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SUi’lPlARY: Phosphoribulokinase Prom spinach chloroplasts held in 
darkness was inactive when measured at pH 6.8 but active when 
measured at pH 7.8. Following the onset OP illumination oP the 
chloroplests, the enzyme activity measured at either pH in- 
creased rapidly. SigniPicant activation by dithiothreitol was 
observed only at pH 7.8 with enzyme Prom chloroplasts held in 
darkness. A portion of the total phoaphoribulokinase can be 
pelleted by centriPugation aPter chloroplast breakage, irre- 
spective of whether or not the chloroplasts were illuminated 
immediately prior to breakage. The pelleted activity could be 
easily solubilised by extraction with buffer. 

INTRODUCTION: Although light-mediated activation of phosphori- 

bulokinase is a well established phenomenon (l-4), reported 

activities OP phoaphoribulokinaee Prom chloroplasts held in 

darkness are nevertheless quite considerable (1). This is sur- 

prising Por two reasons. Firstly, light-mediated activation 

would not saem to serve any purpose iP the activity in darkness 

approaches or exceeds the rata oP CO2 fixation OP intact chloro- 

plasts in the light (5). Secondly, based on thermodynamic con- 
siderations (6). phosphoribulokinase in vivo appears to be more -- 
or less completely inective in the dark: the concentrations OP 

ribulose-5-phosphate and ATP in the stroma of chloroplaats in 

darkness are essentially the same as under illumination (7,8), 

yet accumulation OP ribulose-l,%bisphosphate, which would be 

expected with active phosphoribulokinase in the absence of CO2 

Pixation, does not occtir (9). In an attempt to clariPy these 

anomalies, estimates have been made OP phosphoribulokinase acti- 

1) This investigation represents partial PulPilment oP the 
requirements OP K.H. Fischer Por the degree OP Dr. rer. nat. 
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vity from darkened chloroplasta and assayed under conditions 

believed similar to those of the chloroplest stroma in darkness. 

The results confirm that the enzyme is essentially inactive in 

darkness, but is rapidly activated following even a low intan- 

sity of illumination. 

During these experiments phoaphoribulokinasa was found to 

exist both as a soluble enzyme and as enzyme loosely bound to 

chloroplaat membranes. The latter association may be relevant to 

the mechanism of light-induced activation mediated by the alec- 

tron transport chain. 

l’lATERIALS AN0 AETHOOS: Spinach (Spinacea oleracsa L.) was grown 
hydroponically. The plants were placed in darkness prior to ax- 
perimants. Chloroplaata wars isolated under weak green light 
following the procedure of Lilley et al. (10). 8 g leaves were 
blended for 5 sac in 40 ml of isolation medium (0.33 fl aorbitol, 
IO mll Na P207, 5 mR HgCl and 2 mA eacorbata adjusted to pH 6.5 
with HC19. The homogenata was filtered through Miracloth, cen- 
trifuged at 760 x g for 80 sac and the aupsrnatant discarded. 
The upper layer of the pellet was suspended in 2 ml of resus- 
pending medium (0.33 R sorbitol, 2 mfl EOTA, 1 mfl mgC12, 1 mm 
IlnCl and 50 mM HEPES-KOH, pH 7.8) and then discarded. The re- 
mainzng chloroplasta were suspended in 5 ml of resuapanding 
medium. All operations were at 4'C. 

The chloroplaata ware illuminated in a water bath at 25’C. 
White light with an intensity of 30000 lux was supplied from a 
Leitz Prado projector. At the times indicated chloroplaata ware 
removed in 0.1 ml samples and broken by direct addition to re- 
action mixtures containing 100 umolea Tris-HCl buffer pH 7.8 or 
100 umolea AES-KOH buffer pH 6.8, 10 umolea mgC12, 20 umolee 
KCl, 1 umole ATP, 0.6 urn018 PEP, 0.30 umola NAOH, 2.8 units 
lactate dahydroganasa, 1 unit pyruvata kinasa and 2 pm0188 ri- 
bose-5-phosphate. Tha final volume was 1 ml. Three min after 
starting the reaction with riboaa-5-phosphate, 20 ~1 of 0.5 fl 
dithiothraitol were added to the reaction mixture. phosphori- 
bulokinaae activity was calculated from the change in absor- 
bance at 366 nm measured with 8n Eppendorf 1101 M phOtOm8t8r 
at 25OC. 

Thylakoid membranes wars obtained by homogenising 1 ml of 
the suspension of isolated intact chloroplasta with a glass Ten 
Broeck homogeniser. The broken chloroplaats w8re centrifuged 
at 13000 x g for 10 min. For phosphoribulokinasa extraction, the 
pellet was resuspended in 1 ml of SO mfi HEPES-KOH buffer (pH 
6.8) containing 10 mm dithiothreitol. The suspension was centri- 
fuged efter 10 min at 13000 x g for IO min and the enzyme scti- 
vity iln the supernatant was determined. 

RESULTS: The activity of phosphoribulokinaae from freshly 

ruptured ChlOrOplSStS held in darkness was virtually zero when 

measured at pH 6.8 (Fig. IA). At pH 7.8, however, enzyme acti- 
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Figure 1: Light activation of phosphoribulokinase in intact 
chloroplasts. The chloroplasts were illuminated between 24 min 
and 52 min of incubation time. The chlorophyll concentration was 
0.12 mg/mly phosphoribulokinase activity was measured at pH 6.6 
(A) and pH ‘7.8 (8). Activity of control (continuous darkness) 
without (H) and with (U) 10 mR dithiothreitol; and 
activity efter illumination without (M) and with (W) 
10 mfl dithiothreitol. 

vity was clearly detected (Fig. 1B). At pH 6.8, dithiothreitol 

(10 mfl) only slightly activated phosphoribulokinase from 
darkened chloroplasts but at ptl 7.8 it increased activity over 

7-fold. 

After illumination of chloroplasta, the activity of phospho- 

ribulokinase increased (whether determined at pH 6.8 or 7.8); 
the highest activity achieved at pH 6.8 was about 50 $ of that 

measured at pH 7.8. The substantial activation by dithiothreitol 

observed at pH 7.8 before illumination disappeared almost imme- 

diately after the beginning of illumination, thus making the 

response to dithiothreitol similar to that seen when measure- 

ments were mede at PH 6.8. 

The light induced activation is quite rapid. After only 1 min 

illumination of chloropleats, the activity increased clearly at 
both pli’s (Fig. I), reaching the highest level after 16 min. In 

some experiments the activity measured at pH 7.0 increased much 

more rapidly. There was often 50% of maximal ectivity after a 
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Table 1: Velocity of light activation of phoaphoribulokinaaa in 
intact chloroplaata, measured at ptl 7.6. 

tima of illumination 

(-cl 0 5 5s 040 

activity maasured at 

pH 7.8 without di- 

thiothreitol 

55 227 340 455 

activity measured at 

ptl 7.tl with 10 mm 

dithiothreitol 

77 568 340 435 

Activity in pmolea AOP ?ormed/mg chlorophyll/hr. 

few slaconds illumination (Table 1). Even without illumination a 

slow increase in activity was seen, mainly at pH 7.81 an expla- 

nation of this increase is not yet available, but it may rapre- 

sent !a slow releaee of enzyme from chloroplaat membranes (see 

below). 

Aftler darkening chloroplaate previously illuminated, the 

enzymle activity decreases (Fig. 1). A complete and rapid inac- 

tivation of phosphoribulokinase from illuminated chloroplasta 

wes alchieved by the addition of 10 mR cystamine to the reaction 

mixture (either at pH 6.6 or pH 7.8); 50% inactivation waa ob- 

serveid after l-2 min. 

Somls of the phoephoribulokinase activity of spinach chloro- 

plast:s can be pelleted by centrifugation after chloroplast 

breakage. This result was obtained with preparations of both 

darkelrled and illuminated chloroplasts. The pelleted enzyme was 

easily solubilised by suspending the pellet in 50 mI@l HEPES-KOH 

buffer pH 6.8 or 7.8, and the activity released was often equal 

to that originally in soluble form, (i.e. to that present in the 

supernatant after centrifugation of the broken chloroplaste) 
(Fig. 2A). The potential activity of phoaphoribulokinass there- 

fore, was aa much as twice the activity measured directly with 
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Figure 2: Phosphoribulokinase activity in chloroplasts. Chloro- 
plasts previously held in darkness were ruptured in 50 mm HEPES- 
KOH buffer (pH 6.8) without (A) and with (8) 10 mm dithiothrei- 
tol. (a) activity in broken chloroplasts before centrifugation, 
(b) activity in supernatant after centrifugation, (c-l) and 
(c-2) activity in pellet from centrifugation: first and second 
extractions. measurements were made at pH 7.8 without (non- 
hatched) and with (hatched) 10 mfl dithiothreitol. 

broken chloroplasts. Total recovery of the pelleted phoaphori- 

bulokinase could be achieved by rapeated resuspension8 of the 

pellet. The presence of either 1 to 10 mm AgC12, 2 mll ribose- 

5-phosphate plus 3 units phoephoriboisomerase/ml, 1 mll ATP plus 

10 mm mgci2, 0.1 mA NAOH, or 0.1 mm NAOPH in the extraction 

medium did not noticeably influence the ratio of soluble to 

membrane-associated phosphoribulokinase activity. 

Incubation of broken chloroplasts with 10 mfl dithiothreitol 

leads to a higher activity of phosphoribulokinase than can be 

measured with the same concentration of dithiothreitol in the 

reaction mixture; both the soluble and membrane associated an- 

zyme activities were increased by this preincubation with di- 

thiothreitol. Under these circumstances the total phosphoribu- 

lakinase activity (meaaured in the presence of dithiothreitol) 
was up to S-timee that found with broken chloroplasts not trea- 

ted with dithiothreitol (cf. Figs. 2A and 28). 

DISCUSSION: These investigations have demonstrated that, during 

darkness, almost no chloroplast phosphoribulokinaae activity can 
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be demtonstrated after isolating chloroplasts under a very low 

light intensity and measuring enzyme activity at pH 6.8 immedi- 

ately after rupturing the chloroplaate. This pH value of 6.8 is 

close to the in vivo pH of the chloroplast stroms in darkness 

(11). Determination of the “dark activity” of phoephoribuloki- 

nase et pH 7.8 [the pH-optimum for phosphoribulokinaee activity 

(12)] does not seam suitable, since this pH corresponds to that 

of the atroma in the light (11). 

The rapid increase of phosphoribulokinase activity after illu- 

mination of chloroplaets confirms earlier results (2). In addi- 

tion, the present raeults show clearly an increase of phospho- 

ribulokinaee activity from zero in the dark to values in the 

light corresponding to the rate of CO2 fixation (5). 

Dithiothreitol has an effect on phosphoribulokinase activity 

similar to that induced by light: presumably it activates by 

reduction of enzyme disulfide bonds (3). The behaviour of 

phosphoribulokinase activity towards dithiothreitol, the rapid 

increase of its activity following illumination, and its depen- 

dence on pH in a manner which corresponds well to the rate of 

the ptU change in the chloroplast stroma (13), all suggest that 

inactive phosphoribulokinase in darkened chloroplasts is effec- 

tively activated by simultaneous reduction of the enzyme and 

alkalization of the chloroplast etroma following illumination. 

An explanation is still being sought for the ability of di- 

thiothreitol to increase the enzyme activity in incubations of 

broken chloroplaets to values much higher than when the chloro- 

plaeta are broken into reaction mixtures containing the same 

concentration of dithiothreitol (Fig. 2). 

The observed association between phosphoribulokinase and 

thylakoid membranes suggests that a direct interaction between 

thylakoid eulfhydryl groups exposed after illumination (5, 14) 

and the bound enzyme might be facilitated; reduction of phoepho- 

ribulokinase by these sulfhydryl groups is not inconceivable, 

and may constitute, at least in part, the mechanism of light- 

mediated activation. The observed enzyme-membrane association 

makes a mediation of reduction equivalents between thylakoida 

and phosphoribulokinase by soluble compounds (15) seem less 

necessary than would otherwise be the case. 
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