustive phosphorylation 
which possibly accounts for the strong signal obtained with 
phosphoserine antibody. Since the normal 66 kDa subunit 
was not subjected to the treatment with cold ATP, the signal 
obtained with the same antibody was weaker. No products 
were observed when phosphotyrosine antibody (Fig. 4A, lanes 
3 and 4) or normal rabbit serum (Fig. 4A, lanes 5 and 6) were 
used. 

Since the three-dimensional conformations of serine and 
threonine residues are almost similar, there remained a possi-
bility that the phosphoserine antibodies had also cross-reacted 
with phosphothreonine residues. The phosphoamino acid de-
tection by antibody was confirmed by TLC, after acid hydrol-
ysis of the radiolabelled phosphorylated products. Autora-

Fig. 3. Autophosphorylation of the subunits. A: Cerenkov counts in 
scintillation spectrometer. The purified phosphorylated 66 kDa sub-
unit was dephosphorylated for 30 min by CIAP, the dephosphoryl-
ated subunit subsequently subjected to 10% SDS-PAGE, eluted and 
renatured to free itself from the phosphatase. The autophosphoryl-
ation of the subunits, separately (20 μg of protein), or in combina-
tion (10 μg of each of the subunits), was carried out in a kinase 
buffer using [γ-32Ρ]ΑΤΡ (10 μ<3 for A-E and 40 μθί for F and G) 
as described in Section 2. Aliquots were removed after 15 and 30 
min, absorbed on Whatman No. 3, processed (as detailed in Section 
2) and Cerenkov counts were taken in a scintillation spectrometer. 
A: 66 kDa subunit; B: 58 kDa subunit; C: dephosphorylated 66 
kDa subunit; D: 58 kDa subunit incubated with dephosphorylated 
66 kDa subunit; E: 58 kDa subunit incubated with 66 kDa sub-
unit; F: 58 kDa subunit preincubated with cold ATP (1 mM, final 
concentration) for 30 min, followed by incubation with 66 kDa sub-
unit; G: 58 kDa subunit preincubated with cold ATP (1 mM, final 
concentration) for 30 min, followed by incubation with dephos-
phorylated 66 kDa subunit. The values indicated represent the mean 
values of three sets of independent experiments. B: SDS-PAGE 
analysis of the autophosphorylation of the subunits. The autophos-
phorylation of the subunits, either individually or in combination, 
was carried out as in A (details in Section 2). The phosphorylated 
products obtained after 30 min of incubation were subjected to 10% 
SDS-PAGE. Lane 1: 66 kDa subunit; lane 2: 58 kDa subunit; lane 
3: dephosphorylated 66 kDa subunit; lane 4: 58 kDa subunit incu-
bated with dephosphorylated 66 kDa subunit; lane 5: 58 kDa sub-
unit incubated with 66 kDa subunit; lane 6: 58 kDa subunit prein-
cubated with cold ATP (1 mM, final concentration) for 30 min, 
followed by incubation with 66 kDa subunit and lane 7: 58 kDa 
subunit preincubated with cold ATP (1 mM, final concentration) 
for 30 min followed by incubation with dephosphorylated 66 kDa 
subunit. The gel was subsequently autoradiographed. C: SDS-
PAGE analysis of the autophosphorylation of 58 kDa and 66 kDa 
subunits. The autophosphorylation of the 66 kDa (lane 1) and 58 
kDa subunit (lane 2) in kinase buffer using 40 μ θ [γ-32Ρ]ΑΤΡ was 
carried out as described in Section 2. The products were subjected 
to 10% SDS-PAGE and the gel was subsequently autoradiographed. 

diography of the Chromatograph indicated that threonine 
was phosphorylated to a greater extent than serine when de-
phosphorylated 66 kDa subunit was used (Fig. 4B, lane A). In 
case of the native 66 kDa subunit, both the serine and threo-
nine residues get phosphorylated equally but to lower levels 
(Fig. 4B, lane B). 

Equal amounts of crude extracts of C. utilis cells, grown in 
the presence of either nitrate or ammonium, were immuno-
precipitated with nitrite reductase antibody. The immunopre-
cipitates were subjected to SDS-PAGE followed by Western 
blot analysis with phosphoserine antibody to check whether 
under in vivo conditions the subunits were phosphorylated in 
the serine and threonine residues. It was found that phospho-
serine antibody was able to detect the 66 kDa subunit under 
nitrate grown conditions (Fig. 4C, lane 1), while it was able to 
detect both the 58 kDa and 66 kDa subunits under the am-
monium grown conditions (Fig. 4C, lane 2). The experiment 
also confirmed that in vivo the number of phosphorylated 
serine and threonine residues were much more in the 66 
kDa subunit under induced conditions when compared to 
both the subunits under the repressed conditions. 

4. Discussion 

It has been previously observed by us that C. utilis was able 
to grow on a variety of nitrogen sources. Nitrate, the first 
compound in the pathway, induced nitrite reductase synthesis 
while ammonium repressed the enzyme at the transcriptional 
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level. In the presence of ammonium ions (repressor), a basal 
but significant level of nitrite reductase activity and protein 
was observed [21]. This gave rise to the possibility of yet 
another level of regulation, specially at the post-translational 
level. Here it has been clearly demonstrated that a differential 
phosphorylation of subunits of the subunits under the induced 
and repressed conditions did exist for the two subunits of 
nitrite reductase (Fig. 1). The two phosphorylated conditions 
corresponded with the vast difference in the enzymatic status 
of nitrite reductase (Fig. 2). 

Regulation by differential phosphorylation could be caused 
by two processes - dephosphorylation and phosphorylation. 

Active state 
Induced condition ( nitrate grown) 

( i) Ammonium-dependent 
phosphatase action 
on 66 kDa subunit. 

( ii) Autophosphorylation 
ot 58 kDa subunit. 

Ci ) Nitrate - dependent 
phosphatase action 
on 58kDa subunit. 

(ii) Autophosphorylation 
of 66kDa subunit. 

Ammonium - dependent 
inhibition of 66kDa 
autophosphorylation 

Inactive state 
Repressed condition (ammonium grown) 

Fig. 5. A proposed model for post-translational regulation of nitrite 
reductase in С utilis. 

Fig. 4. Phosphoamino acid detection in the subunits. A: In vitro 
analysis by antibody. The dephosphorylated 66 kDa subunit was 
autophosphorylated using cold ATP (1 mM, final concentration). 
The rephosphorylated product (lanes 1, 3 and 5) was electrophor-
esed on 10% SDS-PAGE along with the native 66 kDa subunit 
(lanes 2, 4 and 6). The electrophoretically separated proteins were 
transferred to poly(vinylidene difluoride) membrane and the trans-
ferred proteins were subjected to Western analysis (as described in 
Section 2) and probed with phosphoserine antibody (lanes 1 and 2), 
phosphothreonine antibody (lanes 3 and 4) and normal rabbit se-
rum (lanes 5 and 6). B: In vitro analysis by TLC. The 66 kDa sub-
unit after dephosphorylation (lane A) and in native condition (lane 
B) was incubated with 40 μ ο [γ-32Ρ]ΑΤΡ. The labelled phosphoryl-
ated products were subjected to acid hydrolysis and separated on 
TLC plates. The unlabelled internal standards were detected by nin-
hydrin staining, while the TLC plates were autoradiographed to de-
tect the phosphoamino acids in the samples. C: In vivo analysis by 
antibody. Cell extracts (200 μg in each case) from C. utilis grown in 
presence of either nitrate (lane 1) or ammonium (lane 2) were im-
munoprecipitated with heterologous nitrite reductase antibody (as 
described in Section 2) to preferentially select the enzyme molecules. 
The immunoprecipitates were subjected to 10% SDS-PAGE. The 
electrophoretically separated proteins were transferred to poly(vinyl-
idene difluoride) membrane (details in Section 2) and Western anal-
ysis of the transferred proteins was carried out using phosphoserine 
antibody as the probe. 

Each of these two processes could be regulated by an auto-
regulatory loop or via some transacting factors. In the case of 
nitrite reductase from C. utilis the transition from a higher 
phosphorylation state to a lower phosphorylation state (i.e. 
the dephosphorylation step) was possibly not autoregulatory 
as neither of the subunits, individually or in trans, showed 
detectable phosphatase activity. So it is probably dependent 
on some unknown cellular phosphatases. In fact serine-threo-
nine phosphatases have been shown to be present in fission 
yeast [34,35] and filamentous fungi [36]. 

Regulation of gene expression by autophosphorylation have 
only recently become known [37-40]. In the case of nitrite 
reductase from С utilis, it was initially shown by in vitro 
studies that the subunits can autophosphorylate themselves 
at serine and threonine residues to different extents (Figs. 3 
and 4A,B). The in vivo detection of the phosphorylated serine 
(and threonine) residues on the differentially phosphorylated 
subunits of nitrite reductase indicated the biological relevance 
of the in vitro analysis (Fig. AC). 

So based on the evidence available it is proposed that there 
exists another level of regulation of the enzyme at the post-
translational level by reversible protein phosphorylation. A 
model has been proposed for the post-translational regulation 
of nitrite reductase taking into account the evidence presented 
above (Fig. 5). Under induced (nitrate grown) conditions, the 
enzyme remained in an active conformation, with its 66 kDa 
phosphorylated (as represented by stalks) while the 58 kDa 
subunit remained in a non-phosphorylated condition. As soon 
as the repressor (ammonium ions) was added to the system, 
there was a down-regulation of the transcription of the en-
zyme. The enzyme that was present in the system possibly 
underwent partial degradation (possibly by ammonium ion 
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activated proteases) and the remaining molecules had a 
change in the phosphorylation status. The 58 k D a subunit 
underwent ammonium ion dependent low level phosphoryla-
tion at both serine and threonine residues, while the 66 k D a 
subunit was subjected to ammonium ion dependent dephos-
phorylation. So in the repressed (ammonium grown) state 
both the 58 k D a and the 66 k D a subunits are phosphorylated 
at few of the available serine and threonine residues (as rep-
resented by stalks). When inducer (nitrate) was added to the 
system, again there were possibly two simultaneous modifica-
tions of the nitrite reductase namely autophosphorylat ion of 
the hypophosphorylated 66 k D a subunit mostly at the threo-
nine residues and complete dephosphorylation of the 58 k D a 
subunit. As the nitrite reductase gene is turned on in presence 
of the inducer (nitrate), newly synthesised enzyme molecules 
were formed which also underwent the appropriate post-
translational modification. 

Regulation by phosphorylation is becoming a known phe-
nomenon in the nitrogen assimilatory pathway. Very recently 
a phosphorylated sensor protein has been implicated in nitrate 
assimilation in Azotobacter chroococcum [41]. The first enzyme 
in the nitrogen assimilation pathway, nitrate reductase, is 
known to be regulated by reversible phosphorylation [42,43]. 
The regions of nitrate reductase and the specific amino acid 
residues in them that are involved in the phosphorylation of 
this enzyme have been extensively characterised [44-47]. It 
had been proposed long ago that phosphorylation may be 
coupled to nitrite reductase activity in Micrococcus denitrifi-
cans [48]. Recently it has been postulated that nitrite reductase 
expression is possibly regulated at the post-transcriptional lev-
el by the nitrogen source in Nicotiana plumbaginifolia and 
Arabidopsis thaliana [49]. Now, we have shown for the first 
time that a reversible autophosphorylat ion mediated regula-
tion also exists for nitrite reductase, a key enzyme in the 
nitrogen assimilation pathway. A more interesting question 
now may be to find out why С utilis requires a two-step 
regulation process - at the levels of transcription and post-
translation. It is quite possible that the regulation of this 
enzyme by reversible phosphorylation is the key step by which 
the yeast adapts itself physiologically and rapidly to the 
changes in the growth conditions. This mode of autoregula-
tion of the enzyme may also be true for nitrite reductases from 
other sources. 
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