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REGULATION OF GLUCOSE-6-PHOSPHATE DEHYDROGENASE IN SPINACH CHLOROPLASTS
BY RIBULOSE-1,5-DIPHOSPHATE AND NADPH/NADP+ RATIOS*

KLAUS LENDZIAN** AND JAMES A. BASSHAM
Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory

University of California, Berke]ey; Ca]ifdrnia.94720_

SUMMARY |
The activity 6f glucose-6-phosphate dehydrogenase (E.C. 1.1.1.49)

from spinach chloroplasts is strongly regulated by the ratio of NADPH/NADP+, |
with the exteht of this regulation controlled by the'cbncgntration of
ribu]ose-],5-diphosphate. Other metabolites of the réductive pentose
phosphate cycle are far less effective in mediating tﬁe regulation of |
thé enzyme activity by NADPH/NADP+ ratio. With a ratio of NADPH/NADP'
of 2, and a concentration of ribu]ose-],5-diphosphate of 0.6 mM, the activity
of the enzyme is completely inhibited. | |

| This level of ribulose-1,5-diphosphate is well within the concentration
range which has been reported for unicellular green a]géé photosynthesiiing

in vivo. Ratios of NADPH/NADP+ of 2.0 have been measured for isolated

spinach chloroplasts in the light and under physiological conditions.
Since ribulose-1,5-diphosphate is a metabolite unique to the reductive
pentose phosphate cycle and inhibits glucose-6-phosphate dehydrogenase
in the presence of NADPH/NADP+ ratios found in cloroplasts in the light,
it is proposed thaf regulation of the oxidative pentose phosphate cycle
is accomplished in vivo by the levels of ribu]ose-],S-diphosphafe, NADPH;

and NADPY .
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It already has been shown that several key reéctions of the reductive
bentose phosphate cycle in chloroplasts are regu]atéd by levels of NADPH/NADP+

or other electron-carrying cofactors, and at least one key regulated step,

the carboxylation feaction is strongly affected by 6—phqsphog1uconate, the
metabolite unjque to the oxidative pentose phbsphate cycle. Thus there is

an interesting inverse regulation system in chloroplasts, in which reduced/
oxidized coenzymés'provi&e a general requlatory mechéniém. The reductive
cYc]e is actfvated at high NADPH/NADP+ ratios where thevoxidative cycle is
inhibited; and ribulose-1,5-diphosphate and 6thosphogluconate-prdvide further

control of the cycles, each regulating the cycle in which it is not a metabolite.

* Reprint requests should be addressed to the second author.
ke Present_address: Institut‘FUr Botanik, Technische Universitit, T

| 8 Mlinchen 2, Arcisstr. 21, w.—Germahy.
Abbreviations: RPP,vredUCtive pentosevphosphate; OPP, oxidati?e pentose
phosphate; PMS, phenazine methosulfate; Ribu]-],S-Pz; ribulose-1,5-diphosphate;
Ribul-5-P, ribulose-5-phosphate; Rib-5-P, ribose-5-phosphate; Fru-6-P,

fructosé-6-phdsphate; Frufl,G-Pé, fructose—],G—Giphbsphate.

INTRODUCTION

Within ch]orop1a$ts of green plant cells, the reductive pentose
phosphate cycle (ﬁPP cycle, Calvin cycle) [1] opérates during photo-
synthesis in the light, whereas the oxidative pentose phosphate cycle
(OPP cycle, hexoée-monophosphate shunt) operates under conditions of
cell respiration such as in the dark [2,3,4,5]. Although the RPP cycle
is driven by ATP and NADPH formed by light reactions;in the pigmented



chloroplast membranes, and the OPP cycle generates NAbPH by the oxidative
metabolism of carbohydrate reserves, mass action by the levels of these
cofactors would be an insufficient regulatory mechanism for controlling
_these two cycles and Qreventing wasteful reactions; In.particu]ar, the
free energy change accompanying the oxidation of g]ucbse-6—phbsbhate to
6-phosphogluconate with the concurrent reduction of NADP' to NADPH is
from -8 Kcal to -12 Kcal, depending on metabolite cdh&éntrations [6].
This reaction; mediated by glucose-6-phosphate dehydrogenaée isvclearly
rate-]imiting, éven during operation of the OPP cycle, No conceivable
physiological levels of the reactants and products could control it through
mass action [6].

Kinetic tracer studies with unicellular algae demonstrated the immediate
appearance of 6-phosphogluconate when the light was turned off [7] or in
the 1ight following addition of Vitamin Ks'[2,7]. The primary'effeét
of Vitamih K5 addition to the algaé'is thought to be the diversion of elec-
tfons coming from the 1ight reactions, resulting in a d9creased‘ratio
of NADPH/NADP+, sfmi]ar to fhat which occurs when the light is turned
off. The appearance of 6-phosphogluconate, which occurs also in isolated
spinach ch]orop]asts,upon addition of vitamin Kg s is cqnsidered to be
an indication of‘operation of the OPP cycle [2,7].

Other results of kinetic tracer studies with algae’and either light-
dark changes or Vitamin K5 addition suggested. that activétion of glucose-
6-phosphate dehydrogenase and of the OPP Cyc]e was accompanied by decreased
acfivities of key regu1ated steps of the RPP cycle ihc]dding thé conversion
of ribu1ose-5-phosphate to ribulose-1,5-diphosphate, mediated by phdspho—_
ribulokinase (E.C.2.7.1.19), the carboxylation reactfon mediated by ribu-

lose diphospheate carboxylase (E.C.4.1.1.39), and the conversions of
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fructose-],G-dTphosphate and sedoheptu]ose-],7fdipﬁbsphate to fructose-6-
phosphate and sedoheptulose-7-phosphate respectively, mediated by hexose
diphosphatase (E.C.3.1.3.11) [2]. Each of these reactions is unique to
the RPP cycle, and each is characterized by a 1argé negative free energy
change under steady-state conditions in the light fﬁ]. Thus there is an
inverse relationship between the rate-limiting step of'the'OPP cycle
(activated at Tow NADPH/NADP+ ratios) and the rate- 11m1t1ng steps of the
RPP cycle (act1vated at high NADPH/NADP ratios).

Besides these 1g_glxg_stud1es, some 1nvest1gatfohs of enzymatic
activities sdggésted that NADPH/NADP' ratios could provide a general
regulatory control in ch]or6p1a5ts. Under certain condftfons ribulose
diphosphate carboxylase is activated by NADPH [8], while the activity
qf g]ucose-6—pho$phate'dehydrogenase is stimu]éted by NADP+ [9]. In‘the :
case of the ribulose diphosphate'cérbo§y1ase; however,'enzyme activity
was é]Sorstroneg-affected by physiological levels of 6-phosphog]uc0hate.
Thus, the metabo1ite'unique tb the OPP cycle was affectfﬁg a reaction
unique to the RPP cycle. This led us to consider whefher-a metabolite
unique to the RPP cycle might affect the activity_ofxan’énzyme unique to -
the OPP cycle. |

Furthermore, with either darkness or V1tam1n Kg add1t1on the one
metabclite of the RPP cyc]e which drops to a very low concentrat1on
compared with its concentration in the light is ribulqse-],5-diphosphate,
the carboxylation substrate. This suggested the possibi]ity that the
high level of ribulose-1,5-diphosphate in the light might act td supﬁress
thevactivity of g]ucosé-6—phosphate dehydrogenase. anal]y, Pelroy,
et al. [10] found the glucose-6-phosphate dehydrogenase activity of several

strains of b1ué-green algae to be inhibited by physib]ogica] levels of



ribulose-1,5-diphosphate. In this report we describe the effect of ribulose-
1,5-diphosphate in amplifying the regulatory effects of - NADPH/NADP+
ratios on g]ucose-6-phosphate dehydrogenase activity, and as a function

of pH.
MATERIALS AND METHODS

Young spinach leaves of approximately the same . age were.harvestéd

from outdoor-grown p]anfs after a 16-hour dark period.-'Chlokoplasts were
- isolated according to the method of Jensen and Basshém [11]. The resulting
chloroplast suspension in solution B contained about 2mg ch]brophyf]/m].
For comparative studies whole chloroplasts from the same batch of leaves
were isolated and the soluble chloroplast protein §o]dtion was separated
from the chloroplast Tamellae using the method describéd by Bassham
et al. [12], except that the chloroplasts from one batch were disrupted
in 1 ml of solution Z [12]. The isolated ch1orob1ast$ and the soluble
protein’fractidn were always kept in the dark at 2°C and'werg‘used
immediately for the glucose-6-phosphate dehydrogenase assay.

| Glucbse-ﬁ-ﬁhbsphate dehydrogenase standard assay mixtures contained
36 mM triethanolamine/HC1 buffer (pH 7.6), 10 mM MgC12, 0.6 mi NADP+,
1.0 mM g]ucose-G—phosphate and 0.1 m) of the chlorop1asf suspension.
or 0.2 ml of the solution of chloroplast soluble proteins in a final
vojume of 2.1 ml. The concentrations of different metabolites of the
RPP cycle and of NADPH added to the assay mixture aré iﬁdicated in
the legends. The enzyme assays were carried out under a nitrogen.atmosphere
and all solutions were flushed with nitrogeh before hse; The chloroplasts

were osmotically destroyed upon being pipetted‘into:the_hypotonic assay
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solution, thuS'keleasing the‘glucose-s-phosphate dehydrogenase and other
§o1ub1e enzymes into the test medium. The reductibn df NADP T was measuréd
spectrophotometrically at 340 nm in quartz cuvettes of 1 cm ]ight path
using a Cary 11B spectrophotometer. Assays were performed at 20°C. The
reactions were started by addition of the substrate.: No detectable
increase in absorbance was observed when substrateIOr NADP was omitted.
References always were run without substrate. Enzymé aétivity is expressgd
as amount of NADP+ reduced per minute and per milligram chlorophyll ahd
is calculated from the initial reaction velocity.

As both g1utose-6-phosphate dehydrogenase and:6—phosphogluconate dehy-
drogenase (E.C.1.1.1.43) are present in spinach chloroplasts [13], three
assays were perfbfmed to show that the presencé of 6—phqsphdgluconate dehy-
drogenase ddes not interfere with assaying glucose-6-phosphate dehydro- |
genase. One assay contained 1.0 m4 g]ucose-6—phosphate and 1.0 mM 6-phospho-
gluconate, the other two contained 611 ingredients plus.glﬁcbse¢6-phosphaté
or 6-phosphog1uconate, respectively.

Thevsum of the initial reaction velocities of both énzymes determined.
in separate assays was'equal'to the total initia]'rea¢tion velocity when
both enzymes were assayed simu]taneousiy in the same feaction mixture.>
Thus under the cqﬁditions described above, the presenceFOf 6-phosphogluconate -
dehydrogenase dfd not interfere with the measuremen; of.glucose-G-phosphate"
dehydrogenase activity. | |

| Assay mixtures for the measurement of 6-phosphog]u¢dnate dehydrdgenase
were the same as for glucose-6-phosphate dehydrogenase except 1.0 mM 6-
phosphogluconate was substituted for glucose-6-phosphate. ChTorophyl]

was determined according to Vernon [14].

For the determination of_NADP+ and NADPH levels in chloroplasts in

the dark and during CO, fixationAin the 1light who]etého1orop1asts were -



isolated and were allowed to photosynthesize according to the procedure
described by Jensen and Bassham [11]. A fluorometric method for measuring
pyridine nucleotide levels in animal tissues described by Cartier [15] has
been modified to detect very small amounts of pyridine nucleotides in
chloroplasts whi1e using’a simple and rapid method for.prparing samples

| from a kinetic experiment with'photosynthesizing chloroplasts.

The following procedure was used: 0.02 ml samples were removed from
a-ch]oroplast-susbension’éapab]e of fixing 002 in the light and Were'
immediately 1njec§ed into either 0.05 ml 0.1 N NaOH (tb'destroy‘the oxidized
pyridine nucleotides and keep the reduced ones) or 0.05 ml 0.1 N_HC] (to '
destroy the reduced pyridine nucleotides and keep the oxidized ones). The
resulting samples were then immediately heated at 60°C for 20 min. Within
that time'the reduced pyridine nucleotides in the a¢id and'the oxidized
ones in the base are completely destroyed. After heatihg, the samples were
kept at 0°C. Chloroplast debris were-spun down at 12,000 x g for 10 min.
The supernatant was used directly for the determination of NADPY and NADPH.
antro]s containing internal pyridine nucTeotide standards were used for
a standard calibration curve.

For the determination of NADP® and NADPH the following reaction
sequence (continuous cyc]ing)vwas used:

glucose-6-phosphate S
Glucose-6-phosphate + NADPY > 6-phosphogluconate + NADPH

- dehydrogenase
+
NADPH + PMSoxyd. ~—> NADP + PMSred.
PMS + resazurine —> PMS + resorufine

red. oxyd.
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The e]ecfrons from NADPH are transferred to resazurine, which is
reduced to the highly fluorescent resorufine, In this redox chain the
amount of resorufine is directly proportional to the amount of NADP' or
NADPH if these coenzymes are present in concentrations lower than the Km.

The assay contained the following components in a fida] volume of 0.905 ml:
triethanolamine/HC1, pH 7.8, 77 mM (0.7 m1); |

MgCl,, 2.2 mM (0.02 m1); " |

glucose-6-P, 2.2 mM (0.05 ml);

dipyridyi, 14 M (0.02 ml);

PMS, 0.55 mM (0.05 m);

resazurine, 10 w1 (0.05 ml); |

g]ucose-s-phosphate dehydrogenase, 15 ug disso]ved}in triethanolamine

| buffer, 50 mM, pH 7.8 (0.015 ml); |
0.005-0.02 ml samples for NADP+ or NADPH determidation. The eoncentref
tions indicate the final concentrations in the fest’system,

The optimal values for both the strength of the triethano]amine buffer
and the concentrafioh"of the cofactor M92+ were determined by their respec4
t1ve stab111z1ng and enhancing effects on the enzymat1c reaction. The
‘buffer in the concentration used does not quench the f]uorescent dye s1gn1-
flcantjy in comparison to final buffer c0ncentrat1ons.hygher than 80 mM.
Moreover, the capacity of the buffer is so high that the.addition of the
acidic or basic samp]es does ndt shift the pH of the teSt system signifi- :
cantly. In this way it is possible to avoid a procedure in wh1ch the samp]es
with the pyridine nucleotides must be neutralized before measurlng - Such
neutralization procedures are difficult and time consuming because of the
small sample sizes and the necessity of avoiding anye]oca]ized pH "overshoot"

which cou]d.destrqy;the pyridine nucleotides being meeSured.



The reaction was started by addition of the samples containing NADP+

or NADPH after the.base 1ine of the recorder was adjusted and straight.
The measurements were run in a 10 x 3 mm cuvette (3 mm side turned towards
the excitation beam)'af 20°C with a Hitachi MPF—ZA'spectrofluorometer coupled
with a Hitachf recorder (sensitivi;y range 4, 5 or 6)}v The excitation wave-
length was 540 nm with a band width of 8 nm; the inéreaSe of f]uorescence_
was followed at 580 nm with a band width of 8 nm. The assay permits the
determination of both NADPY and NADPH. NAD® and NADH do not interfere with
the test system because NAD+ cannot be reddced by g]Ucbse-G-phosphate
dehydrogenase. NADH is of course oxidizéd by PMS to NAD+,‘and PMSred
- reduces resazurine; however, this reaction is very.fast and the increase
of resorufine only raisés the.base line, which is theh adjusted before the
enzyme reaction with the triphosphopyridine nucleotide§ is started,.

- The ¢hemica1s were obtained from Calbiochem, Sigma and MCB (resazurine).
The acid forms of ribulose-1,5-diphosphate and 6-phosphdg]uconate Were gene- -
rated from solutions of the respective barium and tri-monocyc]ohexylammonium

salts with Dowex-~50.
RESULTS

Glucose-6-phosphate dehydrogenase from whole sbinach ch]oﬁop]asts '
incqbated_wifh’] mM-RiBu]—],S-PZ was inhibited about 60% in the presence
of just satufatfng amounts of its substrate glucose-6-phosphate and its
coenzyme NADP+ (TaE]e I). Other intermediates of the reduttive pentose
thSphate cycle caused less than 10% inhibition except Ribui-5-P with an
inhibitory effect of 18%. |
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The stability of the inhibitory effect.of Ribu'l-],S-P2 over a certain
peripd bf time monitored in thé tesf cuvette at 340 nm was directly dependent
’ on the conditions under which the assay was conducted. Since there‘was i
a Mgz+ concentration of 10 mM in the assay, one had to expect possible CO2
dark Fixation in the presence of C0, and Ribul-1,5-P, [16] which would reduce

the actual Ribul-1,5-P, concentration. Under aerobic conditions the inhibition
of the enzyme activity by Ribu]-];S—P2 was indeed Sldw]y decreasing during
the assay indicéting the consumption of'Ribul-I,S-Pz by the carboxylatioh
and/or oxygenase'reaction. A further addition of Ribu]-],S-PZ to the assay:
mixture during the assay brought the amount of inhibition back to the
original value, “Under anaerobic assay conditions; achieved under a nitrogen
atmosphere, the inhibition remained stable during the time the enzyme acti-
vity was monitored. Therefore all assays were conddcted under a nitrogen’
atmosphere and Qith'so]utions previously flushed with nitrogén.  The'anaefo—
bic environment had no effect on glucose-6-phosphate dehydrogenase acfivity._’
As the whole chloroplasts were lysed in the assay.mixture; releasing
glucose-6-phosphate dehydrogenase and the other soluble components from
the compartment within the outer chloroplast membranes, the lamellae also.
remained in the tést solution. This fact caused the:prob1em’of inhomogeni ty
as the Tamellae slowly sank to the bottom of the chette changing s]ight]y'
the intensity of the 340 nm light beam going through thé cuvette.  This . -
diSadvantage could be eliminatéd'by either using a reference cuvette with-
odt substrate or by using a soluble ph]drop]ast protéin solution without
the lamellae as the enzyme source. The effects of different metabolites
of the reductive pentose:phosphate cycle on glucose-s-phosphate dehydro-
~genase in the soluble protein soiution alone are notrsignificantlyﬁﬁ
different from those obtained by lysing whole chloroplasfs in the assay

mixture (Table I).. As we added the same amount of ehzyme to both kinds
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of assay, these results are not unexpected. In preliminary experiments
(data not shoWn) we already could show that the affinity of glucose-6-
phosphate dehydrogenase for substrate and coenzyme'dfd not change .due
to the different way,of handling the enzyme before assaying. For all
“further experiments we used the soluble ch]orop]ast’brotein solution
as a source for glucose-6-phosphate dehydrogenase.

6-phosphogluconate dehydrogenase, the second key enzyme in the
OPP cycle is unaffected by Ribu]-T,S—P2 and the other metabolites tested
and was therefore not the subject of further ihVestigations.

" The inhibiiibn of glucose-6-phosphate dehydrogenase by 1 mM RuDP
could be demonstrated in the presence of just saturating substrate
and coenzyme"concentrationé. Howevér,under physiological conditions the
concentration of the coénzyme NADP+ is subject to drastic changes within
the ch]oroplaéts'[17]. Fig. 1 illustrates the change of enzyme activity
at decreasing NADP' concentrations and increasing Ribui-T,S-P2 levels.
Both decreasing the coenzyme concentration and increasing the Ribu15],5—P2
concentration'resblts in a decrease in enzyme activity. In other words the
~ lower the coenzyme concentration the more effective is the inhibition by
Ribu]-l,S-Pz.' At a saturating NADP concentration of 0.6 mM the enzyme
activity can be inhibited to 50% by 0.7 mM Ribul-1,5-P,, at 0.01 mM NADP*
it can be inhibited to 50% by only 0.25 mM Ribu]-],S-PZ; that is an inhibi-
tion of about 90% of the activity found at saturating NADP+ concentrations
and without the addition of Ribul-1,5-P,.

In a plot of 1/v versus 1/[NADP ] at different levels of Ribul- -1,5- P2
using the data from F1g. 1 it can be shown that the 1nh1b1t1on of chloroplast
glucose-6-phosphate dehydrogenase by R1bu1—'l,5-P2 g1ves a noncompet1t1ve
inhibition pattern in respect to the coenzyme NADP+1(Fig, 2). The Km

‘value for the coenzyme is calculated from the figure to be 55 uM. At that
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NADP+ concentration (half-saturating) there is about 50% of the enzyme
activity at saturating concentrations. This can be decreased to 25%
by addition of 0.5 mM Ribﬁ]-],S-sz' |
The activity of glucose-6-phosphate dehydrogenase is, however,
not only detefmined by the actual concentration of its oxidized coenzyme
NADP+ but also by‘the concentration of the reduced dne‘[9]. NADPH is
a competitive inhibftor of'the enzyme activity in fespeét'tp the'oxidiéed.
NADPY (Fig. 3).
To'demonstrate how NADP+ and NADPH levels are changing ih ihtact
spinach chloroplasts durihg dark-light-dark transitions, these tw0'coénzymes
were measured in chloroplasts which were allowed to photosynthesfze. The
levels of NADPT and NADPH levels ére subject to very fast changes after.
a dark-light or é light-dark transition (Fig. 4). In the light NADP™

is reduced very rapidly to NADPH. After about 1 min the levels of NADPH'
ahd NADP+ reach steady-state values. Upon switching off the light a rapid
oxidation ovaADPH takes place. The changes of the NADPH level in the
chloroplasts are a'ways just opposite to those of the NADPY ]eveT. The

NADPH/NADP' ratios are about 0.2—0.5.in the dark but increase after
a dark-light transition very fast up to 1.5-2.5 depending on a previous
dark phase or the pattern of dark-light-dark alternation (Fig. 4)."v

. The antagonistic effect of NADP+ and NADPH on ch]oropiast glucose-

6-phosphate dehydrogenase is demonstrated in ﬁig. 5, Where the enzyme
a;fivity is p]o;ted against different ratios of NADPH/NADP+. At pH 7.6
and a ratio of 1 the enzyme activity is inhibited up io about 50%. A complete
inhibition can be reached at a ratio of 2.4 and higher. At pH 8.2, an |
increasing'ratio'decreases the ehzyme_activity much fastef than at pH 7'67

The inhibition is already complete at a NADPH/NADP+ ratio of 1.5. Full
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enzyme activity is maintained at ratios up to about 0.25 at both pH Va]ues.

In a further experiment we were_ihterested in the change of glucose-
6-phosphate dehydrogenase activity in the presence of certain NADPH/NADP+
ratios and by adding increasing amounts of Ribul-],S-Pz. For this experi-
ment we chose ratios of 0.5, 1.0, and 2.0 at a pH value of 7.6 (Fig. 6).
Under these.conditions Ribulvl,S-P2 became an even more effective inhibitor
in the presence of increasing NADPH/NADP® ratios. At a ratio of 1 thev
enzyme activity'is decreased by about 50% (cf. Fig. 5) corresponding to
the same enzyme activity at a half-maximal concentration of NADPY in the
absence of NADPH (cf. Fig. 1 and 2). In the latter case a concentration
of 0.5 mM Ribul-1,5-P, was necessary for the inhibition of the enzyme
activity up to 75%, while at a ratio of 1, é concentration of 0.3 mM
.Ribulel,S—Pz.has already the same inhibitory effect. At high NADPH/NADP+
ratibs such as exist in chloroplasts in the light ig_!jxg_[17], the
inhibitory effect of Ribu]—],S-P2 becomes even stronger. Addition of 0.5
mM Ribu]-],S-P2 atba ratio of 2 brings the inhibition to nearly 100%.

With an increase in pH of the assay mixture to a value of 8.2, the
relative inhibition by Ribul-1 5—P2 within a concentration range from
0.1- 1 0 mM is not different from that at pH 7.6 (Fig. 7). Even with an
NADPH/NADP ratio of 0.5 there is no difference in the re]at1ve 1nh1b1t1on
at the two pH values. However, the inhibitory effect of R1bu] 1,5- P2
incfeaSes at higher ratios Th1s effect is even more severe at the h1gh
pH (compare the two curves for the ratio of 1 in Fig. 6 and 7) Thus, |
R1bu]-'l,5-P2 is a most effective 1nh1b1tor for g]ucose-G-phosphate dehydro-

genase at high .NADF"H/NADP'+ ratios and in a slightly alkaline medium.
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DISCUSSION
In an earlier study [6] standard physiological free energy changes

of reactions of the reductive and oxidative pentose phosphate cycle were

measured durfng'steady-state photosynthesis in Chlorella pyrenoidosa.
Using the criterien of large negative free energy changes as an indieator
for reactions catalized by fegd]ated enzymes, the oxidation of glucose-
6-phosphate, mediated by glucose-6-phosphate dehydrogenase, with a free-
energy change of -8.4 kcal was already considered aereguleted’step in
the oxidative pehtosevphosphate cycle in ch]orop]asts; Direct measurements
of the enzyme activity in spinach chloroplasts have shown that the enzyme
is activated in the dark and inhibited up to 70-80% in fhe light [9].
This inhfbition in the 1ight occurs within the first minute after e_dark—
light transition and is comp]eted after 1-2 min i]lumination.
| Another indication of the different activities of glucose-6-phosphate
dehydrogenase in light and darkness is the immediate appearance of 6-phospho—'
91uconete acid in the dark or with yitamin K5 additjon-fn a substantial
amount in tracer studies with spinach chloroplests [2] or Chlorella
| pyrenoidesa [7]. This intefmediate was not detectab1e in the light,
without vitamiﬁ K5 addition. These findings led to the concept of
exclusive operat1on of the oxidative pentose phosphate cyc]e in the dark
and of the reductive pentose phosphate cycle in the light [7].

From results firet indicated in an earlier communication [9] and
further e]aborated above, itlis clear that the general regulation of
the activity of glucose-6-phosphate dehydrogenase is determined by the
ratio of the reduced to the oxidized state of its coenzyme NADPY . However,
the reaction in vivo, with a AG® of -8 to -12 Kcal, is eésential]y irre-

versible, and the concentrations of reactants and substrates have little
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or no effect on rate via mass aﬁtion, since all are in the 0.01 mMd to
1.0 mM range. Thus a specific regulatory effect of NADPH and nADP*
on enzyme aétivity is required.

As the outer ch]éroplast membranes are impermeablé towards pyridine
nucleotides, the tota1 concentration of dx1dized.p1us'reduced pyridine
nut]eotides is quite constant ﬁnder certain physiological conditions
in ch]orop1asts of different sources [17]. However;'a§ the present
study shows, the ratio of NADPH/NADP+ in spinach chloroplasts undergoes
drastic changes after dark-1light or light-dark transifons. Upon illumina-
tion of whole chloroplasts a rapid reduction of'NADIi+ tovNADPH by photo- -
electrons occurs, increasing the NADPH/NADP+ ratio;1'This ratio changes
from about 0.1-0.3 in the dark up tp 2.0-2.5 in the 1ight and drops
again to its original value after a light-dark tfansition. In contrast
to an earlier report by Heber and Santarius [17], the present study
showsfthat the ratios in who1e‘chlorop1asts determihed during a dark
or 1ight period are quite constant over many minuteé. ‘The ratio seems
to fall off slightly in a longer Tight period a]ways7a§companied»by a
slight levelling‘dff of the C02 fixation rate. It appears that the main-
tenance of a constant fixation rate is directly cdrre]ated with at least
the ability of the photoelectron flux to keep a certain_concentration.
of NADP* in its reduced forh.‘ It can be assumed that the NA_DPH/NADP+
ratio is kept quite constant ig_gigg_maintaining the highest level
of reducing power for reducing 3-phosphbg]ycerate and»for regu1ating
enzyme aétivities. The total amount of NADPH plus NADPTin whole chloro--
p]ast51111Uminated or kept in the dark remains a]mostVUnchanged; |

indicating that_{n our chloroplast prepafations neither a ]ight-induted

conversion of NAD+,to NADP* reported by Cii-Hama and Miyachi [19] occurs
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nor is an active phosphatase present which c]eaves either naopt or
NADPH to NAD® or NADH [20]. As the sum of the triphosphopyridine nucleo-
tides concentration in our measurements is c0nstanf; the occurence
of both kinase and phosphatase at the same time would at least have
no effect on the overall value of the NADPH/NADP' ratio and the total
amount of triphosphopyridine nucleotides.

The NADPH/NADP+ ratfos determined in whole chloroplasts during
a light or dark period can be simulated in reconstituted'ch]orop]ést
preparations capable of photosynthesis [12j; In su¢h breparations,
all enzymes of the reductive and oxidative pentose-phbsphate cycle |
are present as well as the chloroplast lamellae system. To this system
is added known amounts of NADPH and NADPT. In this system, glucose-
6-phosphate dehydkogenase activity is a direct ref]ection of the NADPH/ .‘.
NADP+ ratio pfesent in the assay mixture. In‘the breéenée of high ratios

(up to 2.5) corrésponding to conditions during'illumihation in whole

chloroplasts, the enzyme activity is strongly or totally inhibited,

while with low ratios between 0.1-0.5 corresponding to the redox state

in vivo during the dark, the enzyme is active. Ratios between these

two ranges are passed quickly during a light-dark tfansition or dark-

Tight transition. - | |
In whole chloroplasts, the kinetics of the changes of the NADPH/NADP+ |

ratio after turning off the light are similar to thoSe of the appearan¢e v

of 6-phosphogluconic acid in the dark in Chlorella [7], indicating the |

operatibn of glﬁcose—s-phosphate dehydrogenase. A similar cOrre]atiohv

can be seen between the kinetics of glucose~6-phosphate~dehydrogenase

inhibition (as indicated by 6-phosphogluconate disappearancé) and increase

in the NADPH/NADP' ratio after a dark-light transition.
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It was repokted earlier that the inhibition pf‘g1ucose¥6—phosphate
dehydrogenase in spinach chloroplasts is complete after 20 min illumination

[9]. However with the improved technique for'assaying_fhe enzyme reported

here we now see that the inhibition of the enzyme activity is complete

after 1-2 min_lighﬁl This time period is the same as that in which
the ratio NADPH/NADP+ ih'chlordplasts increases rapidly and reaches
the level in the'1ight and 6-phosphogluconate disappears in Chlorella
in 1ight. | | B |
In simuTgting the NADPH/NADP* ratio measured in whole chloroplasts,

the question of the hroper concentrations of NADPH and NADP' arose. As

‘we do not know the exact volume of the chloroplast compartment, we can

only roughly estimate the total triphosphopyridine nucleotides concentration

'to be between 0.05-1.0 mM. Since we chose concentrations in the upper

part of this range and since the reported inhibition by Ribu]-],S-P2
becomes relatively stronger with decreasing NADP' concentrations, all
the described inhibitions should be even stronger at lower NADP® concentra-

2 those concentrations were

. used which gave the maximal velocity of enzyme activity under our assay

conditions. A concentrationrdf 0.4 mM Ribu]-];S-P2 during steady-

state photosynthesis inside the chloroplasts of photosynthesizing

| Chlorella pyrenoidosa has been estimated, based on steady-state levels

14CO2 [6]. Thus, a cohcentration

of 19C found during photosynthesis with
in the range of 0.1-1.0 mM RuDP fn spinach chloroplasts photdsynthesizihg
in air (0.03% COZ)-may be withiﬁ the normal physiolegical range.

Another set of cbmpounds undergoing change in concentration between
light and dark:are the adeny]atee. It is known that ATP is involved

in,the-regu]ationvof'glucose-sfphosphate dehydrogenase in several
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organisms [21—24].. However, ATP concentration has no effect on the
enzyme activity in spinach chloroplasts (Table I). Expekiments with.
vitamin K5 added to spinach chloroplasts demonstrated that while the
oxidative pentose phosbhaté cycle is activated upon addition of the

vitamin in the light, the ATP level is almost unaffected [2]."Different

ATP concentrations in the presence of NADPH also have no inhibitory effect.

Thus there is ho'evidence for a reguTatory participétﬁon of ATP in the

operation of the_OxidatiVe’pehtose'phosphate cycle in spinach chloroplasts.
Other key steps in the reductive cycle may é]so be éffécted by the .

redox level ofvcofactoré in the chloroplasts. The addition of vitamin

KS to Chlorella, diverting electrons and inducing the operation of the j

OPP as revealed by immediate 6-phosphogluconate appearance, also caused

a sudden rise'in fructose—1,6—diphosphate and sedoheptdlose-];7-diph05phéfe_

[2]. This is ihdicatiVe of an inactivation of the réspective diphosphatase
activities. The hydrolyses of these two sugar diphosphates to their

monophosphates have been identified as key regulated steps of the RPP

_cycle from a varie:y of kinetic and enzymatic evidence [2,5,7]. Moreover,

ndw it appears that the conversion of'fibulose—s-phOSphate to ribulose-1,
5-diphosphate, mediated by phosphoribulokinase, also stops rapidly in the
dark, or upon diversion of electrons with vitamin K [2,5]. There thus

appears to be a general regulatory mechanism in chloroplasts in which

 the ratio of reduced to oxidized cofactors controls fhe activities of the

printipa1 regulated steps of the OPP and RPP cycles. While NADPH/NADP+
ratio is'implicated in the glucose-6-phosphate dehydroggnase'and ribu1ose
diphosphate carboxy]aée mediated reactions, controi of phoéphofibuiokinase
and of hexose/héptose diphosphate mediated steps may be~Via the reducedf

to oxidized ratio of some other cofactor such as ferredoxin [25,26]. It is

R
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possible that anbther general regulatory factor could be the ratib of
adenylates, sihce ATP/ADP ratio, or ”energy—chargef_is fmportant in other
systems. Howéyer, there is little evidence forlthis fn_spinach ch]ordp]asts
to date. v.

Besides the généra]fregu]atofy'mechanism, it is*now clear that there
are_;ome specifjcimetabo]ité controls. Thus Ribulfl,S;Pz effects the
g]ucoSé—G-phoSphété dehydrogenase 6n1y in the 1ight-ahd’G-phosphogluconate
effects ribulose diphosphate carboxy]ase only under dark cond1t1ons,
s1nce these fine regulators are only present in measurab1e and effect1ng

amounts under certa1n phys1o]og1ca1 cond1t1ons (11ght_or dark), Both
| NADPH and NADP+ haVe'the same binding site on the‘gluéose-6-phosphate
dehydrogenase moTecule,_competfng each other for this site. Ribul-1,5-P,
is a noncompetitive inhibitbr with respect to NADP®, and thus shows the |
characteristics of ATIOsterié bindiné, effecting the'coenzyme_binding
site in favoring'theﬂbinding of NADPH in the presence_of Ribu]-],S-PZ.
This-exp]aihs tﬁe increasing inhibition of the enzyme activity by
.Ribﬁl-],S;Pz at fncreasing NADPH_/NADP+ ratios. It further illustrates
one kind of interéctfoﬁ betweeh a geheral regulacor and;a specific regulator.
The Specific regulatbr, Ribu]-—'l,S-P2 in this casé, ahp}ifies the already
“present control by NADPH/NADP* ratio. | '
Among the‘intérmediaﬁes of the ®PP cycle, Ribul-],S‘P2 is the only
- effective inhibitor of'g1ucbse46-phosphate dehydrogenaée in épfnach ch]oro-ﬂ
p]ésts. Its inhibitory effect must play an impphtantlbhyéio]ogjca] role
vithhe chloroplasts metabolism in respect to thé regulation.of the oxidative
pentose phosph&te cycle. 'The slight inhibition by_ribu]ose-s-phosphate‘
found in the incubation expefiments with the chldropl§§t énzymes (Table I)

is perhaps due to some endogenous phosphory1étion, mediated by
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phosphoribulose kinase. During a dark period the NADPH/NADP+ ratio is
low, and thus tHe'rate of the oxidative pentose.phosphaté cycle is uninhi-
bited. Furthermore the level of Ribu]-],S—P2 wi]]_be.vefy Tow or - zero
[6]. Under sﬁch'conditions, the oxidation of glucose-6-phosphate procéeds
at a substantial rate. The reaction still is not reversible, and remains
the rate limiting step for.the.OPP cycle. Given the large negative
free energy cHange for the reaétioﬁ [6],»the toncéntratﬁon of‘gjucose- V
6-phosphate would drop below the limits of'detectioh'if the'dxidation
of g]ucose§6-ph05phate became Very'rapid. This doeé»ndf occufzalthdugh
there is a drop to about 1/2 of the light steédy state‘va1ue_[6]. Since
the binding constant of 6-phosphogluconic acid dehydrogenase is about
0.09 mM [27j, the concentration of 6-phosphogluconate rises to an appreciable |

level: about 0.07 mM in Chlorella pyrenoidosa [6]. This explains the appearaﬁce

of labelled 6- phosphoq]ucon1c acid as an indicator of the operat1on of
the oxidative cvcle [2] | | ‘ |

At the beg1nn1ng of a light per1od NADPY is quickly reduced and
ADP is phosphory]ated'resulting in a high NADPH/NADP™ and ATP/ADP ratio.
The high NADPH/NADP+ ratio slows the activity of glgéosefGAphosphate'dehydro_
genase immediate]y. Simultaneously fhe'6-phosphogluconate level decreases
vrapidly and can't further serve as an activatpr of fiby]ose»diphosphéte
cafboxy]ase but is replaced by NADPH as an activator [28]. The increased’
level of reduced cofactofs apparently activates phosphoribu]okihase,
and with ATP préduced by light feéctions, ribulose-S-phosphateAis_conVefted
to ribulose-1,5-diphosphate, This.substrate for the carboxylation reaction
also serves to inhibit further the ox1dat1on of glucose-6-phosphate (Flg 5-7).
.Moreover, the pH in the stroma increases in the light [29] due to proton

pumping into the thylakoids [30]. Th1s higher pH amp11f1es the inhibitory
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effect of Ribul-1,5-P, and the high NADPH/NADP® ratio. In this way
~ the OPP cycle is turned off and the RPP cycle is turned on without the

occurence of wasteful reactions.
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TABLE I

THE EFFECT OF DIFFERENT METABOLITES OF THE RPP CYCLE AND ATP ON
THE ACTIVIfY OF GLUCOSE-6-PHOSPHATE DEHYDROGENASE

The assay mixture contained 10 mM MgCl,, 0.6 mM'NADP+,_1 mM gTucbse-6- :
phosphate and 0.1 mil or 0.2 m1>chlorop]ast suspension.Qk_chlofoplast
soluble protein solution, respéctively, in 36 mM t%iethénolaminé/HCI
buffer. The compounds were added with the enzyme. After mixing all

}

ingredients thé reaction was started after 1 minute. 'Thé-contfol_corre-
spbhds to an'enzyme activity of 0.045 moles NADP+ redhcéd_x mg'] |
ch]orophy]l X m'in'1 (= 100%) in both assays with who]e.ch1orop1as;s'or
prbteih so]utionvof,the reconstituted system. The data resu]ts from

~at least four'indepehdent experiments.

Compound | % of»ContrOI‘
' _(Pfotein solution of
(whole chloroplasts) reconstituted system)
cohtro] : 100 v ' ' 100
Fru-1,6-P,  1m¥ 91 R
Fru-6-P T 103 9
A M o g
Ru-5-P o 97 " 95
‘Ribul-5-P  1mM 82 - 84
Ribul-1,5-P, | 8 a0

AT I | % 99
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FIGURE CAPTIONS

Fig. 1. Inhibition of chloroplast glucose-6-phosphate dehydrogenase

by Ribu]-],S-P2 a;ﬁdifférEnt NADP+ concentrations.v Cohéentrations of
NADP® are indicatéd in the figure. Coenzyme and inhibjt¢r were added .

to the assay mixture.before 0.2 mT‘of soluble protein solution was

addéd. The contfo]s wi thout Ribu]-],Ssz correSpOndS tb'enzyme activities
of 0.043, 0.026, 0;020 and 0.010 wmoles NADP;L reduced. x mgf]vch1orophy]]
x min™! at NADP* concentrations of 0.600, 0.090, 0.045 and 0.010 mi,

- respectively. - ' S o

Fig. 2. Inhibition_of ch]orop]ast'glucose-G—phosphate~dehydrogenase
by RibuT—];S-Pé at different NADP+ concentrations. ~Concentrations

of Ribu]—T,S—P2 are indicated in the figure. The enzyme'solufibn was
added aftér all ingredients except thé substrate were in the assay mixture.

The reaction was started by adding the substrate.

Fig. 3. Inhibition of ch1orop1ast*g]ucose—sephwsphateVdehydrogenase
by NADPH at different cohtentrations of NADP+. Concentrations of NADPH
are indicated in the figure. A1l other ingredients of the assay mixture

are those of the standard assay mixture.

Fig. 4. Changes in the levels of NADP' and NADPH in intact spinach
chloroplasts in a'dark-lfght—dark;1ight tranéition.v fhe dark periods
aré indicated by b]ack.baré., NaHCO3 in a final concentration of 6 mM
was added during the first 1ight period at 5 min (indicated by arrow) .
The NADPH/NADP+ ratfcs are indicated in the lower bart of the graph.
The fixafion rate of 14CO2 into acfd-stable productsvwa; 116 ymoles

X mg—.l chloraophy11l x ht,
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Fig. 5. Inhibition of chloroplast g]ucose-6—phosphaté-dehydrogenase
activity at different NADPH/NADP+ ratios and. at two different-pH values
(e—e PH 7.6; 0—o0 pH 8.2). The concentration of NADP+ was kept constént
at 0.6 mM, while the concentration of NADPH was changed giving the
~ ratios indicafed in the ffguré.. The two cpntrb]s:without NADPH were
considered as IOO%.and corréspond to enzyme activitieg.of10.045 (at pH
7.6) and 0.039 (af pH 8.0) umoles NADP® reduced x mg'? chlorophyll x
min~l. |
Fig. 6. Inhibiti&n of.ch]brop]ast'g]ucoée-G-phosphate dehydrogenaée
by Ribul-1,5-P, at different NADPH/NADP® ratios. The concentration
of NADP*was kEpt‘constant at 0.6 mM while the concentration of NADPH
was changed giving the fo]]dwing ratios: ;-—.ﬂ’ Without NADPH; x—x
NADPH/NADP® = 0.5; o—o NADPH/NADP® = 1.0;- @—b NADPH/NADP' = 2.0.
The assays were run at pH 7.6. The controls {= 100%) without Ribul- |
],5~P2 Cerespdnd'to énzyme activities of 0.046, 0.034;:0.022, and
0.006 pmoles NADPY reduced x mg']'chlorophyll X minf1 for-the ratio
of 0, 0.5, 1.0, and 2.0, respectively. |

Fig; 7. Inhibition of chloroplast glucose-6-phosphate dehydrogenase
by Ribu]—],S-Pz.at NADPH/NADP+ ratios of 0.0‘(.—-.);'0.5.(x—¥x); 1;0
(o=~0). The assaYé were run at pH 8.2. The controls (= 100%) -
without Ribul-1,5-P, correspond to enzyme activities of 0.039, 0.024,,

1 for the

and 0.012 umoles NADP+ reduced x mg”] chlorophyll x min”
ratios of NADPH/NADP® of 0.0, 0.5, and 1.0, respectively. The other

test conditions were the same as in Fig. 5.
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