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1. The regulatory implications of the interaction of ribulosebisphosphate carboxylase with metabolites

participating in the Calvin photosynthesis cycle has been examined by control analysis based on our recently
described kinetic model for photosynthetic carbohydrate formation in the chloroplast of C; plants. The results
provide clear evidence that the Calvin cycle activity under conditions of light and CO, saturation is insignificantly
affected by the inhibition of ribulosebisphosphate carboxylase caused by metabolites such as 3-phosphoglycerate,
fructose 1,6-bisphosphate, sedoheptulose 1,7-bisphosphate, NADPH, and inorganic orthophosphate.

2. Due to the exceptionally high stromal concentration of the carboxylase, metabolite binding to the enzyme
affects the Calvin cycle activity indirectly by reducing the pool of free orthophosphate and phosphorylated
metabolites available for the cyclic reactions. This pool reduction corresponds typically to about 5 mM total
phosphate and derives mainly from the binding of ribulose bisphosphate and orthophosphate.

3. Substantial amounts of the metabolites interacting with ribulosebisphosphate carboxylase are present in an
enzyme-bound form. The bound form of the Calvin cycle intermediates sedoheptulose bisphosphate, fructose
bisphosphate, and ribulose bisphosphate typically accounts for about 70, 80, and 90%, respectively, of the total

stromal concentration of the intermediate.

Ribulosebisphosphate carboxylase catalyses the CO, fix-
ation step in the Calvin photosynthesis cycle [1, 2]. The enzyme
is inhibited by several metabolites which participate in the
Calvin cycle reactions [3], such as 3-phosphoglycerate, fruc-
tose 1,6-bisphosphate, sedoheptulose 1,7-bisphosphate,
NADPH, and inorganic orthophosphate. These inhibitory
interactions could have an obvious regulatory function at-
tributable to their direct effect on the activity of one of the
non-equilibrium cycle enzymes. They might also be of indirect
regulatory significance because they involve an enzyme which
comprises the major portion of soluble protein in the chloro-
plast [1]. The stromal active-site concentration of ribulose-
bisphosphate carboxylase has been estimated to about 4 mM
[2, 4], which greatly exceeds the concentrations of most of
the Calvin cycle intermediates. This means that substantial
amounts of certain cycle intermediates may be enzyme-bound
rather than free in solution, with consequent effects on the
steady-state cycle activity and metabolite levels.

The potential regulatory importance of the above interac-
tions between ribulosebisphosphate carboxylase and inhibi-
tory Calvin cycle metabolites has been generally recognized
and extensively discussed [5—9], but no evidence is available
as to the actual influence of the interactions on the Calvin
cycle activity. In particular, the regulatory implications of the
indirect effects of metabolite binding to the enzyme have been
difficult to assess [4]. This is hardly surprising; the enzyme-
bound fraction of a certain Calvin cycle intermediate will be
dependent on the concentrations of all metabolites interacting
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with the carboxylase and hence on the state of the reaction
system as a whole. The state of the system, in its turn, is
fundamentally dependent on the total concentration of phos-
phate in the system, including that of free and enzyme-bound
phosphorylated cycle intermediates. The net outcome of this
complex interdependence between the dynamic state of the
system and metabolite binding to the carboxylase cannot be
reliably established by intuitive reasoning, but requires
detailed analysis by mathematical modelling.

The present investigation provides such an analysis based
on the kinetic model that we recently have put forward for
description of the operation of the Calvin cycle under con-
ditions of light and CO, saturation [10]. The examination of
the indirect dynamic effects of metabolite binding to
ribulosebisphosphate carboxylase is complemented by a con-
trol analysis of the regulatory significance of the direct effects
on the enzyme activity of the interacting inhibitory metab-
olites.

THEORY

We have previously described in detail a kinetic model for
photosynthetic carbohydrate formation in the chloroplast of
C, plants under conditions of light and CO, saturation [10].
The model considered the 13 enzymically catalysed steps of
the reductive pentose phosphate pathway (the Calvin cycle),
and treated ATP synthesis as a system-dependent input step.
Starch production within the chloroplast and photosynthate
export to the external reaction medium were included as out-
put processes. The export of photosynthate was assumed to
be mediated by the phosphate translocator of the chloroplast
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envelope [11) and to be strictly associated with a counter-
import of inorganic (ortho)phosphate, such that the total
concentration of phosphate within the chloroplast remains
constant. Consequently, a fixed phosphate moiety conser-
vation parameter ¢, was defined as the sum of concentrations
of free orthophosphate, ATP, and phosphorylated carbo-
hydrates (bisphosphates being counted twice) in the reaction
system.

The phosphate moiety conservation equation thus applied
to define the state of the reaction system was based on the
simplifying assumption that the dynamics of the system are
negligibly affected by changes in the concentrations of
enzyme-bound orthophosphate and phosphorylated metab-
olites. In this investigation, we will examine an extended model
which redefines the parameter ¢p as

Cp = Cpfree + Cpbound (1)

where Cppouna denotes the total concentration of phosphate
bound to ribulosebisphosphate carboxylase (E) in the form
of binary complexes (EL;) formed with ribulose 1,5-bisphos-
phate (Lo), 3-phosphoglycerate (L,), fructose 1,6-bisphos-
phate (L,), sedoheptulose 1,7-bisphosphate (L3), orthophos-
phate (L4), and NADPH (Ls; the latter five ligands are those
of the reaction system considered which have been reported
to cause significant inhibition of ribulosebisphosphate car-
boxylase [3]. ¢prrec in Eqn (1) represents the phosphate moiety
conservation parameter as defined previously [10], and ¢ppouna
is given by

Croouna = 2[ELo] + [EL,] + 2[EL,] @
+ 2[EL3] + [EL4] + [ELs].

Assuming that the interaction of the enzyme with its sub-
strate Ly conforms to Michaelis-Menten kinetics and is com-
petitively affected by the inhibitors L ,...,Ls [3], steady-state
concentrations of the different enzymic complexes will be
given by

L
[EL;] = 5--K’m 3
1+"§0 X,

where ¢g represents the total active-site concentration of en-
zyme. K; stands for the apparent steady-state kinetic dis-
sociation constant for the respectively complex, i.e. Ky = K,
and K; = K;(;,j=1,...,5, in the terminology of our previous
paper [10].

Eqgns (1 — 3) can be used in conjunction with the previously
described kinetic model [10] to calculate, under different exter-
nal conditions, the steady-state Calvin cycle activity and the
corresponding concentrations of free and enzyme-bound
metabolites in the reaction system. Unless otherwise stated,
parameter values used for these calculations were as detailed
previously [10]. The value of 3.6 mM reported by Lilley et al.
[4] was chosen for the parameter ¢g.

Control coefficients [12] providing information on the di-
rect regulatory influence of the different inhibitors on the
steady-state Calvin cycle activity (v) can be defined as

v ov K;  dlnv |

J
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and were calculated by numerical differentiation [10] of
the steady-state solutions predicted by the kinetic models.
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Fig. 1. Load characteristic for the Calvin cycle. Calvin cycle aclivities
(v) calculated as a function of the concentration of external ortho-
phosphate, [P.,], using our original kinetic model (dashed curve) and
the extended one (full curve) based on Eqns (1 —3). Reported [14]
experimental data (@) are included for comparison

RESULTS
Load characteristics predicted by the kinetic models

Experiments performed with isolated chloroplasts [13 —
17] have established that the Calvin cycle reactions occurring
in the stromal solution of the chloroplast are stimulated by
low, and inhibited by high, concentrations of orthophosphate
in the external reaction medium (Fig. 1). This load character-
istic [18] of the reaction system has been shown to be most
satisfactorily accounted for (dashed curve in Fig. 1) by our
previously described kinetic model [10] when a value of
15 mM is chosen for the phosphate moiety conservation par-
ameter ¢p as originally defined (¢ppoung = 0). Using the same
estimate of c¢p, application of the extended model based on
Eqns (1—3) gives the load characteristic indicated by the
full curve in Fig. 1. Inspection of the model data shows that
metabolite binding to ribulosebisphosphate carboxylase does
affect the kinetic behaviour of the reaction system; the steady-
state Calvin cycle activity is generally attenuated and the
operation of the system destabilized such that overload break-
down [10. 18] occurs at lower external orthophosphate con-
centrations than in the assumed absence of metabolite binding
to the enzyme. These effects must be primarily of stoichio-
metric origin, because the direct inhibitory action of the
metabolites is equivalently considered in both models.

Fig. 2 shows the effect of the parameter ¢, on the load
characteristic as predicted by the original kinetic model
(cPoouna = 0). Increasing values of c¢p (i.e. increasing total
concentrations of stromal phosphate) tend to stabilize the
operation of the Calvin cycle such that progressively higher
concentrations of external orthophosphate are required to
cause overload breakdown of the reaction system. When cp
exceeds about 30 mM, the system gains unlimited stability
and cannot be brought to overload breakdown by increases
in the concentration of external orthophosphate.

Corresponding data for the extended model are given in
Fig. 3. Comparison with the results in Fig. 2 shows that load
characteristics for the reaction system are analogously affec-
ted by variation of the parameter ¢p whether or not the system
is assumed to involve a stoichiometrically significant binding
of metabolites to the carboxylase; curves obtained for a cer-
tain value of ¢p in Fig. 3 essentially agree with those obtained
for an about 5 mM lower value of ¢ in Fig. 2. In particular,
the experimentally observed load characteristic in Fig. 1 is
satisfactorily reproduced by the extended model when a value



E cplmM)
S 100} 0
]
E 20
o
(=]
£ 5ol 5 10 15
=y
°
£
=
> 0l l !

0 1 2

[P, (mM)

Fig. 2. Effect of the internal phosphate pool size on the load character-
istic for the Calvin cycle. Calvin cycle activities (v) calculated as a
function of the concentration of external orthophosphate, [P..], for
different values of the phosphate moiety conservation parameter ¢,
using our original kinetic model (¢ pouna = 0)
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Fig. 3. Effect of the internal phosphate pool size on the load character-
istic for the Calvin cycle. Calvin cycle activities (v) calculated as a
function of the concentration of external orthophosphate, [P, for
different values of the phosphate moiety conservation parameter cp,
using the extended kinetic model based on Eqns (1 —3)

of about 20 mM is chosen for the parameter cp. The latter
value agrees well with that (18—19 mM) indicated by exper-
imentally determined total metabolite levels in the stromal
solution of illuminated chloroplasts [4]. That fact and the
results in Figs 2 and 3 justify the use of a lower estimate (cp =
15 mM) on application of the original kinetic model which
does not consider enzyme-bound metabolites as state vari-
ables.

Concentrations of enzyme-bound metabolites

Using ¢ = 20 mM, the extended kinetic model was ap-
plied for calculation of the steady-state concentrations of
enzyme-metabolite complexes formed through the interaction
of ribulosebisphosphate carboxylase with its substrate and
inhibitors at different external orthophosphate concen-
trations. Typical results are given in Table 1. They provide
clear evidence that substantial amounts of the metabolites
interacting with the carboxylase are present as enzymic
complexes. The substrate and most of the inhibitors are actu-
ally found to be present predominantly in the enzyme-bound
form.
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Table 1. Metabolite binding to ribulosebisphosphate carboxylase
Steady-state concentrations of enzyme-metabolite complexes predict-
ed by the extended kinetic model based on Eqns (1-3), calculated
for different concentrations of external orthophosphate, [P.,], using
cp = 20 mM and cg = 3.6 mM. Figures within brackets indicate the
molar fraction of the carboxylase-bound form of each metabolite

Metabolite Conc. at [P,] =
0.05mM 02 mM 0.5 mM 2 mM
mM
Ribulose 0.59 1.16 1.09 0.70
bisphosphate (0.96) (0.89) (0.89) (0.88)
Phosphoglycerate ~ 0.94 0.31 0.11 0.02
(0.34) (0.16) (0.16) (0.15)
Fructose 0.11 0.12 0.09 0.04
bisphosphate (0.92) (0.80) (0.80) (0.79)
Sedoheptulose 0.07 0.42 0.28 0.07
bisphosphatase  (0.85) 0.69) (0.67) 0.67)
Orthophosphate 0.13 0.92 1.41 2.16
(0.33) (0.15) (0.15) (0.15)
NADPH 1.32 0.49 0.47 0.46
(0.86) (0.70) (0.69) (0.69)

It may, further, be concluded from data in Table 1 that
the enzyme-bound fraction of the metabolites remains fairly
constant over a wide range of concentrations of external
orthophosphate. This means that the relative concentrations
of free metabolites (and hence the fundamental dynamic be-
haviour of the reaction system) will remain essentially unaffec-
ted by metabolite binding to the enzyme. Such binding will
provide mainly an approximately constant contribution to
the total stromal content of phosphate; results in Table 1
indicate that the latter contribution corresponds to about
5 mM under conditions where the cycle activity is relatively
high. This explains why load characteristics predicted by the
extended model for a certain value of ¢p are closely similar to
those predicted by the original model for about 5 mM lower
values of the parameter cp (Figs 2 and 3).

Inhibitor control of the Calvin cycle activity

Calvin cycle flux control coefficients defined by Eqn (5)
were calculated for representative concentrations of external
orthophosphate using the extended kinetic model with ¢p =
20 mM. The typical results in Table 2 illustrate that values
thus obtained are of insignificant magnitude (much less than
unity) for all of the inhibition parameters considered. This
means that none of the corresponding inhibitors has any
significant regulatory influence on the Calvin cycle activity
according to the model tested. Similar results were obtained
by application of our kinetic model as originally defined (¢p =
15 mM and ¢ppouna = 0).

DISCUSSION

Control coefficients defined by Eqn (4) provide standard
dimensionless measures [12] of the sensitivity of the Calvin
cycle activity to changes in magnitude of the inhibition con-
stants K;. Since such changes are formally equivalent to a
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Table 2. Control of the Calvin cycle activity by inhibitors interacting
with ribulosebisphosphate carboxylase

Calvin cycle flux control coefficients (Eqn 4) with regard to the
inhibition parameters K, calculated for different concentrations of
external orthophosphate, [ Py, by application of the extended kinetic
model based on Eqns (1 —3) using ¢cp = 20 mM

Parameter Cocefficients at [Peq] =

0.05mM  0.2mM 0.5 mM 2 mM
K 0.000 0.000 0.000 0.000
K, 0.000 0.001 0.001 0.008
K; 0.000 0.002 0.002 0.008
Ka 0.000 0.001 0.002 0.049
Ks 0.000 0.000 0.001 0.010

change in concentration of the respective inhibitor, it may be
concluded from the results in Table 2 that the direct inhibitory
effects of Calvin cycle metabolites on the catalytic activity of
ribulosebisphosphate carboxylase are of insignificant interest
with regard to the regulation of the Calvin cycle under con-
ditions of light and CO, saturation. This is consistent with
previous analytical results indicating that the carboxylase
under such conditions contributes negligibly to the control of
the steady-state cycle activity [10].

Data in Table 1 and Fig. 1, on the other hand, establish
that metabolite binding to ribulosebisphosphate carboxylase
affects the Calvin cycle activity indirectly by contributing
significantly to the pool of total phosphate in the stromal
solution of the chloroplast. Since the latter poot can be antici-
pated to remain constant during photosynthetic CO, fixation
[11], the accumulation of enzyme-bound metabolites will tend
to lower the levels of free metabolites and hence lead to Calvin
cycle activities lower than those which would have been
obtained if no significant amounts of enzyme-metabolite
complexes were formed.

It would appear from the results in Figs 2 and 3, however,
that these stoichiometric effects of metabolite binding to the
carboxylase have no major influence on the basic dynamic
behaviour of the reaction system. The kinetic effects indicated
by data in Figs 1 —3 can be rationalized in terms of an ap-
proximately constant contribution of about 5mM from
enzymic complexes to the total concentration of stromal phos-
phate. Provided that the magnitude of the phosphate moiety
conservation parameter cp is chosen with adequate consider-
ation of that contribution, the main dynamic features of the
Calvin cycle would seem to be equally well described by our
original kinetic model [10] as by the extended one now exam-
ined.

Metabolite levels in chloroplast compartments are usually
determined by methods that do not distinguish between free
and enzyme-bound forms of the metabolites. Lilley et al. [4]
discussed the implications of this fact in relation to their
measurement of the exceptionally high stromal concentration
of ribulosebisphosphate carboxylase. They proposed that
most of the enzyme could be present as the complex formed
with its product, phosphoglycerate, such that experimentally
determined total concentrations of phosphoglycerate greatly
exceed those of the free product. Results in Table 1 confirm
that most (typically more than 90%) of the carboxylase is in
a complexed form, but also indicate that orthophosphate and

the substrate ribulose bisphosphate are the stoichiometrically
predominant ligands. There is certainly reason to believe that
a substantial molar fraction of phosphoglycerate may be in
the enzyme-bound form, but it follows from data in Table 1
that there should be even stronger reason to make a clear
distinction between total and free metabolite concentrations
in the case of ribulose bisphosphate, fructose bisphosphate,
and sedoheptulose bisphosphate. The latter conclusion has
obvious implications with regard to the mechanistic interpre-
tation of experimentally determined (total) metabolite levels.
For example, it supports the proposal of Dietz and Heber [19]
that measured mass action ratios for reaction steps involving
fructose bisphosphate may be biased and require correction
for the carboxylase-bound amount of the metabolite.

The present investigation lends no support to the proposal
of Dietz and Heber [19], however, that the Calvin cycle activity
is limited mainly by ribulosebisphosphate carboxylase, even
under conditions of light and CO, saturation. That proposal
was based on evidence (obtained with intact leaves) showing
that total stroma levels of ribulose bisphosphate are high
and close to the active-site concentration of the carboxylase,
observations which would seem to be of insufficient informa-
tive value for two main reasons. Firstly, it is the concentration
of free substrate that is of primary interest from the point of
view of regulation and rate limitation; at the observed high
total levels of ribulose bisphosphate, only a small percentage
(probably less than 5%) of the substrate would be expected
to be free. Secondly, substrate concentrations or mass action
ratios for a certain non-equilibrium step provide no reliable
information on the control strength of the corresponding
enzyme, particularly not in a reaction system of such dynamic
complexity as the Calvin photosynthesis cycle; conclusions as
to the regulatory properties of the system must be based on
detailed analysis by, for instance, mathematical modelling.
Our kinetic model as originally defined [10] may well be used
for such purposes. In contexts where estimates of the amount
of carboxylase-bound metabolites are required, the extended
model now examined can be applied.

This investigation was supported by grants from the Swedish
Natural Science Rescarch Council.
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