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SUMMARY 

Addition of fructose-I,6-diphosphatase (D-fructose-I,6-diphosphate I-phospho- 
hydrolase, EC 3.1.3.11) plus Mg 2+ in increasing concentrations causes stimulation and 
then inhibition of photosynthesis in isolated spinach chloroplasts. The effects are 
similar to those previously found with leaf extract additions, including modifications 
of the effects caused by added PPi. Under the conditions of pH, Mg 2+ concentration, 
and PPi concentration in which these effects are seen, the added enzyme has only 
negligible activity as fructose-i,6-diphosphatase. Thus the enzyme appears to be 
exerting its effect through some function other than as an fructose-I,6-diphosphatase. 
I t  is tentatively suggested that this other function is in the selective diffusion of 
metabolites out through the chloroplast outer membrane. This hypothesis is supported 
by the following observations: 

I. Addition of fructose-I,6-diphosphatase plus Mg 2+ to chloroplasts photosyn- 
thesizing with 14CO2 causes an increase in the total labeled Fru-i ,6-P 2 and dihydroxy- 
acetone-P (which appear mostly in tile suspending medium), and a decrease in the 
total labeled Fru-6-P and of all compounds following Fru-I,6-P2 in the carbon reduc- 
tion cycle, including the carboxylation substrate, Ribul-I,5-P2. Furthermore, the 
amounts of all metabolites retained in the chloroplasts decrease. 

2. Addition of Mg 2+ alone, i~ concentration slightly higher than PPt concentra- 
tion, causes some loss of all compounds from the chloroplasts to the medium. 

3. Addition of 5 mM PPi decreases the loss of hexose and heptose monophosphates 
and of Ribul-I,5-P2, but does not decrease the loss of Fru-I ,6-P 2 and of dihydroxy- 
acetone-P from the chloroplasts to the medium. 

INTRODUCTION 

The rate of photosynthetic fixation of CO 2 in isolated spinach chloroplasts is 
strongly affected by additions of small amounts of clarified spinach juice 1. The degree 
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of inhibition or stimulation is a function of the ratio of amount of added spinach juice 
to the concentration of added PPi. Fractionation of the juice by gel filtration gave two 
components which act synergistically to produce the stimulation or inhibition. The 
component of high molecular weight was identified as fructose-I,6-diphosphatase 
(D-fructose-I,6-diphosphate i-phosphohydrolase, EC 3.1.3.11) 2. The component of low 
molecular weight, called "Factor  B"  in the previous reports1, 2, has now been found to 
be an impure mixture of inorganic salts, of which the active constituent is Mg 2+. The 
synergistic stimulation and inhibition, and their dependence on PPi, has been dupli- 
cated by additions to photosynthesizing chloroplasts of selected ratios of fructose-1,6- 
diphosphatase and Mg 2+. 

Addition of Fru-I ,6-P 2 to relatively inactive isolated spinach chloroplasts sti- 
mulates their fixation rate s, while its addition to more active chloroplasts maintains a 
higher rate after 15 rain of photosynthesis, when the rate begins to decline 4. Other 
tested metabolites were generally inhibitory or without effect 4. Thus the level of 
Fru-I,6-P2 in chloroplasts might play some role in the regulation of the carboxylation 
of Ribul-I,5-P2 to give 3-P-glycerate. 

The carboxylation reaction and the conversion of Fru- i ,6-P 2 to Fru-6-P, as well 
as the conversion of Sed-i,7-P,,, appear to be metabolically regulated steps in the 
photosynthetic carbon reduction cycleS-L Both the carboxylase and the diphospha- 
tases, when isolated and purified, exhibit a dependence of activity on pH and Mg 2+ con- 
centrationl°, n which could account at least in part  for their regulation i~t vivo ~2. 
Among the labeled metabolites formed in isolated spinach chloroplasts photosyn- 
thesizing with H~4CO3 -, there are pronounced differences in the rates of movement  out 
of the chloroplasts into the suspending medium TM. Those comFounds which just 
precede the reactions mediated by the diphosphatases (Fru-I,6-P 2, dihydroxyacetone • 
P and glyceraldehyde-P) are found to a much greater extent outside the chloroplasts 
after a few minutes photosynthesis, whereas the hexose and heptose monophosphates, 
including Fru-6-P, and Ribul-I,5-P2, are very well retained. If Fru-I ,6-P 2 moves out 
of the chloroplasts by means of facilitated transport, a part  of the apparent regulation 
of fructose-I,6-diphosphatase i~ vivo could be in fact a regulation of this transport, 
provided fructose-I,6-diphosphatase in the cytoplasm is less active than that  inside the 
chloroplasts. 

We have now investigated the effects of fructose-I,6-diphosphatase, Mg 2+ and 
PPi, added together and separately, on the levels of labeled metabolites formed in 
photosynthesizing chloroplasts, and the effects of these additions on the movement  of 
metabolites out of the chloroplasts. Most of the effects reported were under conditions 
of pH, Mg 2+ concentration and PPi level under which the added fruetose-I,6-diphos- 
phatase could have little or no activity for the conversion of Fru-I ,6-P 2 to Fru-6-P. 
The effects in the medium of the added fructose-I,6-diphosphatase seem therefore to 
be indicative of another activity of this protein. 

EXPERIMENTAL 

Chloroplasts were prepared from fresh spinach as described previously 1~. Kinetic 
studies of the formation of labeled compounds and their movement  from the chloro- 
plasts to the medium during photosynthesis by the isolated chloroplasts with H14CO3 - 
were as described earlier TM. 
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In some experiments, an a t tempt  was made to remove enzymes external to the 
chloroplasts by "washing". The chloroplast pellet from the initial centrifugation 1~ was 
resuspended in IO ml Solution B or Solution C and again centrifuged at 2000 × g for 
about 50 sec, after which the chloroplasts were stored for less than IO mill at 0 ° until 
the beginning of the illumination at 20 ° . 

In those experiments in which the distribution of rnetabolites between chloro- 
plasts and medium was to be determined, a 5o-#1 sample of the suspension of photo- 
synthesizing chloroplasts was removed at the indicated times, and this sample was 
subjected to IO sec of centrifugation with a Spinco microfuge. The pellet and the 
supernatant solution were separated and each was killed in 80 % methanol. The elapsed 
time from sampling to killing was about 25 sec. Some sanlples were killed immediately, 
without separation of chloroplast from medium, to permit subsequent evaluation of 
metabolite conversion during centrifugation. 

The supernatant solution could not be completely separated from the pellet, and 
a contamination of the pellet by io % of the supernatant solution is estimated. Ill 
those cases where a very large portion of a given compound is found in the supernatant  
solution, a correction has been made in the results. This correction, equal to o.Io of 
the ~4C found in the compound in the supernatant solution, is subtracted from the 
value found for the pellet and added to the value found for the supernatant solution. 

For determination of the rates of photosynthetic incorporation of 14C02, aliquot 
samples of the killed chloroplasts-methanol-water mixtures were dried on filter paper, 
free CO S was driven off by addition of acetic acid, and the 14C content was measured 
with a Geiger-Mtiller tube and scaler. Chlorophyll content was determined in a sample 
of the chloroplast suspension, and rate of photosynthesis was calculated from known 
specific radioactivity of HI~C03- used, aaC content and chlorophyll content 14. Products 
of photosynthesis were analyzed by two-dimensional paper chromatography and auto- 
radiography, as previously describedS, ~. 

A solution of purified fructose-i,6-diphosphatase was prepared from isolated 
spinach chloroplasts as reported earlier 2. The eluate from the gel filtration through 
Sephadex G-2oo was dialyzed against "Solution C TM minus PPi and ascorbate, and the 
dialyzed enzyme solution was diluted 25 times in Solution C minus ascorbate and PPi. 
Amounts of this diluted solution, containing up to 3 ° #g of protein, were added to the 
chloroplasts in the illumination flasks, and the suspensions were made up to 0.5 ml, 
as indicated in RESULTS. Other additions of Mg 2+, PPi, elc. are given under RESULTS. 

RESULTS 

The rate of photosynthesis by isolated spinach chloroplasts is stimulated 25 % 
by the addition of small amounts of Mg ~+ and purified fructose-x,6-diphosphatase and 
is strongly inhibited by the addition of greater amounts of Mg z+ and fructose-i,6-di- 
phosphatase (Fig. I). The shape of this stimulation-inhibition curve and its depen- 
dence on the presence of 5 mM PPi are exactly analogous to the effects earlier observed 
upon the addition of various amounts of spinach juice to the isolated photosynthesi- 
zing chloroplasts 1. 

The inhibition of photosynthetic rate by Mg 2+ and frnctose-i,6-diphosphatase is 
reversed by higher levels of PPI (Fig. 2). As was the case with spinach iuice 2, or with 
fructose-i,6-diphosphatase plus Factor B, the concentration of added PPi required to 
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reverse inhibition is proportional to the amount of inhibiting substances added. Thus, 
it is clear that the effects formerly observed upon adding small amounts of spinach 
juice to the isolated chloroplasts, including dependence on PPi concentration, can be 
reproduced by the addition of purified fructose-I,6-diphosphatase and Mg 2+. 
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Fig .  I. S t i m u l a t i o n  a n d  i n h i b i t i o n  of 14(;O 2 f i x a t i o n  in  i s o l a t e d  s p i n a c h  c h l o r o p l a s t s  b y  a d d e d  
f r u c t o s e - h 6 - d i p h o s p h a t a s e  a n d  Mg  2+. O ,  5 m M  P P i ;  Q ,  no  PP i .  R e l a t i v e  r a t e  of 1.o o b t a i n e d  w i t h  
S o l u t i o n  C (5 m M  P P i  a n d  t .o  m M  Mg 2 ~) was  74.4 / *n~oles 14C p e r  m g  c h l o r o p h y l l  p e r  h. Mg 2÷ a n d  
f r u c t o s e - I , 6 - d i p h o s p h a t a s e  were  a d d e d  to  t he  r e a c t i o n  f l a sks  ( t o t a l  v o l u m e s  0.5 ml) a t  t h e  s t a r t  of 
t h e  p r e i l l u m i n a t i o n  pe r iod  to  g i v e  t h e  c o n c e n t r a t i o n s  i n d i c a t e d .  A f t e r  5 ra in  p r e i l l u m i n a t i o n ,  
H14COa - was  a d d e d  a n d  t he  c h l o r o p l a s t s  were  a l l o w e d  to  p h o t o s y n t h e s i z e  for  5 ra in .  

F ig .  2. D e p e n d e n c e  of i n h i b i t i o n  of CO 2 f i x a t i o n  on  c o n c e n t r a t i o n  of a d d e d  PP i .  ~ ,  i m M  Mg 2+, no 
f r u c t o s e - l , 6 - d i p h o s p h a t a s c ;  0 ,  3 m M  Mg 2+, 4.2 /*g I r u c t o s e - I , 6 - d i p h o s p h a t a s e ;  O ,  6 m M  Mg 2~, 
io .  5 / , g  f r u c t o s e - t , 6 - d i p h o s p h a t a s e .  C o n t r o l  r a t e  of 1.o, w i t h  S o l u t i o n  C (t m M  Mg '2+ a n d  5 m M  PPi )  
was  12o / ,mo le s  14CO.~ f ixed  p e r  m g  c h l o r o p h y l l  pe r  h. O t h e r  c o n d i t i o n s  as  in Fig.  I. 

T A B L E  I 

E F F E C T S  OF M g  2+ A N D  OF F R U G T O S E - I , 6 - D I P H O S P H A T A S E  ON R A T E S  OF 1 4 C O 2  U P T A K E  B Y  I S O L A T E D  

S P I N A C H  C H L O R O P L A S T S  

PPi  Enzyme 3@ 2+ Rate % Stimu- 
(mil l )  (ug) (mM) (ttmoles 14C lation (+) 

per mg or inhibi- 
chlorophyll tion (--) * 
per h) 

5 (cont ro l )  

I (cont ro l )  

O O I O I  O 

21  0 1 2 6  1 1 2 5  

o i .o  I I 5  F15 
2I  I.O 138 + 3 8  

o 2 . 0  I lO  -i- IO 

2I  2.0 17 - -83  
o 5.0 4 8 - - 5 2  

21 5.0 2. 3 --98 

o o 8 3 - -  
8. 4 o 158 + 9  ° 
O I .O 1 I  5 @ 3 8  

8. 4 I.O i o8  + 3  ° 
0 1"5 9 3  + 1 2  

8.4 1.5 3.5 - - 9 6  

* S t i m u l a t i o n  or  i n h i b i t i o n  is w i t h  r e s p e c t  to  t h e  c o n t r o l s  w i t h  5 m M  P P i  or  t m M  P P i ,  as  
i n d i c a t e d .  C o n t r o l s  were  c h l o r o p l a s t s  s u s p e n d e d  in  S o l u t i o n  C minus Mg 2+, a n d  w i t h  t h e  a m o u n t  of 
P P i  shown .  
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Analysis of purified Factor B, by atomic absorption spectroscopy showed that  
it contained approximately IO % Mg 2+. In the presence of the usual suspending me- 
dium (--Mg 2+) which contained 5 mM PPi, addition of 21 fig of purified fructose-i,6- 
diphosphatase caused 25 % stimulation in the rate of photosynthesis (Table I), where- 
as addition of enough Mg 2+ to make its concentration 2 mM, caused a IO % stimulation 
in the absence of added fructose-I,6-diphosphatase but an 85 % inhibition in the pre- 
sence of the fructose-I,6-diphosphatase. Since the total volume was o. 5 ml, the added 
Mg 2+ was I mM above the usual reaction mixture concentration and corresponded to 
o.5 ffmole, or 12 #g, of Mg 2+. This may be compared with the synergistic effect found 
previously 2 upon the addition of 24 fig of fructose-I,6-diphosphatase and 15o fig of 
Factor B, corresponding to 15 #g of Mg 2+. 

At I mM PPi (Table I) the inhibition by fructose-I,6-diphosphatase plus Mg 2+ is 
even more striking. I t  should be particularly noted that  whereas the stimulation with 
fructose-i,6-diphosphatase alone was 9 ° %, and the stimulation by 1. 5 mM Mg 2+ was 
12 °/o, the addition of both factors caused an inhibition of 96 %. 

When fructose-I,6-diphosphatase and Mg 2+ were added to photosynthesizing 
chloroplasts after 6 min of photosynthesis with H~4COa -, rather surprising effects on 
the levels of labeled metabolites occurred (Figs. 3 and 4). As compared with the levels 
of metabolites in the control chloroplasts, the level of Fru-I,6-P2 in chloroplasts with 
added fructose-I,6-diphosphatase increased, while the level of Fru-6-P decreased. This 
behaviour has proved to be reproducible (6 experiments), as have other differences 
observed (Table II). These include an increased level of dihydroxyacetone-P, which is 
rapidly equilibrated with Fru-I ,6-P 2 in all of our experiments, due to high aldolase 
activity both in the chloroplasts and in the medium. The kinetic curves for dihydroxy- 
acetone-P are, in all cases, similar to the ones for Fru-i,6-P~. Compounds with levels 
which decreased upon fructose-I,6-diphosphatase and Mg 2+ addition included Glc-6-P, 
Sed-7-P, and Sed-i,6-P~. The level of Sed-I,7-P 2 declined very rapidly upon fructose- 
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Fig. 3. Effect  of add i t ion  of f ruc tose - I , 6 -d iphospha ta se  and  Mg ~+ on level of labeled F ru - i , 6 -P~  in 
pho tosyn thes i z ing  sp inach  chloroplas ts .  O ,  control  (chloroplasts  in Solut ion C) ; O,  17 Pg fructose-  
1 ,6 -d iphospha tase  and  IVig 2+ to give 4 mM  added  af ter  6 rain pho tosyn thes i s .  

Fig. 4- Effect  of add i t ion  of f ruc tose - i , 6 -d iphospha ta se  and  Mg 2+ on level of labeled F r u - 6 - P  in 
pho tosyn thes i z ing  sp inach  chloroplasts .  O,  control  (chloroplasts  in Solut ion C) ; O,  17 Pg fructose-  
1 ,6-d iphosphatase  and  Mg 2+ to give 4 m M  Mg 2+. 
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TABLE I I  

E F F E C T  O F  F R U C T O S E - I , 6 - D I P I I O S P H A T A N E  A N D  ~ ' I g  2÷  O N  1 4 C  I N C O R P O R A T I O N  I N T O  M E T A t 3 O L I T E S  

Chloroplasts were suspended in Solution C miuus Mg 2+. 

Compound /orioles 14C per mg chlorophyll 

Afler 5 rain After zo rain 

Conlrol 4 rain after 
addition of 4 m3I  
~'~lg 2+ and 1:6.8 fig 
fructose-±,6- 
diphosphatase 

Total  14C uptake  3.65 9.00 
3-P-Glycerate 1.38 3. I 
Dihydroxyace tone-P  o.28 o.42 
F ru - I , 6 -P  2 0.07 0.265 
Fru-6-P  o. 166 o.25 
Glc-6-P o. 115 0.375 
Sed-7-P 0.20 0.325 
Sed-i ,7-P 2 0.073 0.08 
Pentose-P 0.070 0.22 
Ribul-i ,5~P 2 O.Ol 9 0.028 
Origin o.4 ° 1.20 
Miscellaneous spots  o.363 0.528 
Total on chromatograms  3.14 6.93 
% Accounted for 85.9 77.o 
Photosynthesis  rate 43.8 54.o 

(ffmoles 14C per nlg 
chlorophyll per h) 

6.68 
2.39 
1.t5 
o.37 
o.134 
o.15 ° 
0.060 
0.009 
0.22 
o. oo6 
0.80 
o.39 
5.68 

85.o 
4o.1 

o8~- 

0,6 
o 

0 4  

U 

5 
E I 

/ . /  

/ /  

/ 

/ /  o ~ M,] ~ f u c t o s e - l , b  
/ dlphosp:Tatase 

I/ 

l _ _ L  1 I _ _  
,1 6 8 10 12 

mln 14C02 

Fig. 5. Effect of addition of t ructose-I ,6-diphosphatase  and Mg e+ on level of labeled Scd-I ,7-P 2 in 
photosynthesiz ing spinach chloroplasts. @, control (chloroplasts in Solution C) ; O,  17/*g fructose- 
1,6-diphosphatase and Mg 2+ to give 4 mM Mg 2+. 

1,6-diphosphatase and Mg 2+ addition (Fig. 5). The carboxylation substrate, Ribul-z,5- 
P2 also decreased considerably, and this could be partly responsible for the decreased 
rate of CO2 fixation. However, it should be noted that the levels of pentose mono- 
phosphate, which is the sum of Ribul-5-P, Xul-5-P and Rib-5-P, were not changed by 
the addition of Mg 2+ and fructose-I,6-diphosphatase. 

Biochim. Biophys. ,4cla, 223 (197 o) 261 274 



PHOTOSYNTHESIS OF ISOLATED CHLOROPLASTS 267 

T A B L E  I I I  

EFFECT OF ADDED Mg a+ AND FRUCTOSE-I,6-DIPHOSPHATASE ON DISTRIBUTION OF METABOLITES 
BETWEEN CHLOROPLASTS AND SUSPENDING MEDIUM 

P h o t o s y n t h e s i s  ra te  was 78.0/*moles  14C per  mg ch lorophyl l  per  h. " W a s h e d  ch loroplas t s" ,  sus- 
pended  in Solut ion C. F l a s k  A : control ,  I mM Mg 2+ and  5 mM PPi .  F l a s k  B : same as flask A for 5.5 
ra in  of pho tosyn thes i s  t ime ;  Mg 2+ to make  6 mM and io .2/*g f rnc tose - l , 6 -d iphospha tase  added  
a f te r  5.5 rain. 

Compound i~moles 14C per mg chlorophyll 

Af ter  5 rain* Af ter  r2 rain including 6.5 rain after Mg  2+ and 
fructose-z,6-diphosphatase added to B 

Pellet Super- Total Pellet Supernatant  Total 
natant  

A B A B A B 

Tota l  14C incorpora t ion  6.5o 13.72 15.61 
3 -P-Glycera te  o.55 2.32 3.53 o.75 o.4o 3.o8 3.75 7.92 5,7 ° 
D i h y d r o x y a c e t o n e - P  0.04 0.73 0.95 0.04 0.o3 o.6o 2.45 0.74 3,Ol 
F r u - i , 6 - P  2 0.o2 o.19 0.27 o.oi  o .oi  o . i i  1.32 o.19 1.49 
F ru -6 -P  0.094 0.024 o.186 0.202 0.o54 o.054 o.I iO 0.303 o.184 
Glc-6-P 0.240 o.04o 0.275 o.529 o.o95 0.080 o.136 0.588 0.28o 
Sed-7-P 0.36 o.03 o.o34 o.715 o.185 o.090 0.o75 0.675 o.19o 
Sed - i , 7 -P  2 O.Ol 5 o.o12 o.135 e.oI 4 0.004 0.005 0.029 O.l l  5 0.066 
P e n t o s e - P  0.03 o.084 o.13 0.043 0.025 o.227 o.146 0.320 o.18o 
1Ribul-i ,5-P 2 o.o16 o.005 0.046 0.038 O.Ol 3 0.008 O.lO9 0.078 o.166 
Origin 0.80 i .73 1.55 
Disacehar ide  o.oi  o.o18 O.lO8 0.020 o.o12 o.13o o.o82 o.112 0.08 
Glyce ra ldehyde -3 -P  0.o04 0.062 0.075 0.006 - -  0.048 0.279 o.o5o o.431 
Miscel laneous 0.095 0.931 
Tota l  from c h r o m a t o g r a m s  6.76 12.92 14.26 
% Accounted  for lO4.O 94.1 91. 3 

* Average  of the  levels  found in F lasks  A and  B. 

T A B L E  IV 

EFFECT OF ~g2+ AND NRUCTOSE-I,6-DIPHOSPHATASE ADDED FROM THE BEGINNING OF PHOTOSYN- 
THESIS ON THE LEVEL OF METABOLITES SEEN AFTER 5 min  WITH 14CO2 

Chloroplas ts  were suspended  in Solut ion C (which conta ins  i mM mg 2+ and 5 mM PPi) ; add i t iona l  
Mg 2+ was  added  to give the  final concen t ra t ions  shown. 

Compound % of total f ixed 

Control 

I m M A l g  ~+ 2 m M N l g  2+ 3 m M A l g  ~+ 

21 i~g fruc- 2I  /*g fruc- 21 #g fruc- 
rose-I,6- rose-I,6- tose-I,6- 
diphospha- diphospha- diphospha- 
tase tase tase 
I m M M g  ~+ 2 m A I A I g  2+ 3 r a m  Mg 2+ 

3-P-Glyeera te  15 17 16 26 15 9.6 
D i h y d r o x y a c e t o n e - P  28 27 29 26 35 39 
F ru -6 -P  2. 3 2.0 i-9 i .6 i .6 1.4 
S e d @  Glc-P 5-3 4-8 4-3 4 .0 3 .8 3 .8 
P e n t o s e - P  1.2 i .2 1.3 1.3 1.2 1.3 

i, moles 14C per mg chlorophyll 

Tota l  14C fixed 5.43 5.68 5-39 4,32 3.83 o.77o 

Biochim. Biophys.  Acta, 223 (197 o) 261-274 



268 J . a .  BASSHAM el al. 

The effects of addition of fructose-I,6-diphosphatase and Mg 2+ on the distri- 
bution of metabolites between the chloroplasts and the suspending nledium are very 
large (Table III).  In the chloroplasts with these additions the level of Fru-i,6-P,, in the 
medium increased II-fold, and the level of dihydroxyacetone-P increased 4-fold. At 
the same time, the level of Fru-6-P in the pellet declined 75 %, its level in the medium 
increased 2-fold, and its total level declined about 4 ° %. Thus, the addition of fructose- 
1,6-diphosphatase and Mg 2+ has increased greatly the appearance of metabolites in 
the suspending medium. However, the added fructose-I,6-diphosphatase has not in- 
creased the conversion of Fru-I,6-P 2 to Fru-6-P in the total, although some increased 
conversion in the medium may have occurred. 

When enough fructose-I,6-diphosphatase and Mg"+ are present from the start 
of photosynthesis to cause inhibition, the relative effects on the distribution of meta- 
bolites are similar to the effects when Mg 2~ and fructose-I,6-diphosphatase are added 
after several minutes of photosynthesis (Table IV). The laC levels in all compounds are, 

of course, decreased, but relatively greater decreases are seen in hexose and heptose 
monophosphate compared with dihydroxyacetone-P which is proportional to Fru- 
~,6-P.~. 

A comparison of 14CO 2 fixation rates in the presence of added fructose-t,6-di- 
phosphatase and bovine serum albumin (Table V), each added with Mg 2+, shows that 
inhibition is not a general effect of protein addition. 

TABLE V 

C O M P A R I S O N  O F  E F F E C T S  OF A D D I T I O N  O F  F R U C T O S E - I , 0  D I P H O S P H A T A S E  A N D  O F  B O V I N E  S E R U M  

A L B U M I N  ON P H O T O S Y N T H E S I S  R A T E  I N  I S O L A T E D  C H L O R O P L A S T S  

5 rain photosynthesis, tmM PPi &nd 1. 5 him Mg 2+. Photosynthesis rate of control: 44.3 !maoles 
14(? per mg chlorophyll per h. 

I~g protein per l¢elative rate of photosynthesis 
flask 

Frllctose-G6-d@hospkalase Bovine serum albumin 

C o n t r o l  : " o "  i . o  i . o  

S. 4 /tg o.~ 7 t.26 

The effects of addition of fructose-I,6-diphosphatase alone, without enough 
Mg 2+ to cause a synergistic effect in the presence of 5 mM PPi, were minor (Table VI). 
There was a slight stimulation of uCO 2 fixation rate, but levels of individual compounds 
in chloroplasts and medium were virtually unchanged. 

Tile effects of addition of 5 mM Mg 2+ alone, after 7 min photosynthesis in tile 
normal medium (Solution C), were both qualitatively very similar to the effects of 
adding both fructose-I,6-diphosphatase and Mg 2+ in one experiment (Table VII). 
However, the photosynthetic rate in this experiment with Mg 2+ addition only was 
only 30 #moles CO 2 fixed per mg chlorophyll per h, lower than usual, suggesting a 
greater than usual breakage of chloroplasts during the course of the experiment and, 
consequently, the presence of considerable fructose-I,6-diphosphatase in the medium, 
coming from broken chloroplasts. This sort of difficulty can never be entirely overcome 
under the conditions which we use, and it is probable that there is always present in 
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T A B L E  VI 

E F F E C T  OF  A D D E D  F R U C T O S E - I , 6 - D I P H O S P H A T A S E  O N  D I S T R I B U T I O N  O F  M E T A B O L I T E S  B E T V C E E N  

C H L O R O P L A S T S  A N D  S U S P E N D I N G  M E D I U M  

Washed chloroplasts were suspended in Solution C (which contains 5 inM PP i  and  i nlM Mg~*). 
Photosynthesis rate was 39.2/*moles ~4C per mg chlorophyll per h. Flask A : control. Flask B : 3 ° /~g  
fructose-I,6-diphosphatase added after 5.5 min photosynthesis. 

Compound t~moles 14C per mg chlorophyll 

After 5 rain" After 12 rain including fructose-z,6-diphosphatase 
in B for 6. 5 rain 

Pellet Super- Total Pellet Supernatant Total 
natant 

A B ,4 B A B 

Total 1~C incorporated 3.27 6.82 7.55 
3-P-Glycera te  o.35 i .o9 i .52 o.46o o.46o 2.28 2.64 2.49 3.16 
Dihydroxyacetone-P 0.060 0.390 0.60 o.115 o.030 o.615 0-560 0.953 o.816 
F r u - i , 6 - P  2 0.007 0.053 O.lO 5 o.o16 o.009 o.121 0.076 o.196 o.178 
Fru-6-P  0.095 O.Ol 4 o.175 o.157 O.lO9 0.033 0.028 0.277 o.187 
Glc-6-P 0.225 0.033 o.21o 0.380 o.21o 0.055 o.o63 0.425 o.o42 
Sed-7-P 0.27o O.OLO o.183 0.500 o.37 o 0.082 0.065 o.46o 0.363 
Sed - i , 7 -P  2 O.Ol 7 o.003 o.o85 0.020 0.007 o.oo 5 0.003 o.116 0.022 
P e n t o s e - P  0.025 o.o85 o.125 0.058 o.o41 0.245 0.320 o.38o 0.392 
R i b u l - l , 5 - P  2 o.o16 0.002 0.027 O.Ol 7 o.007 o.oo 3 0.0o 3 0.038 0.o50 
Miscellaneous spots, 0.344 1.235 i .339 

including origin 
Total from chromatogranls 3.37 6.57 0.93 
~o Accounted for io3.o 96.3 91.8 

* Average  of levels found in Flasks A and B. 

the medium some fructose-I,6-diphosphatase, as well as all of the other enzymes from 
the chloroplasts. 

In another experiment (Table IV) Mg 2+ concentration was such that no inhibi- 
tion was seen without added fructose-I,6-diphosphatase. In that case, no increased 
levels of metabolites were seen with Mg a+ without added fructose-I,6-diphosphatase. 

As a consequence of chloroplast breakage, the medium in which the chloroplasts 
are suspended contains enzymes. Although many enzymes of the carbon reduction 
cycle retain some activity in the medium, we have found that there is no appreciable 
activity of either fructose-i,6-diphosphatase or ribulose diphosphate carboxylase 
(EC 4.1.1.39). When chloroplasts were placed in the light in Solution C for 5 rain and 
centrifuged from the medium, assay of the medium for fructose-I,6-diphosphatase 
activity showed an activity of less than o.I nmole Fru-I,6-P 2 converted per min which 
may be compared with the CO2 fixation rate of the chloroplasts of 2o nmoles per rain, 
based on a rate of 6o #moles/h per mg chlorophyll and 5o #g chlorophyll in the chloro- 
plasts in the flask. Also, it was found that IO #g of fructose-I,6-diphosphatase added 
gave an activity of only o.2 nmole Fru-I,6-P,, converted per rain in Solution C, but 
had an activity of IOO nmoles/min at pH 8.7 and 5 mM Mg 2+. 

When photosynthesis and metabolite transport of chloroplasts with 5 mM PPi 
are compared with that of chloroplasts without PPi (Solution C minus PPi) ,the prin- 
cipal effects are seen to be the improved retention (with PPi) in the chloroplasts of 
those metabolites which, under the usual conditions, tend to be retained, namely, 
hexose and heptose monophosphates and Ribul-I,5-P 2 (Table VIII). 

Biochim. Biophys. Acta, 223 (197 o) 261-274 
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T A B L E  V I I  

E F F E C T  OF A D D I T I O N  OF Mg 2+ (5 IIl~'[) ON 14C I N C O R P O R A T I O N  I N T O  M E T A B O L I T E S  IN  C H L O R O P L A S T S  

A N D  S U S P E N D I N G  M E D I U M  

Photosynthes i s  rate was  33.2  /*moles  14C p e r  m g  chlorophyll  per h. Flask A: control;  washed 
chloroplasts,  suspended in S o l u t i o n  C (which contains 5 m M  PP~) minus M g  2+. F l a s k  B :  same as 
c o n t r o l  at start: 5 m M  M g  ~+ added after 7 min photosynthes is .  

Compound i~moles I*C per mg chlorophyll 

After 6 rain * After 15 m~n including 8 rain after addition of 
5 m M  ,lIg 2+ to Flask 13 

Pellet Super- Total Pellet Supernatant Total 
natant  

.4 B A B A B 

T o t a l  14C i n c o r p o r a t e d  3 .32 8 .6  7 .8  
3-P-Glycerate  o . 1 2 7  1.22 1,62 o .25  o . i o  3 .75 3 .oo 5. ° 3.2 
D i h y d r o x y a c e t o n e - P  0 . 0 3 3  0 .48  o .58  0 .03  O.Ol 0 .27  0 .59  o.41 o .9o  
F r u - I , 6 - P  2 o . o i  o .18  o. I8  o .o12  0 .005  0 .09  0 .70  o . I  5 0 .85 
F r u - 6 - P  o .o55  o . o o 9  o ,o78  o . o 7 6  o .o22  o . o 2 8  o. 12 o. 11 o. 14 
G I c - 6 - P  o .132  o . o o 8  o. I I I  o . 1 5 4  o .o5  0 .o5  o . 0 7 6  o . 2 2 7  o .171  
S e d - 7 - P  o .158  o . o 0 6  o .o95  o .288  o .o  5 o .o43  o .o65  o . 2 4 4  o .14  
Sed- i ,7-P 2 o . o l  5 0 . 0 0 8  0 . 0 8 7  o .o21 0 . 0 0 3  0 . 0 0 5  o.o~ 9 O.lOO 0 .03  
F c n t o s e - P  o .o21  o .o48  o . o 7 3  o .o25  o .oo8  o .13  o .165  o. t7  o .19  
R i b u l - l , 5 - P 2  o .oo  7 o . o o i  O.Ol 7 o .o2  o . o o 6  0 .oo  3 o . o o 2  o .o4  o .o2  
Origin o .46  1.41 1.21 
Miscel laneous o.83 o . 5 5 6  o .56  
T o t a l  f r o n l  c h r o m a t o g r a m s  3 .38 8 .42  7.45 
% A c c o u n t e d  fo r  lO2 97 .9  95 .4  

A v e r a g e  of  levels  found in Flasks  A and B. 

Additions of low concentrations of Fru-I,6-P 2 to chloroplast suspensions (Table 
IX) before the start of photosynthesis result in some stimulation. Larger concentra- 
tions of added Fru-I,6-P 2 produce inhibition of C02 uptake. These effects also depend 
somewhat on the concentration of added PPi, the stimulation being somewhat more 
pronounced with I mM PPi than with 5 mM PPi whereas the inhibition is greater in 
the presence of 5 mM PPi. 

Addition of I rnM Fru-I,6-P 2 to chloroplasts after 5 min of photosynthesis with 
14CO 2 (Table X) causes inhibition (1. 9/~moles 14CO2 fixed per mg chlorophyll during 
the next 6 rain compared with 6. 7 ¢,moles fixed in the control and 7-7/ ,moles fixed in 
the presence of added Fru-6-P). The effects of added Fru-6-P are rather minor, sug- 
gesting little penetration of this compound into the chloroplasts. The effects that are 
seen with added Fru-I,6-P 2 (note the "flushing" of the 14C from the Fru-6-P and other 
subsequent pools) suggest that the Fru-l ,6-P 2 does enter the chloroplasts readily. 

D I S C U S S I O N  

The principal regulatory effects on the rate of photosynthesis by isolated chloro- 
plasts previously ascribed to a substance of high molecular weight plus a substance of 
low molecular weight in the spinach juice 1 can be completely duplicated by the addi- 
tion of appropriate amounts of fructose-I,6-diphosphatase and of Mg 2+. Fru-x,6-P 2 
comes out rapidly from the isolated photosynthesizing spinach chloroplasts, while 

Biochim. Biophys. Acta, 223 (197 o) 2 6 1 - 2 7 4  
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T A B L E  I X  

E F F E C T  OF C O N C E N T R A T I O N  OF A D D E D  F r u - I , 6 - P  2 ON 14Q~() 2 U P T A K E  D U R I N G  ,5 rain P H O T O S Y N T H E S I S  

13Y I S O L A T E D  C H L O R O P L A S T S  

Chloroplas ts  were suspended  in Solut ion C (which conta ins  5 mM PPi) or in Solut ion C except  t h a t  
Pl) i  vvgs I raM, as indica ted .  Pho tosyn thes i s  ra tes  (no F r u - i , 6 - P  2 added) were 43-4 and 53.8 Fmoles  
14C per  nIg chlorophyl l  per  h wi th  I.O and  5.o niM PPI, respect ive ly .  

Fr t t - l  ,O-P 2 Co~lc7l. 
(mJl)  

o 

o . t  

0 . 2  

o. 5 
I.O 

Fixation of I~C 
(/~moles per mg chlorophyll) 

• m.,lf P P i  5 m31 PPi  

3 .6 4.5 
5.5 5.3 
6.4 5.6 
5.3 3.8 
3.7 1.9 

T A B L E  X 

E F F E C T  OF A D D E D  Fru-i,6~P,, A N D  OF F r u - 6 - P  ON P H O T O S Y N T H E S I S  R A T E  A N D  I N C O R P O R A T I O N  OF 

14C INTO M E T A B O L I T E S  

Pho tosyn thes i s  ra te  was 97.2 /mloles  1~C per  ing chlorophyl l  per h. Chloroplas ts  were sust iended in 
Solut ion C. 

Compound icmoles of 14C per mg chlorophyll 

After 5 rain, Af ter  ] r  rain 
no addi twns  

Control 6 rain after 6 rain after 
addition of addition of 
• r m l I  .r m3I  
Fru-6-P  F r u - t , 6 - P  2 

TotaI  14C incorpora ted  8.1 I4.8 15.8 io.o 
3 -P-Glycera te  2.65 4.75 4.6o 2.7 ° 
D i h y d r o x y a c e t o n e - P  o.93 7.19 1.27 t.38 
F r u - i , 6 - P  2 0.23 0.74 o.5o I .I  5 
F ru -6 -P  0.205 0.26 0.37 0.05 
Glc-6-P 0.225 0.435 0.425 o . io  
Sed-7-P 0.235 o.25 0.35 0.045 
Sed- i , 7 -P  2 o. r ~5 0.745 0-460 0.075 
Pen tose -P  o. 12o o. 180 o.66 o. i i 
l~ibul- I,.5-P2 o.o35 o.o64 o.o62 o.o ! 
Origin o. 7 ° 1.92 2. oo o.,q5 
Miscel laneous o.425 o. 896 i .o28 o. 8 i 
Tota l  on ch romatogran l  5.87 io.83 11.73 7.28 
° '  o Accounted  for 72. 5 73.2 76.6 72.8 

Fru-6-P is well retained la. It might have been postulated that added fructose-i,6-di- 
phosphatase converts Fru-I,6-P 2 to Fru-6-P which cannot re-enter the chloroplast. 
This would remove carbon from the photosynthetic carbon reduction cycle, leading to 
a shortage of carboxylation substrate, Ribul-I,5-P2. The fact that PPi is an inhibitor 
of fructose-I,6-diphosphatasO~ while Mg 2+ is an activator of this enzyme, would be 
consistent with this assumption. 

However, the data presented force the conclusion that the primary effect of 
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added fructose-i,6-diphosphatase on photosynthesis by isolated chloroplasts is not 
produced by  means of its function in converting Fru-I ,6-P 2 to Fru-6-P. /I) Fructose- 
1,6-diphosphatase is nearly inactive under the conditions that  exist in the suspending 
medimn of the chloroplasts. (2) The level of labeled Fru- i ,6-P 2 increases and the level 
of labeled Fru-6-P decreases on addition of the fructose-I,6-diphosphatase. (3) Addi- 
tion of fructose-I,6-diphosphatase leads to lower levels of hexose and heptose mono- 
phosphates and of Ribul-I,5-P2 within the pellet and to an increased level of Fru-I ,6-  
P2 in the supernatant solution. Similar effects are seen with added Mg 2+ and the effects 
of Mg 2+ and fructose-i,6-diphosphatase are synergistic. 

The ratio of the volume of the supernatant solution to the chloroplast volume is 
of the order of 5 ° : i. Thus, even for those metabolites which rapidly appear in the sus- 
pending medium, active transport is not required. Nevertheless, given the very con- 
siderable differences in rates at which the various metabolites appear in the medium 
(e.g.,  Fru-I ,6-P 2 vs. Fru-6-P), it seems clear that  some kind of facilitated transport  
is required. We conclude that  the movement of Fru-I ,6-P 2 and of dihydroxyacetone 
phosphate from the chloroplast to the suspending medium is enhanced by the addition 
of fructose-I,6-diphosphatase and Mg ~+ to the medium. We tentatively conclude that  
fructose-I,6-diphosphatase or some compound derived from it is capable of being 
absorbed somewhere in the outer chloroplast double membrane and there affects 
metabolite diffusion rates. Such activity apparently would be stimulated by Mg 2+ 
and inhibited by PPi. Studies of metabolite transport and other physical and chemical 
properties of the chloroplast nlembrane probably will be required before such a postu- 
late can be proved or disproved. 

The effect of added PPi is to increase the levels of hexose and heptose mono- 
phosphates and of Ribul-I,5-P2 within the chloroplasts and to diminish their appear- 
ance in the supernatant solution. However, the levels of Fru-I ,6-P 2 and of dihydroxy- 
acetone-P appearing and remaining in the supernatant solution are greater in the pre- 
sence of PPi than in its absence. This may be due to the higher rate of photosynthesis 
and larger amount of reduced carbon when PPi is present. 

I t  now appears that  only a few steps in the photosynthetic carbon reduction 
cycle are necessarily restricted to the inside of the chloroplasts in the suspension of 
isolated chloroplasts which unavoidably contains broken chloroplasts and soluble en- 
zymes in the medium. The steps which apparently occur exclusively inside the chloro- 
plasts are, as might be expected, the rate-limiting steps or regulated steps, that  is, the 
diphosphatase and the carboxylation reactions. Reactions mediated by aldolase, trans- 
ketolase and isomerases appear to occur to some extent outside the chloroplasts. Prob- 
ably the reduction of 3-P-glycerate to triose-P and the phosphorylation of Rib-5-P to 
Rib-I,5-P~ also occur almost entirely in the chloroplasts. 

I t  was found in earlier studies 1~ and again in the present investigation (see Table 
VIII )  that  levels of Fru-I ,6-P 2 and dihydroxyacetone-P in the supernatant solution 
rise very high by about 6-1o rain, and then decline between io and 20 rain of photo- 
synthesis in isolated chloroplasts. Apparently, the longer the concentration of these 
metabolites stays above a low level, the longer the rate of CO~ uptake is maintained at 
a high level. I t  was found earlier that  addition of Fru- i ,6-P 2 to the chloroplasts tends 
to maintain a high rate at a time when the rate would decline. The finding that  small 
amounts of Fru-I,6-P~ stimulates fixation of CO 2 while larger amounts inhibit pro- 
vides further evidence for the regulatory effects of Fru-I,6-Pe. 
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The simplest explanation of the regulatory effects on CO2 fixation rate of fruc- 
tose-i,6-diphosphatase, Mg 2+ and PPi is based on the respective effects on these fac- 
tors on the movement of metabolites out from the chloroplasts into the suspending 
medium. The retention of hexose and heptose monophosphates, and especially of 
Ribul-I,5-P2 in the chloroplasts, probably helps to maintain CO 2 fixation. In addition, 
it is conceivable that there may be a direct regulatory effect of Fru-I,6-P 2 concen- 
tration on the rate of the carboxylation reaction in whole chloroplasts. The mechanism 
of such a regulation might operate either on the carboxylation enzyme or on the 
CO,~ transport into the chloroplasts. 

It seems possible that fructose-l,6-diphosphatase in the outer chloroplast mem- 
brane might play an important role in regulation of photosynthetic metabolism in vivo. 
The postulated role would be in the movement of carbon compounds from the carbon 
reduction cycle in the chloroplast to other types of metabolism in the cytoplasm. The 
control of this "transport" activity could be largely mediated by Mg 2+ and PPi con- 
centration inside and outside the chloroplast outer membrane. 

NOTE ADDED IN PROOF (Received October 2oth, 197o ) 

We have found recently that we can obtain from the fructose diphosphatase, 
upon denaturation, a heat-stable factor which induces, although at a dinfinished 
activity, some of the effects on CO 2 fixation rates seen with the active enzyme. 
However, these effects do not exhibit the strong synergism with Mg 2+ ion found with 
the active enzyme. 
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