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1. A simple model based on rapid-equilibrium assumptions is derived which relates the steady-state activity
of the Calvin cycle for photosynthetic carbohydrate formation in C3 plants to the kinetic properties of a single
cycle enzyme (fructose bisphosphatase) and of the phosphate translocator which accounts for the export of
photosynthate from the chloroplast. Depending on the kinetic interplay of these two catalysts, the model system
may exhibit a single or two distinct modes of steady-state operation, or may be unable to reach a steady state.
2. The predictions of the model are analysed with regard to the effect of external orthophosphate on the
steady-state rate of photosynthesis in isolated chloroplasts under conditions of saturating light and COz. Due to
the possible existence of two distinct steady states, the model may account for the stimulatory as well as the
inhibitory effects of external phosphate observed in experiments with intact chloroplasts. Stability arguments
indicate, however, that only the steady-state case corresponding to phosphate inhibition of the rate of
photosynthesis could be of physiological interest.
3. It is concluded that chloroplasts under physiological conditions most likely operate in a high-velocity steady
state characterized by a negative Calvin cycle flux control coefficient for the phosphate translocator. This means
that any factor enhancing the export capacity of the phosphate translocator can be anticipated to decrease the
actual steady-state rate of photosynthate export due to a decreased steady-state rate of cyclic photosynthate
production.
Photosynthetic carbohydrate formation by the reductive
pentose phosphate pathway (the Calvin cycle) in C3 plants
takes place in the stromal solution of the chloroplast. The
process requires an import of carbon dioxide and orthophosphate from the cytosol, and yields triose phosphate and
3-phosphoglycerate as principal products exported from the
chloroplast [l, 21. Such photosynthate export, which is
mediated by the phosphate translocator of the chloroplast
membrane, is strictly linked with a counter-transport of
orthophosphate from the cytosol to the stromal solution [3].
The rate of photosynthesis in isolated chloroplasts is enhanced
by low, but inhibited by high, concentrations of orthophosphate in the reaction medium [4 - 61. These effects have
been convincingly demonstrated to reflect the kinetics of action of the phosphate translocator [6, 71. A dependence of
the Calvin cycle activity on the cytosolic concentration of
orthophosphate has been observed also in experiments carried
out with intact leaves [8 - 101.
The above results provide compelling evidence that cytosolic orthophosphate may play a major role in the regulation
of stromal photosynthesis by affecting the transport capacity
of the phosphate translocator. An enhancement of that capacity has been proposed to stimulate photosynthesis by
facilitating the export of photosynthate and the import of
orthophosphate required to sustain photosynthesis at a
steady-state rate [6, 10 - 131. The opposite view has also been

expressed that enhancement of the export capacity of the
phosphate translocator might inhibit photosynthesis by
depleting the stromal solution of Calvin cycle intermediates
[6, 14, 151. No theoretical work is available, however, which
could support either (or both) of these views by establishing
the actual relationship between the transport capacity of the
phosphate translocator and the steady-state Calvin cycle activity. That lack of knowledge about the basic control properties of the reaction system has made it difficult to draw any
firm conclusions with regard to the detailed mechanisms
underlying the experimentally documented coordination between stromal and cytosolic carbohydrate metabolism [9 12, 16, 171.
In this investigation, we draw attention to some implications of the kinetic interplay of the export processes
mediated by the phosphate translocator and the Calvin cycle
enzymes which act on the exported metabolites. A rapidequilibrium model is presented which relates the steady-state
Calvin cycle activity primarily to the kinetic properties of the
phosphate translocator and one of the stromal cycle enzymes
(fructose bisphosphatase). Despite its simplicity, the model
would seem to significantly deepen our understanding of the
dynamic principles according to which orthophosphate and
other cytosolic metabolites may control the rate of stromal
photosynthesis.

Correspondence to G. Pettersson, Avdelningen for Biokemi,
Kemicentrum, Lunds Universitet, Box 124, S-22100 Lund, Sweden
Abbreviations. FBP, fructose 1,6-bisphosphate; DHAP, dihydroxyacetone phosphate; GAP, glyceraldehyde 3-phosphate; PGA,
3-phosphoglyceric acid.
Enzyme. Fructose bisphosphatase or D-fructose-I ,6-bisphosphate
I-phosphohydrolase (EC 3.1.3.11).

THEORY
Steady-state relationships for the Calvin cycle

Scheme 1 shows the Calvin cycle for photosynthetic
carbohydrate formation in C3 plants. The reactions involving
COz, ATP, and NADPH represent input steps which supply
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the stromal fructose bisphosphatase accounting for that reaction can be assumed (as a satisfactory approximation) to
conform to Michaelis-Menten kinetics [18- 201 such that
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Kinetics of the export steps

The kinetic behaviour of the reaction system in Scheme 1
will be analysed with the assumption that the reaction medium
outside the chloroplast contains orthophosphate as the only
transferable ligand. According to the model described by
Giersch [21] for the action of the phosphate translocator,
steady-state rates of the three export steps in Scheme 1 then
conform to the relationships
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Scheme 1. The Calvin photosynthesis cycle and major steps of
photosynthate export. Notations: PGA, 3-phosphoglycerate; PPGA,
2,3-diphosphoglycerate;GAP, glyceraldehyde 3-phosphate; DHAP,
dihydroxyacetonephosphate; FBP, fructose 1,6-bisphosphate; F6P,
fructose 6-phosphate; E4P, erythrose 4-phosphate; SBP,
sedoheptulose 1,7-bisphosphate; S7P, sedoheptulose 7-phosphate;
R5P, ribose 5-phosphate; X5P xylulose 5-phosphate; RuSP, ribulose
5-phosphate; RuBP, ribulose 1,5-bisphosphate

the cycle with reactants for net synthesis of triose phosphates
according to the stoichiometric relationship

+ 6NADPH + 9ATP + triose phosphate
+ 6NADP' + 9ADP + 8Pi

N=l+

( ):
If-

3C 0 2

(1)

where Pi represents inorganic phosphate (orthophosphate).
The transport processes leading to export of 3-phosphoglycerate, glyceraldehyde 3-phosphate, and dihydroxyacetone
phosphate from the chloroplast are included as output steps
in Scheme 1.
Assuming that other output processes (e. g. starch production within the chloroplast) may be neglected, the steady-state
rate v of cyclic triose phosphate synthesis must equal the net
rate vex of photosynthate export. Denoting rates of individual
reaction steps as in Scheme 1, vex is given by

+ VGAP + UPGA'

(2)
Since each cycle intermediate in Scheme 1 under steady-state
conditions must be produced at the same rate as it is
consumed, the requirements for such conditions to obtain
then may be expressed as
Vex

vex = 0 5

=

= VDHAP

0 6 = u7

= 08 = u g = 010 = 011 = u
v12 =

2v

(3)
(4)
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V, denotes the maximum transport velocity for the translocator and is assumed to differ insignificantly for different
ligands [22]. KDHAp, KGAp, KPGA, and Kpirepresent the apparent dissociation constants of the translocator complexes
formed with the respective stromal ligands. [Pi] refers to the
concentration of orthophosphate outside the chloroplast and
Kpito the apparent dissociation constant of the corresponding
translocator complex.

Rapid-equilibrium model
Examination of mass action ratios for Calvin cycle intermediates in illuminated chloroplasts have indicated that
the enzymic reaction steps converting PGA into FBP
(Scheme 2) are close to equilibrium [23 - 261. This may justify
application of the rapid-equilibrium assumptions
[GAP] = m [PGA]

m =9293'

[NADPH] [ATP][H']
[NADP'] [ADP] [Pi]

[DHAP] = 94 [GAP]
v4

=

3v - vpGA - v G A p .

[FBP] = q 5 [GAP] [DHAP]

(7)

In particular, it follows from Eqn (3) that one must have

v

= vex = 06

(8)
where 06 denotes the steady-state rate of enzymic hydrolysis
of fructose 1,6-bisphosphate (FBP). Under light conditions,

[pi]).
Kpi

(14)
(1 5)
(16)

(17)
where qi denote equilibrium constants for the respective reaction steps in Scheme 2. With these assumptions, it follows
from Eqns (10- 13) that Eqn (2) may be written as
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Table 1. Parameter values usedfor calculation of data in Figs 1 - 4
Estimates given refer to conditions considered representative for the
operation of isolated chloroplasts (chl denotes chlorophyll) at
saturating light and C 0 2 , 2 5 T , and an external pH of 7.6. The
estimate of Ks has been corrected for inhibition caused by fructose 6phosphate at an assumed concentration of 1 mM [20,26]
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Scheme 2. Rapidly equilibrating part of the Calvin cycle. qi denote
equilibrium constants for the respective reaction steps. Other
notations as in Scheme 1

Reference

3.1 x 10-4
1.6x107
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7100
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73
370
24 1
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According to Eqns (16) and (17) we, further, have
[FBP] = q 5 [DHAPI’
94
and insertion of this into Eqn (9) gives

If a < 1, Eqn (25) may have an additional positive root
[DHAP] =

It may now be recalled that steady-state conditions cannot
obtain unless Eqn (8) is satisfied. According to Eqns (18) and
(22), this means that the steady-state concentration of DHAP
must satisfy the relationship
v e x [DHAPl
q S v6 [DHAPI’
Kex [DHAP]
q4K6 q 5 [DHAP]’ ‘
Introducing the dimensionless parameter a defined by

+

+

(23)

q5

(1 - a) [DHAP]’

-

corresponding to a higher concentration of DHAP and hence
to a higher steady-state cycle activity given by

In this case, however, the condition a’ p 2 4 (1 - a) must be
fulfilled to ensure that real roots are obtained. When
a’ p < 4 (1 - a), Eqn (25) lacks real solutions and the reaction system in Scheme 1 cannot reach a steady-state.
If a = 1 one obtains
[DHAP] =

Eqn (23) may be written as
“45 Kex[DHAP]

+ 44 K6 = 0 (25)

+

aKex(1 R)
2(1 - a )

Kex
~

B
(33)

and two cases may obtain depending on the magnitude of a.
If a > 1, Eqn (25) will have a single positive root given by
[DHAP] =

aKex(R - 1)
2(a - 1)

where

which may be considered as a limiting case of Eqns (26-31)
when a approaches unity.
Effect of external orthophosphate on the cycle activity

4(a

-

1)

The corresponding steady-state cycle activity can be obtained
from Eqn (18) or (22), which gives

The above rapid-equilibrium model relates the steadystate behaviour of the reaction system in Scheme 1 to kinetic
parameters for the stromal fructose bisphosphatase and the
phosphate translocator. Estimates of these parameters are
given in Table 1, together with estimates of equilibrium
constants for reactions in Scheme 2 and reactant concentrations required for calculation of the parameter m defined by
Eqn (15). Values in Table 1 are based on available literature
data and have been chosen such that they should be relevant
for the operation of isolated chloroplasts under conditions
of saturating light and COz in a reaction medium (pH 7.6)
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Fig. 1. Dependence of the rate of enzymic fructose 1,6-bisphosphate
hydrolysis (v6) and net rate of photosynthate export (vex) on the
stromal concentration of dihydroxyacetone phosphate ( D H A P ] .
Graphs of 06 (dashed curve) and u,, (full curves) calculated from
Eqns (22) and (18- 20), respectively, for three different concentrations of external orthophosphate (0.2 mM, A; 1 mM, B; 10 mM, C).
Crossover points between 06 and u,, define the [DHAP] and cycle
activities that obtain under steady-state conditions

Fig. 2. Dependence of the steady-state concentrations of dihydroxyacetone phosphate [ D H A P ] on the concentration of external
orthophosphate. Graphs calculated from Eqns (26) and (30) using data
in Table 1. A, B, and C denote phosphate concentration regions where
the reaction system in Scheme 1 may operate in, respectively, one,
two, or no steady states

B

containing orthophosphate as the only transferable metabolite.
Fig. 1 shows the dependence of vexand 06 on [DHAP], as
calculated from Eqns (18) and (22) using data in Table 1.
Graphs of vexhave been calculated for three different values
of the external concentration of orthophosphate ([Pi] = 0.2,
1, and 10 mM) to illustrate the effect of this concentration
variable on the export process and hence on the dynamic
behaviour of the reaction system. Depending on the magnitude of [Pf], the vex graph may exhibit a single (curve A),
two distinct (curve B), or no (curve C) crossover points with
the graph of 0 6 . The crossover points for vex and 06 are of
interest because they define the DHAP concentrations for
which the steady-state condition vex = 06 is fulfilled.
The variation with [Pi] of the steady-state concentration(s)
of DHAP is shown in Fig. 2. For [Pi] < 0.3 mM (region A)
we have a > 1 and the steady-state level of DHAP will be
uniquely defined. For 0.3 mM < [Pf] < 2.4 mM (region B)
the reaction system may reach a steady state at two distinct
concentrations of DHAP. For [Pi] > 2.4 mM (region C) az/3
will exceed 4 (1 a) and steady-state conditions cannot
obtain.
Fig. 3 shows the corresponding variation with [Pi] of the
steady-state cycle activity (v). It illustrates that u in region B
may increase or decrease with increasing concentrations of
external orthophosphate depending on whether the reaction
system operates in the high-velocity or the low-velocity steady
state. This characteristic of the system reflects a fundamental
difference between the control properties of the phosphate
translocator in the two steady states. Thus, it can be shown
by differentiation of Eqn (29) with respect to Vexthat
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Fig. 3. Dependence of the steady-state Calvin cycle activity on the
concentration of external orthophosphate. Graphs calculated from
Eqns (29) and (31) using data in Table 1

~

1
dlno
=l+->O
dln Vex
R

(34)

which means that the effect of the phosphate translocator on
the cycle activity is characterised by a positive flux control
coefficient in the low-velocity case. Differentiation of Eqn (31)
for the high-velocity case ( R < l), however, gives
dlnv
=I-- 1
dln Vex
R

(35)

showing that the flux control coefficient in the latter case
becomes negative. Since it can be readily verified that
dlnv
dlnv
=I-dln V6
d In if,,

(36)
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Fig. 4. Dependence of Calvin cycle flux control coefficient f o r the
phosphate translocator on the concentration of external orthophosphate.
Graphs calculated from Eqns (34) and (35) using data in Table 1

the flux control coefficient for fructose bisphosphatase must
exhibit a converse dependence on the dynamic state of the
reaction system, being negative in the low-velocity case and
positive in the high-velocity case.
It is of interest to note in this context that flux control
coefficients defined by Eqns (34 - 36) become of unlimited
magnitude when R approaches zero, i. e. when fl approaches
4 (1 - a)/.’. This means that the cycle activity under certain
conditions (those favouring close-lying steady states in
region B of Figs 2 and 3) may be exceptionally sensitive to
changes in the concentrations of the phosphate translocator
and the stromal fructose bisphosphatase, as well as to changes
in the concentration of activators or inhibitors which act upon
these two catalysts. Fig. 4 shows the variation with [Pi] of the
flux control coefficient for the phosphate translocator, as
calculated from Eqns (34) and (35) and data in Table 1.
DISCUSSION
The Calvin cycle for photosynthetic carbohydrate formation in C3 plants (Scheme l ) is basically dependent on the
input processes which supply the reaction system with COz,
ATP, and NADPH. The cyclic reaction cannot reach a steady
state, however, unless photosynthate is withdrawn at the same
rate as it is cyclically produced. This means that the steadystate cycle activity must be controlled also by the output
processes which withdraw photosynthate from the system.
The present attempt to characterise such output control
analytically is based on the experimental evidence showing
that phosphate-translocator-mediated export of photosynthate occurs at a rate reflecting the stromal concentrations of
the exported cycle intermediates [3, 211. Since these intermediates all form part of the rapidly equilibrating PGA/
GAP/DHAP/FBP pool [23- 261, the net rate (uex) of photosynthate export can be related to the metabolite level in this
pool as indicated, for instance, by the concentration of
DHAP. The cvcle activitv. also. must reflect the metabolite
level in the PGA/GAP/DHAP/FBP pool. In particular, the

rate (us) of enzymic FBP hydrolysis will be determined by
the concentration of FBP and hence can be related to the
concentration of DHAP by application of the rapid-equilibrium approximations in Eqns (16) and (17). The simplifying
assumption that photosynthate export represents the only
output process contributing significantly to net reaction flux
then provides the inference that steady-state conditions
cannot obtain unless metabolites in the PGA/GAP/DHAP/
FBP pool may reach a level where u6 = uex.The latter condition is not sufficient to ensure that a steady state may be
reached (cf. Eqns 3 - 7), but it is sufficient to define the concentration(s) of DHAP required to support a steady-state
operation of the system and hence defines also the steadystate rate(s) which may obtain.
According to that analytical approach, the dynamic
behaviour of the Calvin cycle can be related primarily to the
partitioning of reaction flux between photosynthate export
and recycling, as determined by the kinetic interplay of the
phosphate translocator and the stromal fructose bisphosphate. Depending on the relative magnitudes of kinetic
parameters for these two catalysts, the reaction system in
Scheme 1 may exhibit a single or two distinct steady-state
levels of operation, or may be unable to reach a stationary
state (cf. Fig. 1). In the case that steady-state conditions do
obtain, the interplay of the two catalysts may allow for an
extremely efficient control of the cycle activity characterised
potentially by flux control coefficients of unlimited magnitude
(Eqns 34- 36). This is consistent with other evidence
attributing a regulatory function to fructose bisphosphatase
[23, 261 and lends strong support to the idea that cytosolic
metabolites may control the stromal Calvin cycle activity by
affecting the kinetics of action of the phosphate translocator.
Eqns (19) and (20) express the dependence of kinetic
parameters for the phosphate translocator on the external
concentration of orthophosphate (Pi) when the reaction medium contains no other transferable metabolites. Eqns (29) and
(31) provide explicit relationship for the steady-state rates of
photosynthesis which may obtain under such conditions and
the kinetic model thus defined confirms that the steady-state
Calvin cycle activity may be strongly regulated by external
phosphate (Fig. 3). When [Pi] < 0.3 mM (region A), the
model system exhibits a uniquely defined steady state
characterised by a positive flux control coefficient for the
phosphate translocator (Eqn 34) and hence also for the regulatory external metabolite. This is consistent with the results
obtained in experimental studies of isolated chloroplasts [4 7,131 which show that the rate of photosynthesis is enhanced
by increasing concentrations of external phosphate up to
about 0.2 mM. The inhibitory effect of high phosphate concentrations observed in such experiments has been proposed
to reflect an artificial exaggeration of the normal export process precluding that intermediates of the Calvin cycle may
build up to sufficiently high stromal concentrations to sustain
appreciable photosynthesis [5,8]. That explanation, according
to the present kinetic model, could hold true for phosphate
concentrations exceeding 2.4 mM (region C in Fig. 3) where
vex > us for any level of metabolites in the PGA/GAP/DHAP/
FBP pool such that steady-state conditions cannot obtain (cf.
curve C in Fig. 1). The excessive rate of photosynthate export
would then deprive the stroma of cycle intermediates and
progressively depress the rate of cyclic photosynthate formation.
It should be noted, however, that external phosphate
has been found to inhibit chloroplast photosynthesis already
at moderatelv high concentrations (say
~- 0.3 - 2.4 mM) that
<

-
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Fig. 5 . Stabilityproperties of the reaction system in Scheme 1 . Schematic representation of the net rate of photosynthate export (ueJ and the
rate of enzymic fructose 1,6-bisphosphate hydrolysis (u6) as a function
of the dihydroxyacetone phosphate concentration [DHAP] in the case
that distinct high-velocity (H) and low-velocity (L) steady states may
obtain. Arrows indicate the expected direction of [DHAP] changes
caused by the action of the reaction system at different non-steadystate levels of [DHAP] and illustrate that only the high-velocity steady
state would be expected to be asymptotically stable

appear to sustain a steady-state rate of photosynthate formation and export. The present results provide a reasonable
explanation for that observation by showing that the model
system over that phosphate concentration range (region B in
Fig. 3) may operate in a high-velocity steady state characterized by a negative flux control coefficient for the
phosphate translocator (Eqn 35). Evidence that isolated
chloroplasts do operate in a mode of negative translocator
control at moderately high external phosphate concentrations
has been presented by Heldt and coworkers [7], who found
that partial inactivation of the phosphate translocator by
reversible or irreversible inhibitors enhances the rate of
photosynthesis in isolated chloroplasts. This raises the question of whether the dynamic structure of the reaction system in
Scheme 1 could be such that the high-velocity case is favoured
under conditions where two distinct steady states may obtain.
To answer that question, attention should be drawn to
Fig. 5 which schematically illustrates some dynamic characteristics of the model system in the region of double steady
states. The crossover points between graphs of vex and U g in
Fig. 5 define the DHAP concentrations (marked L and H for,
respectively, the low-velocity and high-velocity case) required
to meet the steady-state condition u,, = 06. For [DHAP] < L
or [DHAP] > H we have vex > 06 and the system will be in
a state where the excessive export rate will tend to decrease
the level of DHAP and other cycle intermediates. For L <
[DHAP] < H, however, 2)6 exceeds u,, and the system will
tend to produce photosynthate at a higher rate than it is
exported such that the level of DHAP will tend to increase.
The implication of this is that small perturbations of the
DHAP concentration from the steady-state value will bring
the system into a state where the activity of the system tends
to oppose the perturbation in the high-velocity case, but to
reinforce the perturbation in the low-velocity case. In other
words, there is strong reason to believe that only the highvelocity case may correspond to an asymptotically stable [28]
steady state.
Similar considerations apply for the behaviour of the
model system in the presence of low concentrations of external
phosphate. Perturbations of the DHAP concentration from
the single steady-state value defined under such conditions

will bring the system into a state where the perturbation tends
to be enhanced rather than reversed. This indicates that the
steady state corresponding to Eqn (29) is dynamically unstable and suggests that the experimentally observed stimulation of photosynthesis by low phosphate concentrations may
not refer to rate determinations performed with chloroplasts
operating in a true steady state. Stability arguments, therefore,
lead us to conclude that the inhibitory effect of moderately
high concentrations of external phosphate most likely reflects
the normal mode of steady-state operation of chloroplasts
under physiological conditions.
Most previous attempts to explain observed correlations
between stromal and cytosolic carbohydrate metabolism have
been based on the (intuitively attractive) tacit assumption that
the phosphate translocator exhibits a positive flux control
coefficient, such that enhancement of its transport capacity
also leads to an enhanced steady-state rate of metabolite transport across the chloroplast membrane [6,10 - 131. The present
results provide the important inference, however, that the
output regulation of the Calvin cycle is best described by the
high-velocity case in Fig. 3 (Eqn 31) and characterised by a
negative flux control coefficient for the phosphate translocator. This means that any factor tending to enhance the
export capacity of the translocator would be expected to decrease the actual steady-state rate of photosynthate export. As
previously suggested [ 14, 151, such an apparently paradoxical
situation may be at hand because an increased capacity of the
translocator can (and according to our analysis will) decrease
the stromal concentrations of Calvin cycle intermediates and
result in a decreased steady-state rate of photosynthate production and export.
It seems evident from the above discussion that no realistic
description of the dynamic behaviour and regulation of the
Calvin photosynthesis cycle is possible without consideration
of the flux control exerted by the phosphate translocator
and by metabolites affecting the kinetic characteristics of the
export process. It also seems obvious that such considerations
preferably should be based on mathematical analysis or
modelling of the kinetics and dynamics of the complex
photosynthetic reaction system. This investigation has focused on the regulatory effects of the exported cycle intermediates and external orthophosphate on the action of the
phosphate translocator; the simple model now put forward
would appear to provide a qualitatively reliable (but
quantitatively highly approximate) description of the main
characteristics of such output control of the Calvin cycle
activity. Much more elaborate models would be required to
address analytically certain regulatory problems which have
not been considered in the present work, e. g. the distribution
of reaction flux between photosynthate export and starch
synthesis, the role played by stromal orthophosphate, and
the operation of the Calvin cycle under conditions of nonsaturating light or COz.
This investigation was supported by grants from the Swedish
Natural Science Research Council.
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