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SUMMARY

1. The enzymatic steps of the CO, fixation cycle responsible for the overall
inhibition of CO, fixation caused by the lowering of the Mg2* concentration in the
stroma were investigated. For this the Mg?* concentration in the stroma was de-
creased by addition of the ionophore A 23187, and the levels of the intermediates of the
CO, fixation cycle in the stroma of intact chloroplasts were assayed by ion exchange
chromatography.

2. The addition of the 1onophore caused an increase of NADPH, ATP, fruc-
tose- and sedoheptulosebisphosphate and a dramatic decrease of phosphoglycerate mn
the stroma. These changes were reversed by the addition of Mg?* and again affected
by a subsequent addition of Ca?*. Ribulosebisphosphate and pentosemonophosphate
levels 1n the stroma were only a little affected under these different conditions.

3. The mcrease of the NADPH and ATP reflects the decreased utilization of
these compounds due to the overall inlibition of CO, fixation. As phosphoglycerate
and triosephosphate appear to be 1n near equilibrium with NADPH and ATP, the
decrease of phosphoglycerate seems to be a consequence of the changes 1n the nucleo-
tide levels.

4. The rapid increase of fructose- and sedoheptulosebisphosphate after the
addition of the ionophore A 23187 clearly demonstrates that the overall inhibition of
CO, fixation caused by lowering the stromal Mg?* 1s due to the inhibition of the
hydrolysis of these sugar bisphosphates. It is concluded that the activities of fructose-
and sedoheptulosebisphosphatase can be controlled by light dependent changes of the
stromal Mg2* concentration.

INTRODUCTION

CO, fixation in chloroplasts 1s controlled by light. As possible sites of control,
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several enzymatic steps of the CO, fixation cycle have bzen discussed (for refs. see
1 and 2) and 1t appears that there is more than one mechanism involved in the in-
fluence of illumination on the enzymatic activity of the CO, fixation cycle. It was
shown from our laboratory that CO, fixation has a very strong pH dependency and
that the change of the pH n the stroma caused by illumination 1s sufficient to switch
CO, fixation from almost zzro to maximal activity [3]. Furthermore, evidence has
sen obtained that some of the enzymes involved in CO, fixation may bz activated i
the light following the reductive formation of sulfhydryl groups by photosynthetic
electron transport (for refs. see 1 and 2). Fmally, there are various observations
suggesting that CO, fixation may bz controlled by the Mg?* concentration 1n the
stroma. Previous studtes of the various enzymes involved in CO, fixation have shown
that Mg?* stimulated the activities of hexosebisphosphatase and ribulosebisphos-
phate carboxylase (for refs. see 1, 2). It was also d2monstrated that light depsndent
CO, fixation 1n a reconstituted system 1s stimulated by increasing the Mg>* concen-
tration [4]. Studies with 1solated thylakoid membranes suggested that Mg2* 1s one of
the major counter 10ons of light induced proton transport across the thylakoid mem-
branes [5-8], and 1t was shown recently by Portis and Heldt [9] and Krause [10] that
illumination of mtact chloroplasts causes an increase n the stromal Mg?* concentra-
tion of 1-3 mM.
The influence of such changes of the stromal Mg?* on the CO, fixation of
intact chloroplasts was studied with the aid of the divalent cation 1onophore A 23187,
which 1s known to catalyzz a H*/divalent cation exchange across membranes [11].
By increasing the permeability of the envelope for Mg?* this 1onophore allowed us to
artificially vary the Mg?* conczntration 1n the stroma. Estimates of the Mg2* concen-
tration necessary for maximal rates of CO, fixation indicated that the changes of the
stromal Mg?* observed on illummation are high enough to have a possible function in
the light regulation of CO, fixation [9]. It 1s the aim of the present paper to identify
the enzymatic step(s) of the CO, fixation cycle bzing controlled by such changes of the
stromal Mg2* A tool for these mvestigations is the measurement of the steady state
levels of the intermediates of the CO, fixation cycle in the stroma.

METHODS

a. Spmach (Spinacia oleracea L cv. True Hybrid 102, Arthur Yates and Co ,
NSW, Australia) was grown 1n water culture according to Lilley and Walker [12]

b Chloroplasts with intact envelopes were prepared from fully grown leaves
according to the method of Cockburn et al. [13] modified by Heldt and Sauer [14]

c. The incubation of the intact chloroplasts was normally carried out at 20 °Cin
a medrum contaimng 0 33 M sorbitol, 50 mM N-2-hydroxyethylpiperazine-N-2-ethane
sulphonic acid (HEPES) pH 8 0 and 0.04 mg/ml catalase from beef liver (Boehringzr,
Mannheim) Other additions are indicated 1n the legznds.

d. Measurements of oxygen evolution were carried out i parallel samples
with an oxygen electrode as describzd by Delieu and Walker [15). Illummation of the
samples 1n the centrifuge or 1n the vessel with the oxygen electrode was carried out
with a tungsten halogen light source provided with an RG 630 cut off filter (Schott,
Mainz, Germany) and a Caltex heat filter (Balzers, Lichtenstein). The hght mtensity
was about 40 000 ergs - s~ - ¢cm ™2, Illumination was continued during centrifugation.
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e. Chlorophyll was assayed according to the method of Whatley and Arnon
[16]. The method of Heldt et al. [17] was used to determine the pH in the stroma and
the thylakoid space. For detauls of silicone layer filtering centrifugation see [18].

f. Phosphate containing metabolites were labzlled by including 2P, in the
reaction mixtures, which were preincubated with the chloroplasts for 5 mun m the
dark bzfore illumination. The reaction was terminated by centrifugation of the
chloroplasts through a silicon fluid layer into 20 ul of 10 9, HCIO, Following centri-
fugation the upper 200 pl supernatant solution was also acidified with 5 ul of 60 9
HCIO,. Extracts were prepared by centrifugation of the precipitated protein, and
neutralization of the supernatant with KOH or K,CO,.

g. Ion exchange chromatography on Bio-Rad AGI1-X8 was performed as
described elsewhere [19,20]. The values for the metabolites 1n the stroma were
corrected for the metabolites 1n the medium, which had bzen carried through the
silicone layer with the chloroplasts.

In the experiment of Table II the effluent from the ion exchange column was
also monitored at 254 nm with an ISCO UA-5 Absorbance Monitor with a Type 6
Optical Uit and SemiMicro Flow Colls of 5mm pathlength (Instrumentation
Specialities Corporation, Lincoln, Nebr. U.S.A.)

RESULTS AND DISCUSSION

The effect of A 23 187, Mg** and Ca** on CO, fixation and the metabolite levels in the
stroma

a. CO, fixation We previously reported that the addition of A 23 187 to chloro-
plasts undergoing active CO, fixation in a Mg** free medium containing EDTA
causes a complete inhibition of CO, depzndent O, evolution [9] This 1s shown mn the
expzriment of Table I. The subsequent addition of 5mM Mg?* restores the O,
evolution almost to the imtial rate, indicating that the effect of the 1onophore 1s due to
aloss of the stromal Mg?*. A further addition of 5 mM Ca?* again fully inhibits CO,
fixation. It was found in a parallel experiment that phosphoglycerate reduction, which
1s a partial step of CO, fixation, was only shghtly affected by the addition of the 10no-
phore [9]. This observation mdicated that the decrease of the stromal Mg?* concen-
tration by the 1onophore has only a minor effect on the photosynthetic generation of
ATP and NADPH.

The addition of the 1onophore leads to an acidification of the stroma, probably
caused by a Mg?*/H* counter exchange [11]. We have shown reczntly that the rate of
CO, fixation 1s strongly depzandent on the pH 1n the stroma [3]. In chloroplasts not
treated with the 1onophore, a shift of the pH i the stroma from 7 88 to 7.55 would
mhibit CO, fixation by about 50 % Therefore the 100 %, inhibition observed on
adding the 10nophore cannot bz entirely due to that pH shift, but has to bz attributed
to the observed loss of Mg?*. On the other hand, the addition of 5 mM Mg?™* causes
only a shght alkalinization of the stroma, whzreas the rate of CO, fixation 1s restored
to over 90 9, Apparently, the inhibitory effect of the acidification 1n the stroma on
CO, fixation may bz partially counterbalanced by an excess of Mg2 ™.

In order to identify the Mg?*-sensitive steps of the CO, fixation cycle the
metabohte levels 1n the chloroplasts were measured 1n parallel experiments (Table I).
Sincz all the metabolites of the CO, fixation cycle contain phosphate, these can bz
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TABLE 1

THE EFFECT OF DIVALENT CATIONS ON CO, FIXATION AND METABOLITE
LEVELS IN INTACT CHLOROPLASTS

The chloroplasts (0 1 mg chlorophyll/ml) were incubated m the presence of 5 mM NaHCO;
05 mM EDTA and 05 mM [*?P]K,HPO. (specific activity 80 Ci/mol). The mcubation of
the different samples was started by illumination. At the times indicated additions were made
and the incubation terminated by silicone layer filtering centrifugation. CO, fixation and the
pH 1n the stroma and the thylakoid space were assayed in parallel samples. For chromato-
graphic assay of 32P-labelled compounds extracts from the sedimented chloroplasts and the
remainmg supernatant, each equivalent to about 10 ug chiorophyll, were applied to the
columns. The sorbitol impermeable 3H,O spaces were. 39 7 (1), 37.8 (2), 329 (3) and 29.9 (4)
#l/mg chlorophyll

Sample No. 1 2 3 4

Time schedule of the experiment
(s after start of 1llumination)

Addition of 2 uM A 23187 - 180 180 180
Addition of 5 mM Mg?* - - 270 270
Addition of 5 mM Ca?+ - - - 360
Taking of sample 180 270 360 450
pH 1n stroma 7 88 755 7 60 771
A pH stroma/thylakoid space 226 192 197 160
CO, fixation 92 0 85 0

(umo!l O,/mg chlorophyll per h)

Metabolites 1n stroma
(nmol/mg chlorophyll)

ATP 47 167 7.9 147
ADP 205 90 138 10.4
Triosephosphate 66 115 62 93
Phosphoglycerate 855 10 628 19
P; 125 172 108 102

Fructosebisphosphate 42 220 68 359
Sedoheptulosebisphosphate 81 233 66 234
Hexose- and heptosemonophosphate 532 114 388 132
Pentosemonophosphate 33 12 26 15
Ribulosebisphosphate 178 18 4 307 88

Metabolite ratios 1n stroma

A——TP 023 186 058 142
ADP

Triosephosphate 008 11 010 49
Phosphoglycerate

Fructosebisphosphate 008 19 017 27
Hexose- and heptosemonophosphate

Pentosemonophosphate 019 0.07 008 018

Ribulosebisphosphate




317

conveniently labelled when CO, fixation 1s carried out 1n the presence of [*2P]phos-
phate. A very rapid separation of the chloroplasts from the surrounding medium by
silicone layer filtering centrifugation, followed by a quantitative determination of the
labzlled substances using ion exchange chromatography permits a sensitive and
accurate measurement of the metabolites 1n the stroma in the steady state of CO,
fixation [20].

b. Adenine- and pyridine nucleotides. In agreement with earlier results [20], the
ATP level in chloroplasts performing active CO, fixation 1s found to bz rather low
Thus, under the conditions of our expzriment (saturating bicarbonate concentration
and a possible limitation by light), photophosphorylation may be a limiting factor of
CO, fixation. We have shown earlier that the stromal ATP 1s largely increased during
the lag phase of CO, fixation [20]. This 1s a metabolic situation where CO, fixation is
partially inhibited due to a lack of CO, fixation cycle intermediates. Likewise, the
mhibition of CO, fixation by the 1onophore also causes an almost 4-fold increase of
the ATP (Table I). This again clearly indicates that the inhibition of CO, fixation by
the 1onophore 1s not the result of an uncoupling of photophosphorylation. When CO,
fixation and the accompanying ATP consumption is restored by the addition of Mg?*,
the ATP level decreases, and it increases again when CO, fixation 1s inhibited by Ca?*

In Table 1 these findings have been expressed also as ATP/ADP ratios.
However, a significant amount of the ADP and the ATP in the chloroplasts may bz
bound to the ATPase [21, 22] and the concentration ratios of the free nucleotides may
bz actually somewhat different from those evaluated 1n Table 1. It may bz noted that
the evaluated ATP/ADP ratios (and also the values for log ({{ATP]/[ADP]} - [P,])
not shown here) do not correlate well with the obtained values for the pH gradient
across the thylakoid membrane, which 1s widely bzheved to represent the intermediary
driving force of photosynthetic ATP synthesis (for review see ref. 23). The finding of
a low ATP/ADP ratio during active CO, fixation (Expt 1) together with a high pH
gradient might be explained by the high rate of ATP utilization. Further investigations
will be required to eludicate this matter.

Table II shows an expzriment similar to that of Table I in which the chromato-
graphic assay was carried out by monitoring the ultraviolet absorbancy of the column
effluate. This method of detection 1s less sensitive and therefore requires much larger
samples, but 1t enables the destermination of nucleotides which are not detected from
32P incorporation, e g. AMP and pyridine nucleotides. The quantitative determination
of pyridine nucleotides is normally rather complhicated, since the reduced forms are
unstable 1n acid media, whereas the oxidized forms are decomposed 1n an alkaline
environment. With 1on exchange chromatography this complication is overcome
because the acid degradation of NADH and NADPH yields defined degradation
products which are separated and can be detected by ultraviolet absorbance [24].

In the experiment of Table II the ATP level 1s again increased by the 1onophore
The level of NADPH 1n the stroma closely follows that of ATP. During active CO,
fixation the NADPH/NADP ratio 1s relatively low, and there 1s a strong increase of
this ratio observed when the 1onophore 1s added. Obviously, the inhibition of CO,
fixation results in an accumulation of reducing equivalents in the stroma.

c. Phosphoglycerate and triosephosphate. As the chromatographic assay proce-
dure does not separate dihydroxyacstonephosphate and glyceraldehydephosphate, the
term triosephosphate 1s used for the sum of these substances. If one assumes that
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TABLE II

EFFECT OF A 23187 ON CO; FIXATION RELATIONSHIP BETWEEN THE LEVELS OF
TRIOSEPHOSPHATE, PHOSPHOGLYCERATE, ADENINE- AND PYRIDINENUCLEOTIDES
IN THE STROMA

The chloroplasts (0 16 mg chlorophyll/ml) were incubated in the presence of 5 mMNa HCOs,
01 mM EDTA, 05 mM [*?P]JK,HPO, (specific activity 10 Ci/mol), 20 mM HEPES (pH 8 0)
The control experiment was terminated 210 s after the start of illummation by silicone layer
filtering centrifugation In the other experiment 3 uM A 23187 were added to the chloroplasts
180 s after the start of illumination, and the reaction was then terminated after 120 s CO,
fixation and the pH in the stroma and the thylako:d space were assayed in parallel samples
For the chromatographic assay of the sediment fraction the extracts from 8 parallel samples,
each contamning 0032 mg of chlorophyll, were apphed to the column The nucleotides were
determmned by plamimetric peak evaluation of the ultra violet (254 nm) recording Rates of
CO, fixation control, 77, +A 23187, O umol mg chlorophyll per h

Metabolite levels
10~ °mol/mg chlorophyll)

Control +A 23187
ATP 18 66
ADP 100 73
AMP 48 21
2ATP+ADP+AMP 16 6 16 0
ATP/ADP 018 090
NADPH 30 62
NADP 65 28
INADPH+NADP 95 90
NADPH/NADP 046 221
P.] 54 mM 36 mM
pH stroma 794 773
[triose-P]/[PGA] measured 005 54
[triose-P)/[PGA] calculated* 0018 11

* The calculation 1s based on the following equilibria

[GAP] _ 1 [NADPH] - [ATP] - [H*]
[PGA] K, K, [NADP] [ADP] [P,]
B [DHAP]
Ky = 32 25], K, = 8 , ——— = K3 =220 [27],
1 00 [25], K, = 7 1078 [26] [GAP] 3 0 [27]

[triose-P] = [DHAP]+[GAP] = (K3+1) [GAP]

* where PGA = 3-phosphoglycerate, GAP = glyceraldehyde-3-phosphate, DHAP =
(OH),acetone-P

these two compounds are in equilibrium catalyzed by the triosephosphate isomerase
(EC 531 1.), dihydroxyacetonephosphate will represent about 95 % of the triose-
phosphate. In chloroplasts performing active CO, fixation the amount of phospho-
glycerate 1n the stroma 1s more than one order of magnitude higher than the amount of
triosephosphate [20]. It was of interest 1f this low metabolite ratio reflects an equili-
brium state To answer this the expzcted triosephosphate/phosphoglycerate ratio was
calculated from the measured nucleotids, phosphate and proton concentrations and
the pubhshzd corresponding equilibrium constants obtamned with triosephosphate
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1somerase, phosphoglycerate kinase (EC. 1.1.1.95) and D-glyceraldehyde-3-phosphate:
NADP™* oxidoreductase (phosphorylating) (EC. 1.2.1.13). As shown 1n Table II the
triose-P/3-phosphoglycerate ratios calculated n this way are rather similar to the
measured values 1n both metabolic states.

The uncertainties of this calculation with respect to the employed equlibrium

constants can be avorded by comparmng the quotient of the ratios obtained at the two
metabolic conditions:
(triose-P/3-phosphoglyczrate), ;34 5,/(trioseP/3-phosphoglycerate).,.ro- The quotient
from the calculated ratios (61) differs by less than a factor of two from the quotient of
the measured ratios (108). These findings suggest that the phosphoglycerate and
triosephosphate are not far from equilibrium with the corresponding adenine- and
pyridine nucleotides. The dramatic change of the triose-P/3-phophoglycerate ratio n
the stroma by a factor of approx. 100, observed after the addition of the 1onophore,
appzars to bs due mainly to the change of cotiesponding nucleotide concentrations.
The restoration of CO, fixation by Mg?* (Table 1) decreases the triose-P/3-phospho-
glycerate ratio to the normal value, and the subsequent inhibition of CO, fixation by
Ca?* increases this ratio again.

d. Hexose and heptose phosphates. The metabolic changes following the addition
of the ionophore discussed so far are striking, but all seem to be secondary events
caused by the overall inhibition of CO, fixation. Another dramatic change of the
metabolite pattern caused by the 1onophore concerns the amounts of hexose -and
heptosephosphates. During active CO, fixation the amount of fructosebisphosphate
1s low and the sum of hexose- and heptosemonophosphates (these compounds are
usually not well separated by our chromatographic technique and are therefore deter-
mined n total) is relatively high. In an expsriment similar to that in Table I the com-
position of the hexose- and heptosemonophosphate psak was further analyzed by thin
layer chromatography and electrophoresis (Table III).

TABLE III

EFFECT OF A 23187 ON THE LEVELS OF SUGARMONO- AND SUGARBISPHOS-
PHATES IN THE STROMA

For details see experiment of Table I The hexose- and heptosemonophosphates were separated
by thin layer electrophoresis and chromatography [28] and the radioactivity counted by hqud
scmtillation  Rates of CO, fixation control, 104; +A 23187, O umol/mg chlorophyll per h.

nmol/mg chlorophyll
Control +A 23187
Fructosemonophosphate 9.8 29
Glucosemonophosphate 124 1l.6
Sedoheptulosemonophosphate 154 47
Fructosebisphosphate 42 443
Sedoheptulosebisphosphate 24 17.3
Fructoseb
ructosebisphosphate 043 153
Fructosemonophosphate
Sedoheptuloseb:
e ptulosebisphosphate 016 37

Sedoheptulosemonophosphate
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The addition of the ionophore causes a very strong mcrease of the fructose- and
sedoheptulosebisphosphate and a decrease of the fructose- and sedoheptulosemono-
phosphate, resulting in a dramatic change of the sugarbisphosphate/sugarmonophos-
phate ratios. This clearly indicates that the hydrolysis of fructose- and sedoheptulose-
bisphosphate 1s blocked under these conditions. The subsequent addition of Mg?*
normalizes the pattern of hexose and heptose phosphates, demonstrating that the
block of the two hydrolysis reactions 1s released by Mg?* (Table I). These findings
concur with earlier investigations of isolated fructosebisphosphatase from spinach
chloroplasts, which showed that the enzyme was strongly activated by low concentra-
tions of Mg2* [29].

The further addition of Ca* causes a subsequent increase of fructose- and
sedoheptulosebisphosphate and a corresponding decrease of the monophosphates. In
this respect Ca2™ mumics the effect of the ionophore. It has been shown by Gimmler
[30] that A 23187 facilitates a rapid influx of Ca®* into chloroplasts n exchange for
Mg?*. Although this Ca** mnflux would probably result 1n a decrease of stromal
Mg?™*, the major effect of the Ca?* may be a direct inhibition of the hexose- and
heptosebisphosphatase, as Ca®* has been found to be a very potent mhibitor of
1solated fructosebisphosphatase [31].

e. Pentosephosphates. The addition of the 1onophore has no marked effect on
the amount of ribulosebisphosphate in the stroma. However, that a considerable
amount of ribulosebisphosphate 1s found (possibly bound to the ribulosebisphosphate
carboxylase [2]) even though the rate of CO, fixation 1s practically zero may ndicate
that the carboxylation of ribulosebisphosphate 1s inhibited under these conditions.
Thus would concur with earlier investigations of the Mg?* requirement of the 1solated
enzyme (for refs. see 1, 2). After the addition of Mg?* the amount of ribulosebisphos-
phate 1s even elevated, suggesting that the activity of the fructosebisphosphatase 1s
increased relatively more than the activity of the ribulosebisphosphate carboxylase.

The subsequent addition of Ca®* strongly decreases the ribulosebisphosphate.
The present authors are not aware of any study of the effect of Ca?* on the activity of
the 1solated carboxylase. Qur data suggest that Ca?* has only a mmor effect on the
activity of this enzyme.

The level of pentosemonophosphate 1s not markedly changed under the
different conditions of our experiment. Assuming that the amount of ribulosemono-
phosphate in the stroma 1s proportional to the total pentosephosphates, these findings
mndicate that the phosphorylation of ribulosemonophosphate 1s not a major point of
Mg?* control.

Effects of Mg®* concentration on metabolite levels

In an attempt to resolve the concentration dependency of the Mg?* sensitive
steps, we examined the effect of varying the rate of CO, fixation by adding back sub-
optimal Mg?* concentrations after CO, fixation had bzen inhibited by the ionophore.
In the experiment shown 1n Fig. 1 the chloroplasts were first illuminated until a con-
stant rate of CO, fixation was reached, and A 23187 was then added. When complete
mhibition of CO, fixation was assured, various amounts of Mg?* were added and the
llumination of the samples was terminated by silicon layer filtering centrifugation
after a constant rate of restored CO, fixation was obtained As has been shown before
[9], very low concentrations of Mg?™* in the external medium are sufficient for partial
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Fig. 1. Restoration of CO, fixation by the addition of various Mg?* concentrations to the chloro-
plasts inhibited by A 23187. The chloroplasts (0.1 mg chlorophyll/ml) were illuminated n the
presence of 10 mM NaHCOs;, 01 mM EDTA, 0.5 mM [3?P]JKH,FiPO, (specific activity
80 Ci/mol) 1in parallel samples 150 s after the start of illumnation 2 uM A 23187 were added.
90 s after the addition of the 1onophore, when CO, fixation was totally inhibited, the indicated
concentrations of Mg?* were added. At this time the control sample containing no i1onophore
and a sample containing only ionophore were terminated by silicone layer filtering centrifu-
gation. The other samples were terminated when a linear rate of CO, fixation was reached
(Mg 0.15 mM, 330 s, Mg 03 mM, 270 s, Mg 2 mM, 120 s after the addition of A 23187) The
rates of CO, fixation were measured n parallel samples as O, evolution @, O, evolution,
O, Sed-1,7-P,, &, Ru-1,5-P,; (1, Fru-1,6-P,.

restoration of CO, fixation. The restoration of CO, fixation is accompanied by a
decrease of the amounts of fructose- and sedoheptulosebisphosphate, but distinct
differences between the changes of the two metabolites were observed. The addition of
0.15 mM Mg?* (in the presence of 0.1 mM EDTA) which permitted 9 % of the initial
rate of CO, fixation was accompanied by a 42 9/ decrease of the sedoheptulose-
bisphosphate level, but only a 16 %, decrease of the fructosebisphosphate. Even the
addition of 0.3 mM Mg?* which allowed 38 %, recovery of the rate of CO, fixation,
decreased the level of fructosebisphosphate by only 19 % whereas the level of sedo-
heptulosebisphosphate was decreased by 63 %. Only the addition of 2 mM Mg?*,
whuch restored CO, fixation to 76 %, caused a large decrease of the fructosebisphos-
phate level. These differences suggest that the inhibition of sedoheptulosebisphosphate
hydrolysis is released with a lower Mg?* concentration than the inhibition of fructose-
bisphosphatase. It should be also noted that at low Mg>* concentrations there is a
marked rise of the ribulosebisphosphate. This may reflect the fact that at such low
Mg?* concentrations the fructose- and sedoheptulosebisphosphatase are activated
relatively more than the ribulosebisphosphate carboxylase. Under these conditions the
activity of the latter enzyme may be limiting the overall process of CO, fixation.

Kinetics of metabolite changes upon the addition of A 23187
In order to further characterize the effect of the 1onophore, we followed the
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time course of the changes in the metabolite levels and O, evolution upon the addition
of the 1onophore. As shown in Fig. 2, 2 uM A 23187 was sufficient to completely
nhibit O, evolution within 60 s. The result of the metabolite analysis gives a clear
picture of the sequence of the overall reaction of CO, fixation. 15 s after the addition
of the 1onophore the level of fructosebisphosphate already reaches its maximum value,
and there 1s also a rapid response of the level of sedoheptulosebisphosphate. The
decrease of the levels of hexose- and heptosemonophosphates and phosphoglycerate
follow the time course of O, evolution and are complete only after approx. 60s. In
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Fig 2 Kinetics of the imnhibition of CO, fixation by A 23187. Chloroplasts were incubated
n the hight according to the legend of Fig 1 210 s after the beginning of illumination, when
the rate of CO, dependent O; evolution reached 124 umol O./mg chlorophyll per h, 2 uM A
23187 were added and samples were termmated at the times indicated @, 3-Phosphoglycerate;
1, HMP; 4, Ru-1,5-P,, B, Fru, 1,6-P;, A, Sed-1,7-P,
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Fig. 3. Kinetics of the restoration of A 23187 mhibited CO, fixation by Mg2+. The chloroplasts
were mncubated in the hght according to the legend of Fig. 1. 210 s after the beginning of 1llu-
mination, when the rate of CO,-dependent O, evolution reached 114 umol O,/mg chlorophyll
per h, 2 uM A 23187 were added 120 s later, when CO, fixation was totally inhibited, 2 mM
Mg2+ were added Samples were then terminated at the indicated times. The restored rate of

CO;,-dependent O, evolution at 60 s was 73 umol O,/mg chlorophyll per h Symbols as per
Fig 2.

agreement with the data of Table I the level of nbulosebisphosphate remains almost
unchanged. Reversed kinetics are obtained when the inhibition of CO, fixation by A
23187 1s reversed by the addition of Mg?™* (Fig. 3). There 1s a rapid decrease of fruc-
tose- and sedoheptulosebisphosphate observed and an increase of hexose- and
heptosemonophosphate. During the first 15 s there 1s also observed an increase of
ribulosebisphosphate. The large increase of the phosphoglycerate is in close relation-
ship with the increase of oxygen evolution.

CONCLUSION

At the beginning of this work, the question was asked which enzymatic steps mn
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the metabolic pathway of CO, fixation are responsible for the observed inhibition of
CO, fixation caused by a decrease of the stromal Mg?* concentration. In principle
these should be identifiable from an accumulation of the substrates of these particular
steps after the addition of the inhibitor. A release of the inhibition should also reverse
this accumulation. As has been shown here, such changes of the metabolite levels have
bzen observed only for ATP, NADPH, fructose- and sedoheptulosebisphosphate.
Whereas the increases of ATP and NADPH levels can be explained as secondary
events following the overall inhibition of CO, fixation, the rise of the sugarbisphos-
phate levels clearly demonstrates that the observed mhibition of CO, fixation 1s
ultimately due to inhibition of the fructcse- and sedoheptulosebisphosphatase. Partici-
pation of the ribulosebisphosphate carboxylase in the overall mhibition of CO, fixa-
tion by a decrease of the stromal Mg?* concentration could not be shown definitely,
although the effects of low Mg2™* concentration suggest that this enzyme might be also
mvolved. It should be also noted that our model experiments have bzen carried out
with saturating CO, concentrations. It 1s possible that with air levels of CO, the
carboxylation reaction may be relatively more affected by lowering the stromal Mg2*
concentration.

Investigations of the metabolite levels in Chlorella pzrforming CO, fixation
have shown that the reactions catalyzed by the fructose- and sedoheptulosebisphospha-
tase are far from equlibrium, indicating that the activity of these enzymes was limiting
the overall reaction of CO, fixation [32]. These findings and also the known proper-
ties of the isolated fructosebisphosphatase (for ref. see 2) led to the speculation that
these enzymes are major control ponts for the regulation of CO, fixation.

Our data on the Mg?* dependency of CO, fixation in intact chloroplasts [9]
and the 1dentification of the Mg** dependent steps shown here indicate that the
activity of the fructose- and sedoheptulosebisphosphatase can be controlled by light-
dependent changes of the Mg?* concentration in the stroma. Likewse, the activities
of fructose- and sedoheptulosebisphosphatase in intact chloroplasts are also very
effectively controlled by changes of H* concentration in the stroma, as will be shown
n a future publication. Activation of stromal fructosebisphosphatase by increases m
pH and the Mg?* concentration has been found also with the 1solated enzyme [29]
and with reconstituted chloroplasts [33]. These experimental findings show that the
hght induced decrease of H* concentration and increase of Mg?* concentration in the
stroma both stimulate CO, fixation n a symular way, by increasing the activities of the
sugarbisphosphatases. Thus, light-dependent cation transport across the thylakoid
membrane appzars to have an important function for the regulation of CO, fixation.
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