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S U M M A R Y  

1. A soluble, alkaline, Mg2+-dependent inorganic pyrophosphatase (EC 
3.6.1.I) has been isolated from the stroma of intact spinach and pea chloroplasts 
and purified some 100-fold. The enzyme has a high specificity for Inorganic pyro- 
phosphate and Mg z+, and exhibits maximal activity at pH 8.2-8.6. The enzyme 
shows allosterlc characteristics with Mg 2 + as activator and optimal rates are obtained 
with a ratio of Mg / + to PP, of  approximately 4 to 1. The enzyme is inhibited by anionic 
PP, and by its own reaction product, orthophosphate. 

2. if Mg 1+ is excluded from the medium in which isolated chloroplasts are 
assayed, active photosynthetic oxygen evolution can still be observed. The addition of 
P,, but not PP,, will then offset a phosphate deficiency. If external Mg 2+ is present 
PP1 will also offset a phosphate deficiency and in these circumstances the rapidity and 
nature of the response IS related to the external pyrophosphatase activity. 

3. Evidence is presented that the chloroplast envelope is relatively imperme- 
able to PP, and that the response to added PP1 is due to external hydrolysis followed 
by entry of P, to the chloroplast These results have significance concerning proposed 
mechanisms for control of photosynthesis. 

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

In studies on photosynthesis by isolated chloroplasts we have been impressed 
by the controlhng influence of orthophosphate t'z, and by the ablhty of inorganic py- 
rophosphate and pyrophosphatase to act as an "orthophosphate buffer", maintaining 
the external P, at or near its optimal concentration 3. Originally it was found that both 

Abbreviations HEPES, N-2-hydroxyethylplperazme-N'-ethanesulphomc acid, MES, 2-(N- 
morphohno)-e thanesulphomc aod .  

* Present address Lehrstuhl fur Biochemle der Pflanzen ND3/130, Ruhr-Umversltat-Bochum, 
463 Bochum-Querenburg,  Postfach 2148, Germany 
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P, and PPi could relnitiate photosynthetic O2 evolution in P:deficient chloroplasts 
with sto~chiometric ratios of approximately 30z /P1  and 6 O2/PP, 1 Except for an 
initial delay of about 15 s with PP,, the kinetics of response were almost identical when 
the effect of adding PP, was compared with that of adding P, at twice the concen- 
tration *. Subsequently, with very carefully prepared chloroplasts, a longer delay was 
observed with PP, and very occasionally this was so prolonged that no response was 
observed during the 2-3-mm period of observation, although the response to P, 
was still more or less immediate In these circumstances the original rapidity of response 
to PP, could be restored if a small proportion of ruptured chloroplasts were in- 
cluded in the reaction mixture (Ludwig, L. J. and Walker, D. A., unpublished). 

These results suggested that PP, was unable to cross the chloroplast envelope 
and that the normal response to PP1 followed external hydrolysis by a pyrophosphatase 
released from ruptured chloroplasts. Previous studies with maize 5, sugarcane 6 and 
spinach chloroplasts v'8 have established the presence of an inorganic pyrophosphatase 
(EC 3.6.1.1.) m green plants 6'9 which has similar properties to the more thoroughly 
investigated pyrophosphatases from Escherichm coli 1° and yeast 11. 

It therefore seemed desirable to reinvestigate the pyrophosphatase from 
spinach and pea chloroplasts, its regulation and localisatlon, and its relation to the 
effect of P, and PP, on photosynthesis by isolated chloroplasts 

M A T E R I A L S  A N D  M E T H O D S  

Plant materml, isolation of chloroplasts 
Peas (Pisumsativunt, var. "Fel tham First") were grown in vermiculite in a 

greenhouse for 18-24 days at 15-20 °C. Spinach (Spinacea oleracea, var. Elsoms 24) 
was grown in the field. Freshly harvested leaf and stem material was used from peas, 
while the midribs were removed from the spinach leaves used. Approximately 100 g 
of material was homogenlsed for 2-4 s, using a Polytron blender, in 250 ml of iso- 
lation medium, containing 0 33 M sucrose, 25 mM 2-(N-morphohno)-ethanesulpho- 
mc acid (MES), 8.6 mM NaC1, 9.3 mM sodium D-isoascorbate, adJusted to pH 6.5 
with KOH,  and chilled to a consistency resembhng melting snow. After blending for 
3-5 s the suspension was filtered through first 2 layers of muslin and then 8 layers of  
muslin containing a layer of cotton wool. All subsequent operations were at 0 ~C. 
The filtrate was ~mmedlately centrifuged in a swing-out head at 5000×g for 50 s 
including acceleration and then braked to a stop in approximately 7 s using a Christ 
model 17 centrifuge. The supernatant was poured off and the surface of the pellets 
gently rinsed with a solution containing 0.33 M sucrose and 1/25 dilution of resus- 
pending medium. After draining, the chloroplasts were resuspended by gently m~xmg 
the pellets with about 2 ml of resuspendlng medium, using a small pad of cotton wool 
on the end of a glas rod. The resuspendlng medium contained 0.33 M sorbitol, 
2 mM EDTA, l mM MnCl2 and 5 0 m M  N-2-hydroxyethylplperazlne-N'-ethane- 
sulphonic acid (HEPES) adjusted to pH 7.6 with KOH.  The chlorophyll content of  
chloroplast suspensions was determined by the method of Arnon 12. 

Measurement of photosynthetic oxygen evolution 
Photosynthetic oxygen evolution by twin chloroplast reaction mixtures was 

measured by oxygen electrodes and recorded simultaneously m the two-channel 
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apparatus described by Deheu and Walker ~ 3. Each reaction mixture contained 200 ILg 
chlorophyll in a total volume of 2.0 ml, was maintained at 20 °C and illuminated 
with red hght 13 

Isolation Of morgamc alkaline pyrophosphatase 
Chloroplasts from pea or spinach were isolated as described above, except that 

the homogenlslng medium contained in addition 5 mM MgCI2 and, after centn- 
fugatlon, the pellet was resuspended in homogenising medium (10 ml per 100 g plant 
material) and centrifuged again. The pellet of intact chloroplasts was resuspended for 
30 mm at 4 °C in a solution containing 50 mM Tns-HC1, 2 mM MgCl 2 and 0.5 mM 
EDTA (pH 7.8) which ruptured the envelopes entirely. The crude enzyme extract 
was separated from the chloroplasts by centnfugat~on at 15 000×9 for 30 mm and 
stored frozen rf not used immediately. The clear supernatant was fractionated with 
solid ammonium sulphate. The fraction 45-78 ° o was collected after 30 rain preci- 
pitation and redissolved m a solution containing 50 mM Tns-HCl and 5 mM MgCI2 
(pH 8.0). A 55-75 o~ fraction was then obtained by the addition of an ice-cold so- 
lution of saturated (NH4)2SO ¢ (pH 8.8). This precipitate was redlssolved m 50 mM 
Tns-HCI,  2 mM MgC12 (pH 8.2) and dialysed against two further changes of this 
solution for 2 h each. 

The dmlysed crude enzyme was clarified by centnfugatlon and applied to a 
DEAE column (7 5 cm ×3 8 cm) pre-equilibrated with 25 mM Tns-HCI and 2 mM 
MgC12 (pH 8.0). The column was then washed with 100 ml 25 mM Tns-HC1, 2 mM 
MgCI z and 100 mM NaC1 (pH 8.2). The pyrophosphatase activity was eluted with 
25 mM Trls-HCI, 2 mM MgCI 2 and 280 mM NaC1 (pH 8.8) The active fractions 
were bulked together and diluted 5 times with redlstilled water and applied to a 
second DEAE column of the same dimensions as the first, pre-eqmhbrated w~th 
25 mM Tns-HCI (pH 8.2) A gradient of 25 mM Tris-HCI at pH 8.2 (without 
NaCI) to 100 mM Tns-HCI at pH 8.8 with 300 mM NaCI, of a total volume of 
1000 ml was used for elut~on. Protein that eluted after approximately 450 ml was 
pooled, diluted as before and collected on a third DEAE column (2.4 cm.'<5 cm) 
pre-eqmhbrated with 25 mM Trls-HCI (pH 8 2) This column was eluted in a single 
step with 200 ml of 50 mM Tns-HC1, 2 mM MgCI, and 300 mM NaCI (pH 8.2). 
The eluate between 60 and 110 ml was collected and the protein precipitated with solid 
(NH4)2SO 4. The white precipitate was redissolved m a minimum amount of 25 mM 
Tns-HCI  (pH 8.2) and passed through a Sephadex G-200 F column ( 1.8 cm × 40 cm), 
which was equilibrated w~th the same buffer. The fractions containing maximum 
actlwty were pooled for use m subsequent work. 

The specific activity of the enzyme from pea was increased 620-fold (w~th 
respect to the mltml chloroplast extract) by this procedure. Preparations hydrolysed 
MgPP, 2- at rates m the range of 280-496 pmoles P, released per mg protein per rain. 

Pyrophosphatase assay 
Pyrophosphatase was assayed m a final volume of 1 ml containing 100 mM 

Trls-HC1, MgCI z and tetrasodium pyrophosphate m a molar ratio of four to one and 
at a concentration usually not exceeding 5 mM at pH 8.6 and 25 °C. The reaction was 
stopped 10 mm after addition of protein by HCIO4 and liberated P, measured as its 
molybdenum complex according to the method of Allen 14. No d~thiothre~tol was 
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used, since it was found to hydrolyse PP, non enzymlcally, nor EDTA, m order to 
avoid chelation of Mg 2+ 

Purified inorganic pyrophosphatase from yeast was supphed by Boehringer. 
The enzyme preparation was dlalysed against 25 mM Tris-HCI (pH 8 2) for 12 h 

Preparation of fructose- l ,6-diphosphatase 
Preparations of fructose-l,6-dlphosphatase were preparared and assayed by 

the procedure of Sprlnger-Lederer et al.lS. The fractions obtained by this procedure 
were also assayed for pyrophosphatase activity. 

R E S U L T S  

Properties of chloroplast morgamc pyrophosphatase 
Substrate saturation was investigated by increasing Mg 2+ concentranon either 

at 4 constant PP, concentrations or while maintaining 3 constant MgZ+/PP, ratios 
according to Bloch-Frankentha116. Fig. 1 shows the saturation curves of spinach 
pyrophosphatase at constant PP, and increasing Mg 2+ concentration. The reciprocal 
plots of these curves in Fig. 3 shows the activation of the pyrophosphatase by Mg 2 + 
and m Fig 4 the inhibition of the enzyme by PP,. These results were generally con- 
firmed by using constant Mg/+/PP,  ratios m the assay, as m Fig 2 The plot of  V 
against the substrate MgPP, 1- concentration reveals stgmoidal kinetics suggesting 
that the enzyme has allosterlc properties, with a variable Km (m the sense of sub- 
strate concentration reqmred for half maximal rate). 
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Fig 1 Substrate  s a t u r a n o n  curve o f  m o r g a m c  pyrophospha tase  (spinach) Assay  condit ions as 
described m Materials and  Methods ,  us ing 41~g of  protein 1 mM PP,. ( ), 4 m M  PP,, ( A ) ;  6 mM 
PP,, (L]), 8 m M  PP,, (O) .  

F~g 2. Substra te  sa tura t ion  curve o f  inorganic pyrophospha tase  (peas) employing cons tan t  Mg2+/  
PP~ raUos Assay  c o n d m o n s  as described m Materials  and  Methods  using 18 fzg o f  protein Mg2+/ 
PPi ratio 4/1, ( G ) ,  MgZ+/PP, ratio 3/I. ( [ ] ) ;  Mga+/PP,  ratio 2/I, ( A )  
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Fig 3 Actlvanon of pyrophosphatase by Mg 2+ (spinach). Reciprocal plot of pyrophosphatase 
activity against Mg 2+ concentration at four d~fferent PPt concentrations showing the activation by 
Increasing Mg 2+ (conditions and symbols as m Fig. 1). 

Fig. 4. Inhibition of pyrophosphatase (spinach) by free p p 4 - .  Reciprocal plot of pyrophosphatase 
activity against PP, concentration at four &fferent Mg 2+ concentrations showing the mh~bition by 
increasing PP,4- (assay con&tlons as in Fig. l). 2 mM MgCI2, (+);  4 mM MgCl2, (L]); 6 mM 
MgClz, (A). 8 mM MgC12. (O). 

The activi ty o f  the pea py rophospha t a se  was measured  over  a range of  p H  
(Fig.  5). No Pi could  be detected in the absence of  Mg 2+ at  ac l&c or  neutral  pH,  
indica t ing  tha t  no acid  phospha tase  was present.  Act ivi ty  was op t imal  at  p H  8.4, 
but  decreased to 30 % at p H  7, showing tha t  a relat ively small  shift in the s t romal  p H  
could  regulate  the act ivi ty of  the enzyme. 

Table  I shows the act ivi ty of  pea py rophospha tase  with various substrates  in 
the presence of  excess Mg 2+. The py rophospha t a se  showed only negligible fructose-  
1 ,6-diphosphatase activity.  M g  2 + could  not  be replaced by manganese ,  copper  or  i ron 

5- -8 ,10  salts conf i rming earl ier  findings for  py rophospha t a se  f rom different sources 
In order  to investigate the possible inhibi t ion o f  pea and spinach ch lorop las t  

py rophospha tase  by P ,  the enzyme was pre incubated  with different amoun t s  o f  P, 
in the presence of  Mg 2+ (20 m M )  at  25 °C for 5 min, the react ion s tar ted by addi t ion  
o f  PP, (5 raM).  U n d e r  these condi t ions  we found  an inhibi t ion of  50 % at a P, 
concent ra t ion  of  1.1 raM. The enzyme was not  inhibi ted by glucose 6-phosphate ,  
oL-glyceraldehyde,  sulphate  or  p -ch loromercur ibenzoa te .  
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Fig. 5. pH opt imum of  pyrophosphatase (peas) Assay cond~nons: 100 mM Trls-MES buffer solu- 
tions. 5 r a M  PP ,  2 0 r a m  MgC12 and 18/~g of  protein in 1 ml. Assay run for 5 r a m  at 25 °C. No  
orthophosphate  detected in the absence of Mg z +. 

TABLE I 

SPECIFICITY OF I N O R G A N I C  P Y R O P H O S P H A T A S E  

Assay conditions 100 mM Trls-HCI (pH 8 6), eather 5 mM of  each  substrate and 20 mM MgCI2, 
or 10 mM of each metal  ion and 2.5 mM PP~, and pea pyrophosphatase containing 18 pg  protein 
In a final volume of  1 ml. Assay run for 5 mm (PP,) or 15 rain (other substrates)  at 25 °C 

Substrate Relatwe acttvtty Metal  salt RelatBe actttit)' 

PP, 1.00 MgCI2 1.00 
Fructose  1,6-dlphosphate 0.07 MnC12 0 01 
Glucose  6-phosphate 0 02 CaCIz* 0 O0 
Ribose 5-phosphate 0 01 CuCI2 0.00 
3-phosphoglycerate 0 02 FeSO4* 0.00 
ATP 0.02 MgSO4 0 96 
ADP 0 00 

* Preop~tates 

Effects of  exogenous PP, and pyrophosphatase activity on photosynthesis by tsolated 
chloroplasts 

Fig. 6 shows the time course of CO2-dependent oxygen evolution by intact 
chloroplasts prepared and assayed in media from which both P, and MgCI2 had been 
omatted. Following the normal induction period 17 there was a detectable acceleration 
m rate followed by a decline attributed to P, deficiency 1'4. Certainly the addition of  
P, at this stage produced an immediate and rapid increase in rate (Fig. 6A) How- 
ever, the addition of PP~ was w~thout effect until the subsequent addition of MgCI z 
(Fig. 6C) when acceleratxon of 02 evolutaon followed in about 1 min. Even with 
added pyrophosphatase an the medium (Fig. 6B) PPi was without effect until the 
addition of  Mg 2 + but in these circumstances the attainment of maximal rate occurred 
within seconds rather than minutes. 
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Fig 6 Oxygen evolu tmn by spinach chloroplasts  prepared m Pi and Mg2+-deficient medm,  show- 
lng a requi rement  for Mg 2+ m PP,-dependent  photosynthes is .  React ion m~xtures contained 0 33 M 
sorbltol ,  1 m M  E D T A ,  1 m M  MnCI2, 50 m M  HEPES,  10 m M  N a H C O 3 ,  1 m M  nbose  5-phosphate  
and  0.1 m M  3-phosphoglycerate ,  pH  7 6, and chloroplasts  eqmvalen t  to 200/ tg  chlorophyll  but, 
mma l ly ,  no MgC12 Exper iment  B also contained 100ttl yeast  m o r g a m c  pyrophospha tase  so lu tmn.  
A d d m o n s  o f  P, to A (0.5 pmole) ,  PP, to B and C (0 25/¢moles) and  MgClz to B and C (4 / tmoles)  
were made  as indicated 

In Table 1I, the rates of  O2 evolution by a pair of  chloroplast suspensions 
slmdar to those of  Fig. 6, are compared with the pyrophosphatase actwity which was 

T A B L E  II 

P Y R O P H O S P H A T A S E  A C T I V I T Y  A N D  C O z - D E P E N D E N T  02  E V O L U T I O N  BY C H L O -  
R O P L A S T  S U S P E N S I O N S  P R E P A R E D  IN Pj A N D  M g 2 + - F R E E  M E D I A  

C o n d m o n s  as m F~g. 6 except that  the reactmn m~xtures mmal ly  contained 0 25/ tmole  PP, but  no 
nbose  5-phosphate  or  3-phosphoglycerate  The  pyrophospha tase  activity m samples  o f  reaction m~x- 
tures were determined as m Materials  and Methods  

Consec t t t t t ' e  0 2  e t ,oht t ton  P,  r e l ease  

add t t t ons  ( / tmole6  0 z  m q  (P ,  " m y  
c h l o r o p h y l l -  ~ h -  ~ ) c h l o r o p h y l l  ~ h -  t ) 

Reaction mixture  1 --  4 8 1 I 
4/~moles MgCI2 23.6 130 
2 5 l tmoles PP, 25.7 
2 / tmoles  
3-phosphoglycerate  36.9 

Reac tmn m~xture 2 
+ added pyrophospha tase  4 / tmoles  MgClz 20 8 840 

2 .5 / tmoles  PP. 10 8 
2 / tmoles  
3-phosphoglycerate  36 9 
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assayed s imultaneously.  The increase in the rate of  02  evolut ion fol lowing the ad-  
d i t ion of  MgC12 is associa ted with an increase in py rophospha tase  act ivi ty of  more  
than 100-fold in the ch lorop las t  suspension wi thout  added  enzyme. The fur ther  
add i t ion  of  ten t imes the initial a m o u n t  of  PP, to the react ion mixture conta in ing  
added  pyrophospha tase ,  however,  resulted in an inhibi t ion o f  the rate of  02 evolut ion.  
That  this inhibi t ion was due to excess P, released by the increased pyrophospha tase  
act ivi ty is shown by the subsequent  reversal of  the inhibi t ion by the add i t ion  of  3- 
phosphoglycera te  1, ~7,18 

Partml purthcation o f  J?uctose-l,6-dtphosphatase 
The final f ract ions conta in ing  f ruc tose - l ,6 -d iphospha tase  activi ty whIch were 

ob ta ined  by the prepara t ion  procedure  used 15 were found  to be heavily con tamina ted  
with py rophospha ta se  activi ty 

Pyrophosphatase activiO' #7 washed and shocked chloroplasts 
In exper iments  descr ibed above,  MgZ+-free media  were used to diminish 

external  py rophospha ta se  activi ty because o f  the dlfficulties experienced in prepar ing  
intact  ch loroplas t s  free o f  this activity. Table  l I !  shows that  washing of  Intact chloro-  

TABLE III 

PYROPHOSPHATASE ACTIVITY IN WASHED AND SHOCKED CHLOROPLASTS 

Rates of P, released m/tmoles - nag chlorophyll J h ~ Assay conditions chloroplasts containing 
100leg chlorophyll in 100mM HEPES (pH 7.6), ±033 M sucrose, 5 or 20ram MgCI2, 5ram 
Na,~PzO7, 0.4 mM EDTA m I ml, incubated 5 mm at 25 'C. 

Number oj Mg PP, = I 1 Mg PP, ~ 4: I 

Intact Ruptured Intact Ruptured 

none 19 4 282 80 5 323 
I 41 276 83 6 327 
2 5 2 271 87 4 373 
3 2 7 208 81 8 357 

plasts could  dzminish py rophospha t a se  actzvlty to a relatively low level if the MgCI2 
concent ra t ion  in the assay med ium (conta ining 5 m M  PP,)  was kept  at  5 raM. 
At  20 m M  MgCI2 the ac twi ty  was substantml.  At  both  Mg 2+ concent ra t ions  osmot ic  
shock was fol lowed by a large increase in activity. Thls ~s consis tent  with the proposa l  
that  the intact  envelope normal ly  const i tutes  a barr ier  between s t romal  pyrophos-  
phatase  and ~ts substrate.  Residual  py rophospha ta se  activi ty in intact  ch loroplas t  
suspensions could be assocmted with the envelope or  adsorbed  onto  its surface but  the 
difficulty of  ob ta in ing  ch lorop las t  p repara t ions  which are entirely intact  makes  it more  
likely that  the washing procedure  itself always ruptures  a small percentage of  envelopes.  

Dtrect evtdence that the chloroplast envelope is relattvely tmpermeable to PP, 
Direct  measurements  of  32pp, uptake  were under taken  m this l abo ra to ry  m 

co l l abora t ion  with Dr Hans Heldt.  The uptake of  metabol i tes  by intact  ch lorop las t s  
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has been extensively studied by Heldt et a l .~9 -21  who have employed preincubation 
with labelled intermediates followed by centrifugal filtration. Preliminary experi- 
ments carried out in this way showed that uptake of 32p, by spinach chloroplasts was 
at least 300 times as rapid as the uptake of 32pp,. The results of a more extensive in- 
vestigation using this technique will be published by Dr Heldt elsewhere. 

DISCUSSION 

The pyrophosphatase isolated from the stroma of pea and spinach chloroplasts 
requires Mg 2+ and is only fully active at pH values around 8.4. In these respects its 
properties closely resemble those previously reported for other green plants 5-s,  
E. coli x° and yeast i i pyrophosphatases, with the exception of an enzyme from spinach 
described by Forti 22. The substrate saturation curves (Figs 2 and 3) reveal allosterlc 
characteristics of the enzyme with Mg 2+ as activator. The pyrophosphatases from 
maize 5, sugar cane 6 and spinach 7,s have not been described as allosteric although 
Klemme et al. 2a have reported that the soluble pyrophosphatase of Rhodosplri l lum 
rubrum is an allosterlc enzyme. In view of the proposed Mg 2+ movement between 
stroma and thylakoids 24 the regulation of this enzyme by Mg 2+ seems of some im- 
portance. 

The loss of activity associated with decreasing Mg2+:PP, ratios indicates 
first, that Mg 2+ is needed to form stoichlometric amounts of  the active substrate 
MgPP, 2- (ref. 25), and second, that PPI 4-  combines competitively with the enzyme. 
This substrate inhibition was observed with pyrophosphatases from yeast, E. coh and 
Rhodospiril lum. Butler li and Josse and Wong 1° showed that PPI 4- acts as a strong 
competitive inhibitor. J o s s e  25'26 found that the E. coli pyrophosphatase binds the 
free pp ,4 -  50 times more strongly than the substrate MgPP, z-  and that Mg2PP,. 
which occurs at high Mg 2+ concentrations does not act as a substrate. 

The results of Fig. 6 and Table II clearly indicate that the extent and rapidity 
of the response of photosynthesis by intact chloroplasts to added PP, is determined by 
the external pyrophosphatase activity Since the permeability of the chloroplast 
envelope to PP, is shown to be relatively very low, the responses which normally ac- 
company the addition of PP, are confirmed to be due to P1 formed in external hy- 
drolysis by pyrophosphatase released from damaged chloroplasts. In practical 
terms the results again support the view i ' i 7 ' l a  that external P, concentration is a 
major factor in governing the rate of photosynthesis, and that PP,, M g  2+ and pyro- 
phosphatase in the external medium exert their control, (largely, if not entirely), 
by interacting to produce P,. 

Bassham et al. 27 have suggested a regulation of photosynthesis m intact 
chloroplasts by a protein fraction from spinach containing a fructose-l,6-dlphos- 
phatase, m the presence of PP, and Mg 2+. The present results show that protein 
fractions prepared by their technique ~5 may also contain large quantities of pyrophos- 
phatase. Evidence will be presented in a following paper 2a which shows that very 
similar results to those of Bassham et al 27 can be obtained using the highly purified 
spinach pyrophosphatase described here and that the effects which it produces are 
ultimately related to the ensuing proportions of P,, PPi and Mg 2+ in the assay me- 
dium. 
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