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Regulation of photosynthesis in isolated barley protoplasts:
the contribution of cyclic photophosphorylation
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The response of photosynthetic oxygen evolution and chlorophyll a fluorescence in isolated barley
protoplasts to a change in light intensity (from approx. 1/10 saturating to saturating light levels) under
saturating CO, concentrations was examined. Marked oscillations in the rate of O, evolution and
chlorophyll fluorescence were observed, resembling those seen in leaves under similar conditions. The effect
of antimycin A addition on O, evolution at various light intensities and at different times during
photosynthetic induction was examined to determine the role of cyclic photophosphorylation during
steady-state photosynthesis and during oscillatory behaviour. Antimycin (1 pM) addition reduced the
photosynthetic rate by 50—75% but only at light intensities over 80-100 pE - m~2+s~ !, Below this threshold
light level, antimycin had no inhibitory effect. Thus, anitmycin had a progressively greater effect at higher
light intensity. When antimycin was added at various points along the time course of photosynthetic
induction, the rate of O, evolution was reduced to the same level regardless of the time of addition.
Antimycin addition also had a marked effect on the oscillations in O, evolution observed after a transition in
light intensity from 100 to 1000 pE+-m~2-s~', increasing the frequency and reducing the damping of the
oscillations. Measurements of adenylate levels indicated that antimycin prevented a rapid rise in ATP /ADP
ratio observed in the chloroplast compartment after the light transition. These results are discussed with
reference to regulation of photosynthesis during a transition in light intensity and the limitation of
photosynthesis by photophosphorylation under various environmental conditions.

Introduction fixed, while it appears from in vitro experiments

that non-cyclic photophosphorylation alone (in

The existence of cyclic photophosphorylation
in higher plants and its potential for ATP produc-
tion have been well established [1,2]. The role of
cyclic photophosphorylation in vivo appears to be
in balancing the ATP requirements of photo-
synthesis relative to the requirements for reducing
power [3,4]. The reductive pentose phosphate
pathway requires 3 ATP and 2 NADPH per CO,
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the absence of a Q-cycle) could not provide this
ATP/NADPH ratio (see Ref. 4). Furthermore, in
non-steady-state conditions the ATP/NADPH
demands of photosynthesis may vary between 1
and 1.7 [4]. Thus, flexibility in photophosphoryla-
tion may be vital to photosynthesis, particularly
during times of high ATP demand, such as photo-
synthetic induction, when metabolite levels are
autocatalytically increasing [1,4,5].

The operation of cyclic photophosphorylation
during induction and during transitions in carbon
flux through the reductive pentose phosphate



pathway is far from clear. From P518 measure-
ments and cytochrome turnover in isolated chloro-
plasts [1] it has been proposed that cyclic photo-
phosphorylation is stimulated when the rate of
electron transport is limited by NADP regenera-
tion, particularly during induction. Thus, regu-
lation of the proportion of ATP production occur-
ring via this pathway may be regulated by the
redox poise of a component of the electron-trans-
port chain. There also appears to be regulation of
the proportion of cyclic and noncyclic photophos-
phorylation via protein phosphorylation and con-
sequently redox poising of plastoquinone [6,7], but
the importance of this regulation to the flexibility
of photosynthesis under different environmental
conditions is not well established. Recently, regu-
lation of photosynthesis has been examined by
studying oscillations in the rate of photosynthesis
(and in chlorophyll fluorescence) following transi-
tions in light intensity and gas-phase composition
[8-11]. Studies with leaves indicate that the rela-
tive rates of ATP consumption and production are
important in delineating oscillatory behaviour
[11,12], and it has been suggested that alterations
in the rates of cyclic and linear electron flow may
be of regulatory significance during oscillations
[4]. Thus, it would be useful to study the role of
cyclic photophosphorylation under such condi-
tions where large-scale changes in the rate of
phosphorylation must occur and in a homoge-
neous system where biochemical measurements
can be more readily made. It has previously been
shewn that illumination of dark-adapted proto-
plasts results in an oscillatory transition in the
rate of O, evolution, chlorophyll fluorescence and
metabolite levels [13-15]. In this study, a transi-
tion in light intensity is used to generate multiple
oscillations of the type seen in leaves. The contri-
bution of cyclic photophosphorylation is assessed
during photosynthetic induction, at various light
intensities and during these oscillatory transients
in photosynthesis. Antimycin A at low concentra-
tions is used as an inhibitor of cyclic photophos-
phorylaton [16].

Materials and Methods

Barley (Hordeum vulgar L. var. Marko) was
grown in a glass-house in trays of vermiculite

333

moistened daily with Hoagland’s solution. Il-
lumination was provided by natural light supple-
mented by quartz-halide lamps. Growth tempera-
ture was 20-30°C. The leaf tissue was harvested
10-14 days after germination and protoplasts iso-
lated as described elsewhere [17], except that the
digestion time was reduced to 2 h at 28°C (this
resulted in substantially higher photosynthetic
rates with marginal loss in yield). Protoplasts were
kept on ice in 0.5 M sorbitol, 1 mM CaCl, and 5
mM Mes at pH 6.0. Assays were carried out at
25°C in 0.5 M sorbitol, 30 mM Tricine and 1 mM
CaCl, at pH 7.6, at a chlorophyll concentration of
25 pg/ml in the presence of 5 mM NaHCO,.
Oxygen evolution was monitored using an O, elec-
trode (Hansatech, King’s Lynn, U.K.) coupled to
an operational amplifier incorporating an elec-
tronic differentiator. This provided an immediate
measure of the rate of O, evolution in real time.

Chlorophyll a fluorescence was measured using
a system described by Horton {18] using a mod-
ulated measuring beam monitored by a photomul-
tiplier tube coupled to a lock-in amplifier. This
allowed the actinic light intensity to be altered
without affecting fluorescence detection. Actinic
light intensity was controlled by the use of neu-
tral-density filters.

Separation of the chloroplast compartment from
isolated protoplasts for denylate determinations
was carried out using the silicone oil method [19]
and routinely resulted in less than 10% contamina-
tion of chloroplast fractions by cytosolic metabo-
lites (assessed by marker enzyme studies). The
entire separation procedure was carried out under
the same light intensity used for preincubation
and the estimated quench time for this procedure
was approx. 1 s. Adenylates were assayed using
the luciferin / luciferase system [20]. All assays were
performed at least 3 times using different proto-
plast preparations (unless otherwise indicated) and
representative data are shown.

Results

The effect of low concentrations of antimycin
A on CO,-dependent O, evolution by isolated
barley protoplasts has not previously been de-
scribed. Thus it was necessary to determine the
effects of this inhibitor during steady-state pho-
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tosynthesis before applying it during oscillatory
conditions. Although antimycin in nanomolar
concentrations has been shown specifically to in-
hibit cyclic photophosphorylation in isolated chlo-
roplasts, higher concentrations are known to un-
couple photophosphorylation [16]. Fig. 1 shows
that CO,-dependent O, evolution in barley proto-
plasts was severely inhibited by antimycin at con-
centrations below 1 pM, the region where this
inhibitor has been shown to act solely on cyclic
photophosphorylation in isolated chloroplasts and
not as a general uncoupler [16]. Also, the effective
concentration of antimycin in the chloroplast
compartment was probably far less than that in
the medium due to non-specific binding of this
inhibitor to cyotosolic proteins. The degree of
antimycin inhibition of photosynthetic O, evolu-
tion was found to vary considerably with light
intensity. Fig. 2 shows that 1 pM antimycin had
little effect at light intensities below 100 pE - m ™2
-5~ ! but had progressively greater effect at higher
light intensities (75% inhibition at 500 pE-m~2-
s™!). These data, along with those of figure 1,
suggest that between 25 and 50% of maximum
rates of photosynthesis can be supported at
saturating light in the absence of cyclic pho-
tophosphorylation.

It has previously been proposed that cyclic
photophosphorylation is of greater significance
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Fig. 1. The response of CO,-dependent O, evolution in barley

protoplasts to antimycin A concentration (added after a

steady-state rate of photosynthesis was attained at a light
intensity of 1800 pE-m™2-s71).
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Fig. 2. Steady-state rates of CO,-dependent O, evolution by
barley protoplasts in the presence of 1 pM antimycin A (O)
and in its absence (@), at a range of light intensities.

during inductive accumulation of chloroplast
metabolites (see Refs. 1 and 4). To examine this
hypothesis, antimycin (0.5 uM) was added to pro-
toplasts in the presence of CO, after varying
periods of illumination (at saturating light) (Fig.
3). During this induction period, intermediates of
the reductive pentose phosphate pathway have
been shown to increase in barley protoplasts and
increasing levels of glycerate 3-phosphate correlat-
ing well with a transient in the rate of O, evolu-
tion [15]. Antimycin treatment during this period
resulted in a reduction in the rate of O, evolution
to the same level regardless of the amount of
carbon fixed prior to antimycin addition. The
concentration of antimycin used here was optimal
for inhibition and further additions (up to 1 pM)
had only a slight effect. It appears from these
results that in a given protoplast preparation, only
a low, fixed rate of photosynthesis is possible in
the absence of cyclic photophosphorylation, irre-
spective of metabolite levels achieved at the time
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Fig. 3. The effect of antimycin A addition (0.5 uM) on

CO,-dependent O, evolution by barley protoplasts at various

times during induction. Inhibitor addition is indicated by an

arrow. The light (1000 wE-m~2-57%) was turned on at time
zero.

of addition. These data reinforce the conclusion
that cyclic photophosphorylation is necessary in
order to attain and sustain high rates of CO,
fixation.

Oscillatory behaviour in the rate of O, evolu-
tion was observed to follow a pattern similar to
that previously reported [13-15]. Fig. 4 shows,
however, that this oscillation can take a more
exaggerated form if a transition in light intensity
is used rather than a dark-to-light switch. Isolated
barley protoplasts were subjected to a transition in
light intensity from sub-saturating to levels
saturating for O, evolution (Fig. 4). The amplitude
of the oscillation depended on the duration of
preillumination in low light and the light intensity
used. After 2 min preillumination at a light inten-
sity of 100 pE-m~2-s7! this effect appeared
almost saturated. Transitions from light intensities
above 200 pE-m~%-s7! to saturating light (in
excess of 600 pE-m~2-s7! at 25 ug Chl per ml)
resulted in progressively less oscillatory behaviour.
As seen in leaves subjected to a dark-to-light
transition [21,22], chlorophyll fluorescence oscil-
lated in a manner broadly antiparallel to O, evolu-
tion, preceding it by 4-9 s.

The light transition shown in Fig. 4 was used to
investigate the role of antimycin-sensitive photo-
phosphorylation during a rapid change in flux
through the reductive pentose-phosphate pathway
(Fig. 5). Such an experiment is particularly inter-
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Fig. 4. The effect of a transition in light intensity from 100
wE-m~2.571 to saturating light on the rate of CO,-dependent
O, evolution by barley protoplasts. Protoplasts were incubated
for 2 min at low light. Chlorophyll a fluorescence (broken line)
was monitored simultaneously with O, evolution (solid line).

esting as the low light intensity found to be opti-
mal for induction of oscillatory behaviour after a
transition to high light corresponded to that re-
quired to saturate photosynthesis in the presence
of antimycin (see Fig. 2). Barley protoplasts were
illuminated at low light intensity (200 pE-m~2.
s~ 1) until steady state photosynthesis was reached
(as in Fig. 4), antimycin was added and the light
intensity increased without 30 s (to over 1000
pE-m~2-57! in these experiments). The rates of
O, evolution obtained were compared with proto-
plasts from the same preparation treated identi-
cally in the absence of antimycin. The presence of
antimycin, despite having little effect on the rate
of photosynthesis at low light, caused multiple,
rapid oscillations in the rate of O, evolution after
the transition to high light (Fig. 5). In the absence
of antimycin, the period of oscillation was approx.
35 s, while in the presence of antimycin, this
period reduced to about 12 s and three damped
oscillations were observed rather than two. How-
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Fig. 5. A time-course of CO,-dependent O, evolution by barley

protoplasts during a transition from 200 to 1200 pE-m~2.s™ 1,

In trace A no inhibitor was added, while in trace B, 1 uM
antimycin was added as indicated. An increase in light inten-
sity is indicated by 1 and a decrease by | .

ever, the final rate of photosynthesis in high light
did not exceed that seen at the lower light inten-
sity. An oscillation was also induced by the transi-
tion back to low light with antimycin present. The
new rate of O, evolution attained at low light had
decreased after illumination in high light with
antimycin, presumably due to photoinhibitory
damage.

The action of antimycin in Fig. 5 was presuma-
bly due to impairment of photophosphorylation,
causing not only restriction of photosynthesis in
high light but a severe metabolic imbalance. This
hypothesis was investigated by mesuring levels of
ATP and ADP in the chloroplast compartment of
the protoplasts at various points following the
transition in light intensity (Fig. 6). Absolute
adenylate levels varied considerably between pre-
parations, as did ATP/ADP ratios (the former
between 50 and 150 nmol per mg Chl, the latter
between 1.8 and 4, determined in six preparations
at low light). However, within a single protoplast
preparation, the means of four separate de-
terminations varied less than 12%. Thus, the data
shown are the averages of four determinations on
a single protoplast preparation. In the absence of
antimycin, the ATP/ADP ratio rose from 3.5 to
8.5 within 15 s after the transition from 200 pE -
m~2-571t0 1800 wuE-m™2.s~'. However, within
2 min this ratio had fallen to a value below that
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Fig. 6. Changes in the ATP/ADP ratio of the chloroplast
compartment of barley protoplasts following a transition in
light intensity from 200 to 1800 wE-m~ 2.5~} in the presence
of 1 uM antimycin (@) and with no inhibitor present (O).
Protoplasts were preincubated at low light for 2 min prior to
the increase in light. Total adenylates remained constant
(100-115 nmol-mg~!-Chl ~!) throughout the time-course.

measured in low light. In the presence of 1 uM
antimycin, this transition in light intensity pro-
duced only a 10% increase in the ATP/ADP
ratio.

Discussion

The effect of antimycin on the rate of O, evolu-
tion during induction and at various light intensi-
ties suggests that cyclic photophosphorylation is
necessary to support maximum rates of steady
state photosynthesis at high light. This has previ-
ously been suggested from work with isolated
chloroplast systems [1,23,24], but not convincingly
in vivo. It is difficult to extrapolate data obtained
with isolated chloroplasts to the in vivo case, as
the effect of antimycin on CO,-dependent O,
evolution vary enormously with assay conditions
[5]. This problem is partially overcome in the
protoplast system where the chloroplasts are pho-
tosynthesising in situ without added P; or metabo-
lites. The importance of cyclic photophosphoryla-
tion during photosynthetic induction cannot be
refuted or supported by the results shown here but
it is evident that the provision of ATP during the



induction period is not the only role for this
process in vivo. If this simple situation were the
case, the addition of antimycin at various points
along the time-course of induction would halt the
increase in rate but not cause inhibition of the rate
at that point in time.

A requirement for cyclic photophosphorylation
during steady-state photosynthesis is supported by
the progressively greater inhibition of photo-
synthesis by antimycin at higher light intensities.
At low light intensity there is no inhibition of
photosynthesis, possibly due to the capacity of
pseudocyclic photophosphorylation to provide
flexibility in the production of ATP. Above a
threshold light intensity (or carbon flux rate dur-
ing induction) there may be insufficient capacity
for alternative ATP-producing mechanisms to
substitute for cyclic photophosphorylation. This
implies that, although non-cyclic electron flow can
theoretically satisfy a large proportion of the de-
mand, increasing the quantum flux in the absence
of cyclic electron flow is ineffective in stimulating
photosynthesis. Also, at high light intensity, the
electron-transport chain is more reduced (Q, is
almost totally reduced at the light intensity used
here; data not shown), a situation which would
promote cyclic electron transport. It must be re-
membered, however, that although antimycin A
has been shown to selectively inhibit cyclic photo-
phosphorylation in chloroplasts at the concentra-
tions used here, this inhibitor also blocks
mitochondrial electron transport. There is a great
deal of controversy over the role of mitochondrial
respiration in the light, but it seems unlikely that
inhibition of respiration in the presence of saturat-
ing CO, and high light could produce the effects
observed here.

Examination of chloroplast adenylate levels
during this transition in light intensity indicated
that the major effect of antimycin was a suppres-
sion of the rise in ATP/ADP ratio seen im-
mediately after the change to high light. The
ATP/ADP ratios in both treatments were, how-
ever, similar in the steady state. This suggests that
cyclic photophosphorylation was largely responsi-
ble for this ATP ‘burst’. In the antimycin-treated
preparation, the rate of O, evolution showed a
series of sustained, rapid oscillations about the
rate seen at the lower light intensity. When il-
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lumination was reduced to the previous level, the
antimycin-treated sample showed marked oscilla-
tory behaviour while the control did not. Such an
exacerbation of the oscillations by antimycin and
the increase in the frequency of oscillations sug-
gest that cyclic photophosphorylation exerts a
damping influence during transitions in light in-
tensity, presumably by providing flexibility in ATP
production relative to NADP reduction. This is
particularly interesting; in view of observations
intact leaves also show a transient overshoot in the
rate of photosynthesis, often above the steady-state
rate, on illumination in high CO, and light [22] or
after a transition from low to high light [10]. In
the latter case, a concomitant increase in ATP
levels and a decrease in the ratio of glycerate-3-
phosphate to triose phosphate is seen, attributed
to ‘excess’ electron-transport capacity, unused at
steady state [10]. This may, however, be indicative
of a stimulation of cyclic photophosphorylation
by the sudden reduction of the electron-transport
chain at high light.

It is interesting to note that the oscillations in
O, evolution observed here could be manipulated
solely by changing the capacity of the thylakoid
for photophosphorylation. An explanation for
oscillatory phenomenona of this type has previ-
ously been proposed (see Refs. 4, 14 and 22).
When a change in photosynthetic carbon flux
occurs in response to a transition in gas phase or
light intensity, pools of the reductive
pentose-phosphate pathway are adjusted concur-
rent with an adjustment in the rate of ATP con-
sumption and production [4,22,12]. Competition
between the two kinase reactions of the Calvin
cycle for ATP after a pulse of carbon through the
cycle causes a temporatory ‘bottle-neck’ at the
glycerate-3-phosphate kinase reaction. This theory
agrees well with measurements of metabolites in
leaves [12] and protoplasts [15]. The origin of the
perturbation inducing the oscillation (i.e., gas
phase or light intensity) obviously affects the order
of metabolic events and it has been proposed that
cytosolic processes might contribute to photosyn-
thetic oscillations [9,11,25] by limiting P, supply to
the chloroplast. After a transition from low to
high light for example, there may be a delay
before the rate of sucrose synthesis can increase to
provide an adequate P, supply to the chloroplast.
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This would contribute to the restriction of ATP
supply and exacerbate the oscillation. With regard
to this, the observation that the effect of anti-
mycin on intact chloroplasts is very P; dependent
[5] may be relevant. It has been demonstrated that
antimycin inhibition is most severe with low P,
levels in the reaction medium, while at superopti-
mal P,, antimycin may even reverse P, inhibition
[5]. It is possible that the progressively greater
inhibition of O, evolution at higher light intensi-
ties observed here is analogous to the isolated
chloroplast situation, i.e., chloroplast P, in vivo
may be lower at high light. Also, the rapid decline
in chloroplast ATP seen in protoplasts after 1 min
illumination in high light (Fig. 6) could be due to
exhaustion of stromal P;.

It has been shown using a mathematical model
of chloroplast carbon metabolism, that restriction
of the supply of P, to the chloroplast stroma could
result in an oscillation in photosynthesis of the
type seen in leaves [25]. This supported by the
observation that mannose feeding of leaves (which
sequesters cytosolic P,) increases oscillatory be-
haviour [26]. Previous attempts to model such
oscillations using solely chloroplast ATP supply
and demand as variables have resulted in oscilla-
tions of higher frequency than tose seen with
leaves [27]. These oscillations are more similar to
those seen in protoplasts in the presence of anti-
mycin. In a recent computer simulation of photo-
phosphorylation [28], inhibition of cyclic photo-
phosphorylation was seen to produce rapid oscil-
lations in photosynthesis identical to those seen
here (Fig. 5). These simulated oscillations did not,
unlike the slower ones seen under control condi-
tions, involve a regulatory step in sucrose synthe-
sis. Also, the oscillations in the model disappear if
the ATP/NADPH stoichiometry for linear elec-
tron flow is raised to 1.5, confirming that stability
of the photosynthetic system requires a close regu-
latory control between ATP and NADPH supply
and demand. The results shown here support the
hypothesis that sustained photosynthetic oscilla-
tions can result entirely from chloroplast reac-
tions.
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