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1. Introduction 

We described a mass spectrometer-inlet system for 
measuring the amount and isotopic composition of 
gases evolved and consumed by photosynthetic tissue 
in response to single short saturating light flashes [ 11. 
Here we use this technique to study photosynthetic O2 
evolution with 180-labeled substrates. We observed 

the following : 
(1) When C02-depleted* chloroplasts were reactivated 

with [180]bicarbonate, all the O2 evolved had 
the isotopic composition of the Hz0 rather than 

the C02. These results support the idea that 
neither bicarbonate nor CO2 is the immediate 
source of photosynthetically evolved 02. 

(2) When these chloroplasts or normal non-depleted 
chloroplasts were flashed in the presence of 
H2”0 added in total darkness, all of the 02, 
including that evolved in the first few flashes, 
had the isotopic composition of the added H20. 

This indicates that the Sr state does not contain 
a bound intermediate oxidation product of H20. 

(3) Although CO2 depletion did not affect the O2 
evolution system directly, it drastically decreased 
the magnitude of the ferricyanide-induced ‘anom- 
alous double hit’ probably due to an inhibition 
of reactions on the acceptor side of system II. 
This inhibition may provide a mechanism for 
regulating cyclic electron flow in vivo. 

* We will use the terms CO, and bicarbonate interchange- 
ably; no reference to the true active species involved is 
intended 
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2. Materials and methods 

The mass spectrometric apparatus and measuring 
technique were described in [ I]. Special precautions 
were taken to assure that no light other than the 
actinic flashes reached the sample after the addition 
of bicarbonate or labeled H20. [With hydroxylamine 
as the system II donor, N2 is evolved only on the first 
flash in the presence of DCMU [ 11. This system is 
essentially irreversible [ 1,2]: tens of minutes of dark 
time are required before a significant N2 flash yield 
can again be observed. Thus, these chloroplasts can 
serve as a very sensitive actinometer for our system: a 
light flux of -1 quantum . trap-’ . 10 min-’ after the 
addition of NHzOH and DCMU will severely depress 
the subsequent N2 flash yield. 

Manipulation and monitoring [l] of these chloro- 

plasts under the same conditions as those used here 
showed no decrease in the N2 flash yields compared 
to steady-state flash yields or a ‘dark control’. Thus, 
there was apparently no discharge of any 180-label 
incorporated into the 02evolving system before the 
evolved O2 was monitored, and the O2 observed was 
the first O2 evolved after the addition of the bicar- 

bonate or labeled H20.] Accordingly, chloroplasts 
were layered on the mass spectrometer ‘flash yield 
inlet’ in total darkness using an Eppendorf pipettor 
guided by a special bracket. The inlet and associated 
flash lamp were contained in a light-tight box. 

C02depleted chloroplasts were prepared by a 
procedure derived from that of Stemler and co-workers 
(see, e.g. [3]). Chloroplasts (0.5 mm) -5 mg &l/ml, 
were prepared from greenhouse or market spinach 
[4], pelleted, and taken up in 10 ml depletion medium 
(100 mM potassium phosphate, 100 mM NaCI, 
100 mM sodium formate, pH 5.0). After the suspen- 
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sion w;is agitated for 10 min under a stream of N,, resulted in a 7-8-fold decrease in the rate of the Hifl 
the chloroplasts were pelfeted and suspended in reaction in high hght. Reactivated chloroplasts typically 
0.5 ml chloroplast medium (100 mM potassium phos- had a rate of 60-70 @rnol Oz. mg chl-’ q he”. 
phate, 100 mM NaCI, 100 mM formate, 400 mM Depleted chloroplasts were reactivated in total 
sucrose, pH 6.8). The reaction medium for the flash darkness by adding solid NaHC& to both the chloro- 
exper~meuts contained 100 mM potassium phosphate, plast preparation and the medium to 10 mM final cone. 
100 mM NaCl, 100 mM sodium formate (pH 6.8). The mass spectrometer reaction vessel was filled with 
For the polarographic assays to determine the effect the HCO&piked buffer, and the reactivated chloro- 
of CO2 depletion, 30 mM methylamine and 1 mM plasts were layered on the inlet. The isotopic composi- 
K3Fe(CN), were added to the reaction medium. tion of the CO2 (m/e = 44,46,48) was then continu- 

During the isolation and assay procedure, great ously monitored during the 3-5 min settling time of 
care was taken to exchrde ~ontam~ation by atmo- the ~~orop~asts. After the signals stabilized, the flash 
spheric COa. All procedures were done in closed vessels yields of the various O2 isotopic species were deter- 
under a stream of N2, and transfers were effected via mined. 
modified syringes. All reagents were extensively [“so] Bicarbonate was prepared by dissolving 
bubbled with COYfree N2 before use. CO2 depletion unlabeled NaHCOa in 95 atom% H2180 (from Bio Rad 

DEPLETED CHLOROPLASTS 

DEPL~~~CHLOROP~STS 

+HC% 
3 

DEPLETED CHLOROPLASTS 

+HC180- 
3 

4444444444 
LABELED 02h/e= 34) UNLABELED 02 +- 20 (m/e= 32) 

Fig.1. Evohztion of W, and unlabeled 0, elicited by sfiort saturating light flashes in ACU;depleted chloroplasts, depleted 
chbropfasts reactivated with unlabeled NC@;, and depteted chforoplasts reactivated with H&‘BO;. The unlabelesi 0, signal @de = 

32) was attenuated 20-fold compared to “0, (m/e = 34) signat. The solid arrows in this and the following two figures mark the 
fining of the xenon flash (3 s spacing). For the HC”O; experiment, the isotopic composition of the CO, at the beginning of the 
flash sequence was: C’*O, (m/e = 48), 0.031; C ‘6>1802 (m/e = 46), 0.320; C’*O, (m/e = 44), 0.649. 
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Labs.), and ahowing the solution to equilibrate for 
several days. Known quantities of solid HC’*Oi (and 
unlabeled HCO;) free of labeled Ha0 were obtained 
by drying aliquots of the solution under a stream of Ns. 

3, Results and discussion 

3.1. Isotopic composition of O2 evolved by HCOS- 
depleted chloroplasts reactivated in the dark 

The hypothesis that COz or bicarbonate is the 
~mmedjate source of ~hotosyntheti~lly evolved Uz 
has been long proposed (see, e.g. fs]). Using COs- 
depIeted chloroplasts [33, it was found that the O2 
evolved after reactivation with HCO; reflected the 
isotopic composition of the Hz0 and not the bicar- 
bonate. However, because their apparatus did not 

have sufficient sensitivity to monitor single turnovers 
of the O,-evolving system, they could not eliminate 
the possibility that the very first molecules of evolved 
O2 were derived from the reactivating HCO;. 

Figure 1 shows the flash yield pattern of leOa 
(m/e = 34) and unlabeied O2 (m/e = 32) for COz-de- 
pleted chlaroplasts and depfeted chloroplasts reac- 

tivated with labeled or unlabeled bicarbonate, Each 

pair of measurements was done on the same sample; 
a 5 min dark period preceded each flash sequence. 

As shown on the left in fig.1, no r802 {beyond that 
attrjbutabIe to the naturaI abundance of HzrsO) was 
evolved when the COzdepleted chloroplasts were 

reactivated with [‘80]bicarbonate. Significant labeled 
O2 was evolved only in the presence of added Hz”0 
(see below). A similar lack of response of the evolved 
O2 to reactivation with labeled bicarbonate was also 
observed at m,fe = 36, which corresponds to doubly- 
labeled O2 (data not shown). 

That the added bicarbonate did indeed reactivate 
the O,-evolving system is shown in fig.1 (right column), 
which illustrates the flash yield patterns of unlabeled 
0s (mfe = 32) for the same samples as before after 
S min dark time. Note that the reactivation procedure 
resulted in a modest increase in the flash yield ampli- 
tudes and a restoration of the oscillation (compare 
line 1 with lines 2,3). Both of these observations 
agree with earlier reports [6]. (See also fig.3 below.) 

The data of fig.1 set rather stringent limitations 
on the amount of O2 that can be derived from COs. 
At the onset of the flash sequence: the isotopic com- 
position of the COa in the “0 experiment was: Cr802 = 
0.031, c +ra02 = 0.320, C1”Oz = 0.649. Thus, 35%; 

of the COa was at least singly labeled. Since we could 

easily discern a 2-fold increase in the output of singly 
Iabeled Oa, a point we verified using H2’s0, we con- 
cluded that CO* or HCO; contributed ~IYo to the 
O2 evolved by single turnovers of the O2 evolving 

system. Therefore, these data, along with earlier find- 
ings, suggest that COz or HCO; is not a significant 
source of photosynthetic oxygen. 

3.2. Isotopic composition of O2 evolved after dark 
equilibrium with labeled water 

At present, the nature of the intermediate oxida- 
tion states Ieading to photosynthetic O2 evolution is 
unknown. There is some evidence that bound inter- 
mediate oxidation products of water participate [7]. 
Indeed, there has been a report (not yet confirmed, 
to our knowledge) that the Oa-evolving complex in 
whole algae cannot isotopically exchange Ha0 with 
the intracellular Ha0 in the absence of light [8f_ 

If the Hz0 were strongly bound by the Os-evolving 
complex, the initial O2 evolved would be expected to 
reflect the isotopic composition of the Ha0 in which 
the chloroplasts were last illum~ated. Thus, the 
evolved O2 would not reflect the isotopic composi- 
tion of Ha0 added in total darkness until the bound 
Hz0 had been oxidized. 

Figure 2 shows the results obtained when normal 
chloroplasts were illuminated in the presence and 
absence of H2i80 added in total darkness prior to the 
flash sequence. (Similar results were obtained using 
depleted chloroplasts reactivated with unlabeled 
HCOB; data not shown.) In both cases the O2 evoIved 
always reflected the isotopic composition of the Ha0 
in the medium at the onset of illumination. Note that 
there was no appreciable difference between the two 
experiments in the ratio of the first few flash yields 
(Yz, Y a, Y4) to the Iater yields, an observation which 
suggests that the substrate Hz0 is freely exchangeable 
with the medium. [Because of the problems in handling 
these srnali quantities of isotope, the observed 34/32 
ratio did not always accurately reffect the amount of 
isotope previously added. This discrepancy did not 
compromise the validity of the conclusions, but was 
somewhat disturbing We therefore monitored the 
H21s0/H2160 ratio in situ by determining the C?Oa : 
Cr6*r802 : C’“Oz ratios before illumination in prepa- 
rations containing 10 m&I HCO; and 100 units of 
carbonic anhydrase. The isotope ratio of the evolved 
0, in these experiments was found to agree with the 
measured H2180/Hz1”0 ratio.] 
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Fig.2.0, flash yields observed when H,‘aO (top) or unlabeled 
(bottom) H,O was added in total darkness to dark-adapted 
chloropiasts. Buffer: 0.9 ml Tricine (SO mM, pH 7.4) plus 
0.1 ml H,“O (71 atom%) or H,r60. Ha0 (3 ~1) was also 
added to 25 ~1 chloroplast suspension. After mixing, 10 nl 
of these chloroplasts were layered on the mass spectrometer 
inlet. The unlabeled 0, signal was attenuated S-fold compared 
to the labeled (m/e = 34) signal. 

These results show that, in the dark, the Oaevolving 
complex does not contain bound substrate HzO. This 
in turn, suggests that the Sr state, the predominant 
oxidation state in dark-adapted chloroplasts, does 
not contain a bound intermediate oxidation product 
of HzO, and that any association between the Sr and 
Se states and substrate Hz0 is relatively short-lived. 

3.3. An effect of b~ca$b5~te dep~et~a~ on the 
redwing side of system II 

Although COa apparently is not the immediate 
substrate for 0, evolution, bicarbonate depletion can 
considerably affect the turnover of system II (reviewed 
[9]). During the course of the experiments in sections 
3.1 and 3.2, we observed that bicarbonate depletion 

drastically altered the flash yield pattern in the pres- 
ence of ferricyanide, which, in normal deactivated 
chloroplasts, causes a significant increase in the oxy- 
gen yield of the second flash [ 101. This high second 
flash yield does not reflect the generation of Sz in 
the dark, but rather, the ability of these chloroplasts 
to undergo a ‘double hit’ [l 11, i.e., a double turnover 
of the system II trap within the few BFLS of a single 
xenon tlash. This phenomenon correlates well with 
the degree of oxidation of an endogenous chloroplast 
component with a midpoint potential of -400 mV 
[ 111, which may be identical with ‘C’, an alternate 
secondary system II electron acceptor [lo]. Presum- 

NO ADDITION 

+tK0- 
3 

+NaCI 

tttttttttt 

Fig.3. Effect of bicarbonate on the second flash yield in the 
presence of ferricyanide. The buffer was reaction medium 
(see section 2) amended with 1 mM K,Fe(CN),. Top trace, 
depleted chloroplasts; middle trace, depleted chloroplasts 
plus 10 mM NaHCO,; bottom trace, depleted chloroplasts 
plus 10 mM NaCl. 

60 



Volume 110, number 1 FEBS LETTERS January 1980 

ably, when C is in the oxidized state, it can rapidly 
(within a few ys) accept an electron from Q- and thus 
allow two turnovers of each system II trap within a 
single (~5 ps) xenon flash. 

Figure 3 shows that the availability of this electron 
acceptor to Q- is strongly suppressed by CO* deple- 
tion. Only a minimal second flash yield is evident in 
COzdepleted chloroplasts in the presence of ferri- 

cyanide (fig.3, top). When the chloroplasts are reac- 
tivated, a large Yz, comparable to Y3, is observed 
(fig.2, middle). This effect is specific for HCOS with 
NaCl, no increase in Y, is observed (bottom trace). 

A major effect of bicarbonate depletion is inhibi- 
tion of electron flow from Q- to the intersystem 
electron transport pool [ 121. The results of our 
experiments suggest that this inhibition is more gen- 
eral. Electron flow from Q-C, which normally takes 
place within the few ~FLS of the actinic flash, is also 
apparently slowed sufficiently so that little Q-C 
transfer within the flash is observed. 

The mechanism by which bicarbonate inhibits the 
suite of reactions on the donor side of system II, and 
indeed the occurrence and function of this phenome- 
non in vivo, is unknown. One could postulate that the 

J 
Qf- _ PQ 

II 

‘680 

I 

Fig.4. Electron transport scheme showing the relationchip 
of bic~bonate-~nsi~ve reactions (wavy line) and cyc& 
electron flow. PBS0 and P700, primary donors of photo- 
systems II and I, respectively; Q and X, the primary accep- 
tors; PQ (plastoquinone) and C, secondary system II 
acceptors. 

ambition of system II by bi~rboMte depletion 
facilitates cyclic electron flow under CO,-limited 
conditions (fig.4). By partially inhibiting the electron 
flow from HzO, bicarbonate depletion could effect, 
in nature, the same ‘poising’ of the electron-transport 
system as that obtained in the laboratory using DCMU 
or low light intensities (see, e.g. [13]). Since (cyclic) 
electrons apparently enter the transport chain at the 

level of plastoquinone [ 131, the bicarbonate-sensitive 
reactions are properly situated to effectively regulate 
the flow of electrons into this cycle. 

Acknowledgements 

We thank Drs J. Golbeck and B. Velthuys for 
critically reading the manu~ript, and B. Velthuys for 
access to his review manuscript. This work was sup- 
ported by the National Science Foundation, grant 
PCM 77.20526, and the Department of Energy, con- 
tract EY-76-C-03-3326. 

References 

111 

I21 

[3] 

(41 

i51 
PI 

[71 
WI 

191 

Radmer, R. (1979) Biochim. Biophys. Acta 546, 
418-425. 
Bennoun, P. (1970) Biochim. Biophys. Acta 216, 
257-263. 
Stemler, A. and Radmer, R. (1975) Science 190, 
457-458. 
Schwartz, M. (1966) Biochim. Biophys. Acta 112, 
204-212. 
Metzner, H. (1975) J. Theor. Biol. 51,201-231. 
Stemler, A., Babcock, G. and Govindjee (1974) Proc. 
Natl. Acad. Sci. USA 71,4679-4683. 
Velthuys, B. (1980) Ann. Rev. Plant Physiol. in press. 
Kutzurin, V. M., Nazarov, N. M. and Semenyuk, 
K. G. (1966) Dokl. Akad. Nauk SSSR 171,215-217. 
Govindjee and Van Rensen, J. (1978) Biochim. Biophys. 
Acta 505, 183-213. 

[lo] Kok, B., Radmer, R. and Fowler, C. F. (1974) in: 
Proc. 3rd Int. Congr. Photosyn., Rehovot (Avron, M. 
ed) pp. 485-496, Elsevier, Amsterdam, New York. 

[ 1 l] Kok, B. and Velthuys, B. (1977) in: Research in 
Photobiology (Castellani, A. ed) pp. 111- 119, Plenum, 
New York. 

[ 121 Jursinic, P., Warden, 3. and Govindjee (1976) Biochim. 
Biophys. Acta 440, 322-330. 

[ 131 Gimmler, H. (1977) in: Encyc. Plant Physiol., new ser. 
(Trebst, A. and Avron, M. eds) vol. 5, pp. 448-472, 
Springer-Verlag, Berlin. 

61 


