
Btochtmtca et Btoph~stca Acta,  368 (1974) 269-278 
C~ Elsevier Scientific Pubhshmg Company, Amsterdam - Printed m The Netherlands 

BBA 46826 

THE REDUCTION OF 3-PHOSPHOGLYCERATE BY RECONSTITUTED 

CHLOROPLASTS AND BY CHLOROPLAST EXTRACTS 

R McC LILLEY and D A WALKER 

WnhthetechmcalasslstanceofK HOLBOROW 

Department  o f  Botatn,  The Umt,ersttl Sheffield SIO 2 T N  (U K ) 

(Received June 10th 1974) 

SUMMARY 

1 The rate of 3-phosphoglycerate reduction m extracts from spinach chloro- 
plasts, assayed by spectrophotometrlc measurement of 3-phosphoglycerate-dependent 
N A D P H  oxidation, was strongly inhibited by ADP AMP was much less inhibitory 

2 Oxygen evolution by reconstituted chloroplasts with 3-phosphoglycerate as 
substrate was al~o inhibited by the addition of ADP or following uncoupling by added 
NH4CI 

3 In all cases the inhibitory effects of ADP were reversed by addition of 
phosphocreatlne and creatlne phosphoklnase activity 

4 The Stolchlometry of 3-phosphoglycerate reduction to NADPH oxidation In 
chloroplast extracts was 1 1 and there was neghglble turnover of the Benson-Calvln 
cycle in either chloroplast extracts or in reconstituted chloroplasts under the particular 
conditions employed 

5 The maximum rate of 3-phosphoglycerate-dependent 02 evolution by re- 
constituted chloroplasts was ultimately limited by NADP reduction and photo- 
phosphorylatlon, and was similar to the maximum rate of oxygen evolution under 
optimal conditions by intact chloroplasts In the presence of sufficient ADP phospho- 
rylatlng activity, the rate of enzymic 3-phosphoglycerate reduction was relatively 
high The Inhibition of this reaction by ADP may represent a control mechanism m 
photosynthesis 

INTRODUCTION 

The reduction of 3-phosphoglycerate to trlose phosphate is a singularly im- 
portant reaction in photosynthesis which links the photochemical events in the 
thylakold membranes to the so-called "dark biochemistry" of the Benson-Calvm cycle 
m the chloroplast stroma compartment Isolated intact chloroplasts (type A) are 
capable of high rates of 0 2 evolution with 3-phosphoglycerate as substrate [1] 
Preparations of washed envelope-free chloroplasts (type D [1 ]) however, wall evolve 
O 2 with 3-phosphoglycerate only when supplied with a chloroplast extract (stromal 
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protein) and sufficient ferredoxm, NADP and ATP to give a "reconstituted" chloro- 
plast system [2] Because the chloroplast envelope is impermeable or relatively Imper- 
meable to most intermediates and cofaetors of  the carbon fixation cycle [3, 4]. the 
reconstituted system is particularly useful for studies involving the experimental 
manipulation of the concentrations of  these compounds Oxygen evolution by the 
reconstituted system is essentially a Hill reaction in, which the natural oxidant, 
NADP, xs reduced by electrons from water and reoxidlsed by 1,3-dlphosphoglyeerate 
(DPGA) 

PGA ..... f ~..,,.= DPC~ ~ ~ - GAP 

ATP AOP NADPH NADP 

O 2 H20 

where PGA means 3-phosphoglycerate and GAP, glyceraldehyde-3-P 
This reaction proceeds in the light utlhsing either exogenous 3-phosphoglycerate 

or that produced by carboxylation of rtbulose 1,5-diphosphate Under some condi- 
Uons, the rate of  CO2 fixation can exceed the rate of  O2 evolution In the reconstituted 
chloroplast system [5], Implying rate limitation by one or more reaction steps in the 
above sequence 

Parallel measurements of  3-phosphoglycerate reduction In stromal extracts 
obtained by osmotic shock of intact chloroplasts, and of 3-phosphoglycerate-depen- 
dent O z evolution by reconstituted chloroplasts are reported here The apparent 
activity of  NADP-speclfiC glyceraldehyde-3-phosphate dehydrogenase (D-glyceralde- 
hyde-3-phosphate NADP oxidoreductase (phosphorylatlng), EC 1 2 1 13), was 
studied in freshly prepared and unfractlonated chloroplast extract m order to identify 
those factors determining the apparent activity of  this enzyme which are likely to 
operate m VlVO 

MATERIALS A N D  M E T H O D S  

Preparation of chloroplasts 
Spinach (Spmacta oleracea var True Hybrid 102. Arthur Yates and C o .  

N S W .  Australia) was grown in aerated nutrient solution in a glasshouse under 
supplementary artificial lighting The conditions and composition of nutrient solution 
were similar to those used by Randall and Bouma [6] for growth in their control 
medium Intact  chloroplasts were prepared as described previously [7], except that 
the isolation medium was 0 33 M sorbitol, 10 mM Na4P20~, 5 mM MgCl 2 and 
2 mM D-tso-ascorbate, adjusted to pH 6 5 with HC1 The composition of the chloro- 
plast resuspendlng medium was 0 33 M sorbltol, 2 mM EDTA. 1 mM MgC12, 1 mM 
MnCI 2 and 50 mM N-2-hydroxyethylpiperazine-N'-ethanesulphonlc acid, adJusted to 
pH 7 6 with K O H  For the preparation of chloroplast extract [5], the pellet of  intact 
chloroplasts (containing 2 5-3 0 mg chlorophyll, measured by the method of Arnon 
[8]) was instead resuspended in 5 5 ml of  a solution containing 1/25 dilution of 
resuspendlng medium and 5 mM dlthIothreItol After stirring for 2 rain (to allow 
rupture of  the chloroplast envelope membranes by osmotic shock) the suspension 
was centrifuged for 10 mln at 13 000 < g The supernatant (chloroplast extract) was 
free of  chlorophyll and contained 3 9-4 7 mg protein per ml. measured by lhe bluret 
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method [9] after precipitation with trlchloroacetlc acid The preopltate (envelope-free 
chloroplasts) was resuspended in full-strength medium as before The volume of 
chloroplast extract per unit chlorophyll was calculated from the total volume of 
chloroplast extract and the total chlorophyll m the envelope-free chloroplasts 

Spectrophotomeo w assay oJ NA DPH oxtdatton by chloroplast extracts 
The basic reaction mixture contained 0 33 M sorbltol, 50 mM N-2-hydroxy- 

ethylplperazme-N'-ethanesulphonic acid, 10 mM KCI, ! m M  EDTA, 5 mM dithi- 
othreltol, 1 mM NADPH,  ATP and MgCI 2 as specified, plus 50/d  chloroplast 
extract m a final volume of 0 5 ml at pH 7 6 in a 2-ram optical path cuvette Changes 
m opncal density at 340 nm were measured at 20 °C using a split-beam spectrophoto- 
meter and a recorder calibrated to give direct readings in/~moles N A D P H  Primary 
standards were solutions freshly prepared from prewelghed wals of  desiccated N A D H  
(Sigma Chemical Co ) Reaction mlxtures were premcubated for 5 min before the 
addition of 3-phosphoglycerate 

Measurement of 3-phosphoglycerate-dependent oxygen evohmon by reeonstttuted 
hloroplasts 

Oxygen evolunon by twin reactmn mixtures containing reconstituted chloro- 
plasts illuminated with red hght was measured as before [10] Normally each reaction 
mixture contained envelope-free chloroplasts (200/~g chlorophyll), chloroplast ex- 
tract (equivalent to 200 #g chlorophyll), 0 33 M sorbitol, 50 mM N-2-hydroxy- 
ethylpIperazlne-N'-ethanesulphonac acid, 10 mM KCI, 1 mM EDTA, 5 mM MgCI/, 
5 mM dlthmthre~tol, l0 mM NaHCO3,  2 mM ATP, 0 125 mM NADP and 44/~g 
spinach ferredoxln m a final volume of 2 ml at pH 7 6 and 20 ~C 

Reaqents 
All inorganic compounds used were of  analytical reagent grade Blochemlcals 

were of  the highest purity obtainable from the Sigma Chemical Co Fresh solutions 
of N A D P H  and creatlne phosphokinase were prepared each day from desiccated 
solid Phosphoglycerate klnase was dlalysed before use to remove (NH4)2SO 4 
Spinach ferredoxm was prepared by the method of Rao et al [11 ] 

RESULTS AND DISCUSSION 

3-Phosphoglycetate-dependent NADPH o,ctdatton by chloroplast extracts 
Recorder traces of  N A D P H  oxidation in reactmn mixtures containing chloro- 

plast extract are shown m Fig l In the presence of 10 mM MgCI 2 (Fig la, trace A), 
there was an initial rapid phase of N A D P H  oxidation during the first 15 s, pamally 
obscured by the excursion of the trace during mixing The rate of  N A D P H  oxidation 
then declined progressively The extent of  the dechne m activity was somewhat variable 
between different chloroplast extract preparations, and was less marked in the pres- 
ence of lower Mg z+ or higher 3-phosphoglycerate concentranons 

In the presence of an ATP-regeneratmg system (Fig la, trace B), the rate of 
N A D P H  oxldanon was Increased and became hnear after 2 mln The phospho- 
creatlne/creatme phosphokinase system used here may be regarded as an analogue of 
photophosphorylanon i f  the concentration of MgCl z was increased to 15 mM and 
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F~g 1 Recorder traces of 3-phosphoglyc~.rate-dependent NADPH oxldauon by chloroplast extract 
(a) Basic reaction raJxture (see Materials and Methods) plus 2 mM ATP In addlt~on Expt A con- 
tamed 10 mM MgCI2, Expt B contained 10 mM MgCI2, 5 mM phosphocreatme and 0 5 umt creatlne 
phosphokmase actwJty, Expt C contained 15 mM MgCI2, 5 mM phosphocreatme and 2 umts 
creatme phosphokraase actwlty (b) Basic reaction mixture plus 2 mM ATP, 5 mM phosphocreatme 
and 5 mM MgCIz In addition Expt B contained 1 raM ADP Ad&tlons of 3-phosphoglycerate 
(PGA) creatme phosphokraase (CPK) and ATP where ra&cated 

the a m o u n t  of creatme phosphokmase increased from 0 5 to 2 umts (Ftg l a, trace C) 
the rate was much more rapid and was hnear  for the first 30 s after 3-phospho- 
glycerate a d d m o n  The shght decline m rate towards the top of trace C is due to 
depleqon of the 3-phosphoglycerate substrate The results of Fig la  suggested that  the 
reduction of 3-phosphoglycerate to glyceraldehyde 3-phosphate was inhibited by 
A D P  formed in the 3-phosphoglycerate kmase reaction In the absence of the ATP-  
regeneratmg system, the ad&txon of excess phosphoglycerate kmase (approx 100 
actwtty units) either had no effect or was shghtly inhibitory,  confirming an earher 
observation [12] In its presence there was ,t shght s t imulat ion (up to 4 °o) It was, 
therefore, concluded that the enzymic phosphoglycerate kmase activity m the chloro- 
plast extract was not  r a te -hmmng However, it is not  possxble to distinguish from 
these experiments whether the mhiblt~on by A D P  as a mass acUon effect on the 
endergomc phosphoglycerate kmase reaction or mhxbmon of enzymic NADP-spectfic 
3-phosphoglycerate dehydrogenase acuwty 

The inhibi tory effect of A D P  could be fully reversed by the ATP-regeneratmg 
system (Fig lb )  The rate of N A D P H  oxidat ion was inhibited by more than 50 o in 
a reaction mixture containing 1 mM ADP (trace B), but,  after the addi t ion ofcrea tme 
phosphokinase to both reaction mixtures, accelerated untd  it equalled that of the 
reaction mixture con tammg no added A D P  (trace A) 

The effect of lncreasmg A D P  concent ra t ion  on  the rate of 3-phosphoglycerate- 
dependent  N A D P H  oxidation m reaction mxxtures without the ATP-regeneratmg 
system is shown m Fig 2 Low concentra t ions  of A D P  (less than 1 mM)  caused 
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Fig 2 lmual rate of  3-phosphoglycerate-dependent NADPH oxidation by chloroplast extract 
Basic reactmn medmm (see Materials and Methods) plus 4 mM ATP l mM MgCIz and ADP or 
A M P as specified Reactmns started by add~tmn of  0 5/tmole 3-phosphoglycerate 

F~g 3 Imtml rate of  3-pho~phoglycerate-dependent N A D P H  ox~datmn by chloroplast extract 
Basra reactmn mlxture (see Matermls and Methods) plus 2 mM ATP, 5 mM phosphocreatme 
15 mM MgCI2 and creatme phosphokmase actw~ty as spemfied Reactmns started by addmon of  
0 5 pmole 3-phosphoglycerate 

conssderable mhlbmon,  whereas AMP at up to 4 mM had a comparaUvely small 
effect The sensmvlty of  this reacnon to ADP is further illustrated m Fig 3, which 
shows the marked sUmulatory effect of  increasing creatlne phosphokmase activity 
on the rate of  N A D P H  ox~datmn m reacnon mixtures containing 5 mM phospho- 
creatme The steady-state concentranon of ADP in this case should be largely deter- 
mined by the relative acnwtms of phosphoglycerate klnase (forming ADP) and of 
creatme phosphokmase (phosphorylatmg ADP) 

ADP has prewously been reported as an inhibitor of  purified spinach glyceral- 
dehyde-3-phosphate dehydrogenase (assayed m the dwectmn of NADP reductmn) 
by Pupdlo et al [13], although Muller [14] found no inhibitory effect of ADP In the 
present work, acUvatmn of this enzyme by ATP and N A D P H  [14, 15] during assays 
~as  avotded by Hlummatmg the spinach leaves before isolating the chloroplasts and 
b5 premcubatmg reactmn mixtures for 5 rain prior to the addmon of 3-phospho- 
glycerate 

Stotchlometrl of 3-phosphoqhcerate-dependent N A D P H  oxtdanon b~ ~hloroplast 
e x tract 

The sto~chmmetry of 3-phosphoglycerate reductmn was mvesugated by m e a -  

s u n n g  the extent of  N A D P H  ox~danon consequent upon the addztlon of 0 l /tmole 
3-phosphoglycerate to reacnon mixtures (Fig 4) The amount of  N A D P H  ox~dlsed 
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F ig 4 Recorder traces o f  3-phosphoglycerate-dependent N A D P H  oxidation by chloroplast extract 
Basic reaction mixture (see Matermls  and Methods)  plus 2 m M  ATP,  15 m M  MgCI2,  5 m M  phospho-  
creatme and 1 unit creatme phosph~kmase aetwaty In addttaon Expt B contained 10 mM NaHCO~ 
Addataons of  3-phosphoglycerate (PGA) and standard NADH where mdacated Trace D, obtained 
m the absence of  3-phosphoglyeerate as the base line for the other traces 

Ftg 5 Carbon fixataon by reconstituted chloroplasts Basic reaction maxtures as for determination 
of  oxygen evolution by reconstatuted chloroplasts (see Materials and Methods)  but including 100 pC~ 
NaHt4COs Determmataon of  14C fixaUon by the method of  Walker et al [16] I l lumlnauon of  the 
reaction maxtures commenced at zero tame, addJuons of 2/~moles rlbulose 1 5-daphosphate (RuDP) 
to Expt A and of 2ffmoles 3-phosphoglycerate (PGA) to Expt B where lndacated The figures m 
brackets are the rates /zmoles  t'*C fixed/mg chlorophyll  per h 

was always found to be within 3 % of  0 l pmole (trace A) With chloroplast extract 
and an ATP-regeneratmg system the possibihty existed that the entire Benson-Calvm 
cycle might begin to turn over and convert newly produced trlose phosphate to 
3-phosphoglycerate via the carboxylatlon step However, no increase in the amount 
of  N A D P H  oxidlsed was observed in the presence of  10 mM NaHCO~ (Fig 4, trace 
B), and the rates of  N A D P H  oxidation following the addition of  a further 0 5 lemole 
3-phosphoglycerate were equal in the presence and absence of  10 m M  bicarbonate 
The low basal rate of  N A D P H  oxidation in the absence of  added 3-phosphoglycerate 
is shown in Fig 4, trace D Trace C is a calibration check with standard N A D H  

The absence of  any apprecmble Benson-Calvln cycle turnover in chloroplast 
extracts was confirmed by measuring 3-phosphoglycerate-dependent carbon fixation 
m the reconstituted chloroplast system containing 10 mM NaH14CO3 (Fig 5, B) 
The rate of  carbon fixation was then less than 0 5 % of  that which followed the 
addition of  0 5 mM rlbulose 1,5-dlphosphate (Fig 5, A) 
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Fig 6 Recorder traces of photosynthetic O2 evolution by reconstituted chloroplasts (al Baslt. 
reaction mixture (see Materials and Methods), with additions of 2/imoles 3-phosphoglycerate (PGA I 
and 1/tmole ADP v~here mdzcated Illumination commenced at L (b) As for (a) except that Expt C 
contained m ad&t~on of 5 mM phosphocreatme AddaJons of 5/tmo'les NH4CI and of 2 units 
creatme phosphokmase actlwty (CPK) where ln&cated (c) As for (a) but with 1 mM NADP and 
w~th chloroplast extract omitted In addition, A contained 2 5 mM NH4CI with ATP omitted and 
B contained 0 5 mM ADP The figures m brackets are the rates/tmoles 02 evolved/rag chlorophyll 
per h 

3-Phosphoglycerate-dependent oxygen evohttlon by reconstituted ~hloroplasts 
On i l lumina t ion  of  a reconst i tu ted  ch lorop las t  react ion mixture,  there was an 

initial r ap id  evolu t ion  o f  Oz which ceased when the N A D P  present  was reduced 
(Fig  6a) The add i t i on  o f  3-phosphoglycera te  then restar ted 0 2 evolut ion  a lmost  
immedia te ly  ( trace A )  However ,  when A D P  (0 5 m M )  and 3-phosphoglycera te  were 
a d d e d  together  (B), the rate  eventual ly  ob ta ined  was abou t  half  than in (A)  In the 
absence o f  added  A D P ,  the addi t ion  o f  the uncoupler ,  NH4CI init ial ly caused a slight 
s imula t ion  of  3 -phosphoglycera te -dependent  O z evolut ion  (Fig  6b, trace A),  fol lowed 
by comple te  inhibi t ion  as previously  observed [2] In the presence o f  5 m M  phospho-  
creatme,  this inhib i t ion  was reversed by the ad&t lon  of  c rea tme phosphok lnase  
( trace C) The onset  o f  Inhibi t ion fol lowing NH4CI addi t ion  was much more rapid  
m the react ion mixture  which init ial ly conta ined  0 5 m M  A D P  (trace B) Oxygen 
evolut ion  f rom envelope-free chloroplas ts  i l luminated  in the presence o f  ferredoxln 
and subst ra te  amoun t s  of  N A D P  (Fig  6c) was slow wlth A T P  (trace C) and fast 
when uncoupled  with NH4CI (trace A)  With  2 m M  A T P  plus 0 5 m M  A D P  (trace 
B), the rate o f  O2 evolut ion  init ial ly equalled that  of  uncoupled  chloroplas ts ,  then 
decreased as the A D P  was phosphory la ted  

F r o m  these results it can be concluded that  the inhibi t ion o f  O2 evolut ion f rom 
3-phosphoglycera te  by addi t ion  o f  A D P  or  o f  NH~CI was due to the inhib i tory  
effect o f  A D P  on the enzymic reduct ion o f  3-phosphoglycera te  demons t ra ted  above  
The ra ther  complex  kinetics seen in F ig  6b are the result  o f  the oppos ing  effects o f  
A D P  on coupled  N A D P  pho to- reduc t ion  and on 3-phosphoglycera te -dependent  
N A D P H  oxida t ion  The init ial  accelerat ion of  O2 evolu t ion  on addi t ion  of  NH,~CI 
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F~g 7 The effect o f  increasing 3-phosphoglycerate  concentra t ion on the rates o f  N A D P H  ox~dauon 
by chloroplast  extract  (circles) and  OE e v o l u t i o n  by reconsUtuted chloroplasts  (mang les )  Measure-  
ments  o f  N A D P H  oxidat ion were made  m basic reactmn mixture  (see Matermls  and  Methods)  plus 
5 m M  phosphocrea tme  and 1 umt  creatme phosphokmase  actwlty R e c o n s m u t e d  chloroplast  
reactmn mixture  as described m Matermls  and Methods  

Fig 8 The  effect o f  con t inuous  a d d m o n  o f  3-phosphoglycerate  at increasing rates on the rate o f  
oxygen evolution by recons tnuted  chloroplasts  The  reacUon mtxture  was as described m Materials 
and  Methods  After  commenc ing  i l luminat ion 3-phosphoglycerate was added cont inuous ly  bv a 
R a d m m e t e r  A B U  12 varmble speed m r a t o r  with an 0 25-ml syringe containing 40 m M  3-phospho-  
glycerate The  dot ted hne represents the theoretical re la tmnshlp  o f  1 mole O2 evolved per 2 moles 
%phosphoglycerate  added The  horizontal  dashed hne represents the m a x i m u m  rate o f  oxygen evolu- 
tmn  observed by intact chloroplasts  f rom the same preparat ion,  measured  m a reactmn m~xture 
conta in ing 0 33 M sorbltol,  2 m M  E D T A  1 m M  MgClz 1 m M  MnCI2, 50 m M  N-2-hydroxvethyl-  
p lperz lne-N ' -e thanesulphomc acid, 10 m M  N a H C O 3  5 m M  PPi and  0 5 m M  P~ pH 7 6 

(Fig 6b, trace A) is attrtbuted to N A D P  reducUon under uncoupled conditions since 
the steady-state N A D P  pool should be largely oxldlsed when apparent glyceraldehyde- 
3-phosphate dehydrogenase acuvlty is high In reacuon mixtures contammg added 
A D P  the apparent dehydrogenase activity is low (Fig 6b, trace B), the N A D P  pool is 
largely reduced, and less O2 is evolved after addmon of  NH~C1 

The effect of  3-phosphoglycerate concentratton on Oz evolution by reconsti- 
tuted chloroplasts is compared with its effect on N A D P H  oxidation by chloroplast 
extract m Fig 7 (assummg a stolchlometry of  2 moles N A D P H  oxldtsed/1 mole 02 
evolved) The rate of  N A D P H  oxldaUon approached saturation at 10 mM 3-phospho- 
glycerate, whereas the rate of  02 evolution was much lower and reached a ceiling just 
below 100/~moles O2/mg chlorophyll per h as it approached the rate of  N A D P -  
dependent oxygen evolution (118 Itmoles Oz/mg chlorophyll per h) exhlbtted by 
uncoupled chloroplasts (Fig 6c, trace A) The hmmng factor for 3-phosphoglycerate- 
dependent oxygen evolution therefore appears to be the rate of  N A D P  reduction and 
the ablhty of  photophosphorylatlon to maintain the steady-state concentration of  A D P  
at a level sufficiently low to allow an adequate rate of  3-phosphoglycerate reductIon 
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The progress of carboxylatlon in the reconstituted system was also simulated 
by continuously adding 3-phosphoglycerate, at various rates, from an automatic 
tltrator (Fig 8) Added slowly, 2 moles of  3-phosphoglycerate gave rise to l mole 02 
(dotted line), but at higher rates the ratio O2/3-phosphoglycerate dechned rapidly 
as the O2 evolution rate approached saturation The entire experimental curve con- 
forms approximately to the theoretical boundaries described by the evolution of  
I mole 02/2 moles 3-phosphoglycerate added and by a ceiling representing the rate 
of  oxygen evolution (in the presence of saturating bicarbonate and 3-phosphogly- 
cerate), by the intact chloroplasts from which the reconstituted system was prepared 
It therefore seems likely that the previously discussed factors, which limit the rate of  
3-phosphoglycerate-dependent oxygen evolution by reconstituted chloroplasts, apply 
also to intact isolated chloroplasts 

C O N C L U S I O N S  

The rate of  rlbulose 1,5-dlphosphate-dependent CO2 fixation in the reconsti- 
tuted chloroplast system (typically 140/~moles 14CO2 fixed/mg chlorophyll per h, 
Fig 5, A) can exceed the rate of  3-phosphoglycerate-dependent oxygen evolution 
(typically 100 itmoles O2/mg chlorophyll per h, Fig 6a), because of the hnutatlons 
imposed on the rate of  3-phosphoglycerate reduction by the steady-state ADP con- 
centratlon and the availability of  N A D P H  These factors probably also impose a 
hmitatlon on the rate of photosynthesis by intact isolated chloroplasts 

The negligible turnover of  the Benson-Calvln cycle in the reconstituted chloro- 
plast system used here is attributed to dilution of the stromal contents following 
osmotic shock of the chloroplast envelopes The specific space of the stroma com- 
partment of  spinach chloroplasts has recently been measured by Heldt et al [17] as 
23 Id/mg chlorophyll Although the ratio of  chlorophyll to stromal protein in the 
reconstituted system is the same as in the isolated Intact chloroplasts, the reconsti- 
tuted system is 400 times more dilute on the basis of  Heldt's figure, and the concen- 
tration of  those cycle intermediates normally contained within the chloroplast enve- 
lope x~lll be reduced by a similar factor Turnover of  the cycle has, however, been 
recently demonstrated [18, 19], in reconstituted chloroplast systems containing a 
large excess of  stromal protein 

The sensitlwty of the rate of  enzymic reduction of 3-phosphoglycerate to 
changes in ADP concentration suggest that the level of  ADP In the intact 
chloroplast may be an important factor in the control of photosynthesis The decrease 
in chloroplast ADP concentration upon Illumination [20] may also contribute to 
the reported light activation [15] of thls reaction 
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