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A mathematical model of the Calvin photosynthesis cycle 
Gosta PETTERSSON and Ulf RYDE-PETTERSSON 

Avdelningen for Biokemi, Kemicentrum, Lunds Universitet, Lund 

(Received March 28, 1988) - EJB 88 0348 

1. A mathematical model is presented for photosynthetic carbohydrate formation in C3 plants under conditions 
of light and carbon dioxide saturation. The model considers reactions of the Calvin cycle with triose phosphate 
export and starch production as main output processes, and treats concentrations of NADPH, NAD+, C02,  and 
H +  as fixed parameters of the system. Using equilibrium approximations for all reaction steps close to equilibrium, 
steady-state and transient-state relationships are derived which may be used for calculation of reaction fluxes and 
concentrations of the 13 carbohydrate cycle intermediates, glucose 6-phosphate, glucose I-phosphate, ATP, ADP, 
and inorganic (0rtho)phosphate. 

2. Predictions of the model were examined with the assumption that photosynthate export from the chloroplast 
occurs to a medium containing orthophosphate as the only exchangeable metabolite. The results indicate that 
the Calvin cycle may operate in a single dynamically stable steady state when the external concentration of 
orthophosphate does not exceed 1.9 mM. At higher concentrations of the external metabolite, the reaction system 
exhibits overload breakdown; the excessive rate of photosynthate export deprives the system of cycle intermediates 
such that the cycle activity progressively approaches zero. 

3 .  Reactant concentrations calculated for the stable steady state that may obtain are in satisfactory agreement 
with those observed experimentally, and the model accounts with surprising accuracy for experimentally observed 
effects of external orthophosphate on the steady-state cycle activity and rate of starch production. 

4. Control analyses are reported which show that most of the non-equilibrium enzymes in the system have a 
strong regulatory influence on the steady-state level of all of the cycle intermediates. Substrate concentration 
control coefficients for cycle enzymes may be positive, such that an increase in activity of an enzyme may raise 
the steady-state concentration of the substrate is consumes. 

5.  Under optimal external conditions (0.15-0.5 mM orthophosphate), reaction flux in the Calvin cycle is 
controlled mainly by ATP synthetase and sedoheptulose bisphosphatase; the cycle activity approaches the 
maximum velocity that can be supported by the latter enzyme. At lower concentrations of external orthophosphate 
the cycle activity is controlled almost exclusively by the phosphate translocator. At high external orthophosphate 
concentrations the phosphate translocator resumes predominant control, but also other non-equilibrium enzymes 
gain strong flux control with one notable exception : ribulosebisphosphate carboxylase has no significant regula- 
tory influence on the cycle activity under conditions of light and C 0 2  saturation, nor does it control the 
concentration of any cycle intermediate other than its substrate. 

The regulation of the reductive pentose phosphate path- 
way (the Calvin cycle) for photosynthetic carbohydrate for- 
mation in C3 plants has been the subject of extensive exper- 
imental studies [I -41. Theoretical investigations of the dy- 
namic behaviour of this central metabolic pathway have been 
more sparse, due probably to its complexity; the Calvin cycle 
involves enzymes acting on 13 cycle intermediates in a complex 
network of reactions (Scheme 1) and is dependent on input 
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Abbreviations. The following non-standard abbreviations are used 
in equations, figures and tables: PGA, 3-phosphoglyceric acid; 
BPGA, 2,3-bisphosphoglyceric acid; GAP, glyceraldehyde 3-phos- 
phate; DHAP, dihydroxyacetone phosphate; FBP, fructose 1,6-bi- 
sphosphate; F6P, fructose 6-phosphate; G6P, glucose 6-phosphate; 
GIP, glucose I -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. 

Enzymes. Fructose bisphosphatase (EC 3.1.3.1 1); sedoheptulose 
bisphosphatase (EC 3.1.3.37); ribulose-5-phosphate kinase (EC 
2.7.1.19); ribulosebisphosphate carboxylase (EC 4.1.1.39); ADP-glu- 
cose pyrophosphorylase (EC 2.7.7.27). 

processes supplying ATP, NADPH, and C 0 2  to the reaction 
system, as well as on output processes withdrawing cycle 
intermediates from the system. Mathematical models of 
photosynthesis in C3 plants have been presented which incor- 
porate simplified features of the Calvin cycle [5-91, but no 
attempt has been made to elucidate the dynamic and regula- 
tory properties of the cycle by application of modern control 
theory [lo, 111. 

Since the Calvin cycle leads to net synthesis of cycle inter- 
mediates, analyses of its kinetic behaviour should include 
consideration of the output processes which withdraw cycle 
intermediates from the system. We have recently shown by 
such considerations that the steady-state cycle activity might 
be controlled with exceptional versatility and strength through 
the kinetic interplay of the reaction steps that account for the 
partitioning of reaction flux between output and recycling of 
a cycle intermediate [12]. With the simplifying assumption 
that triose phosphate export from the stromal solution rep- 
resents the only significant output process, a model was de- 
rived which provided some insight into the dynamic principles 
by which external control variables (such as the cytosolic 
concentration of orthophosphate) may affect the steady-state 
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cycle activity [13]. The model was much too simple, however, 
to provide any reliable information on the effects of internal 
control variables such as the stromal concentrations of 
orthophosphate, ATP, cycle intermediates, and cycle enzymes. 

We now wish to put forward a more elaborate model for 
the Calvin cycle which considers the regulation of the system 
by such internal control variables, and which incorporates 
starch production as an additional output process. This model 
would seem to be sufficiently detailed to form the basis for 
realistic tests of the kinetic behaviour and control properties 
of the reaction system. In the present investigation, such 
analyses are reported primarily for the dependence of the 
steady-state cycle activity on the concentration of external 
orthophosphate under conditions of light and carbon dioxide 
saturation. 

THEORY 

Reaction system considered 

Scheme 1 depicts the 13 enzymically catalysed reaction 
steps constituting the Calvin cycle for photosynthetic carbo- 
hydrate formation in C3 plants. The reactions involving COZ, 
ATP, and NADPH are input steps which supply the cycle with 
reactants for net synthesis of triose phosphates according to 
the stoichiometric relationship 

3 C 0 2  + 6 NADPH + 9 ATP + Triosephosphate (1) 

where Pi denotes inorganic phosphate (orthophosphate). ATP 
is assumed to be produced through the action of ATP 
synthetase on ADP and orthophosphate, as indicated in 
Scheme 2. The transport processes leading to export of 

+ 6NADP' + 9ADP + Pi 

Table 1. Fixed stoichiometric parameters of the model 

Metabolite Concentration Reference 

NADPH 
NAD' 
coz 
CP 

pH (medium) 
pH (stroma) 

cA 

mM 

0.21 ~ 4 1  
0.29 ~ 4 1  

15 [I 51 
>0.2 - 

0.5 [I51 
1.6 1161 
1.9 [I61 

3-phosphoglycerate, glyceraldehyde 3-phosphate, and dihy- 
droxyacetone phosphate from the chloroplast to the cytosol 
are included as output steps in Scheme 1. Starch production 
from fructose 6-phosphate by the sequence of reactions shown 
in Scheme 2 will be considered as an additional output process, 
proceeding within the chloroplast. 

Concentration variables considered 

The reaction system defined by Schemes 1 and 2 involves 
22 non-enzymic reactants. Since the model now presented is 
intended to illustrate the internal and output control of the 
Calvin cycle under conditions of saturating light and carbon 
dioxide, concentrations of four of these reactants (NADPH, 
NADP', COz, and H+)  will be regarded as fixed parameters 
determined by external processes and exhibiting the values 
indicated in Table 1. Two of the concentration variables 
([ATP] and [ADP]), further, are interrelated through the con- 
servation equation 

CA = [ATP] + [ADP] (2) 
where cA denotes the total concentration of the two adenylate 
nucleotides. It therefore suffices to consider one of these vari- 
ables (say [ATP]) as a state variable of the system. 

The export of Calvin cycle intermediates from the 
chloroplast is mediated by the phosphate translocator of the 
chloroplast membrane and is associated with a counter-import 
of orthophosphate such that the total stromal concentration 
of phosphate remains constant [17]. This means that an ad- 
ditional fixed parameter (cp) is defined by the phosphate con- 
servation equation 

cp = [Pi] + [PGA] + 2[BPGA] + [GAP] + [DHAP] + 2[FBP] + [F6P] + [E4P] + 2[SBP] 
+ [S7Pl + [X5Pl + [R5P] + [RuSP] + 2[RuBP] + [G6P] + [GlP] + [ATP]. 

We have chosen values of 15 mM and 0.5 mM, respectively, 
for the parameters cp and cA [16]. 

Eqn (3) can be used to calculate the stromal concentration 
([Pi]) of orthophosphate, provided that magnitudes of the 
remaining 16 concentration variables in this equation are 
known. Denoting velocities of the cycle reactions and output 
steps as in Schemes 1 and 2, the time dependence of the latter 
variables can be expressed as 

(3) 

= u2 - 213 
d[BPGA] 

dt 
~_ - 03 - ~4 - 05 - 07 - 010 - VCAP 
d[GAP] 

(6) dt 
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Table 2. Equilibrium constants for reaction steps in Schemes 1 and 2 
Estimates referring to 25" C of equilibrium constants defined by Eqns 
(20 - 30) 

Constant Value Unit Reference 

9 2  3.1 x 1 0 - ~  [I81 
9 3  1.6 x 107 [I81 
44 22 11 81 
q5 7.1 mM-' [181 
97 0.084 [I81 
qs 13 mM-' [I 81 
410 0.85 81 
41 1 0.40 [I81 
412 0.67 [I81 
q14 2.3 [181 
41 5 0.058 1211 

Equilibrium approximation applied 

Calculations of mass action ratios have indicated that four 
of the Calvin cycle reactions (those with rates vlr 06, v9, and 
~ 1 3  in Scheme 1) are much displaced from equilibrium in 
illuminated chloroplasts, whereas other reaction steps are 
relatively close to equilibrium [18 - 201. Since only non-equi- 
librium steps are of primary regulatory interest [2], reaction 
steps close to equilibrium will be assumed to be at equilibrium 
such that 

[BPGA][ADP] = q 2  [PGA][ATP] (20) 

[DHAP] = q4 [GAP] (22) 

[FBP] = 9 s  [GAP][DHAP] (23) 

[GAP][NADP+][Pi] = q3 [BPGA][NADPH][H '1 (21) 

[X5P][E4P] = 97 [GAP][F6P] (24) 

[SBP] = 48 [DHAP][E4P] (25) 

[XSP][RSP] = 410 [GAP][S7P] (26) 

[RuSP] = 411 [RSP] (27) 

[RuSP] = 912 [X5P]. (28) 

(7) 

(8) 

(9) Equilibrium approximations can be analogously applied to 
the first two reaction steps in Scheme 2, such that 

(10) 

(12) Equilibrium constant values used in this work are listed in 
Table 2. 

d[RSP] 
dt 

~- d[RuSP] 
dt 

(l 4, 

(15) 

Rate equations for non-equilibrium cycle steps 

conform to the rate equations 

~- - VlO - v 1 1  

Non-equilibrium steps in the Calvin cycle are assumed to 
-011 + 012 - 013 

V1 [RUBP] 
21, = 

[FBP] [SBP] [Pi] [NADPH] 
Ki12 Ki13 Ki14 Kils 

+-+- +-+ 
v6 [FBP1 = 

[FBP] + K m 6 .  (1 + ~ 

v g  = 
v 9  [SBPI 

[SBP] + Km9 . (1 + e) (33) 

d[RuBP] 
~- -u13 - v1 (16) dt Eqn (31) applies for saturating concentrations of carbon 

(17) dioxide and accounts for reported inhibitory effects of 
d[G6P] 

dt 3-phosphoglycerate, fructose bisphosphate, sedoheptulose 
(18) bisphosphate, orthophosphate, and NADPH on the catalytic 

d[GlP] 
dt  activity of the fully activated form of ribulosebisphosphate 

(19) carboxylase [29]. Eqns (32-34), similarly, are based on avail- 
dt able literature data for the action of, respectively, fructose 

with the parameter values indicated in Table 3. 

~- - 014 - 015 

~- - v15 - Vst 

2116 - v 2  - 013 - vst. 
~- d[ATP] - 
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bisphosphatase, sedoheptulose bisphosphatase, and ribulose- 
5-phosphate kinase in their fully activated form. 

Fructose bisphosphatase has been reported to exhibit devi- 
ations from Michaelis-Menten kinetics in the presence of in- 
hibitory concentrations of fructose 6-phosphate [33]. Eqn (32) 
does not account for such a non-Michaelis-Menten rate be- 
haviour of the enzyme but, for the Ki6' value now chosen, 
provides a satisfactory approximate description of the inhibi- 
tory effect of fructose 6-phosphate at concentrations up to 
2 mM. 

Rate equutions fo r  input and output processes 

assumed [26, 271 to adhere to the rate equation 
ATP synthesis through the action of ATP synthetase is 

The action of the phosphate translocator is assumed to 
conform to the kinetic model proposed by Giersch [35]. If 
photosynthate export occurs to a reaction medium containing 
orthophosphate as the only transferable metabolite, rates of 
the three export steps considered in Scheme 1 may be ex- 
pressed as 

(37) 

where 

[Pi] [PGA] [GAP] 
KP~ KPGA KGAP 
-+-+- 

P,,, denotes external orthophosphate, and KIigand represents 
the apparent dissociation constant for the complex formed 
between the phosphate translocator and the respective ligand. 
For convenience, we will introduce the quantity vex defined 

V e x  = VPGA + VGAP + %HAP 

to denote the net rate of photosynthate export. According to 
this kinetic model for the phosphate translocator, v,, will 
equal the rate of orthophosphate import from the external 
medium to the chloroplast. 

Starch production in chloroplasts is rate-limited by the 
action of ADP-glucose pyrophosphorylase on glucose 1 -phos- 
phate and ATP [36]. The enzymic reaction is inhibited by ADP 
and orthophosphate, and activated by 3-phosphoglycerate, 
fructose 6-phosphate, and fructose bisphosphate [37]. The 
corresponding rate equation has not been experimentally 
characterized in full detail, but is assumed to be given by 

by 

(40) 

Table 3. Kinetic parameter values used in the model 

Parameter Value Reference 
~ _ _ _ _ _  

pmol . h- '  
. (mg Chi)-' 

340 
200 
40 

1000 
350 
40 

250 

mM 
0.02 
0.03 
0.013 
0.05 
0.05 
0.014 
0.30 
0.08 
0.08 
0.25 
0.075 
0.077 
0.63 
0.74 
0.84 
0.04 
0.075 
0.90 
0.07 
0.7 

12 
12 
2 
0.7 
4 
2.5 
0.4 

0.1 
0.02 
0.02 

10 

~ 9 1  
[301 
1311 
1251 
1251 

1271 

117,321 
~ 7 , 3 2 1  
~ 7 , 3 2 1  

~ 7 , 3 2 1  
~291 
~ 9 1  
~ 9 1  
~ 9 1  
~ 9 1  

1301 

~ 5 1  
~ 5 1  
~ 5 1  
~ 5 1  
1251 

[261 

(see text) 
(see text) 

[17, 321 

[331 

WI 

(see text) 
(see text) 
(see text) 
(see text) 

Eqn (41) provides a reasonably good fit to kinetic data report- 
ed for physiological concentrations of the activators [37]. 

Estimates used for parameters in Eqns (35-40) are in- 
cluded in Table 3. All parameter values in Table 3 have been 
chosen (or calculated) such that they should be representative 
for the operation of chloroplasts at a stromal pH of 7.9, 
assumed to correspond to a pH of 7.6 in the external reaction 
medium [16]. Consistent with common practise in experimen- 
tal work, rate parameters and reaction velocities are expressed 
in relative units (pmol substrate consumed h- '  mg chloro- 
phyll- I). When required (e. g. to fix the time scale for reactions 

Eqn (41) accounts for the experimentally observed antagon- 
istic effects of orthophosphate and activators. Estimates of 
the activation parameters (Kasti) have been chosen such that 

in the transient state), they were converted into absolute units 
using an estimate of 30 pl/mg chlorophyll for the volume of 
the stromal solution [16]. 
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Steady-state solution 

Under steady-state conditions, time derivatives of all con- 
centration variables become zero. It then follows from Eqns 
(4 - 19) that 

v1 = v (42) 

(43) 

(44) 

V 1 3  == V (45) 

016 = 3~ + U,t - V ~ G A  (46) 

(47) v = 3ve, + 6vSt 

where v denotes the cycle activity as measured by the rate of 
CO, fixation. Eqns (2), (3) and (20-47) constitute a set of 
simultaneous equations which can be solved to give the steady- 
state values of v and of the 18 concentration variables con- 
sidered in the present model. The non-linearity of these simul- 
taneous equations implies that more than one solution may 
obtain and that no practically applicable analytical solution 
can be derived. Results described below were obtained by 
numerical solution of the equations using standard methods 
[38] for computer-programmed root determinations. 

Transient-state solution 

Since equilibrium approximations are applied, the tran- 
sient-state kinetics of the reaction system will be determined 
exclusively by the rates vi of the non-equilibrium steps. 
Eliminating all vi referring to equilibrium steps, Eqns (4- 19) 
can be reduced to 

- = Fi; i = I ,  ..., 5 dyi 
dt 

where 

~1 = [RuBP] (49) 

yz = [F6P] + [G6P] + [GIP] + [E4P] + [SBP] (50) 
y3 1 [R5P] + [RuSP] + [X5P] + [F6P] + [G6P] + [GIP] + 2[S7P] (51) 

y4 = [PGA] + [BPGA] + [GAP] + [DHAP] + 2[FBP] 
+ [SBP] - [F6P] - [G6P] - [GlP] - [S7P] (52) 

y5 = [ATP] - [PGA] (53) 

(54) 

(55 )  
F3 = 06 + 2Vg - V 1 3  - 

F4 = 2 V l  f V S t  - V e x  - 2 V g  - 3v6 
(56) 

(57) 
F5 = V 1 6  + V ~ G A  - 2111 - 2113 - ~ , t .  (58) 

Eqns (2), (3) and (48 - 58) implicitely define the time-depen- 
dence of all concentration variables considered in the model. 
This time-dependence can be formally attributed to [RuBP] 
( s l )  and four additional variables sj ,  i.e. s2 = [DHAP], s3 = 
[F6P], s4 = [RuSP], and s5 = [ATP]. Using Eqns (20 - 30) for 
elimination of other variables, Eqn (48) may be written as 

(59) 

0 0.5 1.0 1.5 2.0 
IP,,,] IrnM) 

Fig. I .  Effect qf external orthophosphate on the Calvin cycle activity. 
Cycle velocities (u )  predicted by the model for the two steady states 
(full and dashed curves) that may obtain at external orthophosphate 
(Pexl) concentrations below I .9 mM. Experimental rate data obtained 
with illuminated isolated chloroplasts by Fliigge et al. [41] ( 0 )  and 
Heldt et al. [40] (0) are included for comparison 

where A j i  represent rationale functions of sj and parameters 
of the system as detailed in the Appendix. 

Eqn (59) can be readily solved by elementary algebra to 
provide cxplicite (although rather complex) expressions for 
d.sj/dt, , j  = 1,. . . ,5. The transient-state rate behaviour of the 
system may then be determined for arbitrary initial conditions 
by numerical integration [38] of these expressions and Eqns 
(2) and (3). 

RESULTS 
Steady stares of the reaction system 

According to Eqns (36 - 39), the activity of the phosphate 
translocator (and hence the steady-state Calvin cycle activity 
v) is dependent on the concentration ([Pex,]) of orthophosphate 
outside the chloroplast. Fig. 1 shows the variation of v with 
[Pext] as predicted by the steady-state kinetic model described 
in the theoretical section. There is a critical singularity value 
of [PJ (about 1.9 mM) for which the reaction system in 
Schemes 1 and 2 exhibits a uniquely defined steady state 
corresponding to a cycle activity of about 60 rate units (pmol 
C 0 2  fixed h-'  mg chlorophyll-'). For lower values of [Pext], 
the system may exist in two distinct steady states. One yields 
a cycle activity increasing monotonously within the range 0 - 
60 rate units with increasing [Pext]; this will be referred to as 
the low-velocity case (dashed curve in Fig. 1). The second 
steady state is characterized by higher cycle activities (high- 
velocity case); v passes through a maximum of about 110 
rate units, which is obtained at an external orthophosphate 
concentration of about 0.2 mM. For [Pcxt] > 1.9 mM, the 
reaction system in Schemes 1 and 2 cannot operate in a steady 
state according to the present model. 

Since no analytical solution can be provided for descrip- 
tion of the rate behaviour of the reaction system, the stability 
of the two steady states was analysed numerically for a series 
of representative values of the parameter [Pe,,]. Such analyses 
were performed by examination of the eigenvalues of the 
Jacobian for the system [39], as well as by perturbation tests 
based on the transient-state kinetic model described in the 
theoretical section. Both methods consistently indicated that 
the low-velocity steady state is dynamically unstable, whereas 
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0.3 1 
DHAP 

I 7 

\ - . I -  0 1 
0 3 6 9 

Time [m id  

Fig. 2. Stability test for the low-velocity steady state. Trajectories calcu- 
lated for the reaction system in Schemes 1 and 2 when all concen- 
tration variables were initially set to their low-velocity steady-state 
values except for [RuBP] which was set to 101% (full curves) or 99% 
(dashed curves) of its low-velocity steady-state value 

0 0.5 1.0 1.5 2.0 
[P,,,] (mM1 

Fig. 3. Effect of external orthophosphate on the output ofphotosynthate 
from the Calvin cycle. Steady-state reaction fluxes in C1 equivalents 
for photosynthate export ( 3 ~ ~ 3  from the chloroplast and starch pro- 
duction (6u,,) within the chloroplast. Reported 1401 experimental data 
for starch production in illuminated isolated chloroplasts (0 )  are 
included for comparison 

the high-velocity steady state was found to be asymptotically 
(but not globally) stable. Results of a typical perturbation test 
are shown in Fig. 2. They illustrate that minor perturbations 
of the reaction system in its low-velocity steady state cause 
the system to move towards either the high-velocity steady 
state or a trivial stationary state in which the concentrations 
of all cycle intermediates are zero, the transitions being com- 
pleted within a few minutes. 

The observation that the low-velocity steady state is 
dynamically unstable corroborates the tentative conclusions 
drawn from our previous analyses of the kinetic structure of 
the Calvin cycle [12, 131 and implies that this state cannot be 
of significant biological interest. Further characterization of 
the predictions of the present model, therefore, was restricted 
to the high-velocity steady-state case. 

Comparison with experimental rate data 

The stable steady-state rate behaviour predicted by the 
model is compared in Fig. 1 with reported [40,41] experimen- 
tal data for the effect of external orthophosphate on the Calvin 

Table 4. Metabolite levels in the Calvin cycle 
Metabolite concentrations predicted by the model for an external 
orthophosphate concentration of 0.5 mM compared with those ob- 
served experimentally in illuminated chloroplasts under such con- 
ditions 

Metabolite Calculated Observed concentration 
concentration 

~ 9 1  “W 

mM 

PGA 
BPGA 
GAP 
DHAP 
FBP 
F6P 
G6P 
GIP 
SBP 
S7P 
E4P 
X5P 
R5P 
Ru5P 
RuBP 
ATP 
Pin 

0.59 
0.001 

0.27 
0.024 
1.36 

0.18 
0.13 
0.22 
0.04 

0.02 
0.14 
0.39 
8.1 

2.15 6.0 
- - 

0.17 0.33 

0.11 0.29 
0.36 
0.46 } 3.7 

0.20 0.15 
0.56 - 

0.08 - 

0.45 0.57 
0.12 - 
3.2 7.0 

cycle activity in illuminated isolated chloroplasts. Inspection 
of the data shows that the model accounts with surprising 
accuracy for the observations made. Not only is the stimu- 
lation of the cycle activity by increasing low (less than 0.2 mM) 
orthophosphate concentrations adequately reproduced, but 
the model also provides an excellent description of the inhi- 
bition caused by higher concentrations of the external metab- 
olite. 

As indicated by Eqn (47), the steady-state flux of C1 
equivalents generated by C 0 2  fixation in the Calvin cycle 
is assumed by Schemes 1 and 2 to be partitioned between 
photosynthate export (30,~) and starch production (6u,,). 
Fig. 3 shows the predictions of the model with regard to the 
effect of external orthophosphate on the steady-state flux in 
the respective output process. The results are in most satisfac- 
tory agreement with the empirical rate data reported by 
Flugge et al. for starch production in illuminated chloroplasts 
[41] and are consistent also with the evidence indicating 
that starch production at low concentrations of external 
orthophosphate may account for up to 30% of the total 
amount of C 0 2  fixed [42]. 

Steady-state concentrations of metaboIites 

The model was applied to calculate the magnitude of all 
concentration variables in the stable steady state that obtains 
at an external orthophosphate concentration of 0.5 mM. The 
results in Table 4 show that metabolite levels thus calculated 
are in reasonable agreement with those observed experimen- 
tally in illuminating chloroplasts operating in reaction media 
containing 0.5 mM orthophosphate. Fig. 4A- D illustrates 
the predictions of the model with regard to the effect of 
external orthophosphate on the steady-state values of the 
concentration variables. The level of one cycle intermediate 
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Fig. 4. Effect of external orthophosphate on the steady-state levels of metabolites. Metabolite concentrations predicted by the model for the 
reaction system in Schemes 1 and 2 

(sedoheptulose 7-phosphate) decreases monotonously with 
increasing concentrations of external orthophosphate, and 
the levels of ATP and internal orthophosphate steadily in- 
crease. The amplification factor for the latter metabolite is 
typically of the order of 10, such that a 0.1 mM change of 
the external orthophosphate concentration causes an about 
1 mM change of the stromal concentration of the metabolite. 

Levels of other metabolites exhibit more complex profiles 
and pass through maxima which in most cases are reached 
at external orthophosphate concentrations within the range 
0.05 - 0.2 mM. 

Control data for the reaction system 

Dimensionless control coefficients Ci describing the 
change of a system variable x (reaction flux or metabolite 
concentration) caused by variation of a system parameter p 
(constants in Tables 1 - 3  or the external concentration of 
orthophosphate) can be defined [44] as 

Such control data were determined by numerical differen- 
tiation [38] of the stable steady-state solution obtaining for 
the reaction system in Schemes 1 and 2 according to the 

present model; some typical results are reported in Tables 5 
and 6. 

Table 5 shows the control matrix describing how 
maximum activities of non-equilibrium enzymes in the system 
(the phosphate translocator is considered as an enzyme 
catalysing a transport step) affect the steady-state metabolite 
concentrations that obtain at an external orthophosphate con- 
centration of 0.5 mM. Table 6 shows corresponding control 
data for the steady-state cycle activity at different concen- 
trations of external orthophosphate. The implications of data 
in Tables 5 and 6 will be considered in the Discussion. 

DISCUSSION 

Basic mathematical approach 

Description of the Calvin cycle from the point of view of 
reaction kinetics is a formidable task. Even if concentrations 
of enzymes, NADPH, NAD', COz, and H' are considered 
as fixed parameters, the reaction system defined by Schemes 
1 and 2 will involve 7 independent concentration variables. 
The time-dependence of these variables is governed by a set 
of differential equations (Eqns 4 - 19) containing complex 
non-linear expressions such as those in Eqns (31 -41). The 
dynamic behaviour and control properties of a system of 
that complexity cannot be reliably established by intuitive 



Table 5. Enzyme control of metabolite concentrations 
Control coefficients defined by Eqn (60) calculated for the steady stale of the reaction system in Schemes 1 and 2 at an external orthophosphate 
concentration of 0.5 mM 

Variable (x) Parameter (p) 

0.09 
0.05 
0.01 

0.02 

0.01 

0.07 

0.06 
- 0.09 

-0.04 

- 1.39 
-0.01 

0.04 

-0.30 
-0.79 
- 0.42 

-0.84 

0.73 

0.07 
0.07 
0.48 

-0.17 

-0.20 
-0.10 
-0.37 

3.90 
0.63 

-0.15 

-0.31 

-1.79 

-3.70 
3.37 

-3.55 

1.61 

0.81 
-0.70 

0.78 

0.66 
0.13 

- 0.02 

-0.03 

-0.27 

0.56 

0.58 
-1.71 

-0.86 

0.27 
-0.11 

0.14 

- 2.34 
-0.40 

0.91 

1.82 

2.22 

4.34 
-1.51 

3.43 

-0.30 

0.69 
0.41 

-1.31 

-1.87 
0.33 

-0.32 

-0.63 

-0.79 

- 1 .I9 
-0.14 
-0.88 

-0.23 

-0.17 
0.47 
0.64 

-0.13 
0.06 

-0.02 

-0.04 

-0.12 

-0.14 
0.00 

-0.12 

-0.01 

-0.01 
0.04 
0.08 

Table 6. Enzyme control of the Calvin cycle activity 
Control coefficients defined by Eqn (60) calculated for the steady- 
state cycle flux ( u )  in the reaction system in Schemes 1 and 2 at 
different concentrations of external orthophosphate, [PeX,] 

Parameter @) Value at [Pex,] (mM) = 

0.05 0.15 0.5 1.0 1.5 1.8 

v1 0.00 0.00 0.01 0.02 0.03 0.1 
v6 -0.01 -0.02 0.03 0.15 0.50 3.9 
v9 -0.15 0.29 0.43 0.60 0.94 3.8 
V13 -0.07 0.03 0.07 0.17 0.38 2.1 
V16 0.02 0.65 0.69 0.73 0.91 2.9 
V., 0.98 0.05 -0.20 -0.64 -1.72 -11.6 
V-1 0.23 0.00 -0.02 -0.03 -0.05 -0.2 

reasoning, but requires characterization by strict analysis 
based on mathematical modelling. 

In the model now presented, equilibrium approximations 
are used for all reaction steps close to equilibrium, an ap- 
proach which previously has been successfully applied in con- 
trol studies of the glycolytic pathway [45]. We have refrained, 
however, from using the standard approach of introducing 
linearizing first-order assumptions to reduce the complexity 
of the rate equations for enzymatically catalysed reaction steps 
(Eqns 31 -41), a main reason being that such assumptions are 
insufficient to eliminate all sources of non-linearity in the 
system. Furthermore, physiological concentrations of sub- 
strates for non-equilibrium enzymes in the Calvin cycle can 
hardly be considered as negligible in comparison to the corre- 
sponding Km values (see Tables 3 and 4). Finally, our previous 
model studies [13] have indicated that the dynamic and control 
properties of the Calvin cycle may be fundamentally depen- 
dent on the saturation behaviour of critical enzymic reaction 
steps. Hence it would seem obvious that the consequences of 
this saturation behaviour should be characterized rather than 
neglected. 

The consequent persisting non-linearity of the differential 
equations forming the basis for the present model precludes 

the derivation (even under steady-state conditions) of explicite 
analytical expressions for the concentration variables and re- 
action fluxes. Application of the model, therefore, requires 
computer-programmed numerical methods for solution of the 
differential equations and for the determination of various 
control measures. This practical and theroretical incon- 
venience is a prize one has to pay in order to obtain reliable 
information on the dynamic behaviour and control properties 
of the complex system considered. 

Modes of operation of the Calvin cycle 

Hahn [8] recently concluded from a mathematical model 
of leaf carbon metabolism that the Calvin cycle may operate 
in an infinite number of steady states. That conclusion may 
hold true in the trivial sense that the steady-state activity of 
the cycle is dependent on a multitude of parameters which, in 
principle, may attain an infinite number of values. For any 
given set of values of these parameters, however, there must 
be a finite number of steady-state modes of operation of the 
system. This follows from the fact that the dynamic state of 
the system is defined by a finite number of kinetic differential 
equations. 

Fixed parameter values used in this investigation (Tables 
1 - 3) are realistic and supported by experimental evidence; 
they have been selected from presently available literature 
data to be representative for the operation of illuminated 
chloroplasts at saturating COz concentrations in reaction me- 
dia containing orthophosphate as the only external metabolite 
that may be transferred to the stromal solution through the 
action of the phosphate translocator. For these parameter 
values, the present model prescribes that steady-state con- 
ditions may or may not obtain depending on the concen- 
tration of external orthophosphate (which represents a varied 
parameter of the model). When the latter concentration is 
below a certain singularity value (about 1.9 mM), steady-state 
requirements can be met at two distinct levels of Calvin cycle 
intermediates. The level leading to the lower cycle activity, 
however, corresponds to a dynamically unstable steady state 
of insignificant biological interest. It seems reasonable to con- 
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clude, therefore, that the Calvin cycle is unlikely to operate in 
more than a single stable steady state under physiological 
conditions. 

When the external orthophosphate concentration exceeds 
the critical singularity value, steady-state conditions cannot 
obtain; the system will be in a transient state where the exces- 
sive rate of photosynthate export deprives the chloroplast of 
Calvin cycle intermediates such that the cycle activity pro- 
gressively approaches zero. Evidence for such a non-steady- 
state mode of operation of the Calvin cycle has been obtained 
by Fliigge et al. [41] with isolated chloroplasts in reaction 
media containing 2mM orthophosphate. A certain rate of 
C02-dependent O2 evolution was observed (cf. Fig. l), but 
only trace amounts of crucial cycle intermediates could be 
detected after illumination of the chloroplasts for 4 min. 

The effect of external orthophosphate on the Calvin cycle 
activity (Fig. 1) has been generally described in terms of rate 
stimulation over the concentration range 0 -0.2 mM and rate 
inhibition at higher orthophosphate concentrations. The pre- 
sent results indicate that it could be of importance in certain 
contexts to make a clear distinction between the inhibition 
characterizing the steady-state operation of the reaction sys- 
tem at external orthophosphate concentrations within the 
range 0.2 - 1.9 mM (Fig. 1) and the inhibition reflecting the 
‘overload breakdown’ [46] of the system at external 
orthophosphate concentrations above the singularity value. 

Reliability of the model 

There are four main sources of uncertainty as to the accu- 
racy of the predictions of the model now presented. Firstly, 
the equilibrium assumptions applied are approximations 
which do introduce errors with regard to the detailed levels 
of metabolites in the reaction system. Secondly, rate equations 
applied for the enzymic non-equilibrium steps in some in- 
stances (e. g. Eqns 35 and 41) may turn out to be oversimplified 
when more detailed kinetic information on the corresponding 
enzymes ultimately becomes available. Thirdly, the model 
considers only the system in Schemes 1 and 2 and disregards 
other stromal reactions and processes (e. g. ADP dismutation 
and starch degradation) which may affect the levels of metab- 
olites in the system. Finally, model data now reported are 
based on a multitude of parameter estimates (Tables 1-3) 
which in some cases may be subjected to considerable exper- 
imental error. The present results, therefore, should be inter- 
preted with some caution, at least as concerns the predicted 
detailed metabolite levels. 

On the other hand, it is apparent from Figs 1 and 3 that 
the model accounts excellently for the Calvin cycle activities 
and rates of starch production observed experimentally in 
illuminated chloroplasts under different conditions. This pro- 
vides a pragmatic justification for the simplifying approxi- 
mations introduced and indicates that the model can be re- 
liably used for analysis of the main dynamic and regulatory 
properties of the reaction system considered. Such analyses 
could be directed towards any problem relating to the internal 
control structure and parameter dependence of the system, 
but this investigation has focused on the regulatory effects of 
external orthophosphate and the enzyme maximum activities. 

Control of reaction fluxes by external orthophosphate 

The Calvin cycle activity can be affected by metabolic 
events outside the chloroplast, being dependent, for instance, 

on the external concentration of orthophosphate [41,47 - 501. 
This dependence has been proposed to reflect effects of the 
external metabolite on the transport capacity of the phosphate 
translocator [51]. Results in Figs 1 and 3 lend strong support 
to that idea by establishing that cycle activities and rates of 
starch production calculated on the basis of this proposal 
(i. e. using Eqns 36 - 39) exhibit the experimentally observed 
variation with the external orthophosphate concentration. 

Discussion of the regulatory role played by the phosphate 
translocator have usually been founded on the assumptions 
that an increase in concentration of external orthophosphate 
leads to an increased steady-state rate of photosynthate export 
and decreased levels of the Calvin cycle intermediates [48, 
52 - 551. Such generalized assumptions may seem intuitively 
reasonable, but reveal a lack of recognition of the kinetic 
complexity of the reaction system in Schemes 1 and 2. Eqns 
(36-39) show that the rate of photosynthate export not only 
exhibits a direct dependence on the external concentration of 
orthophosphate, but also an indirect dependence deriving 
from the influence of the external metabolite on the internal 
concentrations of orthophosphate and the exported cycle in- 
termediates. The net effect of external orthophosphate on the 
export rate, therefore, cannot be reliably established except 
by detailed analysis of the reaction system as a whole. Appli- 
cation of the present model indicates (Fig. 3) that the export 
rate actually may increase or decrease with increasing concen- 
trations of external orthophosphate depending on what con- 
centration range is considered. 

Similar considerations apply for the effect of external 
orthophosphate on metabolite levels in the system (Fig. 4). 
Concentrations of all cycle intermediates but one may increase 
or decrease with increasing concentrations of the external 
metabolite, passing through maxima which occur at different 
external orthophosphate concentrations with different cycle 
intermediates and which do not coincide with the maximum 
exhibited by the rate of photosynthate export. The most obvi- 
ous correlation between the export rate and metabolite levels 
in general is the one existing at external orthophosphate con- 
centrations below 0.05 mM. That correlation, however, is in 
a direction opposite to the one generally assumed, i.e. an 
increased export rate is associated with increased levels of the 
cycle intermediates. 

It may be concluded from these results that there is no 
simple way of rationalizing the experimentally observed ef- 
fects of external orthophosphate on the Calvin cycle activity 
or the rates of photosynthate export and starch production. 
Mechanistic explanations for the data in Figs 1 and 3 have to 
be based on detailed analyses of the flux control exerted 
by different concentration variables. Such analyses may be 
performed by application of the model now described, but are 
beyond the scope of the present investigation. 

Enzyme control of metabolite concentrations 

Results in Table 4 and Fig. 4 show that steady-state metab- 
olite concentrations predicted by the model are in reasonable 
agreement with those observed experimentally. Concentration 
control coefficients for the different metabolites may be calcu- 
lated with regard to any parameter in the system, but are 
presented (Table 5 )  only for the enzyme maximum activities 
in the experimentally typical case that the external ortho- 
phosphate concentration equals 0.5 mM. A control matrix 
such as the one in Table 5 provides basic information on the 
internal regulatory properties of the system by indicating how 
metabolite concentrations are affected by variation of factors 
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than can be directly related to the activity of an individual 
enzyme (e. g. turnover number, enzyme concentration, or con- 
centrations of modifiers of the enzymic reaction rate). 

According to data in Table 5, ADP-glucose pyrophospho- 
rylase (see column for the parameter Vst) does not strongly 
control any metabolites in the reaction system. This reflects 
the fact that starch production represents a rather insignifi- 
cant output process at the chosen concentration of external 
orthophosphate (Fig. 3). Ribulosebisphosphate carboxylase 
(V13) is unique among the cycle enzymes in controlling no 
metabolite strongly except for its substrate (RuBP). The re- 
maining five non-equilibrium enzymes in the system have a 
relatively pronounced regulatory influence on most or all of 
the metabolites, which means that the concentration of each 
metabolite is strongly controlled by several enzymes. This 
complex control pattern reflects the complex dynamic struc- 
ture of the Calvin cycle and illustrates the difficulty of in- 
terpreting intuitively experimentally observed changes in the 
metabolite levels. Accumulation of fructose bisphosphate, for 
example, might certainly be a consequence of an impaired 
activity of fructose bisphosphate (Cr6' = -0.84), but 
could also derive from a decreased activity of the phosphate 
translocator (Cr-'' = -0.63) or from an increased activity 
of ATP synthetase (C:"l"," = 1.82). 

It should be emphasized that the control matrix in Table 5 
is quantitatively representative only for the behaviour of the 
system at external orthophosphate concentrations around 
0.5mM. If the concentration of the external metabolite is 
raised to 1.7 mM, for example, one gets C:","'] = 0.54. The 
latter datum is of interest because it illustrates that fructose 
bisphosphatase may exhibit a positive concentration control 
coefficient with regard to its substrate. This means that en- 
hancement of the activity of the enzyme accounting for the 
consumption of fructose bisphosphate will raise the steady- 
state concentration of the substrate. Such an apparently para- 
doxical kinetic situation may arise because the Calvin cycle 
intermediates are not only substrates for the enzymes they 
interact with, but also ultimate products of the cycle process 
thus initiated. Enhancement of the enzymic activity will tend 
to increase the product concentration and, depending on the 
properties of the system as a whole, that tendency may or may 
not be stronger than the tendency to decrease the substrate 
concentration. 

When the external orthophosphate concentration is raised 
to 1.8 mM, all non-equilibrium cycle enzymes except 
ribulosebisphosphate carboxylase exhibit positive substrate 
concentration control coefficients. 

Enzyme control of reaction fluxes 

Despite an extensive debate, uncertainty has remained as 
to what Calvin cycle enzyme accounts for the main regulation 
of the cycle activity. Results in Table 6 provide a partly unex- 
pected answer to that question by indicating that (under con- 
ditions of light and C 0 2  saturation) the steady-state cycle 
activity at low concentrations of external orthophosphate 
(P,J is not significantly controlled by anyone of the cycle 
enzymes, but regulated mainly by the phosphate translocator 
and to some extent also by ADP-glucose pyrophosphorylase. 
The explanation for this output control of the cycle activity 
is that the phosphate translocator cannot support photo- 
synthate export at a rate exceeding Ve,[Pe,,]/Kp,,, (see Eqns 
36 - 39). When [Pext] 4 Kpcxt, the corresponding maximum 
export flux becomes significantly lower than the reaction 
fluxes that can be supported by the cycle enzymes. Under such 

conditions, the phosphate translocator (which accounts for 
the main output process) will provide a main contribution to 
the rate-limitation of the steady-state operation of the Calvin 
cycle; this follows from the fact that the cycle activity must 
match the rates of the output processes under steady-state 
conditions. 

When the external orthophosphate concentration is raised 
from 0.05 mM to 0.15 mM, the output control of the system is 
gradually lost (Table 6). The cycle activity becomes regulated 
mainly by ATP synthetase, and to a significant extent also by 
sedoheptulose bisphosphatase. This regulatory situation is 
maintained for external orthophosphate concentrations up 
to about 1 mM, where the phosphate translocator resumes 
predominant control. At even higher concentrations of the 
external metabolite, significant flux control is gradually 
gained also by other non-equilibrium enzymes; as might be 
expected according to our previous analyses of the dynamic 
structure of the Calvin cycle [12, 131, control strengths of 
all non-equilibrium enzymes become of unlimited magnitude 
when the concentration of external orthophosphate ap- 
proaches the singularity value above which the system cannot 
operate in a steady state. 

The control exerted by ATP synthetase at external 
orthophosphate concentrations around the optimal value re- 
flects a rate limitation contributed by the relatively low 
maximum velocity (v16 = 350 rate units) assigned to the 
enzyme; according to Eqn (46), the maximum cycle activity 
that can be supported by ATP synthetase should fall some- 
where between v16/3 and v16/2, i. e. between 120 and 180 rate 
units. Since the magnitude of V16 is known to be strongly 
light-dependent [56], the present results leave little doubt that 
ATP synthetase may account for the main light control of the 
cycle activity. 

Available literature data [56] could support the use of V16 

values considerably higher than 350 rate units, however, and 
there is a possibility that the value now chosen does not refer 
to conditions of strict light saturation. Attention, therefore, 
should be drawn to the control exerted by sedoheptulose 
bisphosphatase in the same region of optimal cycle activity 
(Table 6) .  The low maximum velocity of the latter enzyme 
(V,  = 40 rate units) corresponds to a maximum cycle activity 
of 120 rate units (Eqn 44), which is only marginally higher 
than that observed experimentally. The low activity of 
sedoheptulose bisphosphatase appears to put a definite limit 
to the rate of cyclic C 0 2  fixation under optimal conditions. 

A final inference provided by data in Table 6 is that the 
flux control strength of ribulosebisphosphate carboxylase is 
completely negligible compared to that of other non-equilib- 
rium enzymes. This result may seem somewhat unexpected, 
considering the multitude of reports that have attributed an 
important regulatory function to ribulosebisphosphate car- 
boxylase [57]. That function would not appear to come into 
play under the conditions of light and COz saturation now 
examined, but might be manifest at physiological concen- 
trations of COz. The latter and other regulatory problems 
relating to the parameter dependence of the model now pre- 
sented will be considered in future studies. 

APPENDIX 
Coefficients Aji in Eqn (59) are given by 

A l l  = 1  
A .  
A14 = -2t11 
A15 = 2ti3 

= 0 ; j  = 2, ..., 5 '412 = A I 3  = 0 J 1  
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1 
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