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SUMMARY 

In order to determine the major site of bicarbonate action in the electron 
transport  complex of Photosystem II, the following experimental techniques were 
used: electron spin resonance measurements of  Signal Ilvf, measurements of  chloro- 
phyll a fluorescence yield rise and decay kinetics, and delayed light emission decay. 
From data obtained using these experimental techniques the following conclusions 
were made: (1) absence of bicarbonate causes a reversible inactivation of up to 40 ~ 
of  Photosystem II  reaction center activity; (2) there is no significant effect of  bicar- 
bonate on electron flow from the charge accumulating S state to Z; (3) there is no 
significant effect of  bicarbonate on electron flow from Z to P-680 ÷ ; (4) electron flow 
from Q -  to the intersystem electron transport  pool is inhibited by from 4- to 6-fold 
under bicarbonate depletion conditions. 

INTRODUCTION 

The role of  the bicarbonate anion in stimulating the Hill reaction has recently 
been investigated in our laboratory [1-5]. Addition of bicarbonate to samples pre- 
viously depleted of bicarbonate causes as much as a 10-fold increase in the Hill reac- 
tion. Earlier attempts to locate the site (or sites) of bicarbonate action did not give an 
unequivocal answer. In this paper we show that a major site of bicarbonate action is 
on the reducing side of  Photosystem II, that is, between Q (the primary electron 
acceptor of  Photosystem II)  and the intersystem electron carrier pool. 

In this discussion the following flow diagram of the early steps in photo- 
synthesis occurring at Photosystem II  will be used: 

Abbreviations: HEPES, N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid; DCMU, 3- 
(3,4-dichlorophenyl)-l,l-dimethylurea. 

* Present address: Department of Chemistry, Rensselaer Polytechnic Institute, Troy, N.Y. 
12181, U.S.A. 

** Reprint requests should be addressed to Govindjee, Department of Botany, 289 Morrill l-[all, 
University of Illinois, Urbana, II1. 61801, U.S.A. 
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Reaction 1 is the initial charge separation which occurs in less than 20 ns [6]. Reaction 
2 occurs when the first electron donor, Z, for Photosystem II reduces the oxidized 
reaction center II chlorophyll a P-680 ÷ [7]. The oxygen-evolving S states advance one 
step upon being oxidized by Z + in reaction 3 [8]. Finally, Q- donates its electron to 
the intersystem electron carrier pool where it continues on its flow through the photo- 
synthetic electron transport chain [9]. The bicarbonate effect at these various reaction 
sites has been tested using various techniques: reaction 2 by fluorescence yield rise, 
reaction 3 by ESR Signal Ilvf, and reaction 4 by fluorescence yield decay and delayed 
light emission. 

Using repetitive flash illumination, a rapidly decaying ESR signal referred to 
as Signal Ilvf has been observed [10]. This ESR Signal Ilvf has been attributed 
to Z ÷ [10-I 2] and has been used to investigate the oxidation kinetics of S states of the 
oxygen-evolving system, reaction 3 in the above scheme. 

The rapid rise in chlorophyll a fluorescence yield in the microsecond time range 
after a saturating flash indicates the electron transfer from Z to P-680 ÷ [7, 13-15]. 
Measurements of the rise in fluorescence yield were used to analyze the kinetics of 
reaction 2 above. The decay in fluorescence yield was used to measure reaction 4, as 
was previously shown [16-18]. 

The effect of bicarbonate upon delayed light in the microsecond time range is 
also observed. In this time range according to the recombination model of Lavorel 
[19, 20] delayed light reflects the decay of P-680 ÷ and Q- and gives information about 
reactions 1, 2 and 4. 

The results obtained together with experimental data kindly supplied by 
other groups (Diner, B., D6ring, G. and Sinclair, J.) are consistent with an effect of 
bicarbonate depletion which: (1) causes a decrease in the number of active System II 
reaction centers, (2) slows the flow of electrons from Q- to the intersystem carriers by 
up to 5-fold. 

MATERIALS AND METHODS 

For the ESR experiments, broken spinach chloroplasts (Spinacea oleracea) 
were used and prepared as previously described [10]. Sample chlorophyll concentra- 
tions were 3 4  mg/ml. In the chlorophyll a fluorescence yield and delayed light 
emission measurements, broken chloroplasts of maize (Zea mays) and romain lettuce 
(Lactuca sativa) were used. They were prepared according to the procedure of Stemler 
and Govindjee [1 ]. The sample concentration was adjusted to give an absorbance of 
0.1 at 680 nm for a 1 cm pathlength. For both types of experiments chloroplasts were 
depleted of bound bicarbonate by the method of Stemler and Govindjee [1 ] as modi- 
fied by Wydrzynski and Govindjee [5]. For ESR experiments a reaction mixture 



324 

consisting of 50 mM HEPES (pH 7.6), 1 mM NH4C1, 5 mM MgC12, 20 mM NaCI, 
1 mM KaFe(CN)6 and I mM K4Fe(CN)6 or 10 mM NaCI, 100 mM sodium formate 
and 50 mM sodium phosphate buffer, pH 6.8, was used. For chlorophyll a fluorescen- 
ce and delayed light emission measurements, the phosphate buffer at pH 6.8 was used. 
The bicarbonate depletion procedure was verified by measuring oxygen-evolving 
capacity in continuous light. 4--8-fold bicarbonate enhancement effects were routinely 
observed. Measurement of the chloroplast suspension pH upon addition of bicarbon- 
ate showed no change indicating that the observed effects were not due to changes in 
pH. 

Flash photolysis ESR experiments were performed as described by Blankenship 
et al. [10]. The experimental arrangement used for making fluorescence yield rise 
measurements is shown in Fig. 1. Excitation light flashes were provided by a General 
Radio Strobotac 1538-A through two Corning C.S. 4-96 filters providing excitation in 
the Soret band of chlorophyll a. The pulse width at half height for the strobe was 
approx. 5/zs with a weak but extended tail. An EMI 9558B photomultiplier with S-20 
cathode (protected by neutral density filters, a C.S. 2-64 and Schott RG-8 filter 
combination) was used for detection of fluorescence. The photomultiplier output 
circuit was designed to have a rise time of 400 ns. The signals were displayed on a 
Tektronix 551 oscilloscope with a 1A1 plug in amplifier and traces were photographed 
for later analysis. Flash tamp and oscilloscope triggering signals were provided by the 
Tektronix type 160 series pulse and waveform generators. 

The fluorescence yield decay and delayed light emission measurements were 
made with the same experimental arrangement (Fig. 1) with the following changes 
in equipment: The actinic light source used was an AVCO Everett Model C102 
nitrogen laser having an emission at 337 nm with a pulse width of 10 ns and virtually 
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Fig. 1. ~xperimental arrangement ~or measuring the fluorescence yield ~ise ~nd dec~y and delayed 
]ight emission (D~E). Symbols: C, quartz cuvett¢, I cm square; Ez, weak analytic flash, strobe light; 
~ ,  main excitation flash; strobe light ~or fluorescence yield rise and nitrogen las¢~ ~ fl~orescenc¢ 
yield decay and delayed light emission measurements. ~z and F,, neutral density filters; F~, F~, F~, 
and F6, Coming C.S. 4-96 filters; F~, ~odak W~tten 2-~ (used only with nitrogen laser); F8, Schott 
RG-8. 
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no tail. Fluorescence and delayed light emission were observed through a Kodak 
Wratten 2A and Schott RG-8 filter combination. The EMI photomultiplier was used; 
however, it was gated off electronically during the actinic light pulse. When making 
fluorescence yield decay measurements, a variable delay analytic flash was provided by 
another strobe lamp through neutral density filters, two C.S. 4-96 filters and a light 
guide. 

The protocol used in determining the fluorescence yield rise was similar to that 
of  Den Haan et el. [7]. Fluorescence (F(z)) and excitation light signals (I('c)) were 
photographed from the oscilloscope screen and the relative fluorescence yield (qSf) was 
calculated as follows: ~b r ---- F(z)/I(z). 

Fluorescence yield decays were measured by a method similar to that of Mauze- 
rail [13]. The analytic flash was kept very weak so as to not cause a change in fluores- 
cence yield when it was flashed onto the sample. The analytic flash generated fluores- 
cence signals proportional to the yield of fluorescence at various time delays beginning 
20/ts after the excitation flash. The fluorescence yield was calculated at a particular 
time after the main actinic flash using the formula: 

qSr(z) (in terms of ~bo) = Fm('t')--IDLE(~7) 
F0 ~ 

where ~bf(~) = fluorescence yield at some time z after the main actinic pulse, Fm(v ) = 
measured signal at some time "r, IDLE(~:) = intensity of delayed light emission at some 
time z-, F o -- zero level fluorescence signal generated by pulsing the weak analytic 
flash without the main actinic flash, and ~o = zero level fluorescence yield. 

RESULTS AND DISCUSSION 

Bicarbonate effect on decay of ESR Signal lIvs 
The ESR Signal llvf is formed after a flash in less than 100 ps (the response 

time of the ESR spectrometer) and decays in dark with a half time of approx. 800 #s, 
independent of bicarbonate treatment (Fig. 2). However, bicarbonate depletion 
reduces the maximum amplitude of the ESR signal approx. 40 ~ compared to the 
control sample. The logarithmic plot of the Signal Ilve decay data shows that the half 
time (r~) of decay is not significantly affected by bicarbonate depletion: 810/~s (with 
bicarbonate) versus 960/is (without bicarbonate); this difference is within experimen- 
tal error (Fig. 3). However, for this same sample preparation, oxygen evolution 
showed a 4-fold bicarbonate effect. The above experiments suggest that bicarbonate 
does not affect the rate of electron flow from the oxygen-evolving system "S"  to Z, but 
the formation of Z ÷ is reduced to some extent. This could either be due to a slightly 
reduced formation of P-680 ÷ or to a partial block of electron flow from Z to P-680 ÷. 
It is interesting to note that the 40 ~ reduction in Signal Ilvf amplitude in bicarbonate- 
depleted sample is very close to the percentage of inactivated Photosystem II centers 
reported by Stemler et el. [4] from oxygen yield measurements. 

It should be pointed out that even though ESR Signal Ilvf gives information 
about the concentration of Z +, the ESR detection technique has a limiting rise time of 
100 ps and therefore is incapable of giving information about the formation of Z + 
and the consequent decay of P-680 + in the early microsecond time range. Fortunately, 
the fluorescent yield technique does provide this information. 
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Fig. 2. Flash-induced change in ESR Signal ]I,f in spinach chloroplasts at room temperature, a, 
untreated control chloroplasts; b, bicarbonate-depleted chloroplasts; c, bicarbonate-depleted chloro- 
plasts plus 0.01 M NaI-{CO3. Each trace is the average of  2048 flash evertts. Flash repetition rate, 1 
Flz. The kinetic signal was monitored at the low field derivative maximum of Signal II (3380 G). 
Microwave power, 160 mW; modulation amplitude, 6.3 G. 
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Fig. 3. Logarithmic plot of the ESR Signal Ilvf. Data observed with and without bicarbonate. Calcu- 
lated decay half times and a typical error bar are indicated. 
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Fig. 4. The rise in fluorescence yield during and after an excitation flash with and without bicar- 
bonate, normalized at r = 3 Hs. A trace of the excitation flash intensity as a function of time is also 
shown. 

Bicarbonate effect on the chlorophyll a fluorescence yieM rise 
The rise in fluorescence yield was measured beginning at about 1/as and extend- 

ing to 21/as after the initiation of the excitation flash (Fig. 4). Each graphical point 
represents the mean value of seven experiments and typical error bars are shown. In 
this particular measuring method the rate of  rise in the fluorescence yield up to about 
3/as is dependent upon the rapidity of the intensity rise in the excitation flash [14, 15 ]. 
The continuing rise in fluorescence yield beginning at about 6/as shows two half 
times: 7±3 /z s  and 35~:10/as. No significant bicarbonate effect on the rise in fluores- 
cence yield was observed. Since the rise in fluorescence yield in this time range is 
indicative of the rate of electron flow from Z to P-680 +, the above experiments suggest 
that the site of  bicarbonate action is other than reaction 2 in the flow diagram. Thus, 
the 40 % reduction in ESR Signal Ilve (Z ÷) observed under conditions of bicarbonate 
depletion must be due to a lower amount  of  P-680 + being formed or a portion of the 
P-680 + formed is rendered incapable of reacting with Z. The former interpretation 
will be supported by the delayed light emission results. 

Bicarbonate effect on the fluorescence yield decay 
A logarithmic plot of  the fluorescence yield decay data from 50 #s to 1 ms 

after the illumination flash shows a 4.6-fold decrease in half time of decay when 
bicarbonate is added to a previously depleted sample (Fig. 5). Samples with maximum 
fluorescence yields of  from 1.5 to 3 q~o were used and in all cases a bicarbonate-induced 
3- to 5-fold increase in fluorescence yield decay rate was observed. For these same 
samples a 3-5-fold bicarbonate enhancement effect on oxygen evolution could be 
demonstrated. From the result it is concluded that a major site of bicarbonate action 
is between Q and the pool of  electron flow intermediates, i.e. reaction 4 in the flow 
diagram. In point of  fact, bicarbonate depletion acts as a partial block of electron 
flow between Q and the intersystem carriers in much the same way as D C M U  does in 
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Fig. 5. Semilog plot of  the decay of  fluorescence yield with and without 10 mM bicarbonate. 
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Fig. 6. Logarithmic plots of the delayed light emission signal traces with and without 10 mM bicar 
bonate. Calculated decay half times are indicated. Typical error bars are shown. 
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low concentrations. An analogous behavior of DCMU and low bicarbonate con- 
centrate was previously pointed out by Wydrzynski and Govindjee [5]. 

The effect of bicarbonate depletion and DCMU and delayed light em&sion 
Bicarbonate depletion resulted in two changes in the 50-250 ps delayed light 

emission decay (Fig. 6): A 1.5-fold reduction in the rate of decay and for t < 100 ps a 
decrease in delayed light emission intensity and for t > 100 #s a relative increase in 
delayed light emission intensity. In particular, at 50 #s after the flash, bicarbonate 
depletion caused approximately a 20 ~ reduction in delayed light emission. Sample 
with 10- 8 and 10 - 7  M DCMU gave results similar to those obtained with the absence 
of  bicarbonate: A 1.3-1.5-fold decrease in the decay rate for t > 100 ps and a 20-50 ~ 
reduction in delayed light emission intensity at 50 #s after the flash; but no significant 
increase in delayed light emission intensity for t > 100 #s was observed. 

One theory to explain the origin of delayed light emission in the microsecond 
time range is that a back reaction takes place between P-680 + and Q- ,  the charge 
separation products of the Photosystem II light reaction [19, 20]. With a block of 
electron flow from Q-  to the pool of intersystem electron carriers the delayed light 
emission decay rate is expected to decrease since a competitive mode causing the 
reduction of the Q-  concentration is blocked. As can be seen in Fig. 6, the rate of 
delayed light emission decay is slowed under conditions of bicarbonate depletion. 
This result is in agreement with the concept of low bicarbonate acting as a block to 
electron flow between Q-  and the pool of intersystem electron carriers and that there 
is some inactivation of reaction centers. In addition, the reduction in delayed light 
emission for t < 100 ps in bicarbonate-depleted samples may be caused by a smaller 
amount  of P-680 + being formed which is consistent with the ESR Signal IIvf data 
presented. It is hard to compare this data to that of Stemler and Govindjee [2] since 
their samples were not given single flash illumination and the delayed light emission 
observations were only made for short lengths of time in the second time region, 
making kinetic analysis difficult. 

Coneludin9 remarks 
Other unpublished results, obtained in other laboratories upon request by one 

of us (G.), support the view that the site of bicarbonate sensitivity is not on the oxygen 
evolving but on the Q side of Photosystem II. In one experiment, B. Diner (personal 
communication) has observed that the decay of Q-  measured by fluorescence decay 
is slowed down in the absence of bicarbonate anions. All of our seven experiments are 
in agreement with this data. G. D6ring (personal communication) has observed the 
effects of bicarbonate concentration on the changes in P-680. Upon illumination by 
repetitive flashes, a decrease in absorption suggested to be due to oxidation of P-680 
occurs (see review, ref. 21). In the dark these absorption changes decay as P-680 + 
becomes reduced, thus giving a method of monitoring reaction 2 of the flow diagram. 
D6ring found that the 120-#s decay component showed no significant change due to 
bicarbonate depletion or its later addition, but a 40 ~ reduction in the amplitude of 
Po680 + was observed. 

Using the modulated polarographic technique, first described by Joliot et al. 
[22], T. Arnason and J. Sinclair (personal communication) found that the rate 
constant associated with the rate-limiting thermal reaction between the water- 
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spli t t ing reaction and  Photosystem II was not  altered in the absence of bicarbonate.  
Thus,  it is clear that  there are, at least, two sites of bicarbonate  action, one on the 
reaction center complex II P-680 and  the other between Q and the pool of inter- 
system electron carriers, the latter being a major  site of action. This conclusion is 
addi t ional ly  confirmed by the recent independent  biochemical experiments of R. 
Khanna ,  T. Wydrzynski  and  Govindjee (personal communica t ion)  who show a 
major  b icarbonate  effect when plas toquinone is blocked by d ib romothymoqu inone  
and  the electron acceptor is oxidized d iaminodurene ,  but  no  significant effect when 
the electron acceptor is si l icomolybdate which picks up electrons directly from Q 
or when electron flow is measured only through System I in the presence of D C M U  
(with reduced d iaminodurene  as electron donor  and  methyl viologen as electron 
acceptor). 

ACKNOW.LEDGEMENTS 

We are grateful to Drs. J. T. Yardley and  D. J. McDona ld  for al lowing us 
to use their n i t rogen laser and  to Drs. G. D6ring,  B. Diner,  and  J. Sinclair, and  Miss 
Rita  Khanna ,  and  Mr. T. Wydrzynski  for their permission to cite their unpubl i shed  
observations.  

This research was supported by a Nat ional  Science F o u n d a t i o n  grant,  N S F  
GB 36751. P. J. was supported by the Rober t  Emerson Endowment  Fellowship, 1975. 

REFERENCES 

1 Stemler, A. and Govindjee (1973) Plant Physiol. 52, 119-123 
2 Stemler, A. and Govindjee (1974) Photochem. Pholobiol. 19, 227-232 
3 Stemler, A. and Govindjee (1974) Plant and Cell Physiol. 15, 533-544 
4 Sternler, A., Babcock, G. and Govindjee (1974) Proc. Natl. Acad. Sci. U.S. 71, 4679-4683 
5 W'ydrzynski, T. and Govirtdjee (1975) Biochim. Biophys. Acta 387, 403-408 
6 Wolff, C., Buchwald, H. E., Rtipple, H., Witt, K. and Witt, H. T. (1969) Z. Naturforsch. 246, 

1038-1041 
7 Den Haan, G. A,, Warden, J. T. and Duysens, L. N. M. (1973) Biochim. Biophys. Acta 325, 120- 

125 
8 Forbush, B., Kok, B. and McGloin, M. (1971) Photochem. Photobiol. 14, 307-321 
9 Forbush, B. and Kok, B. (1968) Biochim. Biophys. Acta 162, 243-253 

10 Blankenship, R. E., Babcock, G. T., Warden, J. T. and Sauer, K. (1975) FEBS Lett. 51,287-293 
11 Warden, J. T., Blankenship, R. E. and Sauer, K. (1976) Biochim. Biophys. Acta 423,462-478 
12 Babcock, G. T. and Sauer, K. (1975) Biochim. Biophys. Acta 376, 315-328 
13 Mauzerall, D. (1972) Proc. Natl. Acad. Sci. U.S. 69, 1358-1362 
14 Zankel, K. L. (1973) Biochim. Biophys. Acta 325, 138-148 
15 Den ttaan, G. A., Duysens, L. N. M. and Egberts, D. J. "N. (1974) Biochim. Biophys. Acta 368, 

409-421 
16 Duysens, L. N. M. and Sweers, It. E. (1963) in Studies on Microalgae and Photosynthetic Bacteria 

(Ashida, J., ed.), pp. 353-372, University of Tokyo Press, Tokyo 
17 Joliot, P., Joliot, A., Bouges, B. aod Barbieri, G. (1971) Photochem. Photobiol. 14, 287-305 
18 Papageorgiou, G. (1975) in Bioenergetics of Photosynthesis (Govindjee, ed.), pp. 319-371, Acade- 

mic Press, New York 
19 Lavorel, J. (1969) Prog. Photosynth. Res. 2, 883-898 
20 Lavorel, J. (1975) in Bioenergetics of Photosynthesis (Govindjee, ed.), pp. 223-317, Academic 

Press, New York 
21 Witt, H. T. (1975) in Bioenergetics of Photosynthesis (Govindjee, ed.), pp. 493-554, Academic 

Press, New York 
22 Joliot, P., Hoffnung, M. and Chabaud, R. (1966) J. Chem. Phys. 63, 1423-1441 


