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Abstract Nitric oxide (NO) is a bioactive molecule involved in
diverse physiological functions in plants. Here we demonstrate
that NO is capable of regulating the activity of photopho-
sphorylation in chloroplasts. The electron transport activity in
photosystem II determined from chlorophyll a fluorescence was
inhibited by NO. NO also inhibited light-induced ApH
formation across the thylakoid membrane. High concentrations
of nitrite and nitrate did not show such inhibitory effects,
suggesting that the inhibition is not due to uncoupling effects of
the oxidized products of NO. ATP synthesis activity upon
illumination was severely inhibited by NO (ICsp =0.7 uM). The
inhibition was found to be temporary and the activity was
completely recovered by removing NO. Bovine hemoglobin and
bicarbonate were effective in preventing NO-dependent inhibi-
tion of photophosphorylation. These results indicate that NO is
a reversible inhibitor of photosynthetic ATP synthesis. © 2002
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Nitric oxide (NO), which can be produced from L-arginine
by the enzyme nitric oxide synthase (NOS), is involved in the
reactions of a wide variety of physiological functions in mam-
malian systems [1,2]. One of the important reactions of NO in
biology is interaction with metal complexes [1]. Because NO
possesses a high affinity to transition metals to form metal—
nitrosyl complexes [1], proteins containing transition metal
ions in either heme or non-heme complexes can be the targets
for NO [1]. Guanylate cyclase [3], cytochrome P450 [4],
lipoxygenase [5] and cyclooxygenase [5] are reported as the
relevant targets of NO in biological systems (e.g. NO activates
guanylate cyclase to produce the second messenger cGMP via
formation of Fe-nitrosyl complex [3]). It is now evident in
animal systems that NO is involved in the ‘switching mecha-
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Abbreviations: 1Csy, 50% inhibitory concentration; ETR, electron
transport rate; F,/F,, maximum efficiency of photosystem II;
NOR?2, (*)-(E)-4-methyl-2-[( E)-hydroxyimino]-5-nitro-3-hexenamide;
NOS, nitric oxide synthase; NR, nitrite reductase; PS II, photosystem
II; 9-AA, 9-aminoacridine; pmf, proton motive force; SNAP, S-ni-
troso-N-acetylpenicillamine

nism’ of metabolic cascades through activation and inactiva-
tion of a broad spectrum of enzymes [1,2].

The mitochondrial respiratory electron transport chain in-
cludes abundant proteins containing transition metals such as
heme, thereby being a major target of NO in animal cells [1].
In fact, NO inhibits the ATP synthesis (oxidative phosphory-
lation) in both animal [6] and plant [7] mitochondria. Before
the discovery of NOS in animal systems, NO had been con-
sidered a respiratory inhibitor produced through air pollution
[8]. However, our recognition of NO has changed from simply
an inhibitor to a regulator of oxidative phosphorylation be-
cause inhibition by NO is temporary and the activity can be
completely recovered by removal of NO [1].

In addition to mitochondria, chloroplasts are important
organelles for energy transduction in plants (photophosphor-
ylation). Although air pollution studies have suggested that
NO may reduce the activity of net photosynthesis [9,10], the
effects of NO on photophosphorylation in chloroplasts have
not been addressed to date. The aim of this study was to
directly examine the effects of NO on the energy transduction
system in chloroplast thylakoids. Here we demonstrate that
NO is capable of inhibiting electron transport, ApH formation
and photophosphorylation in a manner of reversible inhibi-
tion. In terms of co-regulation of nitrogen and carbon assim-
ilation, we discuss a possible physiological significance of NO-
dependent inhibition.

2. Materials and methods

Thylakoid membranes were prepared from spinach leaves according
to a previous method [11] with slight modifications. Leaves (20 g)
were homogenized with a Waring blender for 20 s in a grinding buffer
(200 ml) that contained 0.3 M sorbitol, 50 mM Tricine-KOH (pH
8.0), 25 mM KCI, 5 mM MgCl, and 5 mM sodium L-ascorbate. The
homogenate was filtered through eight layers of cheesecloth. The fil-
trate was centrifuged at 500X g for 3 min and then the supernatant
was centrifuged at 2000 X g for 10 min. The precipitate obtained was
suspended in a suspension buffer that contained 0.3 M sorbitol, 20
mM Tricine-KOH (pH 8.0), 25 mM KCIl, 5 mM MgCl,, 4 mM
EDTA and 1.5 mM K,HPO,. The suspension was centrifuged again
at 2000 X g for 10 min to wash the thylakoids. The pellet was resus-
pended in the suspension buffer and used as the thylakoid prepara-
tion.

Maximum efficiency of photosystem II (PS II) (F\/Fy,) and electron
transport rate (ETR) were measured with a PAM chlorophyll (Chl) «
fluorometer (Diving-PAM/B, Heinz-Walz, Effeltrich, Germany) [12].
Dark-adapted thylakoids were suspended at 20 pmol ml~! Chl in a
reaction mixture (3 ml) that contained 0.1 M sucrose, 10 mM NaCl,,
0.1 M HEPES-KOH (pH 8.0), 50 uM methylviologen, 50 uM ATP
and 30 mM vr-ascorbate. The optical fiber of the PAM fluorometer
was placed on a side of a cuvette (1 X 1 cm) equipped with a magnetic
stirrer device.
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Fluorescence quenching of 9-aminoacridine (9-AA) was measured
to estimate the extent of ApH across thylakoid membranes [13]. For
the measurement, we set a fluorescence spectrophotometer (RF-5300,
Shimadzu, Kyoto, Japan) as follows: excitation wavelength (and slit
width) 400 nm (5 nm) and emission wavelength (and slit width) 450
nm (5 nm). Measurements were carried out with a reaction mixture (3
ml) containing 20 umol Chl mI~! thylakoids, 0.1 M sucrose, 10 mM
NaClp, 0.1 M HEPES-KOH (pH 8.0), 50 uM methylviologen, 50 uM
ATP, 30 mM L-ascorbate and 2 uM 9-AA.

Photophosphorylation (ATP synthesis) activity was determined by
a bioluminescence assay. The reaction mixture (3 ml) contained 20
umol ml~!' Chl thylakoids, 0.3 M sorbitol, 20 mM Tricine-KOH (pH
8.0), 25 mM KCl, 5 mM MgCl,, 4 mM EDTA, 1.5 mM K,HPO,, 50
UM methylviologen, 100 uM ADP and 30 mM L-ascorbate. After
illumination the reaction mixture was immediately passed through a
0.2 um syringe filter (Dismic-25 mixed-cellulose ester, Advantec, To-
kyo, Japan) to separate the soluble fraction from the suspension. The
obtained soluble fraction was subjected to an ATP assay to determine
the activity of photophosphorylation. The assay of ATP was carried
out with a luminometer (Lumicounter 700, Microtech Nitti-on, Chiba,
Japan) using a luciferin/luciferase assay kit (SZ101, Yamato, Tokyo,
Japan).

Actinic light of 150 umol quanta m~2 s~! was used to excite chloro-
phylls for all experiments described above. The reaction temperature
was maintained at 26°C using a temperature-controlled water bath. S-
Nitroso-N-acetylpenicillamine (SNAP) and (= )-(E)-4-methyl-2-[(E)-
hydroxyimino]-5-nitro-3-hexenamide (NOR?2) were used to produce
NO in the reaction mixtures. NO concentration was electrochemically
determined with a nitric oxide electrode (ISO-NO Mark II, World
Precise Instruments, Sarasota, FL, USA) in conjunction with a
Duo-18 data acquisition system [14]. SNAP and NOR2 were pur-
chased from Dojindo (Kumamoto, Japan). For other experimental
conditions see figure legends.

—1

3. Results

Fig. 1 shows effects of NO on electron transport activities
of thylakoid membranes measured by PAM Chl a fluores-
cence. In the presence of NO, the emission of Chl a fluores-
cence from PS II was increased in saturation pulse analysis
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Fig. 1. Effects of NO on electron transport in PS II. A: Kinetics of
PAM fluorescence quenching in the saturation pulse analysis. Thyla-
koids were incubated in the presence (+NO) or absence (—NO) of
10 uM NO for 1 min before the measurements. Actinic light (AL,
150 pumol m~2 s7!) was turned on at the arrow. B: F,/F,, was mea-
sured in the NO-treated thylakoids before (W) or after (OJ) illumina-
tion with actinic light for 3 min. C: The overall photosynthetic
transport rate (ETR) was estimated from effective PS II quantum
yield after illumination with AL for 3 min. Mean values with
S.E.M. of three replicates are given in B and C.
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Fig. 2. Inhibitory effect of NO on the light-induced ApH formation.
ApH-dependent uptake of 9-AA was measured in the presence of
NO (e in panel A), NO; (O in panel B) or NO; (@ in panel B). In-
set: Kinetics of 9-AA fluorescence in the presence of 10 uM NO
(+NO) or the absence of NO (Cont.). The actinic light and fluoro-
metric measuring beam were simultaneously switched on at the
black arrow. The white arrow indicates the addition of 2 UM nigeri-
cin. Mean values with S.E.M. of three replicates are given in A and
B.

(Fig. 1A). Because NO did not show any inhibitory effects on
maximum photochemical efficiency of PS II that can be mea-
sured by F,/F,, either before or after the illumination (Fig.
1B), photooxidative damage in PS II cannot account for the
fluorescence increase. Nevertheless, the ETR was found to be
severely inhibited (Fig. 1C). The inhibition showed a clear
dependence on NO concentration (ICso=3 uM NO).

The linear electron transport from water to NADP" (sub-
stituted by the artificial acceptor methylviologen in this study)
is essential to generate the proton motive force (pmf, almost
synonymous with ApH across thylakoid membranes in chloro-
plasts). If electron transport is inhibited by NO, the concom-
itant ApH formation should also be inhibited. Fig. 2 demon-
strates effects of NO on the activity of ApH formation that
can be detected as fluorescence quenching of the ApH indica-
tor 9-AA [15]. The inset shows kinetic traces of the ApH-de-
pendent fluorescence quenching of 9-AA in the presence or
absence of NO. Like the results of Fig. 1C, ApH formation
was severely inhibited by NO (Fig. 2A, inset) and the inhibi-
tion depended on NO concentration (Fig. 2A). Because the
uncoupler nigericin completely recovered fluorescence inten-
sity to the original level, the effect of NO cannot be attributed
to direct reactions between NO and 9-AA that might suppress
the quenching (Fig. 2A, inset). The value of ICsy (2 uM NO)
was very similar to that in Fig. 2C.

NO is a short-lived radical species and can be degraded to
NO; and NOj3 in oxygen-containing aqueous solution as fol-
lows [16]:

4NO + 0, + 2H,0 — 4NOj + 4H* (1)

2NO + O3 + H,0 — NO; + NOj +2H* (2)

To exclude possible uncoupling effects caused by degraded
products of NO, the effects of NO; and NO;3 on ApH for-
mation were examined (Fig. 2B). Because the chemical NO
donor SNAP has the potential to produce twice the amount
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Fig. 3. Effects of NO on photophosphorylation activity in thylakoid
membranes. Photophosphorylation activity (®) was measured as
ATP synthesis rate under illumination (150 pumol m~2 s~!). Inset:
Kinetics of ATP synthesis in the presence of 20 uM chlorophyll
with (O) or without 1 uM NO (m) and with 1 uM NO and 1 mg

ml™!" hemoglobin (Hb, O). Arrow indicates addition of hemoglobin.
Mean values with S.E.M. of three replicates are given.

of NO on a stoichiometric basis, 250 uM SNAP used to
produce 10 uM NO in the steady state should theoretically
produce a maximum of 500 uM NO. If the total amount of
NO were rapidly degraded by Eq. 1 or 2, NO; or NO3 would
be produced in the reaction mixture. However, even in the
supposed presence of such high concentrations of supplemen-
tal NO3y or NO;, substantial inhibition of ApH formation
was not observed (Fig. 2B). Thus, the inhibitory effect of
NO on ApH formation is not due to the uncoupling effect
of the degradation products of NO as suggested before [8].
Photosynthetic ATP synthesis in chloroplasts (photophos-
phorylation), catalyzed by H"-ATPase (CFy—CF; complex), is
coupled with vectorial proton translocation across thylakoid
membranes [11]. Because light-induced ApH formation is the
driving force for ATP synthesis in thylakoids, NO, which can
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Fig. 4. Effects of hemoglobin and bicarbonate on NO-dependent in-
hibition of photophosphorylation. Photophosphorylation activity is
represented as relative value (%) to the control (19.4 umol mg
Chl™! h™! in the absence of NO). To produce 1 uM NO, 25 uM
SNAP or 400 uM NOR?2 was added to the reaction mixture. +Hb,
in the presence of 1 mg ml™' hemoglobin. +HCOs3, in the presence
of 10 mM NaHCO;. Mean values with S.E.M. of four replicates
are given.
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suppress ApH formation, could also inhibit photophosphory-
lation activity. Indeed, NO exerted a strong inhibitory effect
on photophosphorylation (Fig. 3). The inset of Fig. 3 shows
time courses of the light-induced ATP synthesis in the pres-
ence or absence of 1 uM NO. NO significantly suppressed the
rate of ATP synthesis upon illumination () but the effect was
canceled by the addition of hemoglobin (O), a powerful NO
quencher [1], to the reaction mixture. The results demon-
strated here have clearly shown that the inhibition is tempo-
rary and reversible without showing any hysteresis. The 1Cs
for photophosphorylation activity (0.7 uM NO) was much
lower than those for ETR and ApH formation. It should be
noted that NO also inhibited ATPase (ATP hydrolysis) activ-
ity that can be measured in the absence of pmf. However, the
inhibition required a much higher concentration of NO
(ICso =50 uM). The significant difference in ICsy between
ATP synthesis and ATP hydrolysis activities suggests that
NO-induced inhibition of photophosphorylation cannot be
attributed to inactivation of the H-ATPase.

A suppressive effect apparently similar to hemoglobin was
observed when NaHCO; was added to the reaction mixture
(Fig. 4), suggesting that bicarbonate (HCOy5) is also capable
of preventing the inhibitory action of NO. One may consider
that unknown chemistry between the NO donor SNAP and
thylakoid membranes might be involved in these effects. To
exclude the possible concern of SNAP other than NO produc-
tion, we applied NOR2, a recently developed chemical NO
donor. In Fig. 4, the concentrations of SNAP (25 uM) and
NOR2 (400 uM) in the reaction mixture were adjusted to
produce an equal amount of NO (I uM NO at steady-state
condition in the absence of thylakoids). Similar to SNAP,
NOR2 exerted strong inhibition of photophosphorylation
under this condition. Moreover, the inhibition induced by
NOR2 was also prevented by the presence of hemoglobin or
bicarbonate.

4. Discussion

The present study has demonstrated that NO reversibly
inhibits photophosphorylation in thylakoid membranes. Air
pollution studies in plants have shown that NO inhibits pho-
tosynthetic CO; assimilation [9,10]. Because NO is eventually
degraded to nitrite (or nitrate) in an aqueous solution under
ambient air, it has long been presumed that the harmful ef-
fects of NO on photosynthesis could be due to nitrite toxicity
[8]. The results shown in this study suggest that nitrite is not
involved in the mechanism for NO-dependent inhibition of in
vitro photophosphorylation and confirm that the NO mole-
cule itself does have a suppressive effect on the electron trans-
port activity.

Because NO potentially alters the electron paramagnetic
resonance (EPR) signal from transition metals contained in
electron transfer components, NO has sometimes been applied
for EPR studies to characterize photosynthetic electron trans-
port systems. Using NO for releasing bound bicarbonate
(CO,/HCOy), Diner and Petrouleas identified the bicarbonate
binding site of non-heme iron complex in PS II [17,18]. It is
well known that electron transfer at PS II can be stimulated
by bicarbonate [19], which binds to several sites in PS II (e.g.
non-heme iron complex, Qp binding site, water-oxidizing
complex) [20]. In contrast, carboxylate anions (-COO™) in-
cluding formate (HCOO™) can slow the rate of electron trans-
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fer because these anions can replace bound bicarbonate at
these binding sites [19]. It is plausible that the reduced rate
of electron transport, due to the NO-induced dissociation of
bicarbonate from the specific sites of thylakoids, is involved in
the mechanism of the inhibitory effect of NO on photophos-
phorylation. In fact, the rate of electron transfer was slowed
by the addition of NO (Fig. 1), the results well consistent with
those of a previous EPR study [18].

As shown in Fig. 4, the inhibitory effect of NO on the
photophosphorylation can be prevented by a supplemental
high concentration of bicarbonate. It is reported that high
concentrations of bicarbonate enable the bound NO to liber-
ate from the reaction center and recover electron transport
activity [18]. Thus, sensitivity of photosynthesis against NO
would depend on a local concentration of bicarbonate within
thylakoid membranes. Consistent with this idea, air pollution
studies have shown that the inhibitory effects of NO on pho-
tosynthesis can be prevented by higher concentrations of CO,
[10,21].

Emission of NO has been reported in green algae [22-24],
cyanobacteria [22] and a variety of higher plants [25,26]. How-
ever, the source of NO in plant cells is still controversial [27].
Although there have been a number of reports suggesting that
plant cells contain a mammalian-type NOS [28,29], neither a
gene nor a protein of NOS has been conclusively identified
from plants to date. We have recently shown in vitro evidence
that nitrate reductase (NR), a key enzyme of assimilatory
nitrogen metabolism in plants and algae, produces NO
when its normal product nitrite is provided as the substrate
[14,30]. In fact, emission of NO from plants has been sug-
gested to be linked with the accumulation of nitrite in many
cases [22,23,26]. Under optimal conditions, nitrite is trans-
ported into the chloroplasts and is converted to ammonium
by nitrite reductase. Nonetheless, nitrite can be accumulated
in the cells when photosynthetic electron transport [31] or
nitrogen metabolism [23] is not operational. These observa-
tions imply that photophosphorylation would be inhibited by
endogenously produced NO at least under unfavorable con-
ditions for nitrite conversion. It is well known that activities
of nitrogen assimilation and carbon assimilation are clearly
interdependent [32,33]. Because NO reversibly (Fig. 3) and
harmlessly (Fig. 1B) inhibits photosynthetic activity, NR-pro-
duced NO may down-regulate the photosynthetic activity
when nitrite reduction is not operational. In this context, we
consider it plausible that NO acts as a transmembrane mes-
senger to alert dysfunctional nitrogen assimilation so that
photosynthetic activity can be quickly down-regulated.
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