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Abstract. Experiments were carried out to estimate the 
elasticity coefficients and thence the distribution of con- 
trol of sucrose synthesis and photosynthate partitioning 
between cytosolic fructose-l,6-bisphosphatase and su- 
crose-phosphate synthase (SPS), by applying the dual- 
modulation method of Kacser and Burns (1979, Bio- 
chem. Soc. Trans. 7, 1 149-1161). Leaf discs of spinach 
(Spinacia oleracea L.) were harvested at the beginning 
and end of the photoperiod and illuminated at five differ- 
ent irradiances to alter (i) the extent of feedback inhibi- 
tion and (ii) the rate of photosynthesis. The rate of COz 
fixation, sucrose synthesis and starch synthesis were 
measured and compared with the activation of SPS, and 
the levels of fructose-2,6-bisphosphate (Fru2,6bisP) and 
metabolites. Sucrose synthesis increased progressively 
with increasing irradiance, accompanied by relatively 
large changes of SPS activity and Fru2,6bisP, and rela- 
tively small changes of metabolites. At each irradiance, 
leaf discs harvested at the end of the photoperiod had 
(compared with leaf discs harvested at the beginning of 
the photoperiod) a decreased rate of sucrose synthesis, 
increased starch synthesis, decreased SPS activity, in- 
creased Fru2,6bisP, a relatively small (20%) increase of 
most metabolites, no change of the glycerate-3-phos- 
phate: triose-phosphate ratio, a small increase of NADP- 
malate dehydrogenase activation, but no inhibition of 
photosynthesis. The changes of sucrose and starch syn- 
thesis were largest in low light, while the changes of 
SPS and Fru2,6bisP were as large, or even larger, in 
high light. It is discussed how these results provide evi- 
dence that the control of sucrose synthesis is shared be- 
tween SPS and fructose-l,6-bisphosphatase, and provide 
information about the in-vivo response of these enzymes 
to changes in the levels of their substrates and effectors. 
At low fluxes, feedback regulation is very effective at 

Abbreviations: Frul,6Pase=fructose-l,6-bisphosphatase; Fru2,6- 
bisP = fructose-2,6-bisphosphate; Fru6P = fructose-6-phosphate; 
GIc6P = glucose-6-phosphate; hexose-P = the sum of Fru6P, Glc6P 
and GlclP; PGA=glycerate-3-phosphate; Pi=inorganic phos- 
phate; SPS = sucrose-phosphate synthase; triose-P = the sum of gly- 
ceraldehyde-3-phosphate and dihydroxyacetone phosphate; 
UDPGlc = uridine 5'-diphosphoglucose 

altering partitioning. In high light, changes of SPS acti- 
vation and Fru2,6bisP can be readily overriden by in- 
creasing levels of metabolites. 

Key words: Fructose-l-6-bisphosphatase - Photosyn- 
thate partitioning Spinacia (photosynthate partition- 
ing) - Sucrose phosphate synthase - Sucrose synthesis 

Introduction 

The following experiments were carried out to quantify 
the impact of sucrose-phosphate synthase (SPS) and fruc- 
tose-2,6-bisphosphate (Fru2,6bisP) on the rate of sucrose 
synthesis and the partitioning of photosynthate, and to 
show how and why their impact varies, depending on 
the conditions. 

During photosynthesis, triose-phosphates (triose-P) 
are exported to the cytosol and converted to sucrose. 
Inorganic phosphate (Pi) is released and returns to the 
chloroplast via a strict counterexchange with triose-P, 
catalysed by the phosphate translocator, to support fur- 
ther CO 2 fixation (Stitt et al. 1987b). The rate of sucrose 
synthesis is strongly regulated by feedforward mecha- 
nisms, which coordinate it with the rate of photosynthe- 
sis. It is also regulated by feedback mechanisms which 
allow the rate of sucrose synthesis to be decreased, so 
more photosynthate is stored in the chloroplast as 
starch. Several enzymes are involved, including the cyto- 
solic fructose-l,6-bisphosphatase (Frul,6Pase) and SPS 
(Stitt et al. 1987b). 

The cytosolic Frul,6Pase is regulated (inhibited) by 
the signal metabolite, Fru2,6bisP (Stitt et al. 1987a). The 
concentration of Fru2,6bisP is modulated by various me- 
tabolites which inhibit or activate fructose-6-phos- 
phate,2-kinase (Fru6P,2-kinase) and fructose-2,6- 
bisphosphatase (Fru2,6Pase) (Stitt et al. 1984c; Laron- 
delle et al. 1986; MacDonald et al. 1989). Rising rates 
of photosynthesis are signalled by an increasing glycer- 
ate-3-phosphate (PGA): Pi ratio. This drives the 
Fru2,6bisP concentration downwards, and activates the 



584 H.E. Neuhaus et al.: Control of photosynthate partitioning in spinach leaves 

cy toso l ic  F r u l , 6 P a s e  (Stitt  et al. 1984a;  N e u h a u s  and  
Sti t t  1989). A n  increased  supp ly  of  p h o t o s y n t h a t e  also 
s t imula tes  F r u l , 6 P a s e  ac t iv i ty  by  genera t ing  an increase  
of  t r iose-P  and,  thence,  of  F r u l , 6 b i s P  (Herzog  et al. 
1984). This  feedforward  r egu la t ion  is coun te r ac t ed  by 
a feedback  loop.  W h e n  f ruc tose -6 -phospha te  (Fru6P)  in- 
creases in the cytosol ,  the F ru2 ,6b i sP  concen t r a t i on  rises 
and  the cy toso l ic  F r u l , 6 P a s e  is re inh ib i ted  (Stitt  et al. 
1984b;  N e u h a u s  et al. 1989). 

The  act iv i ty  of  SPS is r egu la ted  in an  ana logous  man-  
ner. Inc reas ing  ra tes  of pho tosyn thes i s  l ead  to a " l igh t -  
a c t i v a t i o n "  of  SPS (Sicher and  K r e m e r  1984; Pol lock  
and  Hous l ey  1985; K a l t - T o r r e s  et al. 1987; Sti t t  et al. 
1988). This  involves  p ro t e in  d e p h o s p h o r y l a t i o n  (Huber  
et al. 1989; Siegl and  Sti t t  1990), a l t hough  the signal  se- 
quence has  no t  yet  been e lucidated .  A n  increased  supp ly  
of  p h o t o s y n t h a t e  can  also s t imula te  SPS via an increase  
of  the  g lucose -6 -phospha t e  (Glc6P):  Pi ra t io  (Doehler t  
and  H u b e r  1983, 1984; St i t t  et al. 1988). This  feedforward  
r egu la t ion  is c o u n t e r a c t e d  when sucrose  accumula tes  in 
the leaf. In  these cond i t ions  SPS is deac t iva ted  (Stitt  et al. 
1988) by  a m e c h a n i s m  which  m a y  aga in  involve p ro te in  
p h o s p h o r y l a t i o n  (Hube r  et al. 1989). 

In  a d d i t i o n  to i n f o r m a t i o n  a b o u t  the kind of  regu la to -  
ry mechan isms ,  we also need to  k n o w  how effective they 
are  in a l te r ing  the flux t h r o u g h  the pa thway .  This  k ind  
of  i n fo rma t ion  is essent ia l  if we are  to eva lua te  how the 
feedforward  and  feedback  loops  in teract ,  o r  decide which 
enzymes  ac tua l ly  con t ro l  the ra te  of  sucrose synthesis  
in vivo. Specifically,  we need  to k n o w  (i) how sensit ively 
an enzyme r e sponds  to  changes  in the concen t r a t i on  of  
each of  its effectors in vivo a n d  (ii) whe ther  a change  
in the ac t iv i ty  of  t ha t  pa r t i cu l a r  enzyme ac tua l ly  leads  
to a change  in the  flux t h r o u g h  the ent i re  pa thway .  These  
responses  can  be fo rmal i sed  as the elast ic i ty  coefficient 
and  f lux-cont ro l  coefficient,  respect ively (Kacser  and  
P o r t e o u s  1987). 

One  way  to s tudy  the d i s t r i bu t ion  of  con t ro l  is to 
use m u t a n t s  wi th  a pa r t i a l  r educ t ion  in the levels of  a 
selected enzyme.  This  a p p r o a c h  has  a l r eady  been app l i ed  
to m u t a n t s  of  Clarkia xantiana with decreased  act iv i ty  
of  cy toso l ic  p h o s p h o g l u c o s e  isomerase .  The  results  
showed  tha t  the  effectiveness of  the Fru2 ,6b i sP  feedback  
l o o p  varies,  d e p e n d i n g  on  the condi t ions ,  and  also indi-  
ca ted  tha t  con t ro l  m a y  be shared  be tween  SPS and  the 
cy toso l ic  F r u l , 6 - P a s e  (Neuhaus  et al. 1989). The  fol low- 
ing expe r imen t s  use an  a l te rna t ive  a p p r o a c h  to investi-  
ga te  the  con t ro l  of  sucrose  synthesis ,  which is based  on 
the ' d u a l  m o d u l a t i o n '  m e t h o d  p r o p o s e d  by  Kacse r  and  
Burns  (1979). In  this a p p r o a c h ,  the p a t h w a y  is pe r tu rbed  
in two i n d e p e n d e n t  ways,  and  the resul t ing  changes  of  
s t eady-s ta te  flux and  me tabo l i t e s  levels are  measured .  
The  resul ts  can then be ana lysed  to p rov ide  qua l i ta t ive  
a n d  quan t i t a t i ve  ins ights  in to  the con t r i bu t i on  of  SPS 
and  Fru2 ,6b i sP  to the con t ro l  of  flux dur ing  p h o t o s y n -  
thesis. 

Material and methods 

Spinach (Spinacia oleracea U,S. Hybrid 424; Ferry Morse Seed 
Co., Modesto, Calif., USA) was grown as in Gerhardt et al. (1987). 

Evolution of O2 and ~4COz fixation was carried out in saturat- 
ing COz for 20 min in a leaf-disc Oz electrode at 20 ~ C as in Stitt 
and GroBe (1988). The light was from projectors, and the intensity 
was varied using neutral-density filters. Material was frozen in liq- 
uid Nz, and then separated into insoluble, neutral, acidic and basic 
fractions as in Quick et al. (1989). Recovery of 14C during the analy- 
sis was greater than 90%. The neutral fraction was shown to be 
sucrose by paper chromatography (pyridine:ethyl acetate:water, 
8:2:1; by vol.). 

Leaf material for metabolite and enzyme assays was illumi- 
nated in a leaf-disc O2 electrode for 12 min, and then quenched 
in liquid Nz under continued illumination. Extracts were prepared 
and assayed for Fru2,6bisP, metabolites and adenine nucleotides 
as in Stitt and Groge (1988), for SPS as in Stitt et al. (1988) using 
2 mM Fru6P, 10 mM Glc6P, 5 mM Pi and 3 mM uridine 5'-di- 
phosphoglucose (UDPGlc) in the assay, for Frul,6Pase as in Stitt 
and Grol3e (1988) and for NADP-malate dehydrogenase as in 
Scheibe and Stitt (1988). 

Theory 

The quantitative treatment of the results in this article is based 
on the following theorems, which were developed by Kacser and 
coworkers (see Kacser and Porteous 1987). The flux-control coeffi- 
cient, C, describes the ability of an enzyme to control the flux 
through a pathway and is defined as 

C = ~ - / ~ - ,  Eq. (1) 

where dE/E is a fractional change in the activity of the enzyme, 
and dJ/J is the resulting fractional change in the steady-state flux 
through the whole pathway. The elasticity coefficient, e, describes 
the response of the enzyme to a change in one of its effectors 
when the enzyme is isolated from the rest of the pathway. It is 
defined as 

dv/ ; e =-v-  ' Eq. (2) 

where d v/v is the fractional change in the activity of the enzyme 
which results from a change, ds/s, in the concentration of one of 
its effectors, when all the other effectors are kept constant (Kacser 
and Porteous 1987). The flux-control coefficients of two adjacent 
enzymes in a pathway are related by the connectivity theorem, 
which states that 

CE 1 --  ,~E2sx 

CE 2 E E1 Sx 
Eq. (3) 

where CE1 and C~z are the flux-control coefficients of two 'adja- 
cent' enzymes. El ,  E2, and e r l  and e E2 s~ sx are their elasticity coeffi- 
cients for a shared substrate, Sx. The summation theory, 

CE1 + CE2 ... Ce, = 1 Eq. (4) 

states that the flux-control coefficients of all the enzymes in a path- 
way sum up to unity. It follows that the flux-control coefficients 
for enzymes can be estimated via the connectivity and summation 
theorems, provided we are able to measure the in-vivo elasticity 
coefficients for their substrates and major effectors. 

One way of estimating in-vivo values for elasticity coefficients 
is to use the dual-modulation approach (Kacser and Burns 1979). 
If we take the simplest case of an enzyme with two effectors, sl 
and s2, the change in activity, d v/v, after perturbing the cell and 
allowing a new steady state to be reached can be expressed as 

d r _ d  J _  ds 1 ds 2 Eq. (5) 
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where dJ/J is the fractional change of the steady-state flux, dsl/s~ 
and dsz/s2 are the fractional changes in the steady-state levels of 
the metabolites s~ and Sz, and e,~ and e~ are the elasticity coeffi- 
cients of the enzyme for s~ and s2, respectively. Empirical values 
can be obtained for dJ/J, dsl/sl and dsz/s2 if we measure the 
steady-state flux and metabolite levels before and after metabolism 
is perturbed, while e~ and e~ will be unknowns. If two independent 
perturbations are carried out, two simultaneous equations can be 
written and solved for e~ and e~. 

This approach can be applied to sucrose synthesis, using a 
simplified model to allow suitable equations to be written for the 
cytosolic Frul,6Pase and SPS (Stitt 1989). It should be noted that 
this approach makes no assumption about the kinetic properties 
or maximum activities of these enzymes; it merely assumes that 
the most important regulation properties are known. The response 
of Frul,6Pase activities to a change in steady-state conditions is 
described as 

d v _ ev d triose-P F d Fru2,6bisP 
- - -  triose-P" - -  p eFru2.6bisP' Eq. (6) v triose-P Fru2,6bisP 

where e v and ~FFru2 6bisP are the elasticity coefficients of the Fru- triose-P 
F 1,6Pase for triose-P and Fru2,6bisP, respectively. The term ~triose-P 

implicitly includes the response to changes of Pi. Triose-P are used 
instead of Frul,6bisP, because it is technically difficult to measure 
the cytosolic Frnl,6bisP level (Gerhardt et al. 1987); in effect, this 
equation treats triose-P isomerase, aldolase and Frul,6Pase as one 
block of enzymes. Since the reaction is irreversible (Gerhardt et al. 
1987) and Fru6P does not inhibit under physiological conditions 
(Stitt et al. 1985) the term for the product is omitted. The equation, 
for simplicity, omits the effect of AMP. 

The activity of SPS is described as 

dv d SPS ~ dhexose-P 
~ - =  SPS +eb ...... p hexose-P 

�9 ~ dUDPGlc dsucrose 
-I- ~UDPGle ' UDPGIc +e~ ...... sucrose Eq. (7) 

where dSPS/SPS is the fractional change in the activation of the 
enzyme, e~ h~ose-v and ~vr, eG~r ~ are elasticity coefficients of SPS for 
the combined hexose-P pool and UDPGlc respectively, and e~ ...... 
is a notional elasticity coefficient for sucrose. This equation assumes 
that the 'inactive' form of SPS is totally inactive in vivo (see below 
for further discussion). Changes of Pi are tacitly included in the 
term ~ ...... p, which actually describes the response of SPS to 
changes of Glc6P, Fru6P and Pi. To solve this equation in the 
following article, we assume that e~om~c is 0.5, as would be the 
case if SPS were half-saturated with UDPGlc. The UDPGlc concen- 
tration estimated in the cytosol is about 3 3.5 mM (see below) 
assuming a volume of about 20 gl mg chlorophyll-1 (Chl), and 
the K m (UDPGlc) is about 7 mM (Siegl and Stitt 1990). 

If each of these equations is substituted with two independent 
sets of empirical values for ds/s and dv/v (=dJ/J,  the fractional 
change in the steady-state rate of sucrose synthesis), they can be 
solved to provide values for the various elasticity coefficients. A 
modified form of the connectivity theorem (Stitt 1989) can then 
be used to estimate flux-control coefficients for sucrose synthesis 
for the cytosolic Frul,6Pase (CF) and SPS (C~). Hexose-P are taken 
as the shared pool between Frul,6Pase and SPS. However, hexose- 
P do not exert a direct effect on Frul,6Pase (Stitt et al. 1985); 
instead, they act on Frul,6Pase indirectly, via changes of Fru2,6bisP 
(Stitt et al. 1984; Stitt and Neuhaus 1989). The response of Fru2,6- 
bisP to an increase of Fru6P is described by the empirical term, 
e, where 

d Fru2,6bisP / d Fru6P Eq. (8) 
~ / Fru6P 

d Fru6P/Fru6P is the fractional change of Fru6P, and d Fru2,6bisP/ 
Fru2,6bisP is the resulting fractional change of Fru2,6bisP after 

peturbing metabolism to increase the Fru6P level (Stitt 1989). The 
response of the Frul,6Pase to a change of hexose-P can then be 

v It follows that a modified connectivity described as a. EFru2.6bisP. 
theorem can be written, 

C F  B~exose~P 
C s ~ .  ~Fru2 ,6b i s  P " 

Eq. (9) 

This theorem yields relative flux-control coefficients, describing the 
distribution of control in the metabolic sequence between triose-P 
and sucrose. 

The entire pathway of photosynthetic sucrose synthesis, of 
course, also includes the fixation of CO2 in the chloroplast. The 
flux-control coefficients of Frul,6Pase and SPS for the conversion 
of CO2 to sucrose will retain the same relation, but their magnitude 
may change. They will both be decreased when enzymes in the 
thylakoids or the Calvin cycle exert control on the rate of triose-P 
formation, and they will be increased if the enzymes of starch syn- 
thesis have negative control coefficients for sucrose synthesis (this 
follows from the summation theory). It is, however, important to 
note that SPS and Frul,6Pase will still have finite flux-control coef- 
ficients for the conversion of CO2 to sucrose even when they exert 
no control over the rate of photosynthesis. This follows because 
a decreased rate of sucrose synthesis can be offset by an increased 
rate of starch synthesis. 

Results 

Experimental  design. The flux to sucrose was decreased 
by either (i) decreasing the i r radiance  or (ii) increasing 
feedback on  the pathway.  Spinach p lants  were taken  
after 14-19 h darkness,  when there is negligible sucrose 
in the leaf, or after 8-10 h i l lumina t ion ,  when  sucrose 
has accumula ted  in the leaf (Stitt et al. 1983; Ge rha rd t  
et al. 1987). It has already been  shown that  these two 
sets of leaf mater ia l  differ in the ac t iva t ion  of SPS, the 
levels of Fru2,6bisP and  metaboli tes ,  a nd  in the part i-  
t ion ing  of pho tosyn tha te  (Stitt et al. 1983; Ge rha rd t  et al. 
1987; Stitt et al. 1988) i.e. they are ' p r o g r a m m e d '  to exert 
weak a nd  s t rong feedback regula t ion  of sucrose synthe- 
sis, respectively. Leaf discs harvested from bo th  sets of 
mater ia l  were then i l lumina ted  at five different irra- 
diances. 

Fluxes.  Fluxes were measured  as 14C-incorpora t ion after 
i l lumina t ing  the leaf discs for 20 min  in sa tura t ing  
[14C] b i ca rbona te  in a leaf-disc 02  electrode. It  has been 
shown that  the sucrose accumula t ing  in the disc does 
no t  exert feedback cont ro l  itself du r ing  this t ime (Stitt 
et al. 1984b). Both sets of leaf mater ia l  had  a similar  
l ight-response of CO2 fixation (Fig. 1 A) and  
02  evolu t ion  (data no t  shown). However,  the leaf mater i -  
al harvested at the end of the pho tope r iod  had  a lower 
rate of sucrose synthesis (Fig. 1 B) and  a higher rate of 
starch synthesis (Fig. 1 C). 

This change of pa r t i t ion ing  was appa ren t  at all irra- 
diances. However,  the change was largest in low irra- 
diance. This is i l lustrated in Fig. 1 D, which compares  
the rat io of sucrose synthesis:  starch synthesis in mater ia l  
harvested at the end of the night  and  the end of the 
day, and  in Table  1, which summarises  the fract ional  
changes of sucrose (dJSU/J su) or starch (dJSt / j  st) synthesis 
when  these two groups of leaf mater ia l  are compared  
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Fig. l A-D. Response of fluxes to irradiance and feedback regula- 
tion. The light-responses of the fluxes were measured by ~4C incor- 
poration in spinach leaf material harvested at the end of the dark 
period (0... o) and the end of the photoperiod (0 0). A CO2 fixa- 
tion; B sucrose synthesis; C starch synthesis; D ratio of sucrose 
synthesis:starch synthesis. Results are given as mean -t-SE (n=4) 

(see table legend for the calculation).  There was a 56% 
reduc t ion  of sucrose synthesis (djSU/J su= - 0 . 5 6 )  in leaf 
mater ia l  harvested at the end of the photoper iod  if we 
compare  the fluxes in low light. In  contrast ,  sucrose syn- 
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Fig. 2A, B. Activity of SPS and Fru2,6bisP levels. The light re- 
sponse of the parameters was measured in spinach leaf discs har- 
vested at the end of the night (o... o) or the end of the photoperiod 
(o e). ASPS, assayed in 2 mM Fru6P, 10 mM Glc6P, 5 mM Pi, 
3 mM UDPGlc; B Fru2,6bisP. The results are the mean S E  
(n=4) 

thesis was only reduced by 20% in high light. Starch 
synthesis was also s t imulated more  strongly in low irra- 
diance than  high i r radiance (Table 1). 

Activation of SPS, and Fru2,bisP levels. The ' coa r se '  reg- 
u la t ion  of SPS, and  the changes of Fru2,6bisP were inves- 
t igated to assess their con t r ibu t ion  to these changes of 
flux. Extracts were rapidly prepared,  and  assayed for 
SPS in the presence of 2 m M  Fru6P,  10 m M  Glc6P, and  
5 m M  Pi. In  these condit ions,  the ' ac t ive '  form of SPS 
retains close to Vm,x activity, bu t  the ' i nac t ive '  form has 
negligible activity (Stitt et al. 1988; Siegl and  Stitt 1990). 
There was a progressive act ivat ion of SPS with increas- 

Table 1. Fractional changes of fluxes, metabolites, Fru2,6bisP, and SPS activation during feedback inhibition of sucrose synthesis in 
spinach leaves: dependence on the steady-state irradiance. Leaf discs were harvested from plants at the end of the night or the end 
of the day, and were illuminated at five different irradiances. The fractional change (dX/X) in material harvested at the end of the 
photoperiod compared with the end of the dark period, was calculated at each irradiance using the formula dX/X=(XP--xD)/x D, 
where X p is the value for the parameter in material harvested at the end of the dark period, and X ~ is the value in material harvested 
at the end of the photoperiod. The raw data used in the calculation are shown in Figs. 1-3 

Irradiance Fractional change in fluxes, metabolites, or activity between predarkened and 9-h-illuminated leaf material 

~tmol �9 m - 2. s- 1 d J sucrose d J starch d triose-P d Fru2,6bisP d hexose-P d UDPGIc d SPS 
J starch triose-P hexose-P UDPGlc SPS d sucrose Fru2,6bisP 

0 - - +0.70 +0.51 - - 
75 --0.56 (n.d.) +0.23 +0.39 +0.19 +0.05 -0.46 

150 -0.31 + 1.60 0.00 +0.56 +0.12 +0.15 -0.56 
302 - 0.34 + 0.95 0.00 + 0.66 + 0.09 + 0.14 - 0.40 
576 -0.21 +0.57 +0.26 + 1.68 +0.13 +0.27 -0.42 

1050 -0.19 +0.54 +0.23 + 1.68 +0.11 +0.17 -0.46 
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Table 2. Relation between the change in the steady-state Fru2,6bisP level or the activation of SPS, and the steady-state flux to sucrose 
and starch: dependence on the irradiance. The results are calculated from Table 1 for each irradiance shown (n.d. = not determined) 

Irradiance 

(gmol. m- 2. s- 1) 

Pathway responses to Fru2,6bisP 

d J sucrose/J sucrose 
d Fru2,6bisP/Fru2,6bisP 

d J starch/J starch 
d Fru2,6bisP/Fru2,6bisP 

Pathway responses to SPS activation 

d J sucrose/J sucrose 
d SPS/SPS 

d J starch/J starch 
dSPS/SPS 

75 - 1.43 n.d. + 1.21 n.d. 
150 -0.56 +2.85 +0.55 -2.85 
302 -0.51 + 1.43 +0.97 -2.37 
576 -0.12 +0.34 +0.88 -1.35 

1050 -0.11 +0.32 +0.41 - 1.17 

ing irradiance (Fig. 2 A). However,  at a given irradiance, 
SPS activity was always lower in material  harvested at 
the end of the photoperiod.  Fructose-2,6-bisphosphate 
decreased continuously when the irradiance was in- 
creased (Fig. 2B), as previously seen (Stitt et al. 1984a). 
However, at each irradiance, there was more  Fru2,6bisP 
in leaf material  harvested at the end of the photoper iod 
(Fig. 2 B). 

We have already seen that the fluxes to sucrose and 
starch are more sensitive to feedback control in low irra- 
diance (Fig. 1D, Table 1). In contrast, SPS activation 
was decreased by a fairly constant amount  (40%-50%) 
at all the irradiances when material was harvested at 
the end of the photoperiod (Fig. 2A, Table 1). Fructose- 
2,6-bisphosphate actually increased more  in high irra- 
diance (170%) than low irradiance (30%-50%) when 
material  was harvested at the end of the photoper iod 
(Table 1). The differing response of fluxes to changes of 
SPS or Fru2,6bisP at different irradiances is summarised 
in Table 2. For  a given change of SPS or Fru2,6-bisP, 
there is a far larger relative change in the rate of sucrose 
synthesis in low irradiance than in high irradiance. 
Changes of SPS and Fru2,6bisP also stimulated starch 
synthesis more  strongly in low irradiance than high irra- 
diance (Table 2). 

Metabolites. These changes of SPS activation and 
Fru2,6bisP will interact with changes in the concentra- 
tions of other effectors, e.g. substrates, to generate the 
observed changes of flux. We therefore measured the 
changes of some key metabolites involved in sucrose syn- 
thesis. 

Increasing irradiance led to an increase of hexose-P 
(Fig. 3A) and triose-P (Fig. 3C), as previously seen 
(Badger et al. 1984; Stitt et al. 1984; Dietz and Heber  
1986; Stitt and Grol3e 1988). However,  while flux in- 
creased 15-fold between 75 and 1050 g m o l . m - 2 . s  -1, 
hexose-P only rose by 2 0 % - 3 0 %  and triose-P only dou- 
bled. Uridine diphosphoglucose (UDPGlc)  increased at 
the lowest irradiance used, and then stayed constant. 
Obviously, flux is increased with, relatively speaking, 
rather constant levels of metabolites when the irradiance 
is increased. 

If leaf material  harvested at the end of the photoperi-  
od is compared  with predarkened material, there is a 
general increase of all the intermediates. However,  the 
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Fig. 3A-D. Metabolite levels. The light response was measured 
in spinach leaf discs harvested at the end of the night (o...o) 
or the end of the photoperiod (e-e). A Hexose-P,=sum 
of Glc6P+Fru6P+glucose-l-phosphat (GlclP); B UDPGlc; 
C triose-P,=sum of dihydroxyacetone-P and glyceraldehyde-3-P; 
D PGA. The results are the mean +SE (n=4) 

increase is small, being only 20% or less. These changes 
are considerably smaller than the changes of flux, or 
the changes of SPS activation or Fru2,6bisP levels. 

Interaction with the chloroplast. We also investigated 
some parameters  which could provide information about  
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Fig. 4A-D.  Energy status. The light response was measured in leaf 
discs harvested at the end of the dark period (o.. .  o) or the end 
of the photoperiod ( e - e ) .  A Ratio of PGA:triose-P; B ratio of 
ATP/ADP;  C activation of NADP-malate dehydrogenase (NADP- 
MDH), as metabolic indicator for the stromal NADPH system 
(Scheibe and Stitt 1988); D activation of the stromal Frul,6Pase 

the way in which the chloroplasts are responding to the 
decreased rate of sucrose synthesis in leaf discs harvested 
in the evening. A decreased rate of sucrose synthesis 
should decrease the supply of Pi to the chloroplast. In 
isolated chloroplasts, this leads to a decreased ATP/ADP 
ratio and a restriction of PGA reduction (Heldt et al. 
1977). The resulting increase of the PGA: Pi ratio acti- 
vates adenosine diphosphoglucose (ADPGlc) pyro- 
phosphorylase (Preiss 1982) and starch synthesis is acti- 
vated. 

Discs harvested at the end of the photoperiod had 
an increased level of PGA at every irradiance used 
(Fig. 3 D). The general increase of all the other metabo- 
lites indicates that the free Pi level would be lower in 
leaf material harvested at the end of the photoperiod. 
However, the metabolite pools do not increase by more 
than 20% at any particular irradiance, whereas starch 
synthesis is increased by 50%-160% (Table 1). Leaf ma- 
terial harvested at the end of the photoperiod (with de- 
creased sucrose and increased starch synthesis) also only 
had a marginal increase of the PGA/triose-P ratio at 
any given irradiance (Fig. 4A). 

Overall measurements of adenine-nucleotide levels 

did not reveal a consistent decrease of the ATP/ADP 
ratio (Fig. 4B). Although we cannot exclude the possibil- 
ity that compartmentation may have concealed a de- 
crease of the stromal ATP/ADP ratio, these results indi- 
cate that there is no large additional restriction of ATP 
synthesis due to low Pi during the operation of sink 
control in these conditions. Glycerate-3-phosphate re- 
duction also requires NADPH.  We measured the activa- 
tion state of NADP-malate dehydrogenase, which can 
be used as a metabolic indicator for the stromal 
N A D P H / N A D P  ratio (Scheibe and Stitt 1988). As seen 
before, NADP-malate dehydrogenase was activated as 
irradiance increased (Fig. 4C). However, the activation 
was consistently higher in leaf discs where feedback regu- 
lation was operating, indicating that the stromal 
N A D P H  system is more reduced in this leaf material. 
For  comparison, the activation of the stromal Fru- 
1,6Pase was also measured. This enzyme is also activated 
by thioredoxin, but the activation is not modulated by 
the stromal N A D P H / N A D P  system. In this case, there 
was no difference in the activation between plant materi- 
al harvested at the beginning and the end of the photope- 
riod. 

Discussion 

We will first discuss these results qualitatively and will 
then show how they can be used to estimate elasticity 
coefficients for the cytosolic Frul,6Pase and SPS, and 
provide quantitative insights into the control of photo- 
synthetic sucrose synthesis. 

Feedforward control. It is evident that decreasing 
Fru2,6bisP and activation of SPS provide an effective 
way of increasing the rate of sucrose synthesis in re- 
sponse to rising rates of photosynthesis. After each in- 
crease in irradiance, the fractional increase of flux is very 
large, while the steady-state metabolite levels only in- 
crease marginally. This sensitive response ensures that 
Pi is recycled more rapidly to the chloroplast, without 
a large increase in the levels of phosphorylated interme- 
diates or a corresponding large depletion of the steady- 
state Pi concentration. 

This sensitive response can be explained as follows. 
Firstly, decreasing Fru2,6bisP and activation of SPS in- 
crease the substrate affinity of the Frul,6Pase (Herzog 
et al. 1984) and SPS (Stitt et al. 1988; Siegl and Stitt 
1990). Secondly, Frul,6Pase and SPS both respond in 
a sigmoidal manner to an increase in the pool of triose-P 
and hexose-P (Stitt et al. 1987a, b). 

This sensitive response of flux to increasing rates of 
photosynthesis is found in the presence and in the ab- 
sence of feedback control, i.e. in material harvested at 
the end of the night and at the end of the photoperiod, 
respectively. The feedback loops lead, in effect, to a shift 
of the ' threshold'  concentration (Herzog et al. 1984; Stitt 
et al. 1987a) which is needed for flux at the Frul,6Pase 
and SPS. This is illustrated in Fig. 5, in which the steady- 
state flux to sucrose is plotted against the concentration 
of triose-P (Fig. 5 B) or hexose-P (Fig. 5 A). 
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Feedback regulation. Deactivation of SPS and increased 
Fru2,6bisP lead to an inhibition of sucrose synthesis and 
a stimulation of starch synthesis at all irradiances. How- 
ever, the changes in metabolites which accompany this 
change of partitidning are relatively small. This has two 
important  implications. Firstly, electron transport,  ATP 
synthesis and the Calvin cycle will be able to adjust to 
these small changes of metabolite pools. In agreement, 
we observe only marginal changes of the PGA/triose-P 
ratio and a slight increase in the redox state of the chlo- 
roplast, and no loss of net photosynthetic flux. Secondly, 
these results show that ADPGlc  pyrophosphorylase 
must be responding very sensitively in vivo to changes 
of the PGA/Pi  ratio, as expected from its in-vitro proper- 
ties (Preiss 1982). In this way, starch synthesis can be 
stimulated by small perturbations of the metabolite lev- 
els, which have no effect on the net rate of CO2 fixation. 
An identical conclusion was reached using mutants of 
Clarkia xantiana with decreased cytosolic phosphoglu- 
cose isomerase (Neuhaus et al. 1989). 

Interaction of feedback regulation with the supply of pho- 
tosynthate. Feedback control has far more effect on parti- 
tioning at low rates of photosynthesis. This conclusion 
applies for feedback exerted via changes of SPS activa- 
tion, and for feedback exerted at the Frul ,6Pase via 
changes of the Fru2,6bisP concentration. 

A decreased activation of SPS has two- to three-fold 
more effect on the rate of sucrose synthesis at low irra- 
diance than at high irradiance (Table 2). This implies 
that further factors can overcome the deactivation of 
SPS during rapid photosynthesis e.g. an increasing 
Glc6P/Pi ratio or increasing substrate concentrations. 

Table 3. Response of Fru2,6bisP to a change in the Fru6P level: 
dependence on the irradiance. The levels of Fru2,6bisP and Fru6P 
were compared in material which was harvested at the end of the 
night, and the end of the day, and then left in the dark or illumi- 
nated at five difference irradiances. The fractional changes of 
Fru2,6bisP and Fru6P during feedback inhibition were calculated 
at each irradiance level (see Table 1). The response of Fru2,6bisP 
to a change of Fru6P, =c~ (Stitt 1989) was then calculated 

Irradiance (gmol. m - 2. s- ~) d Fru2,6bisP / d Fru6P 
Fru2,6bisP / Fru6P 

0 1.4 
75 2.1 

150 4.7 
302 7.3 
576 12.9 

1050 11.2 

It is possible that the "inactive" form of SPS shows some 
activity in saturating light and CO2. It has a Km(app) 
for Fru6P of about  2 mM in the presence of an equilibri- 
um concentration of GIc6P (Siegl and Stitt 1990). For  
comparison, the levels of Fru6P found in leaf discs in 
high irradiance (150-170nmol .mgCh1-1)  would be 
equivalent to a Fru6P concentration of about 4 mM in 
the cytosol (assuming about  50% of the Fru6P is in 
the cytosol, with a volume of 20 gl. mg Chl-1,  Gerhardt  
et al. 1987). The affinity for Fru6P will be lower in the 
presence of Pi but, nevertheless, this comparison indi- 
cates that the "inactive" form of SPS could show some 
activity in vivo in leaves which are carrying out rapid 
photosynthesis and generating high concentrations of cy- 
tosolic metabolites. 

When SPS is inhibited, there is an increase of hexose- 
P, including Fru6P. This leads, in turn, to the increase 
of Fru2,6bisP (see Introduction). The response of 
Fru2,6bisP to rising Fru6P (c~, see Theory, Eq. 8) is 
summarised in Table 4. A given change of the Fru6P 
pool is accompanied by a twofold increase of Fru2,6bisP 
at low irradiance, compared with a 10-fold increase at 
high irradiance (Table 3). This increased response of 
Fru2,6bisP at high irradiance has been predicted from 
the in-vitro properties of Fru6P,2-kinase and fructose- 
2,6-bisphosphatase (Fru2,6Pase) (Stitt 1989). At high ir- 
radiance, metabolite levels are higher and Pi will be 
lower (see above). Low Pi will increase the sensitivity 
of Fru6P,2-kinase and Fru2,6Pase to activation and inhi- 
bition by Fru6P (Stitt et al. 1984c; Larondelle et al. 
1986). 

Although Fru2,6bisP increases (relatively) more at 
high irradiance the relative change of flux is larger at 
low irradiance. Obviously, Fru2,6bisP is a more effective 
inhibitor of the Frul ,6Pase in the conditions found in vi- 
vo at low irradiance. A similar conclusion was obtained 
using Clarkia xantiana mutants with decreased cytosolic 
phosphoglucose isomerase to generate an increase of 
Fru6P and, thence, Fru2,6bisP (Neuhaus et al. 1989). 
This conclusion is fully consistent with the known prop- 
erties of the cytosolic Frul,6Pase. Fructose-2,6-bisphos- 
phate inhibits competitively to the substrate, fructose- 
1,6-bisphosphate (Frul,6bisP), and this inhibition is in- 
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Table 4. Fractional change of fluxes, metabolites, Fru2,6bisP and SPS activation after decreasing the irradiance: response to a change 
in the low- and high-irradiance range, and in the presence and absence of feedback inhibition of sucrose synthesis. The fractional changes 
(dY/Y) are calculated from the data in Figs. 1-3 using the formula d y/y=(yn_ ye)yn, where yn is the value of the parameter at 
the higher irradiance, and yL is the value at the lower irradiance. The high- and low-irradiance levels were changed from 302 to 
150 Ixmol. m- 2. s-1 (limiting range), or 1050 to 302 lamol, m- 2. s-1 (high range). The fractional changes were calculated for each irradiance 
step in material harvested at the end of the night (no feedback inhibition) or the end of the photoperiod (with inhibition of sucrose 
synthesis) 

Pretreatment Irradiance Fractional changes of fluxes, metabolites or activity in response to a adecrease of irradiance 
of material change 

(~tmol- m 2. s - 1) d J sucrose d triose-P d Fru2,6bisP d hexose-P d UDPGlc d SPS d J starch 
J sucrose triose-P Fru2,6bisP hexose-P UDPGIc SPS starch 

16 h dark 302 ~ 150 -0.53 -0.27 +0.81 -0.19 +0.06 -0.29 -0.66 
9 h light 302 ~ 150 -0.48 -0.40 +0.70 -0.16 +0.07 -0.05 -0.55 

16h dark 10504302 -0.52 -0.12 +1.62 -0.04 -0.07 -0.25 -0.55 
9h light 1050---302 -0.6l -0.28 +0.62 -0.06 -0.09 -0.13 -0.56 

creased at high Pi (Stitt et al. 1982; Herzog et al. 1984; 
Stitt et al. 1985). At high irradiance the levels of triose-P 
and Frul ,6bisP are higher (Fig. 3) and Pi is lower (see 
earlier discussion), so Fru2,6bisP will inhibit less effec- 
tively. 

Control analysis. These qualitative conclusions can be 
made more precise by estimating the elasticity coeffi- 
cients of the cytosolic Frul ,6Pase and SPS for selected 
substrates and regulatory metabolites. This reveals how 
sensitively the enzymes are responding to a change in 
the concentrations of their effectors in vivo and allows 
us to assess how control is distributed between these 
two enzymes. 

Elasticity coefficients can be calculated using the 
dual-modulat ion method (see Theory). The data in Figs. 
1-3 provide sets of empirical values for the fractional 
changes of fluxes and metabolites after two different per- 
turbations, namely (i) an alteration of the light intensity 
or (ii) the imposition of feedback control. Values from 
both peturbat ions can be entered into the simplified 
equation describing the cytosolic Frul ,6Pase (Eq. 6). 
This yields two simultaneous equations, which can be 
solved for r v eFru2.6bisP and E t r  i . . . .  p .  A similar approach can 
be used to estimate the elasticity coefficients for SPS, 
(Eq. 7). 

The elasticity coefficient of an enzyme varies, depend- 
ing on the conditions e.g. upon whether it is substrate- 
limited or saturated. We have therefore treated the data 
in Figs. 1-3 as follows, to allow us to estimate the in-vivo 
elasticity coefficients for several different metabolic 
states. (i) The light response was divided into two 
sections (150---302 ~tmol .m-Z-s  -1 and 3 0 2 ~ 1 0 5 0  
lamol .m-Z.s -1 ) ,  corresponding to the ranges where 
CO2-fixation is light-limited, or relatively insensitive to 
light, respectively. Table 4 summarises the fractional 
changes of metabolites and fluxes over each of these irra- 
diance ranges for leaf material  harvested at the end of 
the dark period, and for leaf material harvested at the 
end of the photoperiod.  This provides empirical values 
for a first set of equations. They describe the response 
to per turbat ion of the irradiance in four different condi- 
tions, i.e. limiting irradiance without feedback, limiting 
irradiance with feedback, high irradiance without feed- 

back, and high irradiance with feedback. (ii)The frac- 
tional changes of fluxes and metabolites between discs 
harvested at the end of the photoperiod and the end 
of the night (see Table 1) were averaged over the ranges 
75 ~ 302 ~tmol. m -  2. s - 1 ,  and 302 ~ 1050 ~tmol 
�9 m -2.  s-1. This provides empirical values for a second 
set of equations. They describe the response of metabo-  
lism to feedback inhibition in two different conditions, 
i.e. in limiting irradiance and in high irradiance. By com- 
bining suitable equations from set (i) and set (ii), it is 
then possible to estimate elasticity coefficients for the 
Frul ,6Pase and SPS in four different conditions, i.e. li- 
miting irradiance without feedback control, limiting irra- 
diance with feedback control, high irradiance without 
feedback control, and high irradiance with feedback con- 
trol. The estimated elasticity coefficients are summarised 
in Table 4. 

The following picture emerges for SPS. In low irra- 
diance the elasticity for hexose-P is already greater than 
unity. This reflects the sigmoidal response of SPS to in- 
creasing Fru6P (substrate) and Glc6P (activator) (Doeh- 
lert and Huber  1984; Stitt et al. 1988). These results indi- 
cate that the ' coarse '  control of SPS is operating to main- 
tain the hexose-P in a concentration range where SPS 
activity responds quite sensitively to changes of substrate 
availability, even in low irradiance when fluxes are low. 
In the high-irradiance range, the estimated elasticity co- 
efficients for hexose-P are much higher. This could reflect 
a very sensitive response to a combination of rising hex- 
ose-P and falling Pi. However, the elasticity coefficients 
may be overestimated in these conditions. As discussed 
above, the inactive form of SPS may start to show some 
activity in vivo in conditions of very high hexose-P and 
low Pi. In this case, our simplified equation would lead 
to an overestimate of e~ .... . .  p in these conditions. The 
notational elasticity for sucrose is always negligible (see 
also Stitt 1989), which is fully consistent with the absence 
of any direct effect of sucrose on spinach leaf SPS in vitro 
(Stitt et al. 1987b). 

For  Frul,6Pase, the following picture emerges. In low 
irradiance, the enzyme has a relatively low elasticity for 
triose-P and a relatively large (negative because it is an 
inhibitor) elasticity for Fru2,6bisP. This is the pattern 
expected if the Frul ,6Pase is operating in vivo with 
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Table 5. Calculated elasticity coefficients of Frul,6Pase and SPS 
during photosynthesis at different irradiances, and in the presence 
and absence of feedback regulation. The elasticity coefficients are 
calculated using the equations given in the text and the fractional 
changes of metabolites summarised in Tables 2 and 4. The averaged 
values of ~ are calculated from Table 3 

Irradiance range Low irradiance High irradiance 
Pretreatment 
of leaves 15 h dark 9 h light 15 h dark 9 h light 
Feedback 
regulation - + - + 

Frul,6Pase /~triose-P +0.18 +0.23 +0.68 + 1.4 
~Fru2 Fru 1,6P ,6bisP . . . .  0.61 --0.62 --0.27 --0.36 

(4.7) a (12,1) b 

eFru2,6bis PFrul,6Pase . ~ (-2.86) (-2.9) (-3.26) (-4.36) 
SPS ~n . . . . . .  P + 1.4 + 2.5 + 5.9 + 7.2 

es~Sros o + 0.03 -- 0.03 - 

" Averaged for the irradiances 75, 150 and 302 gmol. m 2. s- 1 
b Averaged for the irradiances 302, 576 and 1050 lamol, m-  z. s- 1 

strongly limiting substrate concentration. It  is fully con- 
sistent with the observations (i) that  flux in these condi- 
tions is much lower than the Vmax of Frul ,6Pase,  and 
(ii) that the substrate concentrat ion is low and the inhibi- 
tor (Fru2,6bisP) is high. In high irradiance a different 
picture emerges. The elasticity for triose-P is higher, and 
the elasticity for Fru2,6bisP is lower. This is the pat tern 
expected if Frul ,6Pase is operating with substrate con- 
centrations which are closer to saturating. These will 

v because Fru2,6bisP is a competitive d e c r e a s e  ~Fru2.6bisP, 
inhibitor (Herzog et al. 1984). The calculated elasticity 
coefficients in high irradiance resemble those estimated 
for Clarkia xantiana in moderate  to high irradiance 
(Neuhaus et al. 1989). They are fully consistent with the 
observations that (i) the rate of sucrose synthesis is now 
about  half of the effective Vmax activity of the Frul ,6Pase 
(Stitt and Heldt  1985), and (ii) that triose-P have in- 
creased and Fru2,6bisP has decreased, compared  to low 
irradiance. 

The estimates of ~s v and ~ in Table 5 hexose-P ~ ~ F r u 2 , 6 b i s P  

can then be used to solve Eq. (9), and estimate the relative 
flux-control coefficients for the blocks of reactions 
around Frul ,6Pase and around SPS. These describe the 
contribution of these enzymes to controlling flux from 
triose-P to sucrose. 

In low irradiances, the block of reactions around 
Frul ,6Pase has a relative flux control coefficient of 0.52- 
0.68, and the block of reactions around SPS has a relative 
flux control coefficient of 0.32-0.48. Thus, control is dis- 
tr ibuted between the two enzymes. This is similar to 
the estimate of 0.52 for the flux-control coefficient of 
the Frul ,6Pase,  obtained by applying the connectivity 
theorem to the distribution of control between Fru- 
1,6Pase and phosphoglucose isomerase in reduced-activ- 
ity mutants  of Clarkia xantiana, where the flux-control 
coefficient of the latter enzyme could be directly deter- 
mined (Neuhaus et al. 1989). The previous discussion has 
emphasised how flux at the Frul ,6Pase will be primarily 

regulated by changes of Fru2,6bisP in these conditions, 
and it has earlier been shown that the Fru2,6bisP con- 
centration itself is regulated via changes in the level of 
C-3 metabolites (especially PGA) and Pi (Stitt et al. 
1987a; Neuhaus and Stitt 1989), and by changes of 
Fru6P (Stitt et al. 1987a, Neuhaus  et al. 1989). This con- 
trol pat tern will ensure (i) that adequate amounts  of 
triose-P are retained in the chloroplast  for Calvin-cycle 
turnover and (ii) that a decreased demand for sucrose 
leads to an alteration of partitioning. 

In high irradiance a quite different picture emerges. 
Owing to the uncertainties in our estimate of e s hexose-P,  
we have not tried to estimate the precise distribution 
of control in these conditions. The values in Table 5 indi- 
cate that control is shared, but may underestimate the 
contribution of SPS. However,  it is also obvious that  
Frul ,6Pase and SPS both become far more responsive 
to changes in the levels of their substrates in high irra- 
diance. This means that an excess of photosynthate  will 
be converted to sucrose anyway, even when feedback 
is operating (i.e. even though SPS is partially deactivated 
and Fru2,6bisP is increased). In these conditions, the 
triose-P concentration will be one of the dominant  fac- 
tors controlling the rate at which they are converted 
to sucrose, and will effectively override feedback regula- 
tion of SPS and the Frul ,6Pase.  

In conclusion, these results confirm and extend the con- 
clusions of Neuhaus  et al. (1989). By using the dual-mod- 
ulation approach,  we have shown that control is normal-  
ly shared between the Frul ,6Pase and SPS. Further,  we 
have shown that the effectiveness of the feedback-regula- 
tion loop varies, depending on the conditions. In condi- 
tions allowing low or modera te  photosynthetic fluxes, 
deactivation of SPS and rising Fru2,6bisP provides a 
very effective way of altering the partit ioning of photo-  
synthate, without large changes of metabolites or any 
inhibition of photosynthesis. In conditions of high pho- 
tosynthetic flux, sucrose synthesis responds very sensiti- 
vely to increasing metabolite levels. This ensures that 
high rates of sucrose synthesis are maintained, and min- 
imises or avoids any inhibition of photosynthesis. 

This work was supported by the Deutsche Forschungsgemein- 
schaft. We are grateful to Fr. U. Ktichler for typing the manuscript, 
and Fr. L. Badewitz for the artwork. 

R e f e r e n c e s  

Badger, M.R., Sharkey, T.D., von Caemmerer, S. (1984) The rela- 
tionship between steady-state gas exchange and the levels of 
carbon-reduction-cycle intermediates. Planta 160, 305-313 

Dietz, K.-J., Heber, U. (1986) Light and CO/limitations of photo- 
synthesis and states of reactions regenerating ribulose-l,5-bis- 
phosphate or reducing 3-phosphoglycerate. Biochim. Biophys. 
Acta 848, 392-401 

Doehlert, D.C., Huber, S.C. (1983) Regulation of spinach leaf su- 
crose phosphate synthase by glucose-6-phosphate, inorganic 
phosphate and pH. Plant Physiol. 73, 989 994 

Doehlert, D.C., Huber, S.C. (1984) Phosphate inhibition of spinach 
leaf sucrose phosphate synthase as affected by glucose-6-phos- 
phate and phosphoglucose isomerase. Plant Physiol. 76, 250- 
253 



592 H.E. Neuhaus et al.: Control of photosynthate partitioning in spinach leaves 

Gerhardt, R., Stitt, M., Heldt, H.W. (1987) Subccllular metabolite 
levels in spinach leaves. Regulation of sucrose synthesis during 
diurnal alterations in photosynthesis. Plant Physiol. 83, 399-407 

Heldt, H.W., Chon, C.J., Maronde, D., Herold, A., Stankovic, Z.S., 
Walker, D.A., Kraminer, A., Kirk, M.R., Heber, U. (1977) The 
role of orthophosphate and other factors in the regulation of 
starch formation in leaves and isolated chloroplasts. Plant Phys- 
iol. 59, 1146-1151 

Herzog, B., Stitt, M., Heldt, H.W. (1984) Control of photosynthetic 
sucrose synthesis by fructose-2,6-bisphosphate. III. Properties 
of the cytosolic fructose-l,6-bisphosphatase. Plant Physiol. 75, 
561-565 

Huber, J.L., Huber, S.C., Nielsen, T.H. (1989) Protein phosphoryla- 
tion as a mechanism for regulation of spinach leaf sucrose phos- 
phate synthase. Arch. Biochem. Biophys. 270, 681-690 

Kacser, H., Burns, J.A. (1979) Molecular democracy: who shares 
the controls? Biochem. Soc. Trans. 7, 1149 1161 

Kacser, H., Porteous, J.W. (1987) Control of metabolism: what 
do we have to measure? Trends Biochem. Sci. 12, 5-14 

Kalt-Torres, W., Kerr, P.S., Usuda, H., Huber, S.C. (1987) Diurnal 
changes in maize leaf photosynthesis. I. Carbon exchange rate, 
assimilate export rate, and enzyme activities. Plant Physiol. 83, 
283-288 

Larondelle, Y., Mertens, E., Van Schaftingen, E., Hers, H.-G. (1986) 
Purification and properties of spinach leaf phosphofructoki- 
nase2/fructose-2,6-bisphosphatase. Eur. J. Biochem. 161, 351- 
357 

MacDonald, F.D., Chou, Q., Buchanan, B.B., Stitt, M. (1989) Purifi- 
cation and characterisation of fructose-2,6-bisphosphatase, a 
substrate-speeific enzyme from leaves. J. Biol. Chem. 264, 5540- 
5544 

Neuhaus, H.E., Stitt, M. (1989) Perturbation of photosynthesis in 
spinach leaf discs by low concentrations of methyl viologen. 
Planta 179, 51-60 

Neuhaus, H.E., Kruckeberg, A.L., Feil, R., Stitt, M. (1989) Re- 
duced-activity mutants of phosphoglucose isomerase in the cy- 
tosol and chloroplast of Clarkia xantiana. II. Study of the mech- 
anisms which regulate photosynthate partitioning. Planta 178, 
110-122 

Preiss, J. (1982) Regulation of the biosynthesis and degradation 
of starch. Annu. Rev. Plant Physiol. 33, 431-454 

Pollock, C.T., Housley, T.H. (1985) Light induced increase in su- 
crose phosphate synthase activity of Lolium temulentum. Ann. 
Bot. 55, 593-596 

Quick, W.P., Neuhaus, H.E., Feil, R., Stitt, M. (1989) Fluoride leads 
to an increase of inorganic phosphate and inhibition of photo- 
synthetic sucrose synthesis in spinach leaves. Biochim. Biophys. 
Acta 973, 263-271 

Scheibe, R., Stitt, M. (1988) Comparison of NADP-malate dehy- 
drogenase activation, QA reduction and 02 evolution in spinach 
leaves. Plant Physiol. Biochem. 26, 473-481 

Sicher, R.C., Kremer, D.F. (1984) Changes of sucrose phosphate 
synthase activity in barley primary leaves during light/dark 
transitions. Plant Physiol. 76, 910-912 

Siegl, G., Stitt, M. (1990) Partial purification and characterisation 
of two forms of sucrose phosphate synthase from spinach leaves. 
Plant Sci. 66, 205~11 

Stitt, M. (1989) Control analysis of photosynthetic sucrose synthe- 
sis: assignment of elasticity coefficients and flux-control coeffi- 
cients to the cytosolic fructose-l,6-bisphosphatase and sucrose 
phosphate synthase. Philos. Trans. R. Soc. London [Biol] 323, 
327-338 

Stitt, M., Grol3e, H. (1988) Interactions between sucrose synthesis 
and COz fixation. IV. Temperature-dependent adjustment of 
the relation between sucrose synthesis and CO2-fixation. J. 
Plant Physiol. 133, 392-400 

Stitt, M., Heldt, H.W. (1985) Control of photosynthetic sucrose 
synthesis by fructose-2,6-bisphosphate. VI. Regulation of the 
cytosolic fructose-l,6-bisphosphatase in spinach leaves by an 
interaction between metabolic intermediates and fructose-2,6- 
bisphosphate. Plant Physiol. 79, 599-608 

Stitt, M., Mieskes, G., S61ing, H.-D., Heldt, H.W. (1982) On a possi- 
ble role for fructose-2,6-bisphosphate in regulating photosyn- 
thetic metabolism in leaves. FEBS Letts. 145, 217 222 

Stitt, M., Gerhardt, R., K/irzel, B., Heldt, H.W. (1983) A role for 
fructose-2,6-bisphosphate in the regulation o~ sucrose synthesis 
in spinach leaves. Plant Physiol. 72, 1139 1141 

Stitt, M., Herzog, B., Heldt, H.W. (1984 a) Control of photosynthetic 
sucrose synthesis by fructose-2,6-bisphosphate. I. Coordination 
of CO2 fixation and sucrose synthesis. Plant Physiol. 75, 548- 
553 

Stitt, M., Kiirzel, B., Heldt, H.W. (l 984 b) Control of photosynthetic 
sucrose synthesis by fructose-2,6-bisphosphate. II. Partitioning 
between sucrose and starch. Plant Physiol. 75, 554-560 

Stitt, M., Cseke, C., Buchanan, B.B. (1984c) Regulation of the fruc- 
tose-2,6-bisphosphate concentration in leaves. Eur. J. Biochem. 
143, 89 93 

Stitt, M., Herzog, B., Heldt, H.W. (1985) Control of photosynthetic 
sucrose synthesis by fructose-2,6-bisphosphate. V. Modulation 
of the spinach leaf cytosolic fructose-1,6-bisphosphatase by sub- 
strate, products, pH, magnesium, fructose-2,6-bisphosphate, 
adenosine monophosphate and dihydroxyacetone phosphate. 
Plant Physiol. 79, 590-598 

Stitt, M., Gerhardt, R., Wilke, I., Heldt, H.W. (1987a) The contribu- 
tion of fructose-2,6-bisphosphate to the regulation of sucrose 
synthesis during photosynthesis. Physiol. Plant. 69, 377-386 

Stitt, M., Huber, S.C., Kerr, P. (1987b) Control of photosynthetic 
sucrose synthesis. In: Biochemistry of plants, vol. 10, pp. 327 
409, Hatch, M.D., Boardman, N.K., eds. Academic Press, Lon- 
don, New York 

Stitt, M., Wilke, I., Feil, R., Heldt, H.W. (1988) Coarse control 
of sucrose phosphate synthase in leaves: alterations of the kinet- 
ic properties in response to the rate of photosynthesis and the 
accumulation of sucrose. Planta 174, 217-230 

Received 27 November 1989; accepted 6 February 1990 


