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Rates of photosynthesis of spinach leaves were varied by varying light intensity and CO, concentration.
Metabolism of the leaves was then arrested by freezing them in liquid nitrogen. Chloroplasts were isolated by
a nonaqueous procedure. In the chloroplast fractions, levels of intermediates of the carbon reduction cycle
were determined and considered in relation to the photosynthetic flux situation of the leaves at the time
before freezing. During induction of photosynthesis, ribulose 1,5-bisphosphate levels increased in parallel
with CO, fixation. In the steady state, a similar relation between ribulose 1,5-bisphosphate levels and CO,
uptake was observed at light intensities between 0 and 50 W-m™2, A further increase in light intensity
increased CO, fixation rates but not ribulose 1,5-bisphosphate levels. Increasing the CO, concentration
resulted in increased CO, uptake, whereas ribulose 1,5-bisphosphate levels decreased. Even under €O,
saturation, ribulose 1,5-bisphosphate levels were about 100 nmol /mg chlorephyll corresponding to about 3.5
mM ribulose 1,5-bisphosphate in the chloroplast stroma. This suggests that even under CO, saturation,
ribulose-1,5-bisphosphate carboxylase limits photosynhetic CO, uptake. Mass action ratios calculated from
measured metabolite levels demonstrated that the thermodynamic gradient required for the regeneration of
ribulose 1,5-bisphosphate from hexosephosphate and triosephosphate increased considerably as photosyn-
thetic flux increased. Similar calculations revealed that the enzymatic apparatus responsible for the reduction
of 3-phosphoglycerate to dihydroxyacetone phosphate is not displaced much from equilibrium even under
maximum rates of photosynthesis at saturating CO,. The same is true for aldolase. Fructose-1,6-bisphospha-
tase also did not limit Calvin cycle turnover. Only at very low light intensities and during the first minutes of
the induction period was the ratio of fructose 1,6-bisphosphate to fructose 6-phosphate high. This observation
was more readily explained in terms of fructose 1,6-bisphosphate binding to ribulose-1,5-bisphosphate
carboxylase than by a rate limitation imposed by insufficient activation of fructose-1,6-bisphosphatase.

Introduction both light intensity and CO,. At very low light
intensities, the increase in photosynthesis brought

Photosynthetic CO, uptake of leaves at con- about by raising CO, from levels encountered in
stant water status and temperature is a function of air to rate-saturating concentrations is insignifi-

cant in C, plants and very modest in C, plants. In
the latter, it is attributed to suppression of photo-
* To whom correspondence should be addressed. respiratory reactions which consume energy and
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ribulose 1,5-bisphosphate, the substrate for CO,
fixation. Apparently, under these conditions, pho-
tosynthesis is mainly limited by the availability of
energy. Under illumination with high light intensi-
ties, increasing the CO, concentration from that
encountered in air to saturation increases CO,
fixation of C; species by a factor of 3—-4 which is
far more than could be accounted for by a sup-
pression of photorespiration. It is commonly
thought that under high light and in normal air,
photosynthesis is limited by the activity of ribu-
lose-1,5-bisphosphate carboxylase the k, value of
which is reported to be close to the CO, concentra-
tion in solutions equilibrated with air [1]. Since the
CO, concentrations in the intercellular space of
photosynthesizing leaves are lower than that of the
surrounding air, the rate of light-saturated photo-
synthesis in air is usually considerably less than
half saturated in respect to CO,. Under CO,
saturation, the rate of photosynthesis is generally
believed to be limited by the capacity of the elec-
tron-transport chain to deliver reducing power to
the energy-requiring reactions of the carbon-re-
duction cycle. At intermediate light intensities and
in air, photosynthesis can be increased both by
light and by CO,. In this range, CO, and light
obviously exercise fractional control on the rate of
photosynthesis, and consequently, photosynthesis
responds to both factors. We wished to know
whether there are rate limitations in the biochemi-
cal machinery of photosynthesis in leaves of C,
plants different from those imposed by the activity
of ribulose-1,5-bisphosphate carboxylase or by the
capacity of the electron-transport chain. In iso-
lated chloroplasts, it is easy to establish conditions
where photosynthesis is under pH control [2-4].
Several enzymes of the carbon reduction cycle are
activated by light [5]. The extent of light activation
has been shown to limit photosynthesis of isolated
chloroplasts [6,7]. In particular, the activities of
fructose-1,6-bisphosphatase, seduheptulose-1,7-
bisphosphatase, phosphoribulokinase and NADP-
dependent glyceraldehyde-phosphate dehydro-
genase are modulated by light. It was of interest to
know whether the reactions catalyzed by these
enzymes also need to be considered as possible
limiting factors in leaf photosynthesis and whether
there exists pH control of photosynthesis in vivo
beyond that described for light-dark transitions.
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Materials and Methods

Spinach was grown in a greenhouse with addi-
tional light in an 10 h light/14 h dark period.
Leaves were harvested after more than 6 h il-
lumination. For measurements of photosynthesis
in the induction phase, leaves were kept in the
dark for at least 60 min. Photosynthesis was in the
steady state after less than 20 min illumination at
different light intensities or CO, concentrations. If
not indicated otherwise, incident white light was
200 Wm ™2, The leaves were gassed in a cuvette
with plexiglas cover which was cooled by water of
17°C. Gases were mixed by a Wosthoff pump,
filled in polyethylene bags which then were used as
gas source. Light intensity dependence and induc-
tion of photosynthesis were measured at 21°C.
While still being exposed to dark or light, the
leaves were plunged into liquid nitrogen to arrest
metabolism. They were subsequently freeze-dried
for 3 days at —30°C and further 4 days at —25 to
—20°C. After homogenization of the leaves, chlo-
roplasts were separated from a residual fraction by
gradient and sedimentation centrifugations in
CCl,/petrol ether mixtures [8]. Gradients were
established by first layering a CCl,/petrol ether
mixture (40 : 60, v/v) containing homogenized leaf
material on top of a heavier mixture (between
74:76 and 78:22, v/v) and then swirling the two
layers carefully within a limited range to produce a
gradient. After separating material of different
density by centrifugation at 2500 X g for about 10
min, a contaminated chloroplast fraction was re-
moved by suction. If required, this procedure was
repeated. The chloroplast fraction was then sedi-
mented in a light CCl,/ petrol ether mixture. Con-
tamination by particles smaller than chloroplasts
was removed by repeated short-time centrifuga-
tions (25-40 s at 1500-2000 X g) in CCl,/ petrol
ether (40:60, v/v) which left contaminations of
small particle sizes in the supernatant. Particles
larger than chloroplasts were sedimented by very
short centrifugations (5-10 s at about 600 X g)
which left the chloroplasts in the supernatant.

Chlorophyll [9], the activity of pyruvate kinase
[10] and the distribution of ribulose 1,5-bis-
phosphate and uridine diphosphoglucose [11] were
taken to estimate the contamination of the chloro-
plast fraction by cytoplasm. Ribulose 1,5-bis-
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phosphate and 3-phosphoglycerate [12], fructose
1,6-bisphosphate and dihydroxyacetone phosphate
[13], fructose 6-phosphate and glucose 6-phos-
phate {14], ATP and ADP [15], phosphate [16] and
NADP* [17] were determined after 30 min extrac-
tion of the chloroplasts in 6% HCIO,. NADPH
was measured as the difference of total NADPH
+ NADP™ (after oxidation of NADPH by meth-
ylphenazonium methosulphate) and NADP™*.
After centrifugation, aliquots of the supernatant
were neutralized with 0.35 mol-17! triethanola-
mine/5 mol - 17! K,CO;. Measurements were per-
formed in duplicate with an Aminco DW2 spec-
trophotometer in the dual wavelength mode at 340
and (reference beam) 400 nm. The assay tempera-
ture was 30°C.

The vacuolar contamination of the chloroplasts
was determined by measuring a-D-mannosidase
activity as described by Boller and Kende [18] who
ascertained that a-D-mannosidase is exclusively
located in the vacuole. Also, the anthocyanin con-
tent was measured in nonaqueous fractions of red
beet (Beta vulgaris) leaves by measuring absorp-
tion in 6% HCIO, at 540 nm. Both methods pro-
duced comparable results.

CO, gas exchange and scattering of a weak
green measuring beam by leaves were measured as
described earlier [19,20].

Enzymes were obtained from Sigma (uridine
diphosphoglucose dehydrogenase) and Boehringer.
Ribulose 1,5-bisphosphate carboxylase was pre-
pared from a spinach leaf homogenate by am-
monium sulfate and heat fractionation. The pre-
cipitate formed between 17 and 34% (NH,),SO,
saturation was collected and dissolved in buffer at
pH 6.7; precipitate formed during 4 min heating
to 62°C was removed. The carboxylase was, within
limits of detection, free of dehydrogenase activity,
and there was no reaction with ribose 5-phosphate
when ATP was present.

Results and Discussion

Analysis of the metabolic state of chloroplasts in
leaves

A rate limitation imposed at a particular point
in a sequence of enzyme-catalyzed reactions is
likely to result in the accumulation of a substrate
and the depletion of a product. The reaction which

limits flux will be displaced more from equilibrium
after imposition of the limitation than before. The
application of this simple relationship to an analy-
sis of rate limitations in photosynthesis cannot be
based on substrate measurements of whole leaves,
since relevant metabolites may not only be present
in the chloroplasts but also in other cellular com-
partments. Therefore, we have measured photo-
synthesis of leaves under different conditions and
have rapidly stopped metabolism by freezing the
leaves in liquid nitrogen. After freeze-drying the
leaves, chloroplasts were isolated nonaqueously,
and the chloroplast fraction was assayed for
metabolites. The usefulness of the nonaqueous iso-
lation procedure for an analysis of leaf cell com-
partmentation has been established before [8,21].
The contamination of the nonaqueous chloroplasts
with cytosolic material was measured by measur-
ing pyruvate kinase activity as previously de-
scribed. In agreement with earlier data, about 10%
of the total cellular activity of pyruvate kinase was
found in the chloroplasts. It should be noted that
some pyruvate kinase activity has been reported to
be localized in the chloroplasts [22]). The chloro-
plast fraction should therefore be expected to be
contaminated with less than 10% of cytosolic
material. However, when uridine diphosphoglu-
cose was measured in the chloroplast fraction of
the leaf, about 12% of this metabolite was found in
the chloroplast fraction. The contamination of the
nonaqueous chloroplast fractions with vacuolar
material as measured by the use of a-mannosidase
or, in red beet, of antocyanin as vacuolar markers
was about 15%. Although it is clear that the chlo-
roplast fractions were not pure, the contamina-
tions were not considered to be intolerably high.
Therefore, metabolite levels measured in the chlo-
roplast fraction could remain uncorrected for con-
taminations.

Ribulose 1,5-bisphosphate carboxylase

Chloroplasts isolated from predarkened leaves
(60 min darkness) did not contain measurable
levels of ribulose 1,5-bisphosphate. On illumina-
tion in air, ribulose 1,5-bisphosphate levels in-
creased approximately in parallel with photo-
synthesis (Fig. 1). Steady-state ribulose 1,5-bis-
phosphate pool sizes were somewhat below or
close to 200 nmol/mg chlorophyll corresponding
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Fig. 1. CO, uptake (O) and ribulose 1,5-bisphoshate (RuBP)
levels of leaves (@) during induction of photosynthesis. Light
intensity, 200 Wm~2; CO, concentration, 350 u1-171. Leaves
had been kept at least 60 min in the dark before illumination.

to 5-7 mmol - 17! ribulose 1,5-bisphosphate in the
chloroplast stroma. The calculation of concentra-
tions from pool sizes is based on the assumption
that the stroma space of chloroplasts contains 1
mg chlorophyll in 30 p1[23]. In other leaves and in
protoplasts, even higher ribulose 1,5-bisphosphate
levels have been reported (up to 350 nmol/mg
chlorophyll; Refs. 24-26). Steady-state ribulose
1,5-bisphosphate levels were reached after 5-10
min illumination. When photosynthesis was mea-
sured in normal air in the steady state as a func-
tion of light intensity, the relationship shown in
Fig. 2 was obtained. Again the ribulose 1,5-bis-
phosphate content of the chloroplasts increased
with the rate of photosynthesis, but maximum
levels were observed before photosynthetic CO,
uptake attained its maximum rate in air. High
ribulose 1,5-bisphosphate levels were also found
under high intensity illumination in low CO, con-
centrations (close to the CO, compensation point).
When the CO, content of the gas phase was raised
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Fig. 2. Light intensity dependence of photosynthetic CO, up-
take (O) and of ribulose 1,5-bisphosphate (RuBP) levels (®) at
350 u1-171 CO, at 21°C. Metabolism of the leaves was stopped
after at least 20 min illumination.

435

T |l =

-5 O — — o .T\_

200} -7 42005

g€ s g’

: i , 4

g / N

®

& 100} S ~7008

g/ IR

[ 0 [ i 1 1 1 1 1 ) 0 3
0 1000 2000 3000 uii7CO,

Fig. 3. CO, uptake (O) and ribulose 1,5-bisphosphate (RuBP)
levels (®) as a function of the external CO, concentration.
Light intensity, 200 Wm~2; the cuvette was cooled by a
water-bath of 17°C.

above air levels, ribulose 1,5-bisphosphate levels
declined, while photosynthetic CO, fixation in-
creased (Fig. 3). Even the lowered ribulose 1,5-bis-
phosphate concentrations measured during CO,-
saturated photosynthesis amounted to 3 or 4 mmol
17! in the stroma space which is close to the
concentration of the binding sites for ribulose 1,5
-bisphosphate of the ribulose 1,5-bisphosphate
carboxylase [27].

In aqueously isolated chloroplasts, usually much
lower levels of ribulose 1,5-bisphosphate (0.4
mmol - 17!, calculated from Ref. 28) are measured
in the presence of high HCO; concentrations,
indicating that ribulose 1,5-bisphosphate regenera-
tion limited the rate of photosynthesis in these
chloroplast preparations possibly owing to the
rapid export of triose-phosphate into the medium.
The small discrepancy between increase in CO,
uptake and increase in ribulose 1,5-bisphosphate
pool sizes during induction of photosynthesis after
1 h darkness (Fig. 1) can be attributed to a slow
light activation of enzymes involved in ribulose
1,5-bisphosphate regeneration, such as fructose
1,6-bisphosphatase, and to regulation of the ribu-
lose-1,5-bisphosphate carboxylase activity. Sicher
[29] has reported an overshooting activation dur-
ing the first 2 min of illumination and a subse-
quent decrease in the activation state of the ribu-
lose-1,5-bisphosphate carboxylase to an inter-
mediate level between the dark state and the maxi-
mum reached after 2 min illumination. The extent
of activation depends on light intensity and has
been reported to be maximally 3-fold compared to
the dark state [25].

The comparatively small decline of ribulose
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1,5-bisphosphate levels seen on increasing CO, in
the gas streams suggests that even in the presence
of high CO, concentrations, ribulose-1,5-bis-
phosphate carboxylase may have remained a limit-
ing factor in photosynthesis. It is significant in this
context that maximum rates of photosynthesis ob-
served in the presence of saturating CO, under
high intensity illumination varied between 200 and
550 pmol CO, reduced per mg chlorophyll per h.
Very high rates were obtained with field-grown
and well-fertilized material in the spring (May)
and in the fall (September and October).

3-Phosphoglycerate reduction and condensation of
triosephosphates to fructose 1,6-bisphosphate

Reduction of 3-phosphoglycerate (PGA) to di-
hydroxyacetone phosphate (DHAP) involves three
enzymes. Two intermediates, 1,3-diphospho-
glycerate and glyceraldehyde 3-phosphate, are very
difficult to measure. The overall reaction may be
written as:

PGA +ATP+NADPH+H* & DHAP+ADP+P, + NADP*
ey

Substrates and products of the reaction were mea-
sured in the nonaqueous chloroplast preparations
obtained from spinach leaves which were il-
luminated with 200 W-m™? white light in the
presence of different CO, concentrations. The ac-
tivities of phosphoglycerate kinase and of tri-
osephosphate isomerase are known to be very high
(for reviews see Refs. 27 and 30). There is reason
to assume that none of these enzymes limited
carbon flux from 3-phosphoglycerate to dihy-
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Fig. 4. ATP/ADP ratios (®---- - - ®), dihydroxyacetone phos-

phate (DHAP) ®------@) and 3-phosphoglycerate (PGA)
(@] O) levels during induction of photosynthesis after at
least 60 min dark adaptation. Light intensity = 200 W-m~2.

droxyacetone phosphate. This focuses attention on
glyceraldehyde-3-phosphate dehydrogenase, an en-
zyme known to be subject to light modulation [31].
Fig. 4 shows levels of 3-phosphoglycerate and
dihydroxyacetone phosphate, and ATP/ADP
ratios during induction of leaf photosynthesis. Il-
lumination produced an increase in the chloroplast
ATP/ADP ratio (and, not shown, also in the
NADPH/NADP* ratio) which caused 3-phos-
phoglycerate reduction and dihydroxyacetone
phosphate and fructose 1,6-bisphosphate accumu-
lation (Figs. 4 and 6a). As photosynthesis accel-
erated, 3-phosphoglycerate became available from
the carboxylation of ribulose 1,5-bisphosphate, and
the ratio of 3-phosphoglycerate to dihydroxyace-
tone phosphate increased. While this occurred, the
NADPH/NADP™ ratio declined [32]. As has been
outlined before [33], there is considerable freedom
of adjustment of the individual components in the
mass action ratio

_ (PGA)- (ATP)- (NADPH)- (H")

R = DHAP)-(ADP)-(P,)- (NADP)

which explains variable 3-phosphoglycerate to di-
hydroxyacetone phosphate ratios observed in dif-
ferent experiments. The deviation of R from the
equilibrium constant of the reaction governs the
flux in the overall reaction. The question may be
raised whether mass action arguments are applica-
ble to complex enzyme reactions in a flux situation
whose analysis would require application of non-
equilibrium thermodynamics. However, if the en-
zyme involved in the reduction of 3-phospho-
glycerate were to become rate-limiting as photo-
synthesis approaches its maximum, this should be
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Fig. 5. ATP/ADP ratios (@----- ®), dihydroxyacetone phos-
phate (DHAP) (®------ @) and 3-phosphoglycerate (PGA)
(O O) levels in dependence of the external CO, con-
centration. Light intensity = 200 W-m ™2
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TABLE 1

SUBSTRATE RATIOS AND VALUES OF THE MASS ACTION RATIO R OF THE 3-PHOSPHOGLYCERATE REDUCING
SYSTEM OF CHLOROPLASTS

Ratios and values were measured under different photosynthetic flux situations caused by different CO, concentrations in the gas
phase at constant high light intensity (200 W -m~2). 3-phosphoglycerate /dihydroxyacetone phosphate (PGA /DHAP) and ATP/ADP
ratios were taken from Fig. 5. NADPH /NADP ratios and P, contents were measured simultaneously. The H* content was assumed
to be constant under these conditions.

CO, concentration (ul-171) 50 350 550 1100 2750
PGA/DHAP 5.3 5.0 6.0 10 11
NADPH/NADP 1.8 1.8 1.3 1.1 1.1
ATP/ADP 2.8 2.3 22 2.0 15
P, (#mol /mg Chl) 1.12 0.73 0.74 0.72 0.6
H* (nmol/mg Chl (x104)) 3 3 3 3
+
PGA-ATP-NADPH-H” _ o (x10%) 7.2 70 9.2 9.1

DHAP-ADP-NADP P,

reflected in a rise of R. Fig. 5 shows 3-phospho-
glycerate and dihydroxyacetone phosphate levels
and ATP/ADP ratios in chloroplasts as a function
of CO, concentration. The light intensity was high
and near light-saturation of photosynthesis even
when CO, was high. As photosynthetic CO, up-
take increased with increasing CO,, ATP/ADP
ratios decreased and 3-phosphoglycerate to dihy-
droxyacetone phosphate ratios increased. This re-
flects higher rates of 3-phosphoglycerate formation
by ribulose 1,5-bisphosphate carboxylation and
higher rates of phosphorylation of 3-phospho-
glycerate to 1,3-diphosphoglycerate. Table 1 shows
substrate ratios and P; levels in chloroplasts under
the different photosynthetic flux situations estab-
lished by high intensity illumination in the pres-
ence of different CO, concentrations. The stroma
pH was assumed to remain constant under these
conditions. Evidence that the alkalization of the
chloroplast stroma observed during a transition
from dark to light is largely saturated at light
intensities higher than 10 W-m~2 has been re-
ported previously [2]. Although photosynthetic
carbon flux at 50 ppm CO, (CO, compensation
concentration) was only a small fraction of the
flux at CO, saturation, the values of the mass
action ratios R were comparable at different CO,
concentrations. This suggests that in leaves the
capacity of the enzymic system responsible for
3-phosphoglycerate reduction is very large and
capable to cope easily even with unphysiologically
high carbon fluxes observed under CO, saturation

in high light.

However, a considerable problem is the mea-
surement of P;, because in well-fertilized spinach
leaves, the main part of the cellular P, resides in
the large central vacuole of the mesophyll cells.
Even a small vacuolar contamination of the chlo-
roplast fraction could lead to a significant over-
estimation of chloroplast P, levels. In aqueously
isolated chloroplasts, stromal P, concentrations
have been reported to be close to 20 mM in the
dark [34]. In the light, and with rate-saturating
CO, present, they declined to about 6 mM, while
phosphate ester concentrations increased. In the
nonaqueous chloroplasts, stromal P, concentra-
tions calculated from measured levels were 37 mM
at 50 ppm CO, and 20 mM at 2750 ppm CQO,.
They are thus considerably higher than the con-
centrations reported for aqueously isolated chloro-
plasts. If the latter reflect the in vivo situation
better than the measurements of P, in the non-
aqueous chloroplast fractions, values for the mass
action ratio R would be higher than shown in
Table 1. In rate-saturating CO, (2750 ppm) they
would be 60 - 10~ instead of 9.1 - 107 as listed in
Table 1. Moreover, the mass action ratio would
increase with increasing photosynthetic flux some-
what more steeply than shown in Table I (by a
factor of 3 or 4 from 50 ppm CO, to 2750 ppm
CO,). Indeed, in aqueously isolated chloroplasts,
R increased by a factor of 4 to 5 as photosynthetic
fluxes increased during induction of photosynthe-
sis [32). This corresponds to an increase in the
thermodynamic force driving reduction of 3-phos-
phoglycerate of less than 4 kJ /mol.
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TABLE II

MASS ACTION RATIO OF THE 3-PHOSPHOGLYCERATE (PGA) REDUCTION REACTION

Values are based on calculated instead of measured (see Table I) dihydroxyacetone phosphate levels. Dihydroxyacetone phosphate
(DHAP) levels were calculated from measured fructose 1,6-bisphosphate levels under the assumption that aldolase and tri-

osephosphate isomerase reactions are in equilibrium.

CO, concentration (p1-171) 50 350
Measured DHAP (&) (mmol-1~1) 0.37 0.48
Calculated DHAP (b) (mmol-171) 0.58 0.72
a/b 0.64 0.67
Mass action ratio

of PGA reduction

(cf. Table I) (X 10%) 4.6 5.7

550 1100 2750
0.60 0.68 0.86
0.77 1.06 1.36
0.78 0.64 0.63
5.5 5.9 5.8

A comparison of dihydroxyacetone phosphate
and fructose 1,6-bisphosphate levels in the non-
aqueous chloroplasts revealed an inconsistency.
Dihydroxyacetone phosphate is formed in photo-
synthesis from glyceraldehyde 3-phosphate by the
action of triosephosphate isomerase. The activity
of the triosephosphate isomerase is known to be so
high that it appears to be justified to assume that
this reaction is close to equilibrium in the chloro-
plast stroma. Glyceraldehyde 3-phosphate and di-
hydroxyacetone phosphate condense to form
fructose 1,6-bisphosphate. The difficulty is that
measured levels of fructose 1,6-bisphosphate were
larger than expected if dihydroxyacetone phos-
phate, glyceraldehyde 3-phosphate and fructose
1,6-bisphosphate were in equilibrium. Quite obvi-
ously, either measured dihydroxyacetone phos-
phate levels were lower than actual levels, or mea-
sured fructose 1,6-bisphosphate levels included
considerable proportions of bound fructose 1,6-
bisphosphate which is thermodynamically inactive.
Ribulose-1,5-bisphosphate carboxylase is known
to be capable of binding fructose 1,6-bisphosphate
[35,36]. Binding depends strongly on the ribulose
1,5-bisphosphate concentration of the stroma
space. Under conditions of high intensity illumina-
tion, ribulose 1,5-bisphosphate levels were 3-6
mM, which should saturate most of the ribulose-
1,5-bisphosphate carboxylase binding sites. Table
II compares measured dihydroxyacetone phos-
phate levels with values calculated from measured
fructose 1,6-bisphosphate levels under the assump-
tion of enzymic equilibrium of the aldolase and
the triosephosphate isomerase reactions. Interest-
ingly, the ratios of measured to calculated dihy-

droxyacetone phosphate values did not differ much
under the different photosynthetic flux situations
produced by different CO, concentrations. They
should have increased with increasing CO, levels if
aldolase had become a limiting factor at very high
rates of CO, fixation. Obviously, aldolase had as
little difficulty in coping with carbon flux as the
enzymes involved in reduction of 3-phospho-
glycerate.

When mass action ratios R (see Table I) were
computed with the calculated dihydroxyacetone
phosphate levels (Table II), they differed only
numerically from the values shown in Table I.
Thus, the conclusion remains valid that the en-
zymic system reducing 3-phosphoglycerate to di-
hydroxyacetone phosphate is not a significant
rate-limiting factor in photosynthesis.

It should be noted that the mass action ratios of
Tables I and II differed surprisingly little from the
equilibrium constant of reaction 1 which was
calculated from the individual equilibrium con-
stants of the reactions catalyzed by tri-
osephosphate isomerase, glyceralde-phosphate de-
hydrogenase and phosphoglycerate kinase [10] to
be 9.8 - 10~°. The mass action ratios calculated on
the basis of measured dihydroxyacetone phosphate
levels were particularly close to the equilibrium
constant.

Fructose-bisphosphatase

The chloroplast stroma is more alkaline in the
light than in the dark, and a high stroma pH is
maintained in the light by pumping protons into
the intrathylakoid and the extrachloroplast spaces.
Proton fluxes across the chloroplast envelope are



small compared with fluxes across the thylakoid
membrane. Chloroplast fructose bisphosphatase is
inactive in the dark. Its activation in the light
requires a reduced thioredoxin system, substrates
and an alkaline stroma pH [37]. Even the light-
activated enzyme is strongly pH dependent. In
aqueously isolated chloroplasts, the CO, depen-
dence of photosynthesis exhibits an optimum. High
CO, concentrations inhibit photosynthetic O,
evolution [38,3]. Inhibition has been shown to be
caused by a decrease in the activities of fructose-
bisphosphatase and sedoheptulose-bisphosphatase
which led to an increase in fructose 1,6-bis-
phosphate and sedoheptulose 1,7-bisphosphate and
a decrease in sugar monophosphates [39]. We
wished to know whether fructose-bisphosphatase
and sedoheptulose-bisphosphatase can also as-
sume a rate-limiting function in leaf photosynthe-
sis. Fig. 6 shows levels of fructose 1,6-bisphos-
phate and fructose 6-phosphate (Fig. 6a) and ratios
of fructose 1,6-bisphosphate to fructose 6-phos-
phate (Fig. 6b) during induction of leaf photo-
synthesis in air at a light intensity of 200 W - m~2,
There was a rapid increase in the fructose 1,6-bi-
sphosphate /fructose 6-phosphate ratio, followed
by a decrease as the rate of photosynthetic CO,
uptake became stationary. In the steady state, the
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Fig. 6. Levels of glucose 6-phosphate (G6P) (O 0),
fructose 6-phosphate (F6P) (Q------ 0) and fructose 1,6-bis-
phosphate (F1,6P,) (®------®) during induction of photo-
synthesis (a) and corresponding fructose 1,6-bisphosphate/
fructose 6-phosphate ratio (b). Light intensity, 200 Wm™2;
CO, concentration, 350 ul-17 ",
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ratio was strongly dependent on light intensity
(Fig. 7). There was a maximum close to 10 W - m ™2,
In vitro, the alkalization of the chloroplast stroma
is known to increase steeply between darkness and
10 W-m™% At higher light intensities, it ap-
proaches saturation [2,40]. At light intensities
above 10 W - m™2, the fructose 1,6-bisphosphate /
fructose 6-phosphate ratio decreased although the
rate of photosynthesis increased. If there is a rate
limitation on photosynthesis imposed by fructose-
bisphosphatase, the data of Fig. 7 suggest that it
should be at low rather than at high light intensi-
ties. However, it is highly questionable whether the
high ratios of fructose 1,6-bisphosphate to fructose
6-phosphate measured transiently during induc-
tion or permanently at very low light intensities
really reflect corresponding ratios of the thermo-
dynamically active species. Between darkness and
15 W-m~2, ribulose 1,5-bisphosphate levels rise
from low (0-0.3 mM) to relative high values
(greater than 4.0 mM). The binding site concentra-
tion of ribulose-1,5-bisphosphate carboxylase in
the stroma space is high. Ribulose-1,5-bis-
phosphate carboxylase can effectively bind not
only ribulose 1,5-bisphosphate but also substrates
such as fructose 1,6-bisphosphate, NADPH and
3-phosphoglycerate. Since the K, value of ribu-
lose-1,5-bisphosphate carboxylase for ribulose
1,5-bisphosphate is very low (0.6 pmol-171),
whereas the K, values for fructose 1,6-bis-
phosphate (40 gmol - 1-'), NADPH (70 pmol - 171)
and 3-phosphoglycerate (840 pmol - 17!) are about
one order of magnitude higher, ribulose 1,5-bi-
sphosphate displaces effectively other metabolites
from the binding sites of the carboxylase. During
the first 2 min of the induction phase of photo-
synthesis (Fig. 1) and at very low light intensities
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Fig. 7. Fructose 1,6-bisphosphate/fructose 6-phoshate (F1,6P,-
F6P~1) ratios in spinach chloroplasts as a function of the light
intensity. CO, concentration = 350 p1.1~1.
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TABLE III

METABOLITE SEQUESTRATION BY RIBULOSE-1,5-BISPHOSPHATE CARBOXYLASE DURING STEADY-STATE PHO-

TOSYNTHESIS UNDER VARIOUS LIGHT REGIMES

Calculations are based on measured fructose 1,6-bisphosphate (FBP) and ribulose 1,5-bisphosphate (RuBP) levels and on the
assumption that the concentration of active binding sites of ribulose-1,5-bisphosphate carboxylase is 3.5 mmol-1~!. K4 values were

taken from Ref. 39.

Light intensity (Wm™2) 5 10
RuBP concentration (mmol-1) 1.2 2.7
FBP concentration (mmol-1) 0.54 15
FBP-bound (mmol-1'!) 0.53 0.78
%FBP-free 22 48.4
%RuBP-free 0.02 0.07

15 55 80 320
41 5.6 5.3 4.6
1.45 0.9 0.5 0.7
0.002 0.001 0.001 0.002
99.9 99.9 99.8 99.7
147 375 340 240

(Fig. 2), ribulose 1,5-bisphosphate levels are below
the binding site concentration of the carboxylase.
Under these situations, binding of other substrates
is likely to occur. Table III shows some calcula-
tions for binding of ribulose 1,5-bisphosphate and
fructose 1,6-bisphosphate to ribulose-1,5-bis-
phosphate carboxylase under different photosyn-
thetic flux situations. Binding of other substrates is
neglected. It is evident that at very low light
intensities where fructose 1,6-bisphosphate/
fructose 6-phosphate ratios may be taken to sug-
gest incomplete activation of fructose bis-
phosphatase (FIg. 7), a considerable part of the
measured fructose 1,6-bisphosphate levels is bound
to carboxylase [36,41]. Fig. 9 shows measurements
of quantum requirements of CO, uptake by spinach
leaves at 4, 8 and 12 W - m~? red light in air or 2%
oxygen. Under the latter conditions, photorespira-
tory energy consumption and competition between
carboxylation and oxygenation of ribulose 1,5-bis-
phosphate are minimized. Even at very low light,
quantum requirements were not independent of
light intensities. Extrapolation of obtained data to
zero light intensity yielded minimum quantum re-
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Fig. 8. Fructose 1,6-bisphosphate/fructose 6-phosphate (F1,6P,
-F6P~1) ratios in dependence of the external CO, concentra-
tion. Light intensity = 200 W-m™2,

quirements usually close to 8-10 quanta/CO, ab-
sorbed. According to present views on the cooper-
ation of two photosystems in photosynthesis,
minimum quantum requirements should be 8, if
linear electron transport were capable of providing
1.5 ATP molecules per 2 electrons, or 8-10, if a
contribution of cyclic electron transport to ATP
synthesis is necessary. The low quantum require-
ment of CO, reduction observed at light intensi-
ties, where fructose 1,6-bisphosphate/fructose 6-
phosphate ratios were high, does not support the
view, that fructose-bisphosphatase causes a sub-
stantial limitation of photosynthesis at low light
intensities. Under high intensity illumination, the
data of Fig. 7 do not reveal a rate-limiting func-
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Fig. 9. Quanta of 671 nm light absorbed per molecule CO,
removed from the gas stream after passage over a small spinach
leaf (area 7 cm?) in dependence of the light intensity and O,
content of the air; extrapolation of the graphs to zero light
intensity gave values of 9.6 quanta/CQ, in 21% O, and of 8.5
quanta/CO in 2% O,.



tion of fructose-bisphosphatase. Interestingly, this
is even true when photosynthetic fluxes are very
high in the presence of saturating concentrations
of CO, which should be expected to decrease the
stroma pH according to:

CO, +H,0 & HCO; +H* (2)

Fig. 8 and Table IV show that the ratio of fructose
1,6-bisphosphate to fructose 6-phosphate re-
mained significantly below 1 at very different pho-
tosynthetic fluxes. Even 1.6% CO, in the gas phase
did not increase the chloroplast fructose 1,6-bis-
phosphate / fructose 6-phosphate ratio, but in 80%
CO,, the ratio increased to values higher than 4.0,
indicating pH inhibition of photosynthesis (Table
IV).

For a proper interpretation of the data, it should
be noted that stomatal closure of leaves under high
CO, concentrations produces differences between
CO, in the internal and the external gas phase. In
protoplasts, CO, inhibition of photosynthetic CO,
uptake becomes significant at a CO, concentration
equivalent to 2.5% [38] in air.

The data show that under high intensity il-
lumination, fructose-bisphosphatase does not limit
photosynthesis even in the presence of rate-
saturating CO, levels. Obviously, the buffering

TABLE IV

DEPENDENCY OF FRUCTOSE 1,6-BISPHOSPHATE (FBP)
AND FRUCTOSE 6-PHOSPHATE (F6P) LEVELS AND OF
THE FRUCTOSE 1,6-BISPHOSPHATE/FRUCTOSE 6-
PHOSPHATE RATIO ON THE CO, CONCENTRATION
OF THE GAS PHASE AT DIFFERENT LIGHT INTEN-
SITIES

Light CO, nmol/mg Chl  FBP/F6P
intensity concentration FBP E6P
(W-m™?)
10 350 ul-171 9 12 0.8
1.6% 13.5 18 0.8
80% 13 3 4.3
30 350 pl-17} 15 39 0.4
1.6% 265 43 0.6
80% 23 55 42
100 1.6% 22 61 0.4
80% 25 55 45
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capacity of the stroma is sufficient to tolerate the
acidification caused by CO, concentrations which
are much higher than those in air.

This demonstrates also that pH is not involved
in the regulation of photosynthesis in leaves after
illumination has increased the stroma pH and
established transthylakoid and transenvelope pro-
ton gradients. In the transition from darkness to
light, however, pH changes are important in con-
junction with the reduction state of the thioredo-
xin system to activate chloroplast enzymes such as
fructose-bisphosphatase [42,43,37].

Regeneration of ribulose 1,5-bisphosphate from tri-
osephosphate and hexosephosphate

Ribulose 1,5-bisphosphate is regenerated in the
carbon reduction cycle from fructose 6-phosphate
and triosephosphate. Regeneration is complex and
involves six enzymes. Two of them, sedoheptulose-
bisphosphatase and phosphoribulokinase are
known to be regulated by light. Several inter-
mediates of the overall reaction are difficult to
measure. Also, dephosphorylation of sedoheptu-
lose is an irreversible step in the path to ribulose
1,5-bisphosphate. Analysis of a similar reaction,
dephosphorylation of fructose 1,6-bisphosphate
which is catalyzed by fructose-bisphosphatase, has
shown that the ratio of fructose 1,6-bisphosphate
to fructose 6-phosphate was constant over a wide
range of CO, concentrations. Therefore, a similar
assumption was made for sedoheptulose-bisphos-
phatase. With this assumption, it appeared to be
permissible to approach the question of a possible
rate limitation in ribulose 1,5-bisphosphate regen-
eration in a manner very similar to that used for
analyzing the state of the chloroplast tri-
osephosphate oxidation system. Regeneration of
ribulose 1,5-bisphosphate may in a simplified form
be written as:

F6P+2 GAP+DHAP+3 ATP & 3 RuBP+3 ADP+P; (3)

(for abbreviations see Table V) For the tri-
osephosphate isomerase reaction, a state close to
equilibrium is assumed. The concentration of other
substrates has been measured. Table V lists con-
centrations of component metabolites and ATP/
ADP ratios at different rates of photosynthesis
brought about by different levels of CO,. Calcula-
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TABLE V

CALCULATION OF THE MASS ACTION RATIO OF THE REACTION SEQUENCE FROM FRUCTOSE 6-PHOSPHATE
(F6P) AND TRISEPHOSPHATES TO RIBULOSE 1,5-BISPHOSPHATE (RuBP)

DHAP dihydroxyacetone phosphate; GAP, glyceraldehyde 3-phoshate.

CO, (ui1 7)) 50 350
DHAP (mmol 17! 0.37 0.48
GAP (mmol-1-1 0.017 0.022
ATP/ADP 2.8 225
P, (mmol -1~ 1) 354 23.1
F6P (mmol-1-) 1.35 0.96
RuBP (mmol-171) 6.0 6.0

DHAP-GAP?.F6P-ATP?

5 5 41-1077
P,- RuBP*. ADP

5.0-1077

550 1100 2750

0.60 0.68 0.86
0.027 0.031 0.039
2.15 20 15

22,5 225 19.2
1.29 1.77 2.67
6.0 5.1 3.5

12.0-1077 31.0-1077 145.0-1077

tion of the mass action ratio
R = ((F6P)(GAP)’(DHAP)(ATP)’) /((RuBP)’(ADP)’(P,))
O]

shows, in contrast to the situation described for
3-phosphoglycerate reduction, a large increase of
the mass action ratio as flux in photosynthesis
increased with CO, concentration. This increase is
even steeper than shown in Table V if a possible
vacuolar contamination with phosphate of the
nonaqueous chloroplast fraction is considered as
outlined above for the enzymic system reducing
3-phosphoglycerate to dihydroxyacetone phos-
phate. Obviously, the free energy gradient neces-
sary to drive regeneration of ribulose 1,5-bis-
phosphate increased far more than the free energy
gradient for 3-phosphoglycerate reduction as the
rate of photosynthesis increased. This reveals a
rate-limiting function of ribulose 1,5-bisphosphate
regeneration as photosynthesis approaches its limit.

Conclusion

The present analysis demonstrates that in
spinach leaves the capacity of the 3-phospho-
glycerate reducing system is so high that even very
high rates of photosynthesis do not cause a large
displacement of the component metabolites from
the equilibrium state. A similar situation exists for
chloroplast aldolase. Although, at first sight, high
fructose 1,6-bisphosphate/ fructose 6-phosphate

ratios may suggest a rate-limiting function of
fructose-bisphosphatase under some photosyn-
thetic flux situations, close analysis reveals that,
when this occurs, binding of fructose 1,6-bis-
phosphate to ribulose-1,5-bisphosphate carboxy-
lase is responsible for high measured fructose 1,6-
bisphosphate concentrations which increase calcu-
lated ratios. Thus, fructose-bisphosphatase does
not limit photosynthesis within a rather wide range
of CO, concentrations. Ribulose-1,5-bisphospha-
tase carboxylase, however, drastically limits photo-
synthesis in air when light intensities are high. The
comparatively high level of ribulose 1,5-bis-
phosphate observed at CO, saturation of photo-
synthesis suggests that even under these conditions
the enzyme may play a role in limiting flux in
photosynthesis. Furthermore, mass action ratios
are strongly suggestive of a further rate limitation
in ribulose 1,5-bisphosphate regeneration, when
rates of photosynthesis become very high.
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