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. PHOTOSYNTHESTS AND DARK METABOLISM IN ISOLATED CHLOROPLASTS.
LEVELS OF CARBON CYCLE INTERVEDIATE COMPOUNDS
AND OF ADP, ATP, AND OF PYROPHOSPHATE¥

J. A. Bassham, R. G. Jensen,*¥ Martha Kirk and Susan Gelb
Lawrence Radiation Laboratory, University of California

Berkeley, California

In kinetic stuoies with isolated spmach chloroplas‘cs and radioactive
bicarbonate and phospmate, aurinc, successive periods of light, dark and ligit,
we have found mr'ther evidence for the light activation of the ca‘boxylat ion
and dipmspmtase steps of the photosynthetlic carbvon reduc‘cion cycle (Peou :.‘:-en
et al., 1966A). Levels of ATP, ADP, and pyrophospnate decline rapidly in i:o
dark and increase rapidly in the light. These studies became possible as e
result of recent development of techniques of preparing and mcubatmg iso-
 lated chloroplasts which pmtosynthesize a wide range of products from HMCOB"
and H32POL{"2, without the addition of substrate levels of intermediate oom- '
'pounds, cofactors, or enzymes (Jensen and Bassham, in preparation) and at
rates of 30 to 70 umoles COg/mg chlorophyll-tx.

Experimental. The chlofoplast isolation method repomed by Walker (1964) ras

been consmcraoly modified to give the following corditions. The standard
isolation and reaor,lon solution contains the following (given as molari‘cy in |
trne finai solution) with the pH adjusted to 7.6: 0.33 M sorbitol; 0.06 M
NaCl ;2 X 1073 M (ethylene, dinitrilo) tetraacetic acid, dipotassium salt;
1 x 1073 M MnCly; 1 x 1073 M MgCly; 5 x 107 M KpHPOy; 2 x 1073 M NaNOs;
5x 1003 M Nauonrlo H,0; and 2 x 1073 M sodium isoascoroate.

rifty g of spinach leaves are was‘ned chilled, and the midribs removed.

mI"ey re placed in a chilled ‘varinrr Blendor with 100 ml of the chilled stan-

#The work described in this paper was Sponsored in pam, by the U. S.
Atomic Energy Commission. - '
#% NIH Postdoctoral rellow, 1965-1966
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dark solution and blended for only 5 seconds at high speed.‘ Tne slurry is

poured and pressed througn 6 layers of cheesecloth, and the resulting juice

is centrifuged for 50 seconds at 2000 x g. The resulting pellet 1s resus-

-pended_in the chiiled standard solution until used. Carbon dioxide fixatlon

and pnhosphate incorporation are carried out in 1,5 ml of chloroplast suspen=

sion (0,27 mg chlorophyll) in a round-bottom flask (diameter 4 cm) stoppered . -

with a serum cap. The flask is mounted on a shaker rack in a bath (20°C)
with a transparent bottom through widch light from a bank of 20 watt Nu-Lite' |
Ultralux fluorescént lamps illuminates the reaction fiask with an intensity
of 1800 foot candles. | |

The shaxing flask is preilluminated for 8 minutes. Then 22.5 umoles of

Nanluco (9.5 uC) and 20 uC of carrier—free 32p-labeled phosphate are added. -

Small samples (50 ul) of the chloroplast suspension were removed at-the times
indicated in the figures and immediately filled in 807% methanol. The resul-
ting mixture was analyzed by t#o—dimensional paper chromatography, radio-
autography, and dual-channel scintillation counting (Pedersen et 2l., 1966A
and 1966B). |

Results. Tne!labeling of 3-phosphoglyceric acid (PGA), ribulose-l,5-diphos=-.

phate (RuDP), and dihydroxyacetone phosphate (DHAP) with 32p and luC are shown

in Figures 1, 2, and 3. From Figures 1 and 2, it can be seen that the for=
mation of PGA by. the carboxylation of RuDP continues for about 2 minutes of.
darxness. The fact that the carooxylation apparently then ceases, in spite

of a measurable remaining pool of RuDP, is consistent with our conclusion

based on in vivo studles (Pedersen et al., 1966A) that there is a lignt

activation of the carboxylation reaction of photosynthesié, and that this
activation decays in about 2 minutes of darkness. When the light is twmed
on once again, the level of RuDP rises very rapidly due to the phosphory-

lation of sugar monophospnates by the photosynthetically formed ATP,
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Fig, 1. levels of 32p and l“C in 3~phosphoglyceric acid carinp' photosyn= -
thesis and dark period in isolated spinach chloroplasts. The ‘fc content
of the photosynthetic intermediates has been converted to umoles b:{ dividing
the measured radioactivity by the known specific activity of the H 1‘003 °
Pnosphorous radicactivity 1ls expressed directly in uC,
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Fig, 2. Levels of 32P and 1C in ribulose-1,5-diphosphate during photosy-
thesis and dark period in isolated spinach chloroplasts.
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As seen in Figure 3, there is & transient peak in DHAP label just afte:
the lignht was tumed on again. Our interpretation of this peak is that dur-
ing the first minute of lignt there is a rapid reduction of PGA to DHAP and -
phosphoglyceraldéhyde windch are in quilibrium with the fructose and sedohep-
tulose diphosphates, whose conversion to monophosphates is not yet cétalyzed,
(Pedersen gﬁ_gl., 1966A). After l‘minute, lignt-activated diphosphatase activ-
ity lncreases resulting in a transitory drop in the levels of these three
sugar phosphates. The »otalv3 P-labeling of fructose and sedoneptulose di- 7
phosphates (not sﬁown) followed a curve very similar to that of dihydroxyacef
tone phooohate. A |

Figure 4 shows the changes in labeled ATP, ADP and pyr ophosphate (PP )
during light-dark and light. Tnere is not a complete labeling of these cofac=
tors during the lignt periods; thus the 32?-1abeling represents only approxi=-
mates of.the total concentration of these cofactors. The levels of labeled

ATP, ADP and PPy all decline in the dark and rise in the light. Tnhe drop in

level of labeled ATP and subsequent rise in the light might have been expected

since photophosphorylation ceases during the dark perilod and the supply of ATP

is used up to sone extent.during the light-dark transition through residual
.operation of the carbon reducti9n cycle. The change in the level of ADP was
surprising, since in in vivo experiments (Pedersen et al., 1966A) the ADP le-
vel changed in the opposite direction: Tne sinplest explanation of these
changes in ATP and ADP from light to dark to Ugnt is that there is an active
adenylate kinase ca‘calyzino the equilibrium (Eq. 1): ’

2 ADP ———> AMP + ATP (1)
ATP ——> ADP + P, (2)
- ADP ———> AP + P, )

Tnis reversible adenylate kinase reaction together with the conversion of

ATP to inorganic pnosphate and ADP by reactions of the caroon cycle (Eq. 2)
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Tig. 3. Levels of 32? and luC in dinydroxyacetone phosphate during photo-
synthesis and dark periocx in isolated spinach chloroplas‘cs.
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g, 4, Levels of 3 P in ATP, ADP, and pyrophosphate durintr photosyn’chesis
and dark period in isolated spinacn c'xloroplasts.
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converts ADP to AMP and inorganic phosphate (Eq. 3).

The fall in the level of pyropnosphate, PPi, in the dark, and its sunu.~-

| quent rise in the light show once again, with isolated cqloroolasts, a phono-

renon which we have reported earlier witn ig_gigg_pnogosynunesis in Cnloretlz
ovrenoidosa (Pedersen et al., 19664). In other experiments during ig;gizé
photosyntnesis (Pedersen gg.ggv,'i9668), 1t was found that the addition of
nethyl octanocate caused an innhibition of photopﬁosphorylatién, wnile at the
same time producing a transitory rise in the level of PPy. A possible con-
clusion, based upon that single observation, could have been that methyl oéta—

noate blocks some step prior to the formation of ATP, and causes the accuru-

“lation of an intermediate from which pyrophosphate is derived.

' Recently, Baltscheffsky and von Stecingk (1966) have arrived at such a

conclusion based upon work with isolated chromatophores from Phodospirillum

rubrum, | In their exper i*ents oligomycin, sald to inhibit the final ATP-~

forming reaction, caused a Sll”ht stimlation in uptake of the inoroanic phos—

. phate in the absence of added nucleotide. The light-—induced phosphate disap-

pearance was believed to correspond to the appearance of PPy.

In ouristudieS‘we found that methyl octanoate inhibited othef reactions
of the photosynthetic caroon reduction cycle. Therefore, we suggested tbat
another explanation for the PP changes with the addlition of methyl octanocate
mignht be that utilization of PPy or its unstable precursor by photosyntheais
was blocked to such an extent thatcits level could momentarily increase, even
it it is derived from a decreasing amounﬁ of ATP.

In short; pyrophosphate, or its precursor, is fbrﬂed'either parallel to

r from, ATP produced by photopnosphorylation. It is consumed by reaction:

possibly metabolic, whlcn can occur in the dark. Formation ana utiliza

occur in isolated chloroplasts as well as in whole cells.
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Since the chlor ool 5t5 were prepared and incubated in unlabeled 5 x 1073 M

Ppi (.\Iaup?_o?'lo nzo see Experimental), the sudden changes in .Lanelea PPi would
seem to require that there be no equilibration between_ rmatabolic _PPi and PPi in
tne redium. Perhaps a more plausible explanation of the data would be that th:

labeled PP

5 is formed from a precursor, during or after the chloroplast killinrg.
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