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PREFACE 

The S i x t h I n t e r n a t i o n a l Congress on Photosynthesis took place 
from 1 to 6 August 1983, on the Campus of the " V r i j e U n i v e r s i t e i t Brüssel", 
i n B r u s s e l s , Belgium. These Proceedings co n t a i n most of the s c i e n t i f i c 
c o n t r i b u t i o n s o f f e r e d during the Congress. 

The Brussels Congress was the l a r g e s t thus f a r held i n the 
s e r i e s of I n t e r n a t i o n a l Congresses on Photosynthesis. I t counted 
over 1100 a c t i v e p a r t i c i p a n t s . The organizers t r i e d to minimize the 
disadvantages of such a large s i z e by making maximum use of the f a c i l i 
t i e s a v a i l a b l e on a u n i v e r s i t y campus. Most c o n t r i b u t i o n s were o f f e r e d 
i n the form of posters which were d i s p l a y e d i n a s u b s t a n t i a l number 
of classrooms. The d i s c u s s i o n sessions, twice a day, four or f i v e i n 
p a r a l l e l , took place i n l e c t u r e rooms i n the very v i c i n i t y of these 
classrooms. In t h i s way i t was attempted to generate the atmosphere 
of a small meeting. The u n i t y of the subject Photosynthesis was 
preserved i n the ten plenary l e c t u r e s , organised i n such a way that a 
general overview of two diverse t o p i c s was given every day. In a d d i t i o n , 
there were the f i v e times four p a r a l l e l symposia d e a l i n g w i t h some s i x 
teen general t o p i c s . 

Every e d i t o r of proceedings of a congress i s faced w i t h the 
problem of e d i t i n g and arranging the c o n t r i b u t i o n s , a problem compounded 
by the wide d i v e r s i t y and the large number of the 753 manuscripts. 
This e d i t o r d i d very l i t t l e i n the way of e d i t i n g the papers: a l l papers 
were prepared, camera-ready, by the authors themselves and there was 
no proof-reading. The main reason f o r t h i s was the need to ensure 
speedy p u b l i c a t i o n . The c o n t r i b u t i o n s are arranged i n four volumes 
but the Proceedings form one s e t . Although some attempts were made to 
b r i n g r e l a t e d topics together i n one volume, the volumes I to IV should 
be seen as a succession of chapters, r a t h e r than as volumes i n t h e i r 
own r i g h t . Thus, a r t i f i c i a l and a r b i t r a r y s u b d i v i s i o n s were avoided. 
A page l i m i t was imposed i n order to prevent ov e r s i z e d volumes. 

The c o n t r i b u t i o n s are arranged i n chapters which have no 
d i r e c t r e l a t i o n to the sessions or symposia i n which they were presented. 
The sole c r i t e r i u m f o r p u t t i n g a c o n t r i b u t i o n i n t o a c e r t a i n chapter 
was i t s contents. The c o n t r i b u t i o n s o f f e r e d during the Round Table 
Discussion on L i g h t - C o n t r o l l e d Development of the Photosynthetic 
Apparatus, J u l y 29 to 30, 1983 i n Antwerp, are a l s o included i n these 
Proceedings. They comprise most of the contents of Chapter 7 of 
Volume IV. 
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The e a r l y p u b l i c a t i o n date of these Proceedings could not 
have been r e a l i s e d without the e f f o r t s of, and the pleasant cooperation 
w i t h , Mr. Ad P l a i z i e r of Martinus N i j h o f f P u b l i s h i n g House. Thanks are 
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FRUCTOSE-2,6-BISPHOSPHATE AND C4 PLANTS 

J . SOLL, C. D. WÖTZEL AND B. B. BUCHANAN 
D i v i s i o n of Molecular P l a n t Biology 
U n i v e r s i t y of C a l i f o r n i a , Berkeley, C a l i f o r n i a 94720 

1. INTRODUCTION 

Fructose-2,6-bisphosphate (Fru-2,6-Po) i s a r e g u l a t o r y metabolite that 
f u n c t i o n s i n determining the route of c y t o s o l i c carbon processing i n 
p l a n t c e l l s — i . e . , whether sucrose, the most important plant sugar, i s 
s y n t h e s i z e d or broken down (Cseke et a l . , 1982; S t i t t et a l . , 1982). Our 
l a b o r a t o r y has r e c e n t l y described an enzyme prep a r a t i o n that c a t a l y z e s both 
the s y n t h e s i s ( v i a fructose-6-phosphate,2-kinase or Fru-6-P,2K) (Eq. 1) and 
the breakdown ( v i a fructose-2,6-bisphosphatase or Fru-2,6-P2ase) (Eq. 2) of 
Fru-2,6-P2 ^ n leaves of spinach, a C3 p l a n t (Cseke,Buchanan, 1983; Cseke 
et a l . , 1983). 

(1) Fructose-6-phosphate + ATP Fru-6-P,2K^ Fructose-2,6-bisphosphate + ADP 

(2) Fructose-2,6-bisphosphate + H 20 Fru-2,6-P2ase y Fructose-6-phosphate + P i 

Both the s y n t h e t i c and degradatory a c t i v i t i e s i n the spinach p r e p a r a t i o n are 
r e g u l a t e d a l i o s t e r i c a l l y by key l e a f metabolites i n a manner co n s i s t e n t w i t h 
a r o l e f o r c h l o r o p i a s t s i n determining the f a t e of c y t o s o l i c carbohydrate 
f l u x i n l e a f c e l l s . 

Because of t h e i r d i f f e r e n c e s from C3 p l a n t s , the question a r i s e s about the 
s t a t u s of Fru-2,6-P2 i n C4 s p e c i e s . We have, t h e r e f o r e , i n v e s t i g a t e d t h i s 
problem and now r e p o r t r e s u l t s on Fru-2,6-P2 synthesis and f u n c t i o n i n Zea 
mays (corn), a c l a s s i c a l C4 s p e c i e s . 

2. MATERIALS AND METHODS 

P r e v i o u s l y described methods were used f o r the growth of corn p l a n t s and f o r 
p r e p a r a t i o n of e x t r a c t s f o r enzyme f r a c t i o n a t i o n (Nishizawa,Buchanan, 1981) 
as w e l l as f o r the i s o l a t i o n of mesophyll and bundle sheath c e l l s by d i f 
f e r e n t i a l g r i n d i n g ( G h i r a r d i , M e l i s , 1983). The Fru-6-P, 2K/Fru-2,6-P2.ase 
pr e p a r a t i o n was obtained from e x t r a c t s by polyethylene g l y c o l (0 to 15%) 
p r e c i p i t a t i o n f o l l o w e d by DE 52 and hydroxyapatite column chromatography. 
Pyrophosphate-D-fructose-6-phosphate-l-phosphotransferase (PFP) was i s o l a t e d 
from s i m i l a r e x t r a c t s by polyethylene g l y c o l (5 to 15%) f r a c t i o n a t i o n 
f o l l o w e d by DE 52 chromatography. P r e v i o u s l y described methods were used f o r 
the enzymic assay of Fru-6-P,2K (Cseke,Buchanan, 1983) and for Fru-2,6-P2ase 
(Cséke et a l . , 1983) w i t h spinach l e a f PFP as target enzyme. 

3. RESULTS AND DISCUSSION 

3.1. Regulatory p r o p e r t i e s of Fru-6-P,2K and Fru-2,6-P2ase.—As found f o r 
spinach, the Fru-6-P,2K p r e p a r a t i o n used i n these s t u d i e s contained 
Fru-2,6-P2ase a c t i v i t y (Cséke,Buchanan, 1983). Also as f o r spinach, P i 
increased the a c t i v i t y of corn l e a f Fru-6-P,2K by lowering the So.5 f o r i t s 
fructose-6-phosphate and ATP s u b s t r a t e s ; the a c t i v a t i o n by P i was reversed 
by 3-phosphoglycerate (PGA), a metabolite transported counter to P i by 
Sybesma, C. (ed.)y Advances in Photosynthesis Research, Voi. III. ISBN 90-247-2944-0. 
© 1984 Martinus Nijhoff/Dr W. Junk Publishers, The Hague/Boston/Lancaster. 
Printed in The Netherlands. 
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c h l o r o p i a s t s (Cséke et a l . , 1983). Fru-6-P,2K was a l s o i n h i b i t e d by 
another metabolite transported counter to P i , v i z . , dihydroxyacetone 
phosphate (DHAP). C e r t a i n t y p i c a l intermediates of C^ photosynthesis 
(phosphoenolpyruvate, oxalacetate) a l s o i n h i b i t e d Fru-6-P,2K but others d i d 
not (pyruvate, malate). UDP-glucose and sucrose a l s o d i d not i n f l u e n c e 
the enzyme (data not shown). 

The Fru-2,6-P2ase present i n the p r e p a r a t i o n had a high a f f i n i t y f o r 
Fru-2,6-P2- A c t i v i t y w i t h t h i s s u b s t r a t e was higher than r e l a t e d sugar 
phosphates i n the p h y s i o l o g i c a l (uM) range. In co n t r a s t to Fru-6-P,2K, 
Fru-2,6-P2ase showed no requirement f o r a d i v a l e n t c a t i o n and was i n h a b i t e d 
(rather than stimulated) by fructose-6-phosphate. Fru-2,6-P2ase was a l s o 
i n h i b i t e d by metabolites found to i n h i b i t corn l e a f Fru-6-P,2K—i.e., 
phosphoenolpyruvate, DHAP and PGA. Substances which decreased Fru-2,6-P2ase 
a c t i v i t y but were without e f f e c t on Fru-6-P,2K were UDP-glucose, pyruvate 
and malate (data not shown). 

3.2. C e l l u l a r l o c a l i z a t i o n of Fru-6-P,2K and Fru-2,6-P?ase.—The f i n d i n g of 
enzymes c a t a l y z i n g the synthesis and h y d r o l y t i c breakdown of Fru-2,6-P2 
r a i s e s the question of t h e i r c e l l u l a r l o c a t i o n — i . e . , whether they are 
present i n the mesophyll or bundle sheath. As shown i n Table I , Fru-6-P,2K 
and Fru-2,6-P2ase a c t i v i t i e s were found to occur mainly i f not e x c l u s i v e l y 
i n the bundle sheath, suggesting that both the s y n t h e s i s and degradation of 
Fru-2,6-P2 takes place i n mesophyll c e l l s . 

TABLE 1. C e l l u l a r l o c a l i z a t i o n of Fru-6-P,2K and Fru-2,6-P2ase i n corn leaves 

Enzyme Mesophyll Bundle sheath 

Fru-6-P,2K 11.3 1 
Fru-2,6-P 2ase 20 1 
Phosphoenolpyruvate carboxylase 300 1 

(mesophyll marker) 
NADP-malate dehydrogenase 8 1 

(mesophyll marker) 
Ribulose-1,5-bisphosphate carboxylase/ 1 4.3 

oxygenase (bundle sheath marker) 

3.3 PFP i n corn l e a v e s . — I n view of the f i n d i n g of Fru-6-P,2K and 
Fru-2,6-P 2ase i n corn leaves, the question a r i s e s as to i t s f u n c t i o n . We, 
the r e f o r e , undertook an i n v e s t i g a t i o n to determine the c e l l u l a r d i s t r i b u t i o n 
and p r o p e r t i e s of PFP p r e v i o u s l y reported to be present i n corn leaves (Carnal, 
Black, 1983). We found that corn leaves c o n t a i n two d i f f e r e n t PFP isozymes, 
one i n the mesophyll and the other i n the bundle sheath ( F i g . 1). The enzymes 
were found to d i f f e r i n charge, i n the r a t i o of t h e i r forward to reverse re
a c t i o n s , and i n t h e i r r e g u l a t o r y p r o p e r t i e s , but were s i m i l a r i n other respects 
examined. Both forms of PFP were a c t i v a t e d by Fru-2,6-?2 (Ao 5 = 0-^8 , but 
only the mesophyll enzyme was a c t i v a t e d by UDP-glucose and, l e s s e f f e c t i v e l y , 
by glucose-1,6-diphosphate ( r e s p e c t i v e An ^ of 0.05 pM and 0.05 mM). 
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F i g . 1. Demonstra
t i o n of mesophyll 
and bundle sheath 
forms of PFP i n 
corn leaves. 

A c t i v a t i o n by UDP-
glucose was unique 
i n being time de
pendent (maximal 
a c t i v a t i o n was ob
served a f t e r 30 
rain) . A l s o , i t i s 
noteworthy that the 
reverse r e a c t i o n 
( f r u c t o s e - 1 , 6 - b i s 
phosphate hydroly
s i s ) d i f f e r e d from 
C3 PFP's i n not 
showing a r e q u i r e 
ment f o r P i or Fru-
2,6-P 2 (C. Cséke, 
unpublished; Van 
Schaftingen et a l . , 
1982). I t i s s i g 
n i f i c a n t that the 
ra t e of the reverse 
r e a c t i o n r e l a t i v e 
to the forward r e 
a c t i o n was greater 
w i t h the bundle 
sheath than w i t h 
the mesophyll en
zyme. C e r t a i n 
p r o p e r t i e s of the 
PFP's from Cj and 
C4 sources are 
summarized i n 
Table I I (next 
page). 

4. CONCLUDING REMARKS 

The present r e s u l t s provide evidence that corn leaves c o n t a i n two d i f f e r e n t 
forms of PFP, one i n the mesophyll c e l l s that i s a c t i v a t e d by Fru-2,6-P2, and 
a second i n the bundle sheath that i s a c t i v a t e d by UDP-glucose, glucose-1,6-
diphosphate as w e l l as Fru-2,6-P2. The PFP isozymes d i f f e r e d i n charge and i n 
the r a t i o of t h e i r forward and reverse r e a c t i o n r a t e s . Because of the con f i n e 
ment of the enzymes c a t a l y z i n g the syn t h e s i s (Fru-6-P,2K) and degradation 
(Fru-2,6-P2ase) of Fru-2,6-P2 to the mesophyll, i t would seem that PFP of the 
bundle sheath i s regulated mainly by UDP-glucose. Thus, whereas the pattern of 
r e g u l a t i o n of Fru-6-P,2K and Fru-2,6-P2ase by metabolite e f f e c t o r s seems c l e a r , 
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TABLE I I . Comparison of PFP's of C4 and C3 p l a n t s 

Property 

C4 (corn) C3 (spinach) 

Mesophyll Bundle sheath Parenchyma 

PFP Forward Reaction 
S t i m u l a t i o n by Fru-2,6-P2 
K a f o r Fru-2,6-P2 
Maximal Fru-2,6-P2 a c t i v a t i o n 
S t i m u l a t i o n by UDP-glucose 
K a f o r UDP-glucose 
Maximal UDP-glucose a c t i v a t i o n 

PFP Reverse Reaction 
S t i m u l a t i o n by Fru-2,6-P2 
P i requirement 
Mg*"*" requirement 
H y s t e r e t i c 

+ 
0.08 uM 
20-X 

+ 
0.08 uM 
20-X 
+ 

0.15 mM 
20-X 

+ 
0.012 uM 

30-X 

the p h y s i o l o g i c a l b a s i s f o r the d i f f e r e n t i a l r e g u l a t i o n of the two C4 PFP's 
remains to be determined. A r e l a t e d question concerns the bas i s f o r the d i f 
f e r e n t i a l r a t e s of the forward and reverse r e a c t i o n s c a t a l y z e d by the meso
p h y l l and bundle sheath p r e p a r a t i o n s t Based on the current r e s u l t s , i t would 
seem that the bundle sheath enzyme i s i d e a l l y s u i t e d to f u n c t i o n i n the r e 
ver s e d i r e c t i o n (sucrose s y n t h e s i s ) , whereas the mesophyll enzyme would fun
c t i o n mainly i n the Fru-2,6-P2 dependent d i r e c t i o n (sucrose breakdown). 
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