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An investigation about the in vivo inactivation of photosynthetic water oxidation has been
carried out in the cyanobacterium Anacystis nidulans (Synechococcus PCC 6301). Photosystem
II and photosystem [ activity as well as the relative amount of the D 1 and manganese stabiliz-
ing peptide of photosystem II were determined after growing the cells in nutrient media with
variations in the nitrogen source and the concentration of the major divalent cations (Mg>*
and Ca’"). The results show a rapid inactivation of water oxidation in 4. nidulans in response
to nitrogen deficiency and in response to reduced Mg>* and Ca?* concentrations. The inactiva-
tion of water oxidation observed under divalent cation deficiency could be greatly accelerated
when L-amino acids instead of ammonia or nitrate were used as nitrogen source. Under these
conditions inactivation of water oxidation correlated with a rapid loss of D 1 and with a slower
loss of the manganese stabilizing peptide from photosystem II. A possible regulation of the

photosystem II activity in 4. nidulans by nitrogen metabolites is suggested.

Introduction

After CO, fixation, the photosynthetic reduc-
tion of nitrate to ammonia is quantitatively the
most important reductive process in cyanobacte-
ria. The maintenance of a balanced assimilation of
these two major inorganic substrates is important
for the cells and would require an efficient regula-
tion of both anabolic pathways. While the rela-
tionship between photosynthesis and nitrogen me-
tabolism has been well examined with respect to
the influence of photosynthesis on nitrogen assimi-
lation, very little information exists about the in-
fluence of nitrogen metabolites on photosynthesis
[1, 2]. It is well established that ammonia is an in-
hibitor of water oxidation [3] and an uncoupler of
photosynthetic ATP-synthesis [4], but it is unclear
how significant the ammonia inhibition might be
under in vivo conditions. A possible regulatory
function of nitrogen metabolites on photosynthetic
water oxidation also seems likely if our model of
the water oxidizing enzyme is taken into consider-
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ation [5, 6]. This hypothetical model suggests that
the water oxidizing enzyme has evolved from a
substrate dehydrogenase type enzyme which origi-
nally had an L-amino acid dehydrogenase (oxi-
dase) activity with high specificity for basic
L-amino acids (such as L-arginine) and which
could mediate electron flow from L-arginine to the
plastoquinone pool of the electron transport
chain.

There are several reports in the literature show-
ing a rapid inactivation of photosynthetic water
oxidation to occur in nonheterocystous cyanobac-
teria under various in vivo conditions. Allen ez al.
[2] have shown an inactivation of water oxidation
in Synechocystis PCC 6803 as a consequence of ni-
trogen deficiency. In 4Anacystis nidulans (Synecho-
coccus UTEX 625) an inactivation of O, evolution
has been reported to occur under Ca’>" and Na*
deficiency (in the presence of a divalent cation che-
lator, such as glycylglycine) [7], and in Synechocys-
tis PCC6714 inactivation occurs under Na* defi-
ciency [8]. In our experiments with A. nidulans
(PCC6301) an inactivation of water oxidation was
observed to occur as a consequence of Mg”* and
Ca’* deficiency (Na* ions were present and no
chelator for divalent cations was added) [5]. The
nature of the inhibition of the water oxidation un-
der these various in vivo conditions is unclear.
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Since Synechocystis and Synechococcus species
show such a fairly rapid in vivo inactivation of
water oxidation, and since Wallen and Allan [9]
have shown that the cyanobacterium A. nidulans
(PCC6301) can grow well on various L-amino acids
as sole nitrogen source, we selected A. nidulans to
investigate the influence of nitrogen metabolites on
water oxidation. Moreover, the interrelationship
between cation concentration and L-amino acid (or
ammonia) concentration on the in vivo inactiva-
tion of water oxidation and on the degradation (or
synthesis) of photosystem II peptides has been ex-
amined in this paper. We have chosen the psbA
gene product (D1 of 30—32 kDa) and the psbO
gene product (the manganese stabilizing peptide
(MSP) of 28 kDa) as marker for PS II [6].

Materials and Methods

Growth of cells, preparation of cell suspensions and
French press extracts

Anacystis nidulans (Synechococcus SAUG 1402-
1 or PCC6301) was grown on a culture medium
according to Kratz and Myers [10] with some
modifications as described in [5]. The growth con-
ditions were varied with respect to nitrogen source
and divalent cation concentration. The various ni-
trogen sources were: 10mM KNO; or 15mMm
NH,CI (the medium was buffered with 50 mm
Hepes-NaOH, pH 7.6) or various L-amino acids (5
or 15 mm as indicated in the legends to the figures),
and the divalent cation concentration was either
the regular concentration (I mM MgSO, and
0.1 mm CaCl,) or a reduced divalent cation con-
centration (0.1 mm MgSO, and 0.05 mm CaCl,).
The preparation of cell suspensions and French
press extracts was the same as described previously
[5], except that the cells were resuspended in 10 mm
sodium phosphate buffer, pH 7.0 (100 pl cells/ml).
Chlorophyll content was determined according to

[11].

Activity measurements

Photosynthetic O, evolution was determined
with cell suspensions in a Clark type electrode
(Yellow Springs Instruments Co., Model 53). In a
total volume of 3 ml the reaction mixture con-
tained: 54 mm Hepes-NaOH, pH 7, 0.5 mMm phen-
yl-p-benzoquinone, and 2.5 to 5 pl Anacystis cells.
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The PS I activity was determined as O, uptake
with French press extracts of 4. nidulans obtained
from cell suspensions containing 100 pl Anacystis
cells/ml 10 mm sodium phosphate buffer, pH 7.
The reaction mixture (3 ml) contained: 54 mm
Hepes-NaOH, pH 7, 0.4 mm KCN, 0.17 mM meth-
ylviologen, 3.3 mm sodium ascorbate, 0.08 mm 2,6-
dichlorophenol indophenol, 0.01 mm 3-(3.4-di-
chloro-phenyl)-1,1-dimethylurea, and 50 to 100 pl
French press extract.

The PS I and PS II activity are given as pumol O,
taken up or evolved/100 pl cells x h in the figures.
We did not use the chlorophyll content of the cells
as a reference value, but presented the chlorophyll
values separately in the figures, since under some
of the growth conditions bleaching of the cells was
observed due to degradation of phycobiliproteins
and reduction of chlorophyll. The values for PS II
and PS I activity on chlorophyll basis can be easily
calculated from the numbers given in the figures
and are not presented in a separate graph for
shortness. As can be seen from the figures, under
some of the growth conditions the antenna size
was altered. Therefore, we always made sure that
the light intensity was high enough to obtain maxi-
mal rates.

SDS PAGE and immunoblots

Polypeptide composition of French press ex-
tracts was examined by SDS PAGE according to
Laemmli [12] with slight modifications (gradient
gels 8 to 12% polyacrylamide — size 8.5 x 13 cm).
The samples were denatured by incubating with
denaturating buffer for 1 h at room temperature
and in addition for 30 min at 37 °C. Immunoblots
were performed as described in [6]. The first anti-
bodies were diluted as follows: antibody raised
against D 1 from oat was diluted 1: 30, and the an-
tibody raised against the MSP from oat was dilut-
ed 1:50. In Fig. 3B the complete immunoblot is
shown, while in the other figures the relevant areas
of the blots are only shown.

Results and Discussion

In vivo inactivation of photosynthetic water
oxidation: Effect of nitrogen deficiency

Under our growth conditions, A. nidulans
showed a fairly linear growth rate on nitrate and
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regular cation concentration for the first three
days (Fig. 1 A). The cells grew equally well or even
better on ammonia under these conditions (not
shown: the growth rate was 1.6, 4.4 and 8.4 pul
cells/ml growth medium, and the O, evolution rate
was 286, 340 and 170 pmol O, evolved/100 pl
cells x h for the 1st, 2nd, and 3rd day, respective-
ly). When the cells were kept in nitrogen deficient
medium a very rapid inactivation of photosynthet-
ic O, evolution was observed. The activity dropped
to less than 20% of the starting activity within 24 h
and was zero after 48 h. Only a minor reduction of
the PS I activity was observed after 24 h, even after
3 days 40% of the PS I activity could still be de-
tected (Fig. 1 A). Parallel to the inactivation of
PS II an almost total loss of MSP and a significant
loss of D1 could be seen after 24 h (Fig. 1 B). Dur-
ing the degradation of D 1 a noticable amount of a
transient 25 kDa degradation product could be de-
tected. A similar degradation product has been
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shown bo be formed during degradation of D1 in
algae and plants [13]. When in the nitrogen defi-
cient medium the cation concentration was re-
duced in addition, the inactivation rate of PS II
was essentially the same (not shown — 80% inacti-
vation of water oxidation after 24 h). However,
under these conditions the reduction of D1 was
faster than the reduction of MSP, while under ni-
trogen deficiency in the presence of the regular ca-
tion concentration the degradation of MSP was
faster than the D1 degradation (or about equal)
(Fig. 1 B).

We showed previously that a reduced growth
rate and a partial inactivation of PS II occurred
temporarily when the cells were transferred from a
nitrate medium to a medium containing 5 mMm
L-arginine as sole nitrogen source (regular divalent
cation concentration). Under such conditions reg-
ular growth started after about 24 h [5]. Since the
doubling time of the cells under our growth condi-
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Fig. 1. Influence of nitrogen deficiency on PS I and PS II activity. A: Anacystis cells were grown on nitrate and regular
cation concentration (@—@®) or kept in a nitrogen free medium with the regular cation concentration (® ———@) for
3 days. The growth rate, chlorophyll content of the cells and the PS I and PS II activity are given for the various
growth conditions. B: The corresponding immunoblots to Fig. 1 A with the anti-D 1 and anti-MSP. In addition the
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with the French press extract of the starting cells is marked with an arrow.
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tions is about 12 h, this is a fairly long delay of the
linear growth rate. Here we show that the lag
phase was due to an initial degradation of D 1 and
MSP (to about the same extent) (Fig. 2A and B).
These results indicate that the cells temporarily
suffered from nitrogen deficiency after the trans-
fer, and as shown above this led to degradation of
D1 and MSP. Linear growth started after the cells
had adjusted to the new nitrogen source and after
PS II had been repaired.

A. nidulans contains a highly active constitutive
L-amino acid oxidase which we believe to be the
precursor form of the water oxidizing enzyme [5,
6]. This enzyme has a high specificity for basic
L-amino acids (L-arginine is the best substrate) and
is inhibited by divalent cations (such as Mg?* and
Ca?") in a partly competitive manner which means
that the L-amino acid substrates and divalent ca-

A

1027

tions have an antagonistic effect on the L-amino
acid oxidase activity of this flavoprotein [5].
Therefore, we were interested to investigate under
which conditions this enzyme could supply suffi-
cient NH,* from L-arginine to prevent the initial
damage of PS II. As the results of Fig. 2A and 3A
show, this enzyme is indeed able to provide the
cells with sufficient NH,* from L-arginine initially
after the transfer from nitrate to L-arginine (before
new enzyme synthesis occurs), but only under con-
ditions if either the divalent cation concentration
in the medium was reduced (Fig.3A, curve
@®——— @) or the L-arginine concentration was in-
creased above 5 mm (Fig. 2A, curve @———@),
while at low L-arginine concentration and regular
cation concentration (Fig. 2A, curve @—@®) the
cells initially suffered from nitrogen deficiency.
These results indicate that a complex correlation
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exists between L-arginine and cation concentration
with respect to the participation of the constitutive
L-amino acid oxidase in L-arginine degradation in
A. nidulans. Qualitatively similar results for a tem-
porary inactivation of PS II after transfer from a
nitrate to an L-amino acid containing medium was
seen with all L-amino acids tested. The damage of
PS II varied relatively to the effectiveness with

which the cells could adjust to the new nitrogen
source.

In vivo inactivation of water oxidation: Influence of
cation and L-amino acid concentration

In Fig. 3A the inactivation of water oxidation
as a consequence of Mg?* and Ca?* deficiency is
shown. Transfer of the cells to a medium with re-
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duced divalent cations led to an initial reduction of
the chlorophyll content per cell (for about 24 h),
but no significant decrease in O, evolution — on
the contrary on chlorophyll basis the PS II activity
increased in some experiments after 24 h
(Fig. 3A). Since the linear growth rate was not
greatly affected for the first 48 h, it seemed that the
relative rate of synthesis of the antenna pigments
was slower than that of the PS II reaction center
under Mg?* deficiency. The inactivation of water
oxidation due to cation deficiency started after
about 48 h, and almost complete inactivation was
reached after 4 days. No significant change in the
PS I activity was observed during the whole period
of 4 days. This total inactivation of O, evolution
was not reversed by just adding Ca?* (and/or
Mg?*) to the cell suspension. Under the conditions
here described, the reactivation of O, evolution re-
quired de novo protein synthesis (see later). When
L-arginine instead of nitrate was used as nitrogen
source, the inactivation rate was faster, since total
inactivation was reached after 3 days (Fig. 3 A).

A
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Under cation deficient growth conditions the
D1 content in PS II was reduced (Fig. 3 B), and the
inactivation of water oxidation essentially paral-
leled the disappearance of D 1. Again a transient
25 kDa degradation product of D1 was observed.
Moreover, aggregation products of D 1 were pres-
ent in some gels. Eventually the MSP content was
also decreased, but much slower than the D1 con-
tent. When the cation concentration in the nutrient
medium was increased to the regular level, D 1 and
MSP were resynthesized, and O, evolution in-
creased to normal values after a lag period of
about 24 h required for repairing PS II under these
conditions.

Since in vivo inactivation of water oxidation due
to divalent cation deficiency was faster with
L-arginine than with nitrate as nitrogen source
(Fig. 3A), various L-amino acids were tested under
these conditions. The results with L-glutamine and
L-alanine as well as with ammonia as control (re-
duced cations) are shown in Fig. 4 A and 4B. The
inactivation rate with ammonia as N-source was

Growth

Chloroph¥ll 140 1

conten

PSI activity

120

100

@™
o

-d
(=]
ik

mg Chlorophyll/100 pl Cells

umol Oxtakenup/100 ul Cells xh

pmol 02 evolved/100 wi Cells xh
(=]
o

PSTI activity

Fig. 4. Growth of A4. nidulans on
various L-amino acids and ammonia
as nitrogen source. A: Anacystis
cells were grown for 3 days in a me-
dium with reduced cation concen-
tration. The nitrogen source was
15mM NH,Cl] ®@—@, 15mmMm L-ala-
nine ®——-®, or I5mM L-glu-
tamine @----- ®. When the cells were
grown in a medium with regular ca-
tion concentration and 15 mm L-ala-
nine as N-source the growth rate was
1.2, 4.0 and 5.4 pl cells/ml and the

[
o
——

Days

N 9

3 PSII activity was 164, 178, and
182 pmol O, evolved/100 pl cells x h
for the 1st, 2nd, and 3rd day, respec-
tively. With L-glutamine as N-source

anti: anti:

A M1 o2 3

Growth:
Ammonia, reduced cations

Growth:

L-giutamine, reduced cations

the values were: Growth rate 1.2, 2.8,
and 4.0 pl cells/ml and PS II activity
85, 159, and 132 pmol O, evolved/
100 pl cells x h for 1st, 2nd, and 3rd
day, respectively. For the corre-
sponding values with NH,Cl see text.
B: The corresponding immunoblots
to Fig. 4A with the anti-D1 and
anti-MSP for the experiments with
ammonia and L-glutamine as nitro-
gen source. The immunoblot with
the French press extract of the start-
ing cells is marked with an arrow.




1030

basically the same as with nitrate, while the inacti-
vation of PS II was greatly accelerated in the pres-
ence of L-alanine or L-glutamine. Glutamine was
more effective than any of the other tested
L-amino acids (except glycine — see below). The
inactivation rate was dependent on the intitial
L-amino acid concentration in the growth medi-
um, e.g. within 24 h 20% and 75 to 100% inactiva-
tion was reached with 5 and 15 mMm L-glutamine,
respectively.

In the presence of all tested L-amino acids, the
cells excreted substantial amounts of ammonia
into the medium (not shown). These results indi-
cate that the L-amino acids were taken up by A4. ni-
dulans rapidly and that they were effectively me-
tabolized by the cells under NH," production.
This might temporarily lead to a high NH,* con-
centration in the cells. This effect of L-amino acids
on the inactivation rate of water oxidation was
most pronounced in the presence of the reduced
cation concentration in the nutrient medium, while
no or only minor effects of L-amino acids on water
oxidation were observed in the presence of the reg-

G. Wilzlein and E. K. Pistorius - Inactivation of Photosynthetic O, Evolution

ular cation concentration (values are given in the
legend to Fig. 4 A). Possibly divalent cations could
serve as exchange cations for NH,* and thus help
to detoxify the cells. This detoxification might be
impaired under cation deficiency. As the results
clearly show, the degree of PS II inactivation
depended on the relative L-amino acid to divalent
cation concentration in the nutrient medium.

In Fig. 5 the influence of glycine on O, evolution
is shown. From all tested amino acids, glycine was
most effective in causing inactivation of PS II, be-
cause glycine was rapidly metabolized by the cells
under NH,* production and in addition glycine is
a chelator for divalent cations. This inactivation
rate is comparable to that described by Becker and
Brand [7] for Anacystis in the presence of glycyl-
glycine as a chelator for divalent cations. The re-
sults also show that as soon as glycine was metab-
olized by the cells, a rapid reactivation of PS II is
observed for a short time. Eventually the subse-
quent inactivation rate observed in the experiment
of Fig. S is similar to that with NH," as nitrogen
source.

Fig. 5. Influence of glycine on the PS I and PS II activity.
A: Anacystis cells were grown in a medium with reduced
cation concentration and with 15 mm glycine as nitrogen
source. B: The corresponding immunoblots to Fig. 5A
with the anti-D 1 and anti-MSP. The immunoblot with
the French press extract of the starting cells is marked
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As the corresponding immunoblots (Fig. 3B,
4B, and 5B) show, under cation deficiency the
most pronounced effect was on D 1. The inactiva-
tion of water oxidation paralleled the decrease of
D1, while the reduction of MSP was much slower
than that of D1 under these conditions. These re-
sults again demonstrate that the switch off/switch
on mechanism for PS II activity vie D1 degrada-
tion/synthesis is a relatively fast process (Fig. SA
and B — compare 7 and 24 h values).

Concluding remarks

Several groups [14—19] have shown that the D 1
polypeptide exhibits a high rate of light dependent
turnover relative to other PS II proteins, e.g. the
granal D 1 of Spirodela cultures has been reported
to have a half-life of 6 to 12 h [14, 15]. The rapid
turnover of D 1 is observed in all plants, algae and
cyanobacteria studied to date [15—19]. Several
studies have provided evidence that PS II is the site
of photoinhibition and that recovery from photo-
inhibition damage may rely on turnover and syn-
thesis of D1 [16]. Whether chemical modification
of the Qg protein initiates the proteolytic degrada-
tion of the damaged electron carrier or whether the
rapid turnover of D1 may be related to a control
mechanism for the PS II function is unclear [20]. In
this respect, it is interesting that cyanobacteria
possess small psbA multigene families, e.g. the cy-
anobacterium Synechococcos PCC 7942 contains 3
distinct individual copies of psbA encoding two
different forms of D1 [21, 22]. Schaefer and Gol-
den [22] have shown that light availability influ-
ences the ratio of two forms of D 1 in cyanobacte-
ria thylakoids.

Our results with the cyanobacterium Anacystis
nidulans PCC 6301 show that inactivation of water
oxidation occurs under nitrogen deficiency and
also under divalent cation deficiency (mainly Mg>*
deficiency). The inactivation seen under divalent
cation deficiency is greatly accelerated when
amino acids are present, such as L-glutamine,
which seems to be rapidly metabolized by the cells
under NH,* production [23]. Possibly the inhibi-
tion of PS II seen under nitrogen deficiency and
under high concentrations of L-amino acids might
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be related, since under nitrogen deficiency Anacy-
stis cells will mobilize their nitrogen reserves (such
as phycobiliproteins), and this might temporarily
also lead to an increased L-amino acid concentra-
tion in the cells and the above described conse-
quences for PS I1.

Especially under cation deficiency as well as un-
der cation deficiency in the presence of L-amino
acids in the nutrient medium the inactivation of O,
evolution correlates well with the disappearance of
the D1 peptide indicating that the process of deg-
radation and synthesis of D 1 is out of balance. We
think that under our experimental conditions new
synthesis of D1 is most likely prevented due to
lack of Mg?* which is required for ATP synthesis.
This could be due to the fact that amino acids by
themselves (as glycine) or amino acid metabolites
might chelate divalent cations or that the degrada-
tion of the L-amino acids might temporarily lead
to a high NH,* concentration in the cells. As a
consequence, the water oxidizing enzyme might
become inhibited by NH,", or NH," might cause
uncoupling of photosynthetic phosphorylation. As
a consequence ATP becomes deficient and protein
synthesis will be impaired. Because of the high
turnover of D 1, this peptide will be more affected
than any of the other PS II peptides when protein
synthesis is impaired.

In conclusion it can be said that A. nidulans
seems to be a good model system to investigate the
influence of nitrogen metabolites on photosyn-
thesis. It is quite obvious that the effects of differ-
ent nitrogen sources and different concentrations
of divalent cations on O, evolution are rather com-
plex and not completely understood. Nevertheless,
we think that it is justified to consider a possible
regulatory function of the rapid turnover of D1 in
coordinating nitrogen metabolisms with photo-
synthetic water oxidation.
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