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Foot notes 

l.TIris \vork lias supported by the United States Energy Research and 

Development Achninistration. 

• 2. To \vhom reprint requests should be sent: 

, 

3. Abbreviations: DIP, sugar diphosphates; Hnp, hexose nonophosphates; 

F6P, fructose-6-P; PGA, glycerate-3-P; DHAP, dihydroxyacetone phosphate; 

GLP, glucose-I-P; G6P, glucose-6-P; 6PGL, 6-P-gluconic acid; RuSP, 

ribulose-S-P; RudP, ribulose-I,S-diP; FeW, fructose-l,6-diP. 
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Abstract: 

Dark carbon metabolism of reconstitllted spinach chloroplast prepara

tions was studied using l4C labeled glucose-6-phosphate and 3Zpi. In the 

dark. chloroplasts synthesized ATP leading to the appearance of 32p in all 

phosphorylated intermediates of the oxidative pentose cycle with 11igh 

concentrations of 3Zp in sugar diphosphates and nucleotides. C-14-labeled 

carbon dioxide was released preferentially from the C-l position of glucose 

suggesting substantial carbon flow through the glucose-6-phosphate, 6-P 

gluconic acid dehydrogenase system. The release of COZ occurred in 

measurable quantities in the light and was stimulated by OZ. Hajor products 

found to accumulate in the dark were 3-phosphoglyceric acid, 6-phospho-

gluconic acid and ribulose-l,5-diphosphate. The amount of 3-phosphoglyceric 

acid plus dihydroxyacetone phosphate formed from Cl -.,C6-. or U-14C labeled 

glucose lvas essentially the same suggesting triose- formation through 

phosphofructokinase. 

• 
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In ~le dark, chloroplast starch is metabolized to maltose and glucose 

phosphate and subsequently to other metabolites which are exported to the 

cytoplasm and conducting tissues (6, 9, 10, lZ). It has been demonstrated 

that chloroplast glucose-6-P dehydrogenase activity increases as the NADPH/ 

NADP ratio decreases (8). In the dark this enzyme is thus activated and can 

participate in the further metabolism of glucose-6-P to triose phosphates 

(6, 7, 9). We report here measurements of COZ release from labeled glucose-

6-P as a measure of the activity of the glucose-6-P dehydrogenase and as an 

indicator of oxidative carbon metabolism via the oxidative pentose phos

phate pathway. 

MATERIALS AND HETIIODS 

Young leaves of spinach (Spinacia oleracea L.) grmm. under controlled 

temperature and light conditions were used for the isolation of chloroplast 

grana and stroma fractions by the method developed by Bassham, Levine and 

Forger (2). These grana and stroma fractions were recombined (2) so that . . 

the chlorophyll concentration of the preparations was ben·men 50 and 80 

~g/ml.. Such preparations are capable of high rates of photosynthetic COZ 

fixation. 

A standard reaction mixture of. 0.5 ml contained the following concentra-

tions of reagents: t-!'\J03' 2 rru\1; KZEDTA, 2 mH; HnClZ' 1 nt,l; KHZP04, 0.5 mM; 

MgCl'Z' 30 mM; reduced glutathione 50 mH; isoascorbate, 4 mM; NADP, 0.1 lIt,!; 

ATP, O.Z ~1; ferredoxin, 0.1 mg/m1; glucose, 1 mH; hexokinase (Calbiochem, 

anhydrous powder), O.Z mg/Ill. The 'pH of the solution was adjusted \'lith 

NaOH to 8.0. [D- 1_14C] glucose (40 mCi/mmole; D_[6_ l4C] glucose 45"mCi/ 

mmole); a:-D- (U_ 14C) glucose l-P (150 mCi/nullole); a:-D- [U_14C] glucose-6-P 

(150 r.1Ci/mmole); and D- [U_14C] glucose (306 mCi/mmole) were purchased from 

Amersharn/Searle. 

'f· 
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Carbon dioxide release was measured in small round-bottan flasks on a 

shaker using a temperature-controlled (240 C) water bath. 'Appropriate gase~ 

were passed over the surface of the solution to remove CO2 released from the 

suspension. To eliminate any gain or loss of HzO fran the reaction mixture, 

the gases were humidified by passage .through two bubble chambers maintained 

at exactly the same temperature as the reaction flasks. 

The carrier gas containing CO2 released fran the preparations was 

passed through a solution of bas'ic amines ("Carbo-sorbe") to trap all CO2 , 

Radioactivity of the collected carbon dioxide was detenrrined by scintillation 

spectroscopy. Quenching was corrected by use of standard samples. 

For analysis of reaction products, 50 ~l samples of reaction rntxture 

were ranoved from reaction flasks at appropriate t:iIre intervals and 

i.trm2diately inj ected into 450 111 of methanol to stop biochemical reactions .. 

The radioactive.products of the dark carbon metabolism were analyzed by taking 

aliquot samples of the methanolic mixture (usually 100~1) and subjecting 

them to a corribination of two-di.m=nsional paper chromatography and radioau

tographyas described by Pedersen, gt'gl. (13). 

Chlorophyll content of the preparation was determined by the procedure 

of Vernon (15) and protein by the Lowry method (11), using BSA as a standard. 

RESULTS 

Glucose, laQelled with 14C was first converted to labeled glucose-6-P in 

some experim2nts. At t:i.ne zero in the light, the' l~llar fraction 

was added to the stroma preparation already containing 14C glucose, followed 

four minutes later by hexokinase. Only six minutes were then required 

to convert nearly all the glucose added to glucose-6-P (Fig. 1) and smaller 

• 
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annunts of fructose-6-P. After 10 min, a black bag was placed over the 

reaction flask to start the dark phase of the experiment. Approximately 7-'.0· 

mdnutes were needed for the level of ATP to fall to its dark steady state 

concentration (Fig. 2). The ADP level also dropped rapidly in the dark, 

~t\ revealing the presence of myokinase (5). 

"" ,. 

, 

The two curves for 002 evolution (Fig. 3) were obtained by two different 

sampling procedures. For curve B (Fig. 3) the collection vials containing 

"Carbo- sorbe" were replaced at every sampling point and the curve represents 

the sUJlIl8.tion of the CO2 collected. For curve A, the contents of different 

flasks with identical starting conditions were killed by ac~d addition at the 

selected sampling time and the total 002 present was collected and analyzed. 

The difference between the ~ curves provides an estimate of the anuunt of CO2 

dissolved in the suspensim of chloroplasts. The apparent lag period of curve 

A is the result of the time needed to saturate the solutim with carbon 

dioxide. Release of 14C02 from the substrate added can be detected iIJrnediate-

1y after hexokinase addition when the preparation is still exposed to light. 

002 release proceeds at a nearly constant rate in the dark for over 60 

minutes. 

Some of the cOnditions for CO2 release are defined in Table 1. The 

grana fraction (rrdnus stroma enzymes) releases only negligible amounts of 

CO2 from glucose-6-P. This l~v activity is probably'the result of CQltam

ination of the grana fraction with stroma enzymes. Stroma enzymes are 

required for release. Hexokinase preparation alone was not able to release 

CO2 under the experimental conditions used. 

To check the validity of using labelled glucose to generate glucose-

6-P, several experiments were performed using unifonnly labelled glucose-

6-P (Table 2). Glucose-6-P is an effective substrate for dark CO2 release 

and the magnitude is in the sane range as ,vith glucose + hexokinase plus 
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light to generate AlP fo1laved by a dark period. The general pattern of 

14C labelling of intermediates was also similar. 

The release of CX)2 from glucose-6-P was not a purely dark phenomenon 

(Fig. 4) aI!d substantial ammmts of l4C02 were collected in continuous 

light. Addition of bicarbonate reduced CO2 release even further but did not 

prevent it. The oxidation of glucose-6P was stinrulated by 02 (Table 3). 

Using 32P-labelled phosphate, it was found that substantial formation 

of 3~-labelled ATP and consequently labelling of other metabolites occurs 

in the dark, as well as even greater labelling when a light to dark trans

ition was used to generate high concentrations of glucose-6-P before 32p 

addition (Table 4). Pres1.lffi9bly 32p-labelled ATP formation in the dark 

results from the conversion of 3 phosphoglyceraldehyde and 32pi to 

labelled phosphoryl-3-phosphoglycerate, frommich 32P-labelled ATP and 

PGA are formed. 

Experiments with specifically labelled glucose (Table 5) demonstrated that 

carbon of glucose is the major source of the released CO2, as 

would be expected from the sequential activity of the chloroplastic 

glucose-6-P dehydrogenase and 6-P-gluconic acid dehydrogenase .. The slow 

release of l4C from the C6 position of glucose implies a slow recycling 

of the carbon skeleton of glucose by the oxidative pentose cycle. However , 

the evidence that recycling is slCM is not conclusive since the presence of 

a large pool of C
6
-labelled glucose would dilute greatly the relatively 

small fraction of Cl-labelled hexose phosphates synthesized in the 

recycling process. 

When l4C-labelled glycerate-3-P was used as a substrate (Table 2), CX)2 



, 

-11-

release in the dark was near background. Reduction of glycerate-3-:-P in the 

dark is thus slow as would be expected from the lmv dark levels of ATP and 

NADPlIZ (4, 8). In the absence of COZ' phosphoglyceric acid in the light is 

rapidly converted to fructose-6-P, glucose-6-P and ribulose-I,S-diP. If the 

period of illumination is extended, most of tIle glycerate-3-P is converted 

to ribulose-I,S-diP. On transition from light to dark, glycerate-3-P con

version is effectively stopped and COZ can be released from the hexose 

phosphates generated in light. 
14 The appearance of C-label in the carbon pathway intennediatesis 

shOlm in Table 6. The level of fructose-6-P rises rapidly as the glucose-

6-P level is increasing. With time, l4C accumulates in glycerate-3-P, 

ribulose-l,S diphosphate and 3-P-gluconic acid. TIle labeling patterns are 

similar regardless of whether U-, CI -, or C6-labeled glucose are used as a 

substrate, despite the. preferential .release of the Cl carbon during glucose 

oxidation. If the system is primed with cold glucose and then l4COZ is 

added, dark COZ fixation can be detected at a rate of O.S l1g atom l4C/ mg . 

chlorophyll-lir (1, 16). Such COZ fixation is accompanied by a reduction in 

the level of RudP. 

DISCUSSION 

A possible pattenl of carbon flow from glucose-6-P ill the dark is shmm 

in Fig. S. Three possible reaction sequencies could lead to glycerate-3-P 

synthesis: (1), the operation of the oxidative pentose cycle to fonn fructose-

'. 6-P and glyceraldehyde-3-P; (Z) the phosphorylation of fructose-6-P to 

fructose-I,6...,diP followed by triose fonnation; and (3) the carboxylation of 

ribulose-l,S-diP to form two molecules of glycerate-3-P. The carboxylation 

of RuclP was found to be SlOlv in the dark and since under nonnal steady-state 



-12-

conditions, ribulose-l,5-diP concentration is usually low in the dark, this 

route does not appear to be important. Phosphorylation of hexose m:mophos

phates by 3~-labelled ATP in the dark produced 32P-labelled diphosphates 

(Table 4), indicating active phosphofructokinase. It therefore appears 

that metabolism of glucose-6-P does occur via glycolysis. This is further 

14 14 . 
supported by finding C-labelled PCA fonned fran glucose (1- C) (Table 5). 

At the same t:i.ne, a major flow of carbon occurs fran glucose-6-P to pentose 

phosphates. Strongest evidence for this is provided by the substantial 

release of CO2 fran glucose-6-P. Fran the experiments with specifically 

labelled glucose, nost of this CO2 is shown to come' from S position 

glucose. 

In contrast with the predominant release as CO2 of the Cl carbon of 

glucose and slow release of the C6 carbon, the labelling intensity of 

glycerate-3-P and ribulose-l,5-diP was similar regardless of Whether U-, 

C1-, or C
6
-labelled glucose was used. This suggests that the hexose 

phosphate carbon pool equilibrates isotopically with pentose phosphates 

and triose phosphates. Fructose-6-P was formed rapidly from glucose-6-P to 

an equilibrium value of 1 fructose-6-P molecule per 4 or 5 glucose-6-P mole

cules. Since fructose-6-P is a reactant in the reversible reactions of the 
. 14 

pentose cycle, the 1- C-fructose-6-P can be converted to labelled pentose 

phosphates even though pentose phosphates fonned via oxidation of 1_14C_ 

glucose-6-P \VOuld not be labelled. In addition, since sorre hexose diphosphates 

are fonned in the dark (Table 4), 32P-labelled triose phosphates can be fonned 

from fructose-l,6-diphosphate made via phosphofructokinase (6). Conversion 

of hexose monophosphate.s to triose phosphates via this pathway is strongly 

indicated by the fact that the ammmt of labelled PCA + DHAP fonned is 

,.,' 
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14 essentially the same fran S-, C6-, or U- C-labelled glucose (Table 5). ;' 

Carbon dioxide release from glucose-6-P was observed in the light at 

approximately 1/3 to 1/5 of the dark rate. Under the experimental conditions 

employed, with reconstituted chloroplasts, the regulatory mechanisms are thus 

not totally effective. In vivo in whole chloroplasts, these mechanisms 

presumably inactivate glucose-6-phosphate dehydrogenase. Addition of bicarbonate 

(5 lIM) inhibits the release of l4C from glucose-6-P. As would be expected, 002 

release is reduced by 5 roM bicarbonate since the oxidation of 6-P-gluconate is a 

reversible step (3). 

The process of glucose-6-P oxidation as measured by CO2 evolution is 

accelerated by oxygen (Table 3). This effect of 02 could be the result 

of the more effective utilization of reducing power generated during glucose 

oxidation, thus accelerating glucose-6-P decarboxylation. For example,_ 02 

could oxidize glutathione (which is present at 15 TIM) , and glutathione reduc

tase in the chloroplasts (14) could transfer electrons fran NADPH to oxidized 

glutathione; increasing the concentration of NADP+, and thus activating 

glucose-6-P dehydrogenase (8). 
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Table 1. Requirements for dark CO2 release from chloroplast 

preparations. 

Reaction mixture as describ~d under procedures. All reaction 

mixtures contained identical volumes of stroma and grana fractions 

as appropriate. Chlorophyll 62.4 ~g/ml. 

* Complete 

Minus Stror;1a Enzymes 

Minus Grana Fraction 

1.1inus Hexokinase 

IIexokinase without Chloroplast 
Components 

* 

l4C02 Released 

~g atoms/mg Chlorophyll-hr 

1.49 

0.09 

0.66 

0.10 

<0.01 

All calculations are based on the chloro:phyll content of the 

cOll1pletc treament. 
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Table 2. 14 Some characteristics of CO2 release from reconstituted spinach 

chloroplast. 

All results were obtained using N2• All treatments except those containing 

glucose-l-P and glucose-6-P contained hexokinase as described under pro

cedures. In the light-dark transition experiments, the light period was 

used to convert glucose added to glucose-6-P. 

14 Amount of CO2 Released 

llg atoms l4C/ mg Chlorophyll 

Substrate Conditions 10 min 20 min 30 min 

Glucose, u_14e light 0.06 0.32 0.40 

Glucose, u_14e dark 0.09 0.22 0.36 

Glucose, U_14C light~.>dark 0.05 0.40 1.44 

Glucose, u-14e light + 5 IWI He03- 0.05 0.10 0.15 

14 Glucose-6-P, u- e dark 0.73 1.60 2.15 

3-P-glycerate, u_14e light· 0.004 0.007 0.013 

3-P-glycerate, u_14e dark 0~004 0.006 0.008 

3-P-glycerate, u_14e light-> dark 0.08 0.182 0.280 

-
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Table 3. Carbon dioxide release from c}uoroplast preparation when 

exposed to different gas mixtures. 

All reaction mixtures contained ingredients as described under pro-

cedures including hexokinase. TIle suspension contained 79 ~g/m1 of 

chlorophyll and 1.3 ng/ml of protein. 

Conditions 

Dark Continuous 

Light Continuous 

Dark, Following Light 
Pretreatment 

* 
Flushing gas phases. 

14 
~g atoms CO2/mg Chlorophy1l-hr 

* Nitrogen 

LOS 

0.24 

3.86 

* Air Minus CO2 

1.39 

2.03 

5.09 

* Air 

1.42 

2.S4 

5.62 

t) 
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Table 4. Illcorporation of radioactive (32p) inorganic phosphate into intermediates tf" 

the dark carbon metabolism of chloroplasts. 

Reaction mixture as described under procedures. , 
J 

Hexokinase was added after 4 minutes, 

then the system \'las darkened after 6 additional minutes. 32p was added after 5 minutes 

-.J in the dark and incorporation of the isotope was monitored for 32 minutes following 

addition. Chlorophyll 67.2 llg/nl. 

32p I " ncorporatl0n 

n moles per mg Ch1orophyl1-hr 

Treatment Total D" 3 lp INP FGP PGA ATP 

Glucose, Dark + Hexoldnase 140 7.8 78 28 14.1 2.5 

Glucose-6-P, Dark 440 228 108 38 16.0 18.0 

Glucose, Light ~')Darl, 
Transition + Hexokinase 520 240 22 8.6 6.4 144 

) 

ADP 

2.4 

60 

83 
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Table 5. Hetabolisra of specifically labeled glucose by dark 

chloroplast preparations. 

Glucose concentrations in all treatments 1.1 mHo Chlorophll 

76.0 ~g/nl. Protein 4.5 mg/mI. 

~g-atom l4C/ mg Chlorophyll-hr 

Fraction of PGA 
+ 

l4C Released CO2 DHAP RudP 

(U_14C) -3 * 2.78xx 0.74xx Glucose 9.9 x 10 2.58 

Cl_14C) -3 * 2.20xx 0.42xx Glucose 51.5 x 10 2.20 

Glucose C6- l4C) 1.4 x 10 -3 0.35xx 2.50xx 0.74xx 

* Calculated using the specific activity of the Cl carbon of 

glucose. 

XXCalculated using-the specific activity of glucose. 
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Table 6. Dark labeling pattern of intermediates formed by chloroplast metabolism 

14 from U- C-labeled glucose. 

Chlorophyll 92.5 ~g/ml. Protein 3.2 mg/ml. 

14 
~g atoms C/mg-Chlorophyll 

Time Minutes 

Initial 8 13 18 27 40 50 

Light Dark 

Glucose 85.5 12.1 0.63 0.23 trace trace trace 

* Hexose Monophosphates 0.39 51.8 62.7 50.9 53.6 47.9 46.8 

Fructose-6-P 0.63 7.42 13.2 13.5 13.7 13.1 13.1 

6-P-g1uconic Acid 0.26 0.78 1.49 1.72 1.93 

3-P-g1yceric Acid 0.08 0.37 0.572 1.04 1.85 2.53 

Dihydrm,'Yacetone Phosphate 0.04 0.14 0.14 0.16 0.19 1.24 

Pentose Monophosphates 0.05 0.09 0.14 0.13 

Ribu1ose-1;S-diphosphatc 0.04 0.14 0.15 0.25 0.45 0.70 

Other Sugar Diphosphates 0.03 0.13 0.16 0.11 O.lS 0.16 0.13 

* Mainly glucose-6-P 

.. 
I 
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Fig. 1. Conversion of glucose to glucose-6-P and fructose-6-P during 

light pre-treatment. llilorophyll 62.6 ].lg/ml. ,;. 
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Fig. 2. ATP and ADP r.tetabo1isrn by spinach chloroplast preparations during 

light to dark transition. Chlorophyll 67.1 llg/ml. 
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Fig. 3. Carbon dioxide release by spinach chloroplast preparations. A. 

Preparation killed at every sampling point. B. CO collection . 2 

trap exchanged at every sanpling point. Chlorophyll 65 llg/ml. 
,) 
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Fig. 4. CO2 release in the light from spinach chloroplast preparations in 

presence of bicarbonate. Chlorophyll 86.2 J.lg/ml. 
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Fig. 5. Possible dark chloroplast carbon pathway starting with starch. 
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