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Photosynthetic reduction of NO,™ was studied in air-grown cells
of a cyanobacterium, Synechococcus UTEX 625. Addition of NO,~
resulted in significant amounts of chlorophyll a fluorescence
quenching both in the absence and presence of CO, fixation inhib-
itors, glycolaldehyde or iodoacetamide. The degree of NO,”
quenching was insensitive to the O, concentration in the medium.
Addition of 100 um inorganic carbon in the presence of glycolal-
dehyde and O,, leading to formation of the carbon pool within the
cells, resulted in pronounced fluorescence quenching. Removal of
O, from the medium restored the fluorescence yield completely,
and the subsequent addition of NO, ™ quenched 36 % of the variable
fluorescence. From the response to added 3-(3,4-dichlorophenyl)-
1,1-dimethylurea, the quenching by NO,™ appeared to be photo-
chemical quenching, and nonphotochemical quenching did not
seem to be present. The reduction of NO,™ observed on its addition
to inorganic carbon-depleted cells remained uninfluenced by O, or
glycolaldehyde. The internal inorganic carbon pool in the cells
stimulated NO,~ reduction, both in the presence and absence of
0O,, by 4.8-fold. An increase in NO, ™ reduction by 0.5-fold was also
observed in the presence of O, during simultaneous assimilation of
carbon and nitrogen in inorganic carbon-depleted cells. Contrary to
this, under anaerobiosis, NO,™ reduction was suppressed when
carbon and nitrogen assimilation occurred together.

Photosynthetic electron use by CO, reduction results in
significant amounts of Chl a fluorescence quenching in
Synechococcus (Miller et al., 1991; Badger and Schreiber,
1993). Fluorescence quenching on addition of C; to the cells
was similar, however, when CO, fixation was inhibited by
GLY or IAC. Removal of O, from the medium restored the
fluorescence yield to its original level, indicating that O,
was functioning as an electron acceptor under the condi-
tions of inhibited CO, fixation. Mass spectrometric mea-
surements revealed that a large internal C; pool developed
when CO, fixation in the presence of light was inhibited
(Canvin et al., 1990). This accumulated C; pool in some way
accelerated O, photoreduction and led to fluorescence
quenching. O, appears to be reduced by Fd or the reducing
side of PSI (Badger, 1985; Asada and Takahashi, 1987;
Canvin et al., 1990), and it is possible that the energy
required for maintaining the C; pool may result from
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pseudocyclic photophosphorylation during O, photore-
duction (Siiltemeyer et al., 1993).

The assimilation of inorganic forms of nitrogen, NO; ™~ or
NO,~, consumes photosynthetically generated assimila-
tory power in blue-green algae (Serrano et al., 1981, 1982;
Romero and Lara, 1987). That NO, ™ accepts electrons from
Fd in green cells is unequivocally accepted (Miguel and
Lara, 1987). In Synechococcus UTEX 625, the flow of elec-
trons from the photosplitting of water to Fd appears to be
influenced by the internal C; pool (Miller et al., 1991) as
evidenced by the enhanced O, photoreduction.

In this paper, we examine the reduction of NO,” by
Synechococcus UTEX 625 in the light and the effect of the
internal C; pool on the rate of reduction.

MATERIALS AND METHODS

The unicellular cyanobacterium Synechococcus leopoliensis
UTEX 625 (University of Texas Culture Collection, Austin,
TX) was grown with air bubbling (0.036% [v/v] CO,) in
unbuffered Allen’s medium at 30°C as described by Espie
and Canvin (1987). The growth medium contained 17.6 mm
NaNO,.

Experimental Conditions

Cells were washed three times by centrifugation (1 min
at 10,000g, Beckman Microfuge B) and resuspended (10-15
ug Chl mL™") in 25 mm 1,3-bis[tris(hydroxymethyl)-meth-
ylaminolpropane-HCI buffer, pH 8.0. This buffer contains
only 10 to 20 um C; when it is kept under N, in a stoppered
serum flask (Miller et al., 1984). The resuspended cells were
placed in a glass chamber at 30°C and 60 pmol m™2 s™*
light and bubbled with CO,-free air or nitrogen to remove
any remaining C;. Two milliliters (O, electrode) or 6 mL
(mass spectrometer) of cell suspension were transferred to
the reaction chamber and allowed to reach the CO, com-
pensation point after the addition of 25 mm NaClL Illumi-
nation was provided by a tungsten halogen projection
lamp. NO,™ was added as KNO.,.

Abbreviations: C;, dissolved inorganic carbon (CO, plus HCO,™
plus CO;?7); F,.*, maximum fluorescence in the absence of inor-
ganic carbon; F, variable fluorescence, the difference between F_*
and minimal fluorescence (dark); GLY, glycolaldehyde; IAC, io-
doacetamide; QA, primary electron accepting plastoquinone of
PSIL.
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Measurement of Chl a Fluorescence Quenching

Fluorescence yield was measured with a pulse modula-
tion fluorometer (PAM-101, H. Walz, Effeltrich, Germany).
Actinic light was 60 pmol m~? s™". The pulse-modulated
measuring beam (100 kHz) was 1 pmol m™> s™'. The
oxidation state of Q, was routinely measured at 60-s in-
tervals with a 1-s flash of high-intensity white light of 1600
pmol m~2 s, The results were recorded with a Linear
recorder. The influence of internally accumulated C; on
photosynthetic electron transport and fluorescence yield
was also determined using artificial electron acceptors/
inhibitors (Badger and Schreiber, 1993). The fluorescence
terminology used in this paper conforms as closely as
possible to the recommended standard nomenclature (van
Kooten and Snell, 1990) with a few additional terms coined
by Miller et al. (1991).

Measurement of O, Evolution

O, evolution was determined from cell suspensions at a
light intensity of 300 umol m™> s~ using a Hansatech
(King’s Lynn, Norfolk, UK) DW 2 O, electrode as described

by Miller and Canvin (1987).

NO,~ and Chl Measurement Analysis

Samples (50 uL) of cells with medium were obtained at
discrete intervals throughout the O, evolution measure-
ments and immediately frozen in liquid nitrogen or killed
in 80% alcohol. The NO,™ content of the samples was
determined according to the method of Strickland and
Parsons (1972). NO,~ reduction was measured as the dis-
appearance of NO,™ from the reaction mixture. Chl was
measured by extraction in methanol (Meeks et al., 1983).

Chemicals

Carbonic anhydrase (carbonate dehydratase, EC 4.2.1.1)
and 1,3-bis[tristhydroxymethyl)-methylaminolpropane were
obtained from Sigma Chemical Co. K,">CO; (99 atom %
13C) was obtained from MSD Isotopes (Montreal, Canada).

RESULTS

Effect of External NO,~ Concentration on NO,~
Reduction and O, Evolution

Light-dependent NO,™ reduction and O, evolution by
Synechococcus UTEX 625 are presented in Table I. NO,™~
reduction and O, evolution increased up to 10 mwm; the
increase was linear up to 2 mm NO,” in the medium.
Because the maximum rate of reduction occurred at 10 mm
NO, 7, this concentration was used in subsequent experi-
ments. It is not known why a lower rate of NO, ™ reduction
was observed at 20 mM NO, . The O, evolution/NO,
reduction ratio (Table I) was always higher than the ex-
pected ratio of 1.5.
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Table 1. Effect of NO,™ concentration on O, evolution and NO,~
reduction by Synechococcus UTEX 625 in the light

NO,™ reduction was measured as the disappearance of NO,~
from the medium. Cells depleted of C; were placed in the O, elec-
trode (30°C), and O, evolution was initiated by the addition of
NO,~. The light intensity was 300 umol m~2s~', and O, concen-
tration at the time of treatment initiation was 50 uMm. The values are
averages of two experiments, which agreed in most treatments within
10% and are expressed in wmol mg™' Chl h™'. NO,~ reduction in

the dark was 2 wmol mg™" Chl h™".

O, Evolution/

[NO,] 0, Evolution NO,~ Reduction NO,~ Reduction
mm
1 10 5.4 1.8
9 20 12.2 1.6
5 29 16.7 1.7
10 39 23.8 1.6
20 12 5.5 21

Internal C; Pool

Internal C; pool size measurements were made with the
mass spectrometer (Miller et al., 1988) in both the presence
and absence of O,. Addition of 100 um C; led to formation
of an internal C; pool of 35 mu in the presence of O,. The
formation of the C; pool stimulates O, photoreduction
(Miller et al., 1991), and it was proposed that the energy
required for maintaining this C; pool may result from
pseudocyclic phosphorylation (Siiltemeyer et al., 1993). In
that case, one would expect leakage of the C; pool under
inhibited conditions of CO, fixation when O, was removed
from the medium. It is interesting that the C; pool size
increased to 52 mm when O, was removed from the me-
dium. It is possible that during anaerobiosis and under
inhibited conditions of CO, fixation the energy required for
C; pool formation may result from cyclic phosphorylation
alone, and that could explain the increase in C; pool size
observed when O, was removed from the medium. The
addition of NO, ™ also seemed to have no influence on the
size of the internal C; pool.

Chl a Fluorescence

Figure 1 depicts the effect of added NO,™ on Chl a
fluorescence in air-grown Synechococcus UTEX 625. The F_*
was observed in the absence of inorganic carbon, evident
by the lack of net O, evolution. The illumination of the cells
with a saturating flash of light in the absence of C; (start of
each trace) increased the fluorescence yield by only a small
amount (Fig. 1), indicating that Q, was largely reduced
(Schreiber et al., 1986). The addition of NO,™ resulted in a
pronounced quenching of fluorescence, reaching a value of
30% of F,. However, this maximum decrease in fluores-
cence yield was sustained for only 2 to 3 min and stabilized
thereafter at 17% of F,. From the quenching pattern ob-
served on addition of NO, ™, one could speculate that the
initial maximum quenching could be due to small amounts
of C, in the solution. In that case, one could attribute it to
CO, fixation apart from NO,~ reduction.
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Figure 1. Effect of NO,™ on Chl afluorescence (F) of Synechococcus
UTEX 625. The cells were preincubated in the light to remove C; from
the medium, and the reaction was started by the addition of 10 mm
NO, ™. Actinic light was 60 umol m~2 s™' (PAR), Chl a was 9 to 10
pug mL™Y, and 25 mm NaCl was present in the reaction mixture.
DCMU addition was 20 uMm.

One way to test this hypothesis was to stop CO, fixation
by the addition of a CO, fixation inhibitor, GLY or IAC. If
the initial maximum quenching was due to small amounts
of C; in the NO,™ solution, then inhibition of CO, reduc-
tion would allow the cells to maintain the initial maximum
quenching level until the NO,~ was completely reduced.
However, addition of 12 mM GLY or 3.3 mMm IAC to the
medium (data not shown) had no effect on the overall
quenching pattern due to NO,™ addition. Also, when the
NO,™ for a 10 mm final concentration was added in one-
tenth of the volume (thereby changing the amount of C;
that could be added), there was no effect on the fluores-
cence. In Synechococcus UTEX 625, CO, does not cause any
quenching of fluorescence under conditions of inhibited
CO, fixation in the absence of O, (Miller et al., 1991). The
experiment as shown in Figure 1 was repeated at zero [O,]
in the presence of the CO, fixation inhibitor, GLY or IAC,
to further confirm the pattern of NO, ™ -induced quenching,.
The amount and degree of Chl a fluorescence quenching
remained uninfluenced by the O, content in the medium
(data not shown). Most of the quenching induced by addi-
tion of NO,™ was transiently relieved when cells were
illuminated with a saturating flash of light. This demon-
strated that much of the quenching caused by addition of
NO, ™ was due to increased oxidation of Q,.

Since only a proportion of NO, " -induced quenching was
relieved when the cells were illuminated with a saturating
flash of light, one could think that the portion of quenching
not relieved during a saturating flash of light might be
energy-dependent quenching in Synechococcus UTEX 625.
However, the estimation of photochemical quenching due
to Q4 oxidation in this organism was higher when mea-
sured by DCMU addition than when measured by illumi-
nating the cells with a saturating flash of light (Fig. 1).
Addition of DCMU indicated that almost 100% of the
quenching was due to Q, oxidation, whereas only 60%, on
average, of the quenching was relieved during a saturating
flash of light. The intensity of the light flash was fully
saturating with respect to PSII absorption (data not
shown).

Figure 2 shows that addition of C; initiated the quench-
ing of Chl 4 fluorescence under conditions of inhibited CO,
fixation. It has already been shown that electrons that pass
through PSII are ultimately accepted by O, when their use
for CO, reduction is blocked (Miller et al., 1991). Addition
of NO, ™ caused an additional quenching of about 9% of F..
This would mean that NO, ™~ efficiently competes for elec-
trons with O,, but the relative contribution of O, or NO,~
as electron acceptor toward overall quenching of Chl a
fluorescence under these conditions is not known.

The addition of C; also caused quenching of Chl a fluo-
rescence (Fig. 3) when the O, was removed from the me-
dium by addition of the Glc oxidase system but CO, fixa-
tion was allowed. Most of the quenching was transiently
relieved during a saturating flash of light, indicating that
the addition of C, resulted in an enhanced rate of Qg
oxidation. The kinetics of Q4 reoxidation when only CO,
could act as an electron acceptor were slow, requiring 40 to
45 s for oxidation to the original level. These results are in
agreement with those reported by Miller et al. (1991). Ad-
dition of NO,™ resulted in a further quenching of Chl a
fluorescence by 9% in F,. A large proportion of the quench-
ing was transiently relieved with each saturating flash of
light provided, demonstrating that it was photochemical
quenching. With NO, ™ as an electron acceptor, the kinetics
of Q, reoxidation were changed and reoxidation was much
faster.

Figure 4 demonstrates that the addition of C; in the
presence of GLY and anaerobic conditions did not cause
any quenching of Chl a fluorescence. The fluorescence
yield was close to the maximum (F,*) under conditions of
inhibited CO, fixation. PSII fluorescence quenching in Syn-
echococcus as a result of electron transport approaches zero
at zero [O,] (Miller et al., 1991; Badger and Schreiber, 1993).
Under these conditions, however, the addition of NO,™
resulted in 36% of F, quenching. The peaks on each satu-
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Figure 2. Effect of O, and NO,™ on F, of Synechococcus UTEX 625
in the presence of GLY (12 mm) and C;. GLY was added to the
Ci-depleted cells, followed by the addition of 100 um C; and 10 mm
NO, ™ as shown. O, concentration was 240 um. Actinic light was 60
pwmol m ~2 577 (PAR), Chl awas 9 to 10 ug mL™", and 25 mm NaCl
was present in the reaction mixture.
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Figure 3. Effect of CO, and NO,™ as electron acceptors on F, of
Synechococcus UTEX 625 in the absence of O,. Cells were depleted
of C,, and O, was removed from the medium by addition of the Glc
oxidase system (GOD), which consisted of 10 mm Glc, 100 pg mL™!
Glc oxidase, and 50 ug mL™" catalase. The GOD system was added
12 min before C; and the fluorescence pattern upon addition of GOD
is not shown. This pattern may be seen in Figure 4, where the
addition of GOD results in substantial quenching of F,, which is
gradually relieved. The observed initial quenching is caused by C; in
solutions of the GOD system and quenching is relieved as this C; is
fixed. After addition of the GOD system, however, the fluorescence
does not return to F,* but to a slightly lower level (Fig. 4) designated
F,S°P. Quenching of F, was calculated using F,.5©P as the maxi-
mum fluorescence under these conditions, The reaction was started
by addition of 100 um C,, followed by 10 mm NO, ™.

ration flash of light were sharp, and reduction and reoxi-
dation of Q, were rapid. When DCMU (20 um) was added
to the medium, the fluorescence yield rapidly returned to
the original level, further indicating that the quenching was
photochemical (Krause et al., 1982).

NO,~ Assimilation and O, Evolution

The NO,™ assimilation and O, evolution data obtained
in various treatments are presented in Table II. The addi-
tion of NO,™ to C;-depleted cells resulted in NO,™ assim-
ilation rates of 26 umol mg™' Chl h™'. Removal of O, or
addition of GLY to the medium did not influence the NO,™
assimilation rates. Miller and Canvin (1987) and Miller et
al. (1991) reported that the internal inorganic carbon pool
stimulated the flow of electrons from water to Fd, resulting
in O, photoreduction. Since NO,™ also accepts electrons
from Fd, we tested this hypothesis using NO,™ as a termi-
nal electron acceptor. When the cells were allowed to build
up an inorganic carbon pool by addition of 100 umM C; in the
presence of GLY, the O, evolution rate as a consequence of
NO,™ reduction was more than 70% of the rate of photo-
synthesis. Removal of O, from the medium under similar
conditions resulted in an additional 18% increase in NO, ™
reduction. NO,  reduction was also influenced by the
internal C; pool when CO, fixation and NO,~ assimilation
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Figure 4. Effect of NO,™ as electron acceptor on F, of Synechococ-
cus UTEX 625 inhibited with GLY (12 mm) in the absence of O,. Cells
were depleted of C;, O, was removed from the medium, and 100 um
C; and 10 mm NO, ™ were added as shown. DCMU addition was 20
pM. The addition of the Glc oxidase system (GOD) caused some
quenching and the establishment of a level of fluorescence (F) lower
than F.*. This level is identified as F,,““°, and the quenching of F,
from the addition of NO, ™ is calculated using that level as maximum
fluorescence under these conditions.

were allowed simultaneously. NO, ™~ assimilation in the
presence of O, was increased by 53% but was suppressed
by 37% when O, was removed from the medium.

In general, the O, evolution (Tables I and II) was 1.5 to
1.8 times the rate of NO,™ reduction, which balances the
electron supply from photosplitting of water with electron
use in NO,  reduction.

DISCUSSION

In the absence of inorganic carbon, cyanobacteria such as
Synechococcus display maximum Chl z fluorescence with no
apparent nonphotochemical quenching. Fluorescence can

Table ll. Effect of the internal inorganic carbon pool on O, evolu-
tion and NO,~ reduction by Synechococcus UTEX 625 in the light

Cells depleted of C; were placed in O, electrode (30°C), and
treatments were initiated. NO,~ was added to a final concentration
of 10 mm, and GLY and C; were added to concentrations of 12 mm
and 100 pm, respectively. O,, when present, was 50 um at the time
of treatment initiation. When required, anaerobiosis was achieved by
adding Glc oxidase (final concentration, 100 pg mL™") to a cell
suspension containing 10 mm Glc and 50 ug mL™' catalase. O,
evolution and NO,~ reduction were measured and expressed in
pmol mg™" Chl h™'. Light intensity was 300 umol m~2s~". The
values are averages of two experiments, which agreed in most treat-
ments within 10%. CO, reduction on addition of 100 um C; in

control cells was 242 + 10 wmol mg™" Chl h™. -, Not determined.

O NO,~ O, Evolution/NO, ™
Treatment Evoluztion Reducztion ’ Reducticﬁn ’

o, 38 26 15

-0, - 26 -

0, + GLY 40 25 1.6

-0, + GLY - 29 -

0, + GLY + G, 174 120 15

—0, + GLY + G, - 141 -

0, + C, 300 40 -

-0, + G - 16 _
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be quenched by the fixation of CO,, but when CO, fixation
is inhibited it can also be quenched by O, when an internal
C; pool is allowed to develop. The development of the
internal C; pool in some way not yet understood initiates
the photoreduction of O, (Miller et al., 1991; Badger and
Schreiber, 1993). Photoreduction appears to be via reduced
Fd (Canvin et al., 1990).

NO,™ and nitrate are reduced in cyanobacteria using
reduced Fd as the source of electrons (Miguel and Lara,
1987), and they also cause fluorescence quenching (Serrano
et al., 1981, 1982). One might expect then that the reduction
of these compounds would also be influenced by the inter-
nal C; pool.

NO,™ addition in the absence of CO, did cause quench-
ing (Fig. 1), and from the saturating flash results, at least
60% of the quenching could be attributed to photochemical
quenching. Reduction and reoxidation of Q4 were rapid,
similar to that observed when O, acted as the oxidant (Fig.
2). When O, acts as the oxidant, about 70 to 80% of the
quenching is photochemical quenching (Fig. 2). As ob-
served with O, quenching (Miller et al., 1991), increasing
the intensity of the flash or diluting the cell concentration
had no effect on the photochemical quenching due to
NO,". The fluorescence that is not recovered during a
saturating flash may be appropriately assigned to nonpho-
tochemical quenching (Schreiber and Neubauer, 1990), but
the results with DCMU (Fig. 1) give no indication for two
quenching components (Schreiber et al., 1986).

With either O, quenching or CO, quenching of fluores-
cence, the addition of NO, ™ caused an increase in quench-
ing (Figs. 2 and 3). In addition, similar to the effect of O,
(Miller et al., 1991), the slow reoxidation of Q4 by CO, was
hastened by the addition of NO,™ (Fig. 3). Thus, NO,™
appears to be as efficient an oxidant as O,, with both being
much better than CO, alone.

In the absence of O, but in the presence of an internal C;
pool (Fig. 4), NO,~ addition resulted in a fluorescence
quenching equivalent to that observed with O, or CO, as
the quenching agent. In this case, 70 to 80% of the quench-
ing could be relieved by a saturating light flash, and
DCMU addition indicated that all of the quenching could
be attributed to photochemical quenching. The discrepancy
between the saturating light flash results and the DCMU
results in reference to photochemical quenching remains
unexplainable.

As recorded previously (Flores et al., 1983), NO,™ was
reduced by the photosynthetic system, and in the absence
of other electron acceptors the theoretical stoichiometry of
1.5 between O, evolution and NO,  reduction was ob-
served (Table II). Although the absence or presence of O, or
GLY had little effect on the rate of NO,™ reduction, the
formation of the internal C; pool stimulated NO,™ reduc-
tion 4-fold (Table II). NO,™ reduction increased when O,
was removed from this reaction mixture, suggesting that
O, was perhaps competing for electrons. When carbon
fixation was allowed, NO,~ reduction was reduced, and
the ratio of carbon assimilated to NO, ™ reduction was 6.5,
a value of carbon to nitrogen assimilation that has been
observed in Scenedesmus (Larsson et al., 1985).

The mechanism by which the C; pool stimulates photo-
synthetic electron flow or the reduction of O, and NO,~
remains unknown. It has been known for some time that
HCO, " is required for the transfer of electrons from Q, ™ to
plastoquinone (Cao and Govindjee, 1988), and the stimu-
lation of electron flow in PSII of cyanobacteria by CO, or
HCO;~ has been observed (Vennesland et al., 1965; Cao
and Govindjee, 1988). This possible mechanism for the
HCO,™ (C; pool)-stimulated electron flow in PSII was dis-
cussed in our previous paper (Miller et al., 1991), and we
pointed out that, whereas the K; (HCO,™) for this effect
was 35 to 60 um in thylakoids isolated from spinach chlo-
roplasts (Blubaugh and Govindjee, 1988), the electron flow
observed in Synechococcus (as interpreted from fluorescence
quenching) seemed to increase with concentrations of C;
increasing to 30 to 60 mm (Miller et al., 1991). On that basis
it seemed unlikely that the HCO,~ accumulated in cya-
nobacteria was exerting a direct effect on electron flow
from Q,  to plastoquinone, and with the use of artificial
electron acceptors, Badger and Schreiber (1993) recently
showed that in the absence of C; there did not appear to be
any inhibition of any specific partial reactions in the pho-
tosynthetic electron transport chain. We have also used
artificial electron acceptors to drain electrons at PSII (2,6~
dimethylbenzoquinone plus ferricyanide [500 plus 500 pm]
and 2,5-dibromo-3-methyl-6-isopropyl-p-benzoquinone [50
pMm]) and PSI (methyl viologen [1 mm] and N,N-dimethyl-
p-nitrosoaniline [200 uM]) from the electron transport chain
in C;-depleted cells. The rate of electron flow from water to
these acceptors, as measured by O, evolution and fluores-
cence quenching, was maximal upon the addition of the
acceptor. No stimulatory effect of C; on electron flow to
these acceptors was observed.

With the mass spectrometer, we also determined the
effect of these artificial electron acceptors on the internal C,
pool. If the pool had been formed in GLY-inhibited cells,
the pool instantly leaked out upon the addition of the
acceptor. When the artificial electron acceptors were added
to GLY-inhibited cells prior to C;, no internal C; pool de-
veloped within the cells. Hence, the C; pool seemed to be
nonessential for electron flow to these artificial electron
transport acceptors, and C; would appear to have no direct
effect on the reactions of the electron transport chain. Bad-
ger and Schreiber (1993), in a more extensive investigation
of electron transport, also came to that conclusion and
suggested that the C; pool stimulated the reduction of O,
by PSI. Our results show that NO, ™ reduction is stimulated
in a manner similar to O, photoreduction, and although we
do not know the action of C,, it is apparent that it must act
similarly for NO, ™~ reduction and O, photoreduction.
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