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ABSTRACT

]4C-g]ucose-6-pho§phate into other products

The conversion of U-labelled
by a soluble fraction ofv1ysed_ch10rop1asts hés beén'studied. It was found
that both an oxfdative pentose phosbhate éyc]e and a glycolytic reaction
sequéncé occur in this fraction. .

The formation of b%sphosphates and of triose phosphateélwas ATP—depeﬁdent
and occurred mainly via_a g]yco]ytié.reaction sequé;ce including a phospho-- |
fructokinase step. | |

The conversion of g]ucose;é-phosphate via the»oxidatiVe pentose phosphate
cycle stopped with the formation of pentose mdnophosphatés; This was fdund not
to be due to a 1ack in transaldolase (or transketo]ase).activity, but rather
to the high concentration ratios of hexose monophosphate/pentose monophosphate
' uséd in our experiments for simu]ating the conditions in whole ch]ordp]asté
~in the dark. |
Some regu]étory properties of both the oxidative pentose phosphate cycle

and of the giyco]ytic pathway were studied. |

Key words: Carbon metabolism - th]orqp]dsts - darkness.



- ABBREVIATIONS

"DHAP = dihydroxyacgtone-phosphate; GAP = 3-phosphoglyceraldehyde;

PGA = 3-phb$phog1ycérate; HMP = hexose monophosphates, including

‘F6P = fructose-6-phosphate G6P =:glucose-6-phosphate GIP = g]ucdse-]-
phosphate; 6-PGL = 6-ph65pho§1ucohaté; PMP = pentoSé monophdsphates,
including RSP = ribose—S—phosbhate, RubP = ribu]pse-s—bhosphate,

X5P = xy]uiose-S—phdsphate; E4P = erythrose-4-phosphate; S7pP %
sedoheptulose-7-phosphate; FBP = fructose-1,6-bisphosphate;

SBP = sedoheptulose-1,7-bisphosphate; RuBP = ribu]ose-],5—bisphosphate

Footnote (p. 11): ‘])If Mg++ was completely chelated with EDTA, formation
' of bisphosphates and DHAP was strongly inhibited

(data not shown).



INTRODUCTION

Chloroplastic starch can be degraded by a hydrolytic ﬁathway into
maltose and glucose or, via phosphorylase, into GI1P (Heldt et al,, 1977;
Peavey et al., 1977§.§teupp‘et al., 1976). Since fixed carbon can pass
through the chiorgplast'enve]bpe only in the form of triose“phospﬁate or
| PGA (for a review see Heldt, 1976), the primary products of starch degrada-zf
tion have to be converté& into these compounds in order to-be expofted fnto"
the cytoplasm. Theoretical]y,‘the conversion of GIP into triose phosphates
éoqu occur either via an‘oXidative\pentose phosphate cycle or via a glyco-
lytic pathway mediated by phosphofructokinase.

'The occurance of some reactions of oxidative pentose phosphate cycle in
éhlorop]asts is we]i»estab]ished (Krause and Bassham, 1969; Lendzian and
Ziegler, 1970; Lendzian -and Bassham, 1975). The recent purification and -
charaéterization of a/ch]ordp]astic phosphofructokinase (E.C. 2.7.1.11)
~gives strong evidence for a Qiyco]ytic pathway in chloroplasts (Kelly and
Latzko, 1977, a,b). It is still én open question to what extent each process
réa]]y contributes to a conversion of GIP fnto.triose phosphate én§ othér |
compoUnds in the dark.metabolism of ch1orop1ésts. |
‘ Some recent data on starch degradation in chloroplasts have been obtained
with intact spinach chloroplasts which\were preloaded with 14C_—iabe11ed
starch (Heldt et al., 1977; Peavey et al., 1977; Steupp et al., 1976).

There arevsomé disadvantages in this-method; the specific activity of Tabelled '
starch is not exactly known; due to the necessary preincubation énd washing
procedures, the chloroplasts have already been isolated for a Iong time when

the actual measurement of dark metabolism begins; starch degradation has to

be measured at Pi-levels whith are far above any Pi-level optimal for



photosynthesis; finally, and most important for fegu]atory studies, significant
features of the stroma composition, such as pH, ionic strength and metabolite
]gve]s can be manipulated only to a very limited extent due to the imperme-
ability of the ch]o}oplast envelope. | |

For the stuaies reported here we therefore used the soiuble ffaction

14

of lysed ch]orop]asts,-fn which the catabolism of U-labelled ' "C-G6P. was

followed under conditions allowing a separation of the reactions of oxidative

pentose phosphate cycle and of a glycolytic pathway.

- MATERIALS AND METHODS

14

"C-G6P was prepared from 14

C-glucose

Chemicals and Enzymes. U-labelled
with lyophilized hexokinase and stoichiometric amounts of ATP, lyophilized
transaldolase (E.C. 2.2.1.1) and transketolase (E.C. 2.2.1.1.) were obtained

from Sigma, Stock # 6008 and T-6133, resp.

Plant Material. Spinach was grown in yermicu]ite fertilized with
Hoaglands solution, under artificial light (3000 ft-c) with an 8 h light
period and a 16 h dark period at a temperature of 13°C. Chloroplasts were
isolated from young leaves according to Jensen and Bassham (1966).

Preparation of stroma enzymes. A suspension of freshly isolated intact -

ch]oropTasts containing about 2 mg chlorophyll was centrifuged for 1 min at
1000 g (4°C), and the pellet was resuspended in 1.2 ml of a lysing solution

containing 0.025 M HEPES-NaOH pH 7.6, 2mM MgCl,_ and 1 mM EDTA, if not mentioned

2
otherwise. After 10 min at 0°C, the suspension was centrifuged for 15 min
at 27,000 g (4°C). The resulting clear supernatant contained the soluble
components from the chloroplasts and had an average protein content of about

5 mg protein in 1.2 m1. This solutien was usually made COz-fkee by intermittently

flushing with N2 on a Vortex mixer for about 3 min (0°C). The pellet was
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resuspended in 1.2 m1 and used for chlorophyll determinations following the
procedure of Arnon (1949).

. Incubation Conditionsk 300 ul of solution of stroma enzymes wefe added
14

fo a-solution_containingIZ to 6 mM C~G6Pband diffe}ent metabolites in a

final volume of 500 “]'v The solution was assayed under N2 in serum stoppefed |
flasks in a water bath at 21°C in.the dark..vAt timed intervals, 50 ul samp]es
were removed with syringes and injected into 200 ul of methano] to stop the
reactions. | |

14

Analysis of Products. The conversion'of C-G6P into other compounds

was followed by descending paper chromatography and radioautography (Jensen
and Bassham 1966). -150.u1 samples of the methanol extract were spotted on
Whatmann #1 paper and the chromatograms were developed in two dimehsibns as

_ described earlier (Pedersen et al., 1966).
| 14

Measurement of C0,-Release.. For measuring release of ""CO, the reaction'
flasks were slowly flushed with N2 during the incubation procedure. The gas
outlet of the reaction flask waé conn;cted to 25 ml scintillation Via]s
containing 20 mi of a quaternary amménium,hydkoxide solution (Protosol, New

,tng]and NucTear). The reaction was stopped by addfng 400 ul methanol cbntaining
0.1 M acetic acid to each flask. Gasing continued for 5 mo;e min, in order to
get a quantitative trapping of evolved C02. If -the time coursé of CO2 re]ease

was measured, one reaction flask was used for each time point. 0.5 ml of the

trapping solution were counted by 1iquid scintillation.

RESULTS AND DISCUSSION |
* Oxidative Pentose Phosphate Cycle or G]yco]ytfc PathWay? When ]4CAG6P '

(2 mM), NADP* (1 mM) and ATP (1 mM) are added to the soluble fraction of lysed
éh]ordplasts in the dark, several labelled metabolites of the Calvin cycle
are forméa with}rates of 1-3 ug atoms carboh/mg ch]orophyT] (fig. 1). At

the same time the formation of 6-Pgluconate and the release of CO, at comparable

2
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~ rates indicate fiow of carbon via GéP-dehydrogenase‘(E.C. 1.1.1.49) and 6- -

Pgluconate dehyd}ogenase (E.C.1,1,1,44):which catalyze thé first steps of

the oxidative pentose phosphate cycle (fig. 2). These rates are in the ranéex
of reported rates oT»starch degradation in iso]ated intéct chloroplasts
(Heldt et al., 1977; Peavey et al., 1977; Steupp et al, 1976). The question.
ariées whether the bisphosphates and triose phosphates are formed via . .
oxidative pentose phoéphate cycle or whether a phosphofructokinase reaction
is responsible for the formation of these pfodqcts in the dark reactions of
ch]orob]asts.

It is known that theroxidative pentose phosphate cycle occurs mainly
at high NADP+/NADPH ratios (Lendzian and Bassham ]975). In fact, by reb]acing
NADPY (1 mM) with NADPH (1 mM), both the formation of 6-Pg]uc6naté and the.
release -of CQ2 are nearly qomp1ete1y inhibited (fig. 2). PMP-formatidn is
reduced to about 50%. 'The formation of DHAP and FBP + SBP is not inhibited
at all. Under these conditions,.therefore, the conversion of G6P into
bisphosphates and triose phosphates occurs independently from oﬁeration of the
oxidative pentosé phosphate cycle. Also, at least part of the pentose mono-
phosphate : seems to be formed by reactiohs different from those of the
oxidative pentose phosphate cycle.

Conversion of GGP into triose phosphates via a glycolytic péthway
requires ATP. Thus, in the complete abéence of ATP, the glycolytic pafhwéy
should be prevented, whereas the oxidative pentoSe phosphate cycle should
still oﬁcur. As demonsfrafed in fig. 2, in the presence of an ATP-trapping
system (glucose + hexokinase), the formatibn of bisphosphates'and.of DHAP
is Héarly comp]efe]y inhibited, whéreas the formation of 6-Pg1uconate and
release of CO2 as well as pentose monophosphate formation are»hakd1y

inf1uenced.
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These experiments indicate clearly that under our éonditions the
formation of bisphosphates and of DHAP occurs in a strictly ATP-dependent -
reaction, presumably via conversion of F6P to FBP with phosphofructokinase.

It also appears from fig. 2 that the reaction sequence of oxidative pentose

phosphate.cycle stops at the level of pentose monophosphates. This might

be due to a lack of trénsa]do]ase or. transketolase activity in our preparation.

HoWever, by addition of cohmercia]]y available transaldolase (and also of
transketolase, not shown here) the formation of DHAP and of bisphosphates was
not influenced at all and remaineAIVery Tow in the absence of ATP (fig. 3),
On the other hand it was a]reédy shown in fig. 1 that a certain amount
of pentose monophosphate is formed from G6P even if the oxjdative pentose
phosphate cyc]e.is completely inhibited, indicating a flow of carbon from
triose phosphates and F6P into pentose monophosphates, presumably Qia trans-

ketolase and transaldolase. This shows again that transketolase and trans-

.aldolase are not the 11mitipg‘faét0rs7f0r the conversion of pentose mono-

- phosphates into triose phosphates.

For a consideration of the thermodynamics of this conversion, the partiti-

-pating reactions have been Tisted below, together with the standard free

. energy changes (data from Bassham and Krause, 1969)7

(1) X5P + E4P ~ F6P + GAP AG®' = -1.47 Kcal

(2) XsP + RSP ' STP.+ GAP * AG°' = -0.10 Kcal
(3) S7P + GAP  F6P + E4P | AG°' = +0.38 Kcal
(4) 2 X5P + R5P - 2 F6P + GAP AG®' = ~1.19 Kcal

From the equilibrium constants of the reactions catalyzed by triose phosphate
isomerase, pentose phosphate isomerase and hexosephosphate isomerase (assham

and Krause, - ]969); the steady state concentrations of the compounds
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participating in reactions (1) to (4) héve been calculated from measured
‘amounts of total hexése- And pentbse monophosphates and of DHAP in whole .
‘Chlorella cells (Basshém and Krause, 1969), from»who1e‘chlo¥op1asts in the
light (Lilley et‘a{,.1977),and whb]e.chioroplasté in the dafk (Kaiser and
Basshém, in preég). From these data, the physiological free energy changé
for fhe overall reaction (4) has been'Calculéted to be +2.43 for Chlorella
cells, +2.48 for Qho]e chloroplasts in the 1ight and +1.17 for whole chloro-
plasts in the‘dark.‘ These_positive va]yesiindicate that reaction‘(4) is
proceeding in the direction of péntosé monophosphate syhthesis even in fﬁe.
dark. A significant flow of carbon from pentose monophosphates into triose,
phosphatés via transketolase and tfansa1do1ase‘cou1d be expected only if

the poo]'size of triosé phosphate (and a]so»pf hexosemonophosphate) were

kept very low. Thié might occur in vivo under conditions of high cytobﬁasmic‘.
Pi concentratidns, when triose phosphates are’effectfve]y gxﬁorted. Such
high external Pi concentrations have been shown to bé essential for starch
degradatidn in whole ch]orop1ésts in.the dark (Heldt et al., 1977; Peavey et
al., 1977; Steupp et al., 1976), and the high level of hexosemonophosphates
‘in whole chloroplasts .in the dark was also strongly decreased under conditions
of high external [Pi] (Kaiser and Bassham, in press). The possibility that

~under certain conditions in vivo the reactions of oxidative pentose phosphate

cycle might also contribute to the conversion of GIP into triosephosphates
cannot be excluded, in spite of the fact that under our experimental conditions,
the flow of carbon from G6P into triose phosphate occurred mainly via a

glycolytic pathway (including phosphofructokinase).

‘Regulatory Aspects of Oxidative Pentose Phosphate Cycle. It is evident |
~ that in order to avoid a waste of energy in futile cycles, the oxidative |

pentose phosphate cycle as well as the g]y;o]ytic pathway have to be precisely
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regulated. It is well known (and is a]so obvious from fig. 1) that the

.activity of ch]orop]astic GﬁP-dehydrogenase depends on NADPH[NADP+ ratios as

L theyhexist in whole chloroplasts (Lendzian and Bassham T975 1976).

'Recently 1t was found that there are complex 1nteract1ons between NADPH/

NADP rat1o pH,.Mg and substrate concentration which all influence the
activity of G6P dehydrogenase (Lendz1an, 1978) Furthermore, it has been

shown that G6P- dehydrogenase is inhibited by dithiol compounds (Anderson

‘et a].; 1974, compare fig. 7). Recently we observed that during light-dark-

light transitions, the levels of PGA and'of the hexose-monophosphates undergo

dramat1c changes, which might be a]so important for modu]at1ng the activity

of certa1n enzymes (Ka1ser and Bassham, in press). Therefore, ‘we studied

'the effect of different concentrations of G6P and PGA (as they_were found in
whole ch]oroplasts in 1ight and dark) on the reactions,of;the_oxidattve pentose:
"phosphate cycle (i'e in the complete absence of an ATP—dependent phospho-

fructokinase react1on) The re]ease of CO2 and the format1on of pentose

monophosphates increase l1near1y w1th 1ncreas1ng concentrat1ons of G6P, reach-

nax at about 6 mM G6P (fig. 4). This 1is the concentration of hexose

- monophosphate found in intact ch]orop]asts in the dark (Kaiser and Bassham,

"'b1n press) The net rate of 6- Pg]uconate accumu]at1on increases on1y at the

h1gher hexose monophosphate concentrat1on, when the pentose monophosphate

concentrat1on is a]ready max1ma1 (fig. 4). The'total reaction rate of the

oxidative pentose phosphate cycle is more than doubled by a change in total‘
hexosemonophosphate from 2 mM to 6 mM (fig. 4).
If the hexose monophosphate concentration is kept constant at 4 mM

and the concentration of PGA is varied in the range which exists in whole

: ch]orop]asts during light-dark transition (Kaiser and Bassham, in press),

the formation of pentose monophosphates and- the release of CO2 are both
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“inhibited by increasing PGA concentratjons,(fig.'S). At the same time, the

boo] size of 6-Pgluconate is increased at higher PGA. Therefoke, we assyme'
that PGA inhibits tﬁe 6-Pgluconate dehydrogenase, Teading to an accumulation
of 6-Pgluconate. At fhis time, the physio]ogica1 significance of this‘
observation rema.ins unclear, bﬁt it is noteworthy that 6-Pg]uconate can
activate or inhibit the_RuBP-carboxy]ase, depending on conditions (Chu and
Bassham, 1972). |

. Regulatory Aspects of the Glycolytic Pathway. The regulatory prdperties

of an isolated and purified chloroplast phosphofructokinase have retent]y
been investigated‘(Kelly and Latiko; 1977a;b). It was found that thevenzyme
was inhibited by phosphog]yco]ate, PGA, or'non—Mg++-bound ATP. Howevér, thé
physio]ogita] significance of some of these findfngs might be questibned, as
the level of phosphoglycolate in whole chloroplasts is uéua]]y extreme]y low, -
ahd the existence of non—Mg++-bound ATP in whole chloroplasts has yet to be
proved. Therefore, an investigatibn'of some reguiafory properties of the
glycolytic pathway in the so]ub]e\fraction of lysed chloroplasts seemed
warranted. ' | |

The overall rate of the formétioﬁ of DHAP and bisphosphates depends on
the concentration of the added}GGP‘in a way similar to that of the reactions
of the oxidative pentose phosphate cycle, increasing linearly up td a
concentration of about 6 mM (fig.76). A change in the hexose monophosphate
concentration (here of G6P) similar to that occurrinq in intact chlorob]asts'
during light-dark-light transition (Kaiser and Bassham, in press), increases
the rate of DHAP formation by abdut 150% (fig. 6). |

Wé also studied the effects of varying PGA-concentrations and of
phosphoglycolate on the above reactions. A change in [PGA) from 1.4 mM to 4 mM
(as in whole chloroplasts during dark-light transition, Kaiser and Bassham; in

press) usually caused only a slight inhibition of the formation of-bisphpsphates
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‘and of DHAP

11

and ot DHAP (not shown). Phosphoglycolate Et,a concentratiOn.of 1T mM
temained without.any.effect (also'not shcwn here). These findings are
somennat contradictbry to the results of Kelly and Latzko (1977, é ,b), but
1tseemsposs1b1e that in a comp]ex enzyme system such as the stroma extract _
used in our expeY1ments, certa1n side react1ons (11ke a hydro]ys1s of phos—'
phoglycolate) might a]ter the effect of the added metabolites.: On the other
hand it might as well be that in a stroma extract (where all components of the
stroma are still present and only d11uted enzymes are kept 1n a more natura]"
‘state and therefore react d1fferent1y from a purified enzyme preparat1on
Changing the Mg + concentrat1on in the reaction medium from 0.2 mM to
5mM at constent ATP had no significant effect on the formatjon of b1sphosphates
])(Tab1efI).HOWever, an.increase in ATP from 0.2 mM to 2 mM nearly
doub1ed the rate of’bisphosphatevand DHAP formation partly at'the expense of
PGA formation which decreased to about 50% (Table I). It is important to

realize that in the experiment shown in Table I, ATP never inhibited the conver-

sion of G6P into bisphosphates and DHAP, even if the concentration of added

: ATP exceeded the concentration of Mg 10-f01d. Assuming a very high activity

of Mg in intact ch1orop1asts of about SO mM, and a chloroplast volume of
25 u]/mg chlorophyll in a reaction volume of 1 ml (as in the experiment shown
in Table I), would give an endogenous Mg++ concentration of only 0.75 mM. If

2 mM ATP and 0.2 mM Mg'' are added (Table I), the concentration of non-Mg =

‘bound ATP should still be about 1 mM, a concentration which was[found inhibitory

for the purified phosphofructokinase (Kelly and Latzko, 1977, a;b). Nevertheless

we. found no 1nh1b1t10n of .phosphofructokinase-dependent DHAP and bisphosphate
formation.. o

Besides the Mg++ concentration, a change in stroma pH and the formation

- of reduced sulfhydryl groups have been found to be most important modulators

1)
“see footnote
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of chloroplast enzymes (for a review see'Kelly‘éhd Latzko, 1976). A change
in pH from 7}3 to 8.0 hes no significant effect on the conversion ef G6P
into the different products of both the oxidative pentose phosphate cycle
and of the glycolytic pathway (fig. 7).1

In contrast, addition of DTT (10mM) produced a drematic effect. The

" formation of 6-Pgluconate, of bisphosphates, DHAP and pentose monophosphates

are strongly inhibited, whereas the formation of RuBP (and in some experiments
also of PGA) are strongly stimulated (fig. 7). This 1is indicative of the
complete change in the direction of carbon flow which occurs from dark ﬂ
metabolism to light-metabolism. It is presumably caused by the well known
st1mu1at10n of the b1sphosphatases, of phosphor1bu1ok1nase and perhaps a]so
of GAP-dehydrogenase by reduced d1th1o]s (for a review see Kelly and Latzko,
1976). It cannot be decided from our experiment (fig. 7) whether there is
in addition a direct 1nhibition of'phosphofructokinase by DTT. However, no
eridence for such a direct inhibition was found by other authors (Ke]]y and
Latzko, 1977, a,b). Therefore, it mightfbe that in the presenee of’DTT, the
activity of phosphofructokinase is overshadowed by the much hjgher‘aetivity
ot fructose'bisphosphatase. Under these conditions, a futile cycle wéu]d

occur.

CONCLUSIONS

| Our experiments demonstrate the eccurence of both an oxidative '
pentose phosphate cycle and a glycolytic pathway in the soluble fraction of |
lysed chloroplasts (fig. 8). This is consistent with similar results obtained

by a comparison of the cohversion of C]-label1ed and C6-]abe11ed GGﬁ-into ’

- other products in a reconstituted chloroplast system (Schaedle and Bassham,

in‘preparation). However, when the steady state eoncentrations of hexose

monophosphates (6 mM) and pentose monophosphates (0.4 mM or less) in whole
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chloroplasts in the dark (Kaiser and Bassham, in press) are simu]ated, the
flow of carbon from pentose monophosphatee‘into triose phosphates via |
transa]do]ase and transketo]ase is extremely ]ow A consideration~of the

thermodynamics of the participating reactions shows that the fien ‘of carbon “'
is in fact s]ight]y favored in the direction of pentose monophospnate o

synthesis. Since the.oxidative pentose ‘phosphate cycle stobs}therefone‘at

the level of pentose monophosphate, its main physiological func f;might be

and part of the NADPH could be exported via a malate/oxaloacetate.shuttle

(for a review, see Heldt, 1976), thereby providing e.g. NADPH qu'vatty acid
synthesis, dependent on acetyl CoA formed outside the ch]orop]as%:i.

It has been further demonstrated that the oxidative pentoséinhOSphate
cycle is very well regu]ated by NADP+/NADPH ratios (fig. 1, cf Lendzian and
Bassham, ]975, 19763 Lendzian, 1978), by reducing su]fhydry]-groups (fig. 7,
cf Anderson et al., 1974), and by changes in the substrate 1evef?(fig. 4),
compare Lendzian (1978).

The conversion of G6P into triose phosphates, which is a necessary
prerequ1s1te for an effective export of carbon into the cytop]asm has been
shown to be strictly ATP-dependent under our conditions. Th1s conversion
thus occurs almost exclusively via a glycolytic pathway (fig. 8).  We found
only two effective modulations of this process: a change in substrate
eoncentration and the presence or absence of sulfhydryl groups. In add1t10n,
a less effective modu]at1on might be caused by changes in [PGA] h

The existence of a futile cycle in the 1ight cannot be ruTed@QUt. The

hexose monophosphate concentration which exists in whole ch]orop ”,;s‘1n the
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light (about 2 mM) could permit a rate for the phosphofructokinase mediated
, reaction of about 0.285 umoles FBP formed (and ATP consumed)/mg chlorophyll
x h (data from fig; 6). Comparing this rate of ATP consumption with the ATP
formation during photosynthesis at saturating 1ight conditions (about 100

umoles CO, fixed/mg chlorophyll x h, equivalent to 300 umoles ATP formed/mg

2
chlorophyll x h), a fut{]e cycle would consume only about_0.095% of the
energy produced by the 1ight reactions. Even at maximal activity, phospho:
fructokinase (2.5 pmoles ﬁBP formed/mg chlorophyll x h, see Kelly and Latzko,
1977, a,b) would still consume less than 1% of the total ATP formed in the \
light. The retentidn of thfs much phosphofructokinase activity in the light

would thus be too low to cause a significant waste of energy at least under

saturating light conditions.



15

ACKNOWLEDGEMENTS |

This work was supported in part by the Bipmedica] énd Environmental

Diyision of the U.S.-Départment of Energy. Dr. w.:M .Kéiser‘was a recipient
of a poétdoctora].fe]]owship of the Deutsche Forschungﬁgemeihschaff (DFG).E
Ehe authors are gratefu]_to Dr. J. Paul and Mrs. Sheryl Krohne for a |
crftica] reading of the manuscript, ahd to Mrs. Sherry Gee for her ski]]éd N

technical assistance.



16

REFERENCES :

Anderson, L. E., Ng, T. C1, Park, K.E.Y.: Inactivation of pea leaf
chloroplastic and cytoplasmic g]ucose-G-phosphate dehydrogenases by
by Tight and dithiothreitol. Plant Physiol. 53, 835-839 (1974).

“Arnon, D.I.: Copper enzymes in isolated chloroplasts. Polyphenoloxidase in

Beta vulgaris. Plant Physiol. 24, 1-15 (1949).
Bassham, J. A., Krause, G.'H.: Free énergy changes and metabolic regulation in
steady state photosynthetic carbon reduction. Biochim. Biophys. Acta
189, 207-221 (1969). |
Chu, D.K., Bassham, J.A.: Inhibition of ribulose 1,5-diphosphate carboxylase
- by 6-Phosphogluconate. Plant Physiol. 50, 224-227 (1972).
He]dt, H. W.: Metabolite transport in intact spinach chloroplasts, in: The
intact chloroplast, pp. 215-234, Barber; J. (ed.) Elsevier, Amsterdam,
1976. | |
He]dt,.H. W., Chon, C. J.,,Méronde, D., Herold, A., Stankovic, Z. S., Walker, D. A.,
Kraminer, A., Kirk, M. R., ﬂeber, U.: Role of orthophosphate and other
factors in the regulation of starch formation in Teaves and isolated
" chloroplasts. Plant Physiol. 59, 1146-1155 (1977).
Jensen, R.G., Bassham, J.A.: 'Photosynthesis in isolated chloroplasts. Proc.
- Natl. Acad. Sci. 56, 1095-1101 (1966).
Kaiser; W. M., Bassham, J. A.: Ligthdark regulation of starch metabolism in
chloroplasts: I. Levels of metabolites in ch]oroplasts.and médium during
- ]ight—dark transition. Plant Physio].,'in press. 7 |
Kelly, G.J., Latzko, E.: Regulatory aspects of photosynthetic carbon mefabo]ism.
Ann. Rev. Plant Physiol. 27, 181-202 (1976).
Kelly, G. J., Latzko, E.: Chloroplast phosphofructokinase. I. Proof of
phosphofructokinase activity in ch]ofop]asts. Plant Physiol. 60,
290-294 (1977,a)



17

“Kelly, G. J., Latzko, E.: Chloroplast phosphofructokinase II. Paftia]
| purification, kinetic and regulatory properties. Plant Physiol. 60,
295-299 (1977,b). " |
Krause, G. H., Bassham, J; A.: Induction éf respiratory metabolism in

i]]uminéted-Ch1orel1a pyrenoidosa and in isolated spinach chloroplasts

.by the addition of .vitamin K5.

Biochim. Biophys. Acta 1zg,'5535565
(1969) i -

Lendzian, K., Ziegler, H.: Ueber die ReQu]ation der Glucose-6-phosphat dehydro-
genase in Spinétch]orop]asten durch Licht; P]anta 94, 27-36 (1970).

Lendzian, K;, Bassham, J. A.: Regulatioh of glucose-6-phosphate dehydrogenase
in spinach chloroplasts by ribu1ose-1,5-dipho§phate and NADPH/NADPf
ratios. Biochim. Biophys. Acta 396, 260-275 (1975).

Lendzian, K., Bassham, J.A.: NADPH[NADP+ ratios 1n photosynthesizing reconstituted
chloroplasts. Biochim. Biophys. Acta 430, 478-489 (1976).

Lendzian, K. J.: Interactions between magﬁesium ions; pH, glucose-6-phosphate,
and NADPH/NADP+ ratios in the modu]atjon of chloroplast glucose-6-

_ . phosphate dehvdroqénase in vitro. Planta 141, 105-110 (1978).
Liley, R. McC., Chon, C.J., Mosbach, A., Heldt, H.W.: The distribution of

metabolites between spinach chloroplasts and medium during photo-

syﬁthesis in vitro. Biochim. Biophys. Acta, 460, 259-272 (1977).

Peavey, D. G., Steupp, M., Gibbs, M.: Characterization.of starch breakdown
in intact spinach chloroplasts. Plant Physiol. 60, 305-308 (1977).

Pedersen, T. A., Kirk, M. R., Bassham, J. A.¢ Light—dark transients in feve]s'
of intermediate compounds during photosynthesis in air-adapted Chlorella.
Physiol. Plant. 19, 219-231 (1966).

Steupp, M., Peavey, D. G., Gibbs, Mf:v The regulation of starch metabolism

by inorganic phosphate. Biochem. Biophys. Res. Comm. 72, 1554-1561 (1976).



Table I:; Effect of Mg

the formation of 3-phosphoglycerate (PGA),

and ATP at different concéntrafioh ratios on
dihydroxyacetone

phosphate (DHAP), sedoheptulose-1,7-bisphosphate (SBP) +
fructose-1,6-bisphosphate (FBP) and pentose monophosphates

(PMP) from U-labelled !

pentose phosphate cycle (i.e. with 1 mM NADPH).

calculated from a 12 min-time course.

the lysing solution contained only 0.2 mM Mg ,
_For further deta1]s see. Mater1als and Methods.

4C-G6P in the absence of oxidative
Rates were’
In thjs experiment
and no EDTA.

Conditions ngeatoms carboh/mg.chlorophyll x h

| PGA DHAP . SBPEFBP  PWP

MgC1, 0.2 mi

ATP 0.2 mM 0.375 0.600 0.785 0.465

ATP 2.0 mi 0.185 1.130 1.395 0.520

MgCl, 5.0 mM

ATP 0.2 mM 0.340 0.640 0.735 0.440

ATP 2.0 nM 0.250 0.145

0.885

1.145

18
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LEGENDS

-~

14

Figure 1: Conversion of U-'"C-G-6-P into the different metabolites (indi-

cated in the fig.) by the soluble fraction of lysed chloroplasts

in the dark. The reaction was started by adding 20 ul. of U-]4

c-
G-6-P (50 uCi) to the reaction mixture to make a final concen-
tration of 2 mM. The reaction mixture was as described under
Materials and Methods, but‘contained in addition: ATP (1 mM),

and NADP* (1 mM) or NADPH (1 mM) as indicated in the Fig. A1l
reactions were carried out under N,. ]_4(202 release was measured
with the same flask from which the samples for chromatography

were taken. However, only one time point was taken for the C02-
release in this experiment, since the samples had to be acidified
in order tQ.gei quantitative reiease of'COz. For further details
see Materials and Methods.

]4C-G~6—P into other metabolites by the soluble

Figure 2; Conversion of U-
7fraction of 1ysedlch1orop1asts in the dark, in thg presence of
ATP (1 mM), or in the absence of ATP (i.e. with an ATP-trapping
system of glucose 4 mM, and hexokinase 3.6 U). In addition, all
flasks contained,NADP+ (1 mM). Other conditions as in Fig. 1

or as described under Materials and Methods.

]4C—G-

Figure 3: Effect of transaldolase (2 U/flask) on the conversion of U-
~6-P (2 mM) in the absence of ATP (i.e. with glucose and hexokinase},
and with NADP™ (2mM). Other conditions as in Fig. 1 or as described

in Materials and Methods.



Figure 4:

Figdre 5:

Figure 6;

Figure 7:
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Formatfon of products of the oxidative pentose phosphate cycle

. from U;14C—G-6—P in the absence of ATP (i.é. with glucose and

hexokinase), at different substrate concentrétions. The reaction
medium cbntafned in addition NADP+ 1 mM, glﬁcose 4 mM and hexo-
kinase 3.6 U). After 10 min; the reaction was stopped by adding a
methanol//acétic acid mixture and flushed with No for 5 miﬁ more.
100 ui samp]eé of the acidified mixturelwere used for paber

chromatography. ‘For further details see Materials and Methods.

Time course of the formation of 6-Pgluconate, PMP and ]4C02-

14

-release from U-""C-G-6-P by the soluble fraction of lysed

chloroplasts, at different concentrations of PGA. . The reaction

>]4C-G-6-P (2 mM), NADPT (1 mM), glucose and

medjum contained
hexok1naseras in Fig. 4, and PGA as indicated. Other conditions

as in Fig. 4.

]4C-G-6—P>into products of the glycolytic pathway

Conversion of U-
by the soluble fraction of Iysed:ch1orop1asts, at different

substrate concentrations. The reaction mixture contained in
14

addition NADP* 1 mM, ATP 1 mM and U-'’C-G-6-P as indicated in the

Fig. For further details see Materials and Methods.

Time éourse of the conversion of G-6-P (2 mM) via glycolytic
pathway.and oxidative pentose phosphate cycle at pH 7.3 and pH
8.0, respectively in the presence and absence of DTT {10 mM).
reaction mixtufe‘contained 1'n'add1'tion_NA.DP+ 1T mM, ATP 1 mM, and
DTT as dindicated. Chloroplasts were lysed at pH 7.3 or pH 8.0
(for details see Materials and Methods). Other conditions as in

Fig. 1.
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Two possible pathways fdr the conversion of G6P (e.g. from
phosphoro]ytk:starch degradation) into triose phosphate in
chloroplasts in the dark: oxidative pentose phosphate cycle

(1eft) and g]ycoTytié‘pathway (right).
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