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Nitrogen source-dependent expression of a 126 kDa protein in the plasma
membrane of the cyanobacterium Synechococcus PCC 7942
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Abstract The expression of a 126 kDa protein in the
cytoplasmic membrane of Synechococcus PCC 7942 is shown
to be dependent on the nitrogen source. It is absent in
ammonium-grown cells and its quantity is inversely related to
the concentration of nitrate or nitrite in the growth medium.
Addition of ammonium-grown cells to a medium containing
nitrate or L-methionine-pL-sulfoximine results in the expression
of this protein. It is present in the plasmalemma of the
Synechococcus NC3 mutant (nrtC gene deleted) and absent in
the NA3 mutant (nrtABCD genes deleted). These results may
suggest involvement of the 126 kDa protein in nitrate transport
through Synechococcus cytoplasmic membrane.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Nitrate is the major source of nitrogen for photosynthetic
organisms including cyanobacteria, in particular non-Ny-fix-
ing strains [1-3]. The first and rate-limiting step [4] of nitrate
assimilation is its transport into the cell. The nitrate uptake
takes place through an active multicomponent transport sys-
tem [1] in the plasma membrane that exhibits a high affinity
for nitrate [3,5] and nitrite [6]. When nitrate-grown cells are
exposed to ammonium, the nitrate transport is completely
inhibited and the protein composition of the cytoplasmic
membrane is modified [7-9]. In the unicellular non-nitrogen-
fixing cyanobacterium Synechococcus PCC 7942 the four pro-
teins required for active transport of nitrate are encoded by
the genes nrtABCD [10,11]. These four genes are clustered
with the genes narB and nirA encoding proteins involved in
the nitrate reduction to ammonium and form the nirA-
nrtABCD-narB operon (the nirA operon). The nitrate trans-
port system of Synechococcus PCC 7942 translocates nitrite as
well as nitrate [12—15]. The major cytoplasmic membrane pro-
tein of nitrate-grown cells [8] is the 45 kDa substrate-binding
lipoprotein encoded by nrtA [15]. This protein is absent in the
cytoplasmic membrane of ammonium-grown cells [7-9].

In this paper, we shall report on variations in the content of
a 126 kDa protein of the Synechococcus PCC 7942 cytoplas-
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mic membrane, depending on amounts of nitrate and nitrite in
the growth medium. Expression of this protein was inhibited
by ammonium.

2. Materials and methods

2.1. Strains and growth conditions

The Synechococcus PCC 7942 wild-type cells and the mutants NA3
and NC3 (gift of Prof. T. Omata) were grown at 30°C in sterilized
liquid media, under gentle stirring and bubbling with 2% CO;-en-
riched air and illuminated by 50 uE m~2 s~! white light. The basal
medium used was a nitrogen-free medium obtained by modification of
Van Allen medium [16] as previously described [17]. Ammonium-con-
taining medium was prepared by addition of 5 mM NH,CI to the
basal medium. Nitrate-containing medium was prepared by addition
of NaNO; or KNOs at different concentrations in the presence or in
the absence of NaCl or KCl in the basal medium. Nitrite-containing
medium was prepared by addition of 2 mM or 15 mM NaNO;. For
change of nitrogen source, the pelleted cells (5000 X g, 12 min at 25°C)
were transferred and incubated under the selected growth conditions.
Prior to harvesting the non-contamination of each flask of culture was
checked on minimum medium agar plates incubated in the dark.

2.2. Membrane preparation and characterization

The preparation and purification of the cytoplasmic membrane
vesicles and the protein determination of the purified membranes
were performed using the techniques already described [17,18]. The
polypeptide composition of the cytoplasmic membrane preparations
were analyzed by SDS-PAGE. The cytoplasmic membranes were pre-
cipitated with trichloroacetic acid (TCA) (10% final concentration)
and the pellet was resuspended in 100 mM Tris, pH 8.5, containing
2.5% (wiv) SDS, 5% (v/v) 2-mercaptoethanol and 0.01% (w/v) bromo-
phenol blue, and incubated for 15 h at 30°C. The samples were cen-
trifuged for 5 min at 100000 X g in an Airfuge centrifuge from Beck-
man. The samples were loaded on a 8-25% or 4-15% polyacrylamide
gradient gel from Pharmacia or Bio-Rad, respectively. Molecular
mass standards from Pharmacia and Bio-Rad were run in each assay.
Electrophoresis and staining of protein were performed on a Pharma-
cia PHAST system or Mini-Protean II electrophoresis cell from Bio-
Rad.

2.3. Phosphorylation procedure and electrophoresis

Phosphorylation by [y-**P]JATP was performed with membranes
from nitrate- and ammonium-grown cells using the procedure already
described [17,19]. Briefly, after 1 min incubation of two batches of
each membrane preparation (100 pg protein) with 0.09 mM [y-
32PJATP (110 GBg/mmol, Amersham) in the presence of MgSO,
(IMg2+)/[ATP]=2.5), the reaction was stopped by TCA addition
(10% final concentration) and after centrifugation for 5 min at
13000 X g (Centrifuge 5415 from Eppendorf) the pellets were resus-
pended in HEPES 10 mM pH 7.4 containing unlabeled ATP (10 times
more concentrated than the labeled ATP) and MgSO; ([Mg?+)/
[ATP]=2.5) to avoid non-specific binding. After a 2 min incubation,
proteins were precipitated with TCA and the pellets were resuspended
in denaturing solution either at pH 8.5 (SDS-PAGE, alkaline condi-
tions) or at pH 4 (TDAB-PAGE, acid conditions). The two PAGEs
(10% acrylamide gel) were run simultaneously in two Mini-Protean II
electrophoresis cells from Bio-Rad. The gels were Coomassie stained
and dried. After 72 h exposure at —80°C, autoradiograms were ob-
tained on Biomax MS film from Kodak.
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Fig. 1. Influence of the nitrogen source on the polypeptide composi-
tion of cytoplasmic membranes from Synechococcus PCC 7942. Cy-
toplasmic membranes were prepared from nitrate-, nitrite- and am-
monium-grown cells. Samples containing 3 pg (lanes 1-7) and 4 pg
(lanes 8-11) of protein were loaded on an 8-25% polyacrylamide
gradient gel and stained with AgNOj using a Phast System (Phar-
macia). Cytoplasmic membranes from 5 mM NHyCl-grown cells in
the presence of 173 mM KCI (lane 1) and 173 mM NaCl (lane 2);
from 5 mM NH,Cl-grown cells (lane 3); from 2 mM and 175 mM
NaNOQOjs-grown cells (lanes 4, 5); from 15 mM and 2 mM NaNO,-
grown cells (lanes 6, 7); from 2 mM and 175 mM KNO;-grown
cells (lanes 8, 9); from 2 mM NaNOs-grown cells in the presence of
173 mM KCI (lane 10) and 173 mM NaCl (lane 11).

3. Results

3.1. Effect of different nitrogen sources on the polypeptide
composition of the cytoplasmic membrane

The polypeptide composition of cytoplasmic membranes
from ammonium-, nitrate- and nitrite-grown Synechococcus
PCC 7942 cells was analyzed by SDS-PAGE. In addition to
the variation of the 45 kDa protein already described [7-9], a
126 kDa protein was found to vary in cytoplasmic membrane
depending on the nitrogen source used (Fig. 1). The amount
of the 126 kDa as well as the 45 kDa band was inversely
related to the nitrate concentration in the medium. The cells
grown in the presence of the highest concentration of nitrate
(175 mM) exhibited the smallest amount of these bands (Fig.
1, lane 5). Conversely, the cells grown in the presence of the
lowest concentration of nitrate (2 mM) presented the highest
intensities (Fig. 1, lane 4). The same effect was noted for the
high (15 mM) and the low (2 mM) concentrations of nitrite
(Fig. 1, lanes 6 and 7, respectively). The 126 kDa protein was
not present in the thylakoid membrane whatever the concen-
tration of nitrate or nitrite in the growth medium (data not
shown).

The described change of the polypeptide profile was inde-
pendent of the Na*/K* variation. The cells grown in the
presence of the same nitrate concentration (2 mM) but with
various Nat/K™ ratios had the same amounts of the 126 kDa
as well as the 45 kDa proteins (Fig. 1, lanes 8, 10 and 11). At
the same time, in the membranes from the cells grown with
the same Na'/K*' ratio, the 126 kDa and 45 kDa protein
amounts presented the same inverse relationship to the nitrate
concentration (Fig. 1, lanes 9, 10 and 5, 11, respectively). Both
proteins were absent in the ammonium-grown cells whatever
the Nat/K™* variation in the medium (Fig. 1, lanes 1-3).

3.2. Time-dependent modification of the cytoplasmic membrane
polypeptide composition in response to change in the
nitrogen source

Transfer of ammonium-grown cells to a medium containing
nitrate as the sole nitrogen source induced the appearance not
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Fig. 2. Time-dependent modification of the 126 kDa and 45 kDa
plasmalemma protein amounts upon transfer of ammonium-grown
Synechococcus PCC 7942 cells to nitrate media. The S mM NH;Cl-
grown cells (lane 1) were transferred to a medium containing 2 mM
or 175 mM NaNO; for 3 h (lanes 2 and 3), 6 h (lanes 4 and 5), 12
h (lanes 6 and 7) and 18 h (lanes 8 and 9). After these times, cyto-
plasmic membranes were prepared and samples containing 100 pg
of protein were subjected to SDS-PAGE on a 10% polyacrylamide
gel. The protein detection was performed by Coomassie staining.

—

only of the 45 kDa protein [8] but also the 126 kDa protein
(Fig. 2). A progressive increase of the 45 kDa protein was
observed after 3 h in the presence of 5 mM nitrate [8]. The
126 kDa protein was not observable at this time (Fig. 2, lanes
2 and 3), perhaps due to its small amount. Taking into ac-
count that the major (about 25%) cytoplasmic membrane pro-
tein of 5 mM nitrate-grown cells is the 45 kDa protein [§], the
amount of the 126 kDa protein was estimated to be 2.5% and
1% of the membrane proteins from 2 mM and 175 mM ni-
trate-grown cells, respectively (data not shown). After 6 h, in
the presence of nitrate, a progressive increase in the 126 kDa
protein was observed (Fig. 2, lanes 4 and 5). Fig. 2 shows that
the amount of the 126 kDa protein in the cytoplasmic mem-
brane as well as that of the 45 kDa protein was inversely
related to the nitrate concentration in the growth medium.
Up to 12 h, this difference was clearer (Fig. 2, lane 6 and
7). Finally, after 18 h the plasmalemma protein compositions
from 2 mM and 175 mM nitrate-grown cells were similar to
those observed on adapted cells (Fig. 2, lanes 8, 9). The same
time dependence was noted on the 2 mM and 15 mM nitrite-
grown cells (data not shown).

The inverse transfer of the 2 mM and 175 mM nitrate-
grown cells to the ammonium-containing medium was also

Fig. 3. Effect of MSX on the time-dependent expression of the 126
kDa and 45 kDa plasmalemma proteins from ammonium-grown
cells. The 5 mM NHyCl-grown cells (lane 1) were treated with 100
uM MSX in the presence of 2 mM or 175 mM NaNOj for 3 h
(lanes 2 and 3), 6 h (lanes 5 and 6) and 6 h in the absence of
NaNO; (lane 4). After the treatment, cytoplasmic membranes were
prepared and samples containing 100 ug of protein were subjected
to SDS-PAGE on a 4-15% polyacrylamide gradient gel (Bio-Rad).
The protein detection was performed by Coomassie staining.
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Fig. 4. The polypeptide composition of the cytoplasmic membrane
from NC3 and NA3 mutants. Cytoplasmic membranes were pre-
pared from 60 mM NaNO;-grown cells of NC3 (lane 1), NA3 (lane
2) and from 15 mM NaNO;-grown cells of NC3 (lane 3). Samples
containing 4 ug of protein were loaded on an 8-25% polyacrylamide
gradient gel and stained with Coomassie using a Phast System
(Pharmacia).

examined. The 126 kDa protein and the 45 kDa protein van-
ished after 18 h (data not shown).

3.3. Time-dependent modification of the cytoplasmic
membrane polypeptide composition in response to
L-methionine-pr-sulfoximine ( MSX) treatment of the
ammonium grown cells

MSX effectively inhibits ammonium assimilation through
inactivation of glutamine synthetase [20]. Treatment of am-
monium-grown cells with 100 pM MSX and nitrate induced
the appearance of the 126 kDa protein as well as the 45 kDa
protein (Fig. 3). Presence of the 126 kDa protein was ob-
served only up to 6 h growth. However, the plasmalemma

protein compositions from cells grown with 2 mM and 175

mM nitrate were almost similar (Fig. 3, lanes 5 and 6). In the

control experiment, i.e. growth in the presence of 100 uM

MSX but without nitrate, the appearance of the 126 kDa

protein was not induced at 6 h (Fig. 3, lane 4). Under these

conditions, the plasmalemma protein composition was similar
to that observed on ammonium-grown cells for 3 h in the

presence of nitrate and 100 uM MSX (Fig. 3, lanes 2 and 3).

3.4. The polypeptide composition of the cytoplasmic membranes
from NC3 and NA3 mutant cells

In the Synechococcus NC3 mutant (nrC gene deleted, per-
sonal communication), the 126 kDa protein was also ex-
pressed in the plasmalemma of nitrate-grown cells (Fig. 4,
lane 1), whereas under the same conditions it was absent in
the NA3 mutant (nrtABCD genes deleted) [15] (Fig. 4, lane 2).
The NC3 mutant cells grown in the presence of different con-
centrations of nitrate presented the same inverse dependence
of the 126 and the 45 kDa protein amounts on nitrate con-
centration (Fig. 4, lanes 1 and 3).

3.5. Phosphorylation of cytoplasmic membrane proteins from
ammonium- and nitrate-grown cells by [¥*P]ATP

Previously we have described the [y-3?P]JATP labeling of
plasmalemma proteins from nitrate-grown cells under alkaline
and acid conditions [17]. We observed that the same proteins
were labeled in the cytoplasmic membranes from ammonium-
grown cells, i.e. 82, 74, 53 and 42 kDa under alkaline con-
ditions and 110, 90 and 71 kDa under acid conditions. How-
ever, the labeling was less intense for the 82 kDa and more
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intense for the 74 and 42 kDa proteins of the plasmalemma
from ammonium-grown cells. Under both pH conditions the
126 kDa protein and the 45 kDa protein were not phospho-
rylated. The overall phosphorylation was higher in the mem-
branes from ammonium-grown cells than nitrate-grown ones.

4. Discussion

It is well known that the presence in the cytoplasmic mem-
brane from Synechococcus of the 45 kDa substrate binding
protein [15] depends on the nitrogen source [7-9]. We found
that the presence of one more protein with an apparent mo-
lecular mass of 126 kDa in the cytoplasmic membrane of
Synechococcus PCC 7942 is also dependent on the nitrogen
source. Indeed, this protein was absent in the cytoplasmic
membrane from ammonium-grown cells. The quantity of the
126 kDa protein was inversely related to the concentration of
nitrate or nitrite in the growth medium. This behavior sug-
gests that this protein could be involved in nitrate and nitrite
transport. This observation is related to the assumption that
the same system operates the active transport of both sub-
strates [12—-15].

The absence of the 126 kDa protein in the cytoplasmic
membrane from ammonium-grown cells could be correlated
with the repression of the nirA operon transcription [1,21,22]
by ammonium or its metabolites generated internally which
give rise to an effective inhibition of nitrate transport activity
[23,24]. We have observed that transfer for 6 h of ammonium-
grown cells to a medium containing nitrate, as the sole nitro-
gen source, resulted in the expression of the 126 kDa protein
in an amount inversely correlated with the nitrate concentra-
tion. The negative effect of ammonium on nitrate transport is
abolished by MSX which inhibits glutamine synthetase [20].
In the presence of this inhibitor and nitrate, the existence of
this protein was noted on cells grown for 6 h. It should be
emphasized that without nitrate the 126 kDa protein did not
appear at this time. The same MSX effect was observed for
the 45 kDa protein.

Mutants affected in the genes encoding the different com-
ponents of the nitrate/nitrite transport system are very infor-
mative. Indeed, mutant NA3, constructed by deleting the
nrtABCD genes [15], had no protein at the 126 kDa level in
the presence of nitrate whereas the Synechococcus NC3 mu-
tant, with the entire nrtC gene deleted, expressed this protein
with the same dependence on the nitrate concentration as the
wild type. These observations suggest the involvement of the
126 kDa protein in the nitrate transport system.

If the nitrate transport is controlled by a protein phospho-
rylation-dephosphorylation mechanism [25], it involves pro-
teins other than the 45 kDa and 126 kDa proteins. Indeed,
the phosphorylation of the 126 kDa and 45 kDa proteins was
not observed under our conditions. This is at variance with
result of Rodriguez et al. who saw some 45 kDa protein
phosphorylation [25]. The phosphorylation of the 110 kDa
protein corresponds to the P-type ATPase as previously
shown [17] and it is interesting to note that this ATPase
was equally represented in the plasmalemma from the nitrate-
and ammonium-grown cells.

The 126 kDa protein gives rise to important questions
about the expression, structure and function of this protein
in the nitrate transport.
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