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S U M M A R Y  

1. It has been proposed that Mg 2+, inorganic pyrophosphate and a protein 
fraction which exhibits fructose-l,6-dlphosphatase activity may interact to regulate 
photosynthesis by isolated chloroplasts. 

2. Evidence is presented which confirms the interaction and regulation but 
shows that these effects are indirectly attributable to pyrophosphatase activity rather 
than fructose- 1,6-dlphosphatase 

3. When provided with Mg 2+ and PP, the pyrophosphatase simply alters the 
proportions of orthophosphate and PP, m the reaction mixture. As the P, concen- 
tration is increased, it first stimulates and then mhxblts, the degree of inhiblt~on being 
enhanced by additional Mg 2 +. PPI ameliorates the inhibition, possibly by chelation 
of Mg 2 +. 

4 It is concluded that the proposed regulation is ultimately governed by the 
P, concentration and the known relationship between P, uptake and those phosphate 
export across the chloroplast envelope. 

I N T R O D U C T I O N  

The inhibitory effect of orthophosphate on photosynthesis by isolated chloro- 
plasts was first recogmsed by Arnon et al.~ and has been extensively studied in this 
laboratory 2-~ The proposal 5 that "a direct obhgatory exchange between ortho- 
phosphate (outside) and sugar phosphate (reside) could account for the inhibition 
of photosynthesis by orthophosphate and its reversal by sugar phosphates" has been 
supported by the work of Heldt et al. 6 -9 ,  and clearly bears on the probablhty that 
the principal traffic of metabohtes across the chloroplast envelope m C3 plants 

Abbreviations HEPES, N-2-hydroxyethylplperazme-N'-ethanesulphomc acid, MES, 2-(N- 
morphohno)-et  hanesulphomc acid 
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involves import of P~ and C O  2 and corresponding export of phosphoglycerate and 
dlhydroxyacetone phosphate 1°- tz. Accordingly, the suggestion that photosynthesis 
may be regulated by a mechanism involwng Mg 2+, inorganic pyrophosphate and a 
protein fraction isolated from leaves or chloroplasts 13-15 should be examined to see 
if it might bring about its effects by altering the P,-sugar phosphate balance. This 
paper explores the posslbihty that PP, exerts its effects primarily by determimng the 
rate of formation of P, in the external medium 16 and that this, in turn, governs the 
rate of synthesis and export of photosynthetic mtermedlates. 

M E T H O D S  

Chloroplasts were prepared from spinach and assayed according to the methods 
of Bassham et a/13-15 under conditions otherwise identical to those previously 
described 16. 

Each of the three solutions used in the isolation and assay of chloroplasts 
therefore contained: 0.33 M sorbltol, 2 mM NaNO3, 2 mM EDTA, 2 mM sodium 
isoascorbate, ! mM MnCI2, 1 mM MgCI 2 and 0.5 mM K2HPO4. In addition, Soln A 
contained 0.02MNaC1, 0.05 M 2-(N-morphohno)-ethanesulphonic acid (MES) 
(pH 6 I), Soln B contained 0.02 M NaCI, 0.05 M N-2-hydroxyethylpiperazlne-N'- 
ethanesulphonic acid (HEPES) (pH 6.7); Soln C contained 5 mM Na4P2Ov, 0.05 M 
HEPES (pH 7.6). 

Inorganic pyrophosphatase was prepared from spinach chloroplasts and 
assayed by P, formation as described previously 16. 

R E S U L T S  

Effect of  P, on the kinetws of  photosynthesis by isolated chloroplasts 
Fig. 1 illustrates some effects of P, on photosynthesis. In Fig. 1, Curve 1, 

P, was deficient so that although the lag was minimal and the rate quickly approached 
the maximum rate observed in Fig 1, Curve 2, it soon fell away. 3-Phosphoglycerate 
then had little effect 2 but the rate was restored by the addition of P,. In Fig. 1, Curve 2, 
P, was near optimal. The lag was slightly longer and 3-phosphoglycerate produced 
only a small stimulation. In Fig. 1, Curve 3, P, was inhibitory so that the lag was 
increased and the maximal rate depressed until the inhibition was reversed by ad- 
dition of 3-phosphoglycerate 3'12. In Fig. 2 the chloroplasts and assay medium were 
unchanged but the addition of bicarbonate was delayed for 3 rain. This latter approach, 
essentially the same as that employed by Bassham et al. ~3-15 for measurements of 
CO2 fixation, avmds (or, according to the investigator's point of view, fails to disclose) 
the relationship between P1 concentration and induction made apparent by the pro- 
cedure of continuous recording 2'3"1z. 

The comparison between these methods is included here to emphasise the fact 
that in any study of the effects of Pi on photosynthesis it is more than usually important 
to consider the way in which the experiment was conducted. Accordingly, to permit 
sensible comparison with data of Bassham et al. 13-15, we have used their procedure 
and measured photosynthesis as total change in O2 during the 5 rain following the 
addition of b~carbonate, for the purposes of this paper. However, it is evident from 
Figs 1 and 2 that continuous recording of photosynthesis yields much more informa- 
tion and for all other purposes should be preferred. 
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Fig. I. Effects of  o r thophospha te  on photosynthesis  Oxygen evoluuon was measured as reported 
prewously 16 The reacUon mixtures contained 10 mM NaHCO3 and chloroplasts equwalent to 
200 fig chlorophyll m a final volume of 2 0 ml Soln C with PP, omitted Imtml P, concentrations were 
as follows Trace 1, P, omitted, Trace 2, 0 5 mMP,, Trace 3.2 mMP,. The complete reacnon mtx- 
tures were dlummated after 1 mm m the dark 3-Phospboglycerate (2ffmoles), and P, (I ffrnole) 
were added as indicated. 

Fig 2. Effects of orthophosphate on photosynthesis. Condxt~ons as for F~g. 1 except that the 
NaHCO3 (20ffmoles) was added to all reacnon mixtures after 3 mm predlummatlon Subsequent 
additions as for F]g. 1. 

Effects of  P, and PP, on photosynthettc 0 2 evolution following pre-illumination m the 
absence of  added C02 

The effects of P, and PP, on photosynthesis are illustrated in Fig. 3. As the 
P, concentra t ion was increased, photosynthesis exhibited a sharp op t imum between 
0 and 0.5 mM. Beyond tMs op t imum the rate of 02 evolut ion declined and in- 
hibi t ion became almost  total at about  10 mM P, (in other experiments the concen- 
traUon reqmred for complete inhibi t ion vaned  according to the pre-treatment of the 
leaf, being lowest m chloroplasts prepared from dark-stored tissueS7). When PP, 
was increased at constant  (0.5 mM)  P, there was an increase in the rate of oxygen 
evoluUon, but  as previously reported 2, there was no significant inhibi t ion at the 
highest concentra t ion used. At 0.5 mM, P, was almost certainly in excess of the 
optimal concentrat ion,  and the acceleration in rate brought  about  by PP, ~s attri- 
butable to its ameliorat ing effect on P, inhibi t ion When  the P, concentrat ion was 
increased m the presence of 5 mM PP,, as in the work of Bassham et al. t3-~5, the 
st imulat ion was again observed, and the rates were higher over a wider range of P, 
concentrat ion,  due to the amehora t ing  effect of PP,. 
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Fig 3 Effects of  P, and PP~ on photosynthesis. Method as for Fig. 2. Initial concentrations of  Pl 
and PP, adjusted to the values lndtcated. O - O ,  effect of  increasing P~ concentration, no PP, present; 
0 - 0 ,  effect of  increasing P, concentration with constant (5 mM)  PP, present; A - A ,  effect of  m- 
creasing PP, concentration with constant (0.5 mM)  P, present. 
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Fig. 4 Effects on photosynthesis of  increasing initial PP, concentration in the presence of  added 
MgCI2 and pyrophosphatase.  Method as for Fig. 2. Reaction medium Soln C w|~h appropriate 
adjustments to PPI and Mg 2+ concentrations. A - A ,  1 mM Mg 2+ and no added pyrophosphatase;  
. . . .  3 ,  3 mM MgCIz and added pyrophosphatase  containing 26fig protein; O - Q ,  6 mM MgCI: 
and added pyrophosphatase  containing 70/tg protein Oxygen evolution expressed as percent of  
rate achieved by a control containing 5 mM PP,, 1 mM MgCI2 and no added pyrophosphatase.  
Control rate. 1.0 ffmole Oz evolved in 5 ram. 
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Sttmulatton and inhibttton of photosynthesis by PP, and pyrophosphatase 
Striking figures have been published 13,15 showing that m the presence of pro- 

tern fractions from spinach leaves containing fructose-l,6-dlphospbatase actlwt3, 
PP, ts inhibitory at low concentrations and stlmulatory at higher concentrattons F~g. 4 
shows essentially the same behavlour, but was obtained w~th an morgamc p3ro- 
phosphatase fraction isolated from spinach chloroplasts and shown to contain only 
sbght fructose-l,6-dlphosphatase activity (see ref. 16, Table I) In the absence of the 
added enzyme fraction, PP, brought about a stimulation, whereas m ~ts presence the 
response was more complex so that PP, was at first increasingly mhmbitory and then 
producing a stimulation as the concentratton was increased As in the prewous 
workt3-~5 the concentration of PP, required to produce a stlmulatton increased as 
the Mg 2+ and enzyme protein concentration was increased. The final concentrations 
of P, and PP, m Fig. 4 are recorded m Table I. Several features may be noted: (a) the 
P, concentration m the absence of added pyrophosphatase remained more or less 
constant at low PP, concentrations, implying only slow hydrolysts by endogenous 
pyrophosphatase under these condtttons, (b) m the presence of added Mg 2+ and 
pyrophosphatase, the P1 concentration increased as the amount of PP, added was 

TABLE I 

RATE OF P H O T O S Y N T H E S I S  AS A F U N C T I O N  OF I N I T I A L  A N D  FINAL C O N C E N T R A -  
TIONS OF P,, PP,, P Y R O P H O S P H A T A S E  A N D  MgC12 

Following the measurement of  oxygen evolution (Fig. 4) the P, concentration was determined dt 
the end of  each experiment (see Methods). The final PP, concentrations was calulated from the extra 
Pi formed during the reaction, less that estenfied during photosynthesis The latter was estimated 
from the amount  of  oxygen evolved. Oxygen evolution as o~ control (5 mM PP,, 1 mM MgClz. no 
added pyrophosphatase),  data from Fig 4. 

MgCIz Pyropho~sphatase PP, Final Fmal Ox) gen eeohttton 
added added added PP~ Pi (°o control) 
(raM) (l~q protetn) (raM) (raM) (raM) 

(a) 1 0 0 0 0.37 80 
I 0 95 0.42 98 
2 I 99 0 34 100 
3 2 96 0 39 106 
5 4.78 0.76 100 

(b) 3 26 0 0 0 32 41 
1 0 13 2 20 23 
2 1 29 I 81 60 
3 2 15 205 83 
5 4 77 0 80 88 
7 668 095 110 

10 9 83 0 65 114 

(c) 6 70 0 0 0 32 38 
l 0 .12 2 25 2 
2 0.35 3.78 5 
3 1.59 3.30 12 
5 3 69 3.45 33 
7 6 16 2.03 91 

10 9 46 1 40 110 
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increased ,  bu t  m a x i m a  were  reached  m the  r ange  o f  1-3 m M  PP,  for  3 m M  MgC12 

and  2-5  m M  for  6 m M  M g C I  2. This  h m l t e d  a c c u m u l a t i o n  o f  P, is cons i s ten t  wi th  

e n z y m i c  hydro lys i s  o f  M g P P ,  2 -  wh ich  b e c o m e s  inh ib i t ed  by Px and  PPI as thei r  
c o n c e n t r a t i o n s  are  inc reased  ~,6, (c) the  ra te  o f  pho tosyn thes i s  was h ighes t  when  op-  
t imal  P, was c o m b i n e d  wtth  re la t ive ly  h igh  PP,,  (d) m the  absence  o f  added  PP,, 
P, was m o r e  i nh ib i t o ry  at h igh  than  at  low M g  z+ concen t r a t i ons .  

F o r  the e x p e r i m e n t  o f  Fig. 5, c o n c e n t r a t i o n s  o f  P, and  PP, were selected to 

gwe  va lues  c lose to those  ac tua l ly  r eco rded  at the end of  the a p p r o p r i a t e  assays 

l I ] I I 1 I I 

~ o7 

1 2 3 4 5 6 7 
concn PP~ (mM)  

Fig 5. Effects of selected concentrations of P, and PP~ on photosynthesis Jn the absence of added 
pyrophosphatase. Method as for Fig. 2. Reaction medium: Soln C with appropriate adjustments 
to P,. PP, and Mg 2+ concentrations ~ - ~ ,  1 mM Mg 2+ 05 raM P,. Q - O ,  3raM Mg 2+, the P, 
concentrations for each point are gtven in Table II 
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Fig. 6. Effects of increasing Mg 2+ concentration on photosynthesis Method as for Fig 2. Reaction 
medium Spin C w~th approprmte adjustments to Mg z+ and P, concentrations hut w~th PP~ omitted. 
L~-©, 0.5 mM PI, O - O ,  1 mM P,; A - A ,  2 mM Pi. 
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TABLE II 

C O N C E N T R A T I O N S  OF O R T H O P H O S P H A T E  A N D  P Y R O P H O S P H A T E  USED TO SIMU-  
LATE " R E G U L A T I O N  OF PHOTOSYNTHESIS ' "  

Photosynthet ic  02  evoluuon determined as in Fig 2, with appropr ia te  a l teranons  to P~ and PP, 
concent ra tmns  

Actual final concentrations (m M) 
o f  P, and PP, tn experiment o f  
Ftq 4 which shows ~regulatton 
of photo~ynthests'" 1ValuesJrom 
Table Ib) 

lnittal concentrattons( mM) 
o f  Pi and PP, used to smndate 
"regulatton o f  photosynthest~" 

PP, P, PP, P, lunoles 02 
et  oh'ed lit 5 IHIn 

0 0 32 0 0 5 0 378 
0 13 2 2 0  0 13 2 0  0 0 4 4  
1 29  I 81 1 30 2 0  0 . 1 0 0  
2.15 205  2 15 2 0  0246  
477  0 8 0  5 0  I 0 0635  
6.88 095  7 0  1 0 0715  

(Table I) in the experiment of Fig. 4. The rates of photosynthesis measured with 
these concentrations of P~ and PP~, but in the absence of added pyrophosphatase, 
are given m Table II and plotted m Fxg. 5 This figure shows quite clearly that the 
characteristic responses to increasing PP, seen in the presence and absence of ad- 
dmonal Mg z+ and protein fractions can be achieved simply by omitting the protein 
and adding the appropriate quantities of P, which would be derived by hydrolysis in 
its presence. 

Inhibttton by increasing Mg 2+ at constant P, concentratton 
An apparent inhibitory effect of Mg 2+, seen m Figs 4 and 5 and m previously 

pubhshed work tS, is confirmed in Fig. 6. In the presence of P, an increase in Mg 2+ 
concentration from 1 to 3 mM was sufficient to depress photosynthesis by about 
50 "o- Sequestration of Mg 2+ to this extent might therefore be expected to stimulate 
the low rates observed m the presence of high Mg 2 + and high PI. However. although 
the subst~tutmn of E D T A  for PP, brought about some slight amehoration, ~t was not 
nearly so effective as PP, at comparable concentrations. The low solubility of mag- 
nesmm pyrophosphate suggested that precipitation of this compound might be a 
factor m the apparent opposmg effects of Mg 2+ and PP, on the inhibitory effects of 
high P, concentrations. However, analyses of Mg z+ remaining in solution m cen- 
refuged resuspendmg medmm showed that precipitation is not stgmficant at con- 
centratlons of up to 10 mM PP, and 6 mM Mg z+ 

DISCUSSION 

We beheve that the results presented m this paper necessitate a re-evaluaUon 
of the conclusions drawn by Bassham et al. t 3 - a s with respect to a proposed regulatory 
mechanism revolving PP1 and fructose-l,6-dlphosphatase. Whether or not the fruc- 
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tose-l,6-diphosphatase used in their experiments also contained pyrophosphatase 
activaty is not stated, but a simalar preparative procedure yielded extracts containing 
both enzymic actlvltaes 16. At least some of their results can be reproduced by a pyro- 
phosphatase with only traces of fructose-l,6-dlphosphatase activity (Fig. 4). and even 
by certain proportions of P~ and PP~ m the absence of added protein fractions (Fig. 5). 
Mixtures of PP,, pyrophosphatase and Mg 2+ will inevitably yield varying proportions 
of PP, and P~ after incubation (Table I) and any interpretation of the observed effects 
of these mixtures on photosynthesis must then take into account the known control 
exerted by Pl 2- '~ and the way this may be modified by M g  2+ (Fig. 6), and by PP, 
which does not readdy penetrate the chloroplast envelope 16. The inhlbltion of 
photosynthesis by P~ as immediately and completely reversed by triose phosphates and 
3-phospholycerate which are known to move freely across the chloroplast enve- 
lope 3'4'1°-12'17 These observations, together with the direct measurements of 
Heldt e t  a l  6-9 favour the concept that hagh external P, produces ~ts effect by ex- 
changing w~th intermedmtes from the photosynthetic cycle. Seen in this light the 
mhlbmon by high external P~ would be an artificial disturbance of the normal trans- 
location mechanism which imports Pi and CO2 and exports sto~chiometnc quantmes 
of trlose phosphate and/or phosphoglycerate 12. 

These results show that approprmte mixtures of Mg 2+, PP, and pyrophos- 
phatase can maintain external P, at near ophmal concentrations during photosynthesis 
by isolated chloroplasts. Hydrolysis yaelds P, to maintain the photosynthetrc require- 
ment, excess hydrolysis is inhibited by free PP, and any inhibitory effect of excess P, 
would be offset by the amehoratmg effect of PP, However, the basic reasons for the 
amehoratlon by PP,, and the accentuation by Mg 2+ of the P, inhibition of photo- 
synthes~s are not known. 

Mg 2+ may influence the rate of exchange across the chloroplast envelope of 
external P, for those phosphates and phosphoglycerate, or may produce its effects 
indirectly by influencing the rate of formation of carbon cycle intermediates such as 
hexose monophosphates 18 that are not rapidly exchanged with external P,. Whatever 
the mechanism of magnesium action ~t seems probable that much of the PP, amehora- 
tion of P, inhibition could be brought about by PP, chelation of magnesium. 

Bassham et  al.  ~5 concluded "that  the prm~ary effect of added fructose-l,6- 
dlphosphatase on photosynthesis by ~solated chloroplasts as not produced by means 
of its function in converting Fru-1,6-P2 to Fru-6-P". In vlew of the present results it is 
d~ffacult to avoid the further conclusion that the fructose-l,6-dJphosphatase activity 
was entirely coincidental and that the effects produced relate to the release of P, 
from PP, by pyrophosphatase activity. Present evidence certainly suggests that all of 
the observed effects including increased transport of metabohtes to the medmm could 
be reproduced w~th approprmte mixtures of P~ and PP,. 
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