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Monovalent anion interaction on the electron flow of photosystem Il in soybean cells

ABSTRACT

Steady state of electron transport measurements from water to DMQ (2, 5 - dimethyl - P- benzoquinone) show a maximum
bicarbonate effect (about four fold stimulation) following the addition of 5 mM HCO7; to the previously 25 mM (formate or
nitrate) treated cells at pH 6.7. However, addition of 5 mM bicarbonate to the non-anion treated cells (the cells were exposed for
150 min to nitrogen gas only) produced about 70% restoration compared to the anion-treated cells. Increasing the incubation
time up to 3 hours decreased the restoration to 43%. Thus, exposing the cells to N, gas in the absence of the inhibitory anions
caused an irreversible damage of photosystem II reflected by the linear electron transport from H,0 to DMQ. Studying the
kinetics of Q" reoxidation (Q, is the primary quinone electron acceptor of photosystem II) of the anion treated cells shows that
nitrite and formate can substitute cach other in replacing bicarbonate between Q4™ and Qg (Qj is the secondary quinone electron
acceptor of photosystem II) and to the plasto-quinone pool. Analysis of chlorophyll a fluorescence decays of non-anion treated
and HCO; restored cells demonstrates a remarkable irreversible inhibition of the electron flow between Q4™ and Qg at the
electron acceptor side of photo-system II. Thus, the anion interaction on the electron transport is suggested to be located at the
level of the two electron gate of photosystem II in the intact soybean cells.

INTRODUCTION

The phenomenon of the reversible anion effect on the
electron flow at the acceptor side of photosystem II has been
studied extensively by many workers in higher plant
thylakoids. Originally, Warburg and Kripphal [1] showed the
stimulatory role of bicarbonate on the Hill reaction. Good [2]
was the first to test the reversible anion interaction in
chloroplasts and he found that monovalent anions particularly
formate and acetate, in contrast to bicarbonate, inhibit the
electron flow of photosystem II. Stemler and Murphy [3] have
demonstrated that nitrite is a more effective competitor of
bicarbonate binding than formate. Eaton-Rye er al. [4] have
reported that bicarbonate depletion can inhibit the steady state
of electron transport supported by methyl viologen when
nitrite was used instead of formate in both the depletion and
reaction media. Blubaugh and Govindjee [5] took the
advantage of the pH dependent Hill reaction on the ratio of
HCOj;™ to CO; at equilibrium and showed that HCOs, not CO,,
is the active species that binds to the effector site in the
thylakoid membrane. Jusinic e al. [6] indicated that bound
bicarbonate is believed to be essential for the normal rate of
the electron flow from Q4 to Qg and to the plastoquinone
pool. Eaton-Rye and Govindjee [7, 8] have shown that
reoxidation of Q, decay was dramatically slowed down in
formate treated thylakoid membranes. However, addition of
bicarbonate to the formate treated samples restored the
inhibition in the electron flow and produced a faster decay
which is similar to the control. Graan and Ort [9] explained
the slowing of the Q4™ decay caused by bicarbonate depletion
as a result of some inactive photosystem II centers in the
membranes. The slowing of QA" reoxidation in the anion
treated membranes has been measured by the absorbance
change at 320 nm by Farineau and Mathis [10] and at 515 nm
in intact chloroplasts by Van Rensen and Snel [11]. El-
Shintinawy and Govindjee [12] observed two sites of
reversible anion interaction at the acceptor side of
photosystem II; one between Z (A is the electron donor to
photosystem II reaction center) and Q4 and the other from Q4
to Qp using intact leaves. The above mentioned reversible
anion effects have been observed also in intact algal cells by
El-Shintinawy et al. [13]. This work was carried out to
demonstrate the reversible anion interaction (bicarbonate,
formate and nitrite) in the intact system soybean cells as
shown earlier in thylakoid membranes. The ability of some
monovalent anions (formate and nitrite) to replace each other
in cells incubated for different times in anion containing media
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at a wide pH range has been studied. The role of HCO; in
reversing the inhibitory effect of HCO, and NO, was also
shown. The inhibition of the electron flow of photo-system II
resulting from the bicarbonate depletion procedure in the
absence of the inhibitory anions (HCO, and NO;) and the
restoration caused by bicarbonate addition were also
investigated.

Materials and methods

Soybean cells, cell line sB-P (Corosoy), were cultured
photoautotrophically as described by Horn et al. [14]. KN°
medium was used as a culture medium as described by Rogers
et al. [15). The cells were grown for 14 days at 28°C in a 5%
CO; atmosphere under continuous light of 300u moles
photons m?s™ and shaken at 130 rpm on a gyratory shaker.
Chlorophyll concentration was determined by the
spectrophotometric method of Arnon [16]. Anion treatment
was carried out according to the method described by El-
Shintinawy et al. [13]. Anion treated samples were prepared
by incubating the cells in KN® medium containing different
concentrations of formate or nitrite for different times and pHs
at 20°C under a constant rate of N, gas. Bicarbonate restored
samples were prepared by adding 5 or 20 mM HCO7; to the
anion or non-anion treated cells in the dark. Rates of oxygen
evolution were determined polarographically at 25°C using a
Clark electrode. Illumination was provided by a slide projector
fitted with a Corning CS 3-68 yellow filter. Twenty pg Chl/ml
of soybean cells were used for the oxygen evolution
measurements. One mM 2,5-dimethyl -P- benzoquinone
(DMQ) was used as artificial electron acceptor. One mM
ferricyanide was used as an additional acceptor to keep the
first acceptor oxidized. 0.5 pm 2,5-dibromo -6- isopropyl -P-
benzoquinone (DBMIB) was added to the cell culture as an
inhibitor between photosystem II and 1. Kinetics of the decay
of variable chlorophyll a fluorescence were measured at 685
nm (10 nm bandwidth) by a week measuring flash which was
fired at variable times after each actinic flash. Both the actinic
and measuring flash (Stroboslave 1593A, General Radio) were
filtered with Corning blue (CS 4-96) filters [for more details
see Eaton-Rye and Govindjee {7,8]. Ten ug Chl/ml of soybean
cells were used for the fluorescence measurements,

RESULTS AND DISCUSSION

Anion effect on the steady state of electron flow from H,;O
to DMQ
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To evaluate the anion effect in the intact system soybean
cells the factors affecting the anion interaction in the thylakoid
membranes were investigated using cell cultures of soybean
cells. The oxygen evolution rate in the anion treated
membranes was found to be dependent on the anion
incubation time as suggested by Eaton-Rye e al. [4]. The
stimulation in Hill reaction activity by bicarbonate was found
to be a pH dependent and HCO; is the active species
responsible for the stimulation of the electron flow of
photosystem II as reported by Blubaugh and Govindjee [5]
using thylakoid membranes. In intact systems, HCO;5 is a
source of carbon reduction beside its role in controlling the
electron flow at the acceptor complex of photosystem II as
shown by El-Shintinawy and Govindjee [17]. Therefore, the
net stimulation on the electron transport free from its effect in
CO; fixation was calculated in the presence of DBMIB which
blocks the electron flow between the two photo-systems II and
I as suggested earlier by Trebst ef al. [18]. The steady state of
electron transport from H,O to DMQ was used to monitor the
activity in anion treated and HCO; restored cells. Fig. 1 shows
the Hill reaction activity in soybean cells incubated for
different times in culture media containing HCO,', NO; or in
non-anion containing media at pH 5.8 in the presence of 1 mM
DMQ and 1 mM ferricyanide as electron acceptors and 0.5 um
DBMIB as an inhibitor . The oxygen evolution rate reached its
minimum value in about three hours when the culture medium
contained 25 mM HCO, or 25 mM NO,". The rates were
compared to those observed in control cells incubated at pH
6.5 in non-anion containing medium and equilibrated with air.
A complete restoration of the Hill activity was observed upon
bicarbonate (5 mM) addition to the anion treated cells (the top
curves in Fig. 1). When HCO; and NO; have been removed
from the reaction media and the cells were treated by bubbling
with N, gas, the oxygen evolution was severely inhibited.
However, non-anion treated cells failed to respond to added
HCOy'; continued incubation beyond 150 min decreased the
restoration from 75% to 43% compared to control. this
observation is in agreement with the report of Fischer and
Metzner [19] using argon gas to keep the depleted membranes
of HCOj'. Fig. 2 shows the anion effect +HCO5 /-HCOs3™ on
the oxygen evolution rate in culture media with different pHs.
Addition of 5 mM HCOj™ to the 25 mM HCO; or 25 mM
NO, treated cells stimulated the electron transport rate
depending on the pH of the reaction medium. A maximum
HCOj5 effect (4 fold in HCO; treated and 3.6 in NO; treated)
was found to be at 6.7. These results support the notion that
HCO; may be the active species in the stimulation of Hill
reaction which was discovered by Blugaugh and Govindjee
(1986) using thylakoids. A relatively weak restoration in the
electron flow in non-anion treated cells was recorded (1.5
fold). The results, shown here, are similar to those measured in
HCO; -restored to HCO5; -depleted chloroplasts by Van
Rensen and Vermaas [20]. The above oxygen evolution
measurements confirm the phenomenon of anion interaction
on the electron transport of photosystem II in the previously
anion and non-anion treated soybean cells as it has been
observed in thylakoid membranes.
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Figure 1: Hill reaction activity of soybean cells incubated (at
pH 5.8) for different times in KN°® media containing 25 mM
HCO, (®), 25 mM NO, (W) or in non-anion containing
media (). The restored rates (o, OJ and ®) were prepared by
adding 5 mM HCOs to the treated cells. Cell suspension
containing 20 pg Chl/ml were used. DMQ = 1mM, K; Fe
(CNg) = 1 mM and DBMIB = 0.5 pM.
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Figure 2: The ratio of the oxygen evolution in HCOs’ restored
to anion-treated cells as a function of pH. (@) represents
data for 25 mM HCO; -treated, (M) for 25 mM NO; -
treated and (A) for non-anion treated cells. The
conditions were identical to Fig. 1 with the exception
that the cells were incubated in KN°® media for three
hours at different pHs.
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Anion effect on the kinetics of chlorophyll a fluorescence
decays

Much information regarding the reversible anion effect in
thylakoid membranes has been derived from studies of
variable chlorophyll a fluorescence. Duysens and Sweers [21]
explained the quenching of chlorophyll a fluorescence
transient as a result of the oxidation of Q4". They showed that
the maximum fluorescence can be reached only when Qas are
fully reduced. Jursinic et al. [6] reported that chlorophyll a
fluorescence decay in . anion-treated (HCO; or NOy)
membranes can be used to monitor the oxidation of Qu
indicating the inhibition in the electron flow at the acceptor
side of photosystem II. HCOs; -restored membranes, in
contrast to the anion-treated membranes, have faster
chlorophyll a fluorescence decays reflecting the stimulation of
the electron flow at the electron acceptor complex of photo-
system II as mentioned by Govindjee and Eaton-Rye [22]
Soybean cells were incubated in media containing different
anion concentrations for three hours at pH 5.8 (for details see
materials and methods). Fig. 3 shows that the chlorophyll a
fluorescence decays, monitoring the oxidation of Q4 , after
three actinic flashes at pH 6.5 in formate-treated (A) and
nitrite-treated (B) cells. The rate of Q 4~ oxidation was greatly
slowed down as the anion concentration increased reflecting
the inhibition of the electron flow from Q4 to Qg. Moreover,
addition of 20 mM HCO; to the 100 mM anion-treated
(HCO; or NOy) cells restored the rate of the electron flow to
normal. Incubating the cells in non-anion containing media
produced a slower Q4" decay compared to control but it was
faster than that of anion-treated cells.

Studying the Q4  decays with different anion treatment
indicates that they are apparently biphasic: a fast component
(the half-time in the us range) and an intermediate components
(the half-time in the ms range). These two components were
suggested by Robinson and Crofts [23] using spinach
chloroplasts to be resulted from an altered equilibrium of Q4
with plastoquinone and plastoquinol at the Qg binding site on
the quinone acceptor complex of photosystem II. The half
times and amplitudes of both fast (f) and intermediate (i)
components of chlorophyll a fluorescence decays after three
actinic flashes in soybean cells with different treatments at pH
6.5 are presented in Table 1.
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Figure 3: The effect of anion treatment on the decay of
chlorophyll a fluorescence yield after the third actinic flash in
formate-treated (A) or nitrite-treated (B) cells at pH 6.5 (o)
represents data for 100 mM, (O) for 50 mM, (A) for 25 mM,
(m) for non-anion treated, (®) for HCOj -restored and (A) for
control soybean cells.. Fo is the chlorophyll a fluorescence
yield from the measuring flash with all Q4™ oxidized and F is
the yield at the indicated time the actinic flash.

Table 1
The effect of anion treatment on the ratios of the half-time (R
and the amplitude (Ra) of fast (f) or intermediate (i)
components of chlorophyll a fluorescence decays (after three
actinic flashes) of soybean cells. Both the half-times and the
amplitudes were calculated from Q4™ decay curves of soybean
cells with different anion treatment at pH 6.5.

Treated
Ratio Restored HCO; NOy None
R(H) 2.1 2.6 1.1
R; (i) 1.8 22 1.1
Ra () 02 0.3 0.1
Ra (i) 2.4 2.6 1.1

Both the half-times and the amplitudes are calculated from
QA" decays after three actinic flashes in soybean cells with
different treatments at pH 6.5 are presented in Table 1. Both
the half-times and the amplitudes are calculated from Q4
decay curves for 100 mM HCOs, 100 mN NO,, non-anion
treated and 20 mM HCO; restored soybean cells. The ratio of
the half-times of both components (f and i) of decays in anion-
treated to HCOj  restored cells is about twice the ratio in non-
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anion treated cells. In the absence of the inhibitory anion, the
ratio of the amplitudes (f and i) of non-anion treated to HCO5
-restored samples is about 2-3 times smaller than that in anion-
treated cells. These results are in agreement with the report of
Robinson et al. [24] suggesting that a major site of anion
effect on the electron flow may be at the level of the two
electron gate from Q4" to Qp.

CONCLUDING REMARKS

The oxygen evolution measurements demonstrate a fully
reversible anion interaction upon the addition of bicarbonate
to the anion (formate or nitrite) treated soybean cells (Figs. 1
and 2). However, addition of bicarbonate to the non-anion
treated cells produced a weak restoration in the Hill activity
(Fig. 1) and a smaller ratio of the anion effect (Fig. 2)
reflecting an irreversible inhibition of the electron flow of
photosystem II. Analysis of chlorophyll a fluorescence decays
confirms the notion that anion effect has to be located at the
acceptor quinone complex of photosystem II. Nitrite, like
formate, inhibits the electron flow from Q4™ to Qp as shown by
the slowing of chlorophyll a fluorescence decays and thus QA
oxidation (Fig. 3 A, B). Bicarbonate, unlike both nitrite and
formate, stimulates the electron transfer between Q4 and Qp
as clearly demonstrated in Table 1 and Fig. 3. Therefore,
bicarbonate which has a unique role among monovalent
anions, is believed to be an activator of photosystem 1I in
photosynthesis.

ACKNOWLEDGMENT

The author is grateful to Professor Govindjee, Department
of Physiology and Biophysics, University of Illinois for
providing the research facilities.

REFERENCES

[1] Warburg, O. and G. Krippahl, 1958. Hill-Reaktionen.
Z. Naturforsch, 13B: 509-514.

[2] Good, N.E., 1963. Carbon dioxide and the Hill Reaction.
Plant Physiol., 38: 298-304.

[3] Stemler, A. and J.B. Murphy, 1985. Bicarbonate -
reversible and irreversible inhibition of photosystem II
by monovalent anion. Plant Physiol, 77: 974-977.

[4] Eaton-Rye, J.J., D.J. Blubaugh and Govindjee, 1986.
Action of bicarbonate on photosynthetic electron
transport in the presence or absence of inhibitory anions.
In : G.C. Papageorgiou, J. Barber and S. Papa, eds., Ion
interaction in Energy transfer Biomembranes. Plenum
Publishing Corporation. New York, pp. 263-278.

[S] Blugaugh, D.J. and Govindjee, 1986. Bicarbonate, not
CO,, is the species required for the stimulation of
photosystem II electron transport. Biochim. Biophys.
Acta, 848: 147-151.

[6] Jurisinic, P., J. Warden and Govindjee, 1976. A major
site of bicarbonate effect in system II reaction : evidence
from ESR signal II vf, fast fluorescence yield changes
and delayed light emission. Biochim. Biophys. Acta,
440: 322-330.

[7]1 Eaton-Rye, J.J. and Govindjee, 1988a. Electron
" transfer through the quinone acceptor complex of
photosystem II in  bicarbonate depleted spinach
thylakoid membranes as a function of actinic flash
number and frequency. Biochim. Biophys. Acta, 935:
237-247.

{8] Eaton-Rye, J.J. and Govindjee, 1988b. Electron
transfer through the quinone acceptor complex of
photosystem II after one or two actinic flashes in
bicarbonate depleted spinach thylakoid membranes.
Biochim. Biophys. Acta, 935: 248-257.

[9] Graan, L and D.R. Ort, 1986b. Detection of oxygen
evolving photosystem II centers inactive in plastoquinone
reduction. Biochim. Biophys. Acta, 852: 320-330.

{10] Farineau, J. and P. Mathis, 1983. Effect of bicarbonate
on electron transfer between plastoquinones in
photosystem II. In: Inoue, Y.A.R. Crofts, Govindjee, N.
Murata, G. Renger and K. Satoh (eds.). Oxygen Evolving
System of Photosynthesis, pp. 317-325. Academic Press,
Tokyo.

[11] Van Rensen, J.J.S. and J.F.H. Snel, 1985. Regulation
of photosynthetic electron transport by bicarbonate,
formate and herbicides in isolated broken and intact
chloroplasts. Phtosyn. Res, 6: 231-246.

[12] El-Shintinawy, F. and Govindjee, 1990. Bicarbonate
effect in leaf discs from spinach. Photosyn. Res, 24: 189-
200.

[13] El-Shintinawy, F., C. Xu and Govindjee, 1990. A dual
bicarbonate reversible formate effect in Chlamydomonas
cells. J. Plant Physiol, 136: 421-428.

{14} Horn, M.E., J.H. Sherrard and J.M. Widholm, 1983.
Photoautotrophic growth of soybean cells in suspension
culture. Plant Physiol, 72: 426-429.

[15] Rogers, S.M.D. and J.M. Widholm, 1988. Comparison
of Photosynthetic characteristics of two photoautotrophic

cell suspension cultures of soybean. Plant Science, 56:
69-74.

[16] Arnon, D.L, 1949. Copper enzymes in isolated
chloroplasts. Polyphenoloxidase in Beta Vulgaris. Plant
Physiol, 24: 1-15.

{17] El-Shintinawy, F. and Govindjee, 1989. Reversible
anion interactions in leaves and green algae. Physiol.
Plantarum 76, Supplement, A112 (abstract # 606).

[18] Trebst, A.E., Harth and W. Draber, 1970. On a new
inhibitor of photosynthetic electron transport in isolated
chloroplasts. Z. Naturforsch, 25: 1157-1159.




[19]

[20]

[21]

Monovalent anion interaction on the electron flow of photosystem Il in soybean cells

Fischer, K. and H. Metzner, 1981. Bicarbonate effects
on photosynthetic electron transport : I. Concentration

dependence and influence on manganese reincorporation:
Photobiochem. Photobiophys, 2: 133-140,

Van Rensen, J.J.S. and W.F.J. Vermaas, 1981. Action
of bicarbonate and photosystem 2 inhibiting herbicides
on electron transport in pea grana and in thylakoids of a
blue green algae. Physiol. Plant, 51: 106-110.

Duysens, L.N.M. and H.E. Sweers, 1963. Mechanism
of two photochemical reactions in algae as studied by
means of fluorescence. In: Japanese Socicty of Plant
Physiologists (eds.). Studies of Microalgae and
Photosynthetic Bacteria, pp. 353-372. Univ. Tokyo
Press, Tokyo.

62

[22]

[23]

[24]

Govindjee and J.J. Eaton-Rye, 1986. Electron transfer
through photosystem II acceptor: interaction with anions.
Photosyn. Res, 10: 365-379.

Robinson, H.H and A.R. Crofts, 1983. Kinetics of the
changes in oxidation - reduction reactions of the
photosystem II quinone acceptor complex, and the
pathway for deactivation. FEBS Lett, 153P 221-226.

Robinson, H.H., J.J. Eaton-Rye, J.J.S. Van Resen and
Govindjee, 1984. The effects of bicarbonate depletion
and formate incubation on the kinetics of oxidation-
reduction reactions of the photosystem II quinone
acceptor complex. Z. Naturforsch, 39C: 382-385.




