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© Summar

Levels of reduced and oxidized triphosphopyridine nucleotides have
been determined in reconstituted spinach chloroplasts and compared with
~ levels in whole isolated chloroplasts during-photosynthesis and darkness.
The ratio of NADPH/NADP+ reaches values slightly above 1.0 at thelbeginning -
of ohotosynthesis, less than half the ratio attained with whole chloro- ' © f
plasts. Nonetheless these lower ratios are sufficient to maintain high rates
of photosynthetic carbon dioxide fixation and reductioh which are comparable ;
in the reconstituted chloroplasts to the rates found with whole chloroplasts. |
As with whole gh]orob]asts there is a decline in the ratio of NADPH/NADP™
as a function of time of photosynthesis. The effect of addition of bicarbonate
(6 gﬁD in causihg a_trahsient drop in the ratio of NAD_PH/NADP+ is described ;
and discussed in terms of the reversibility of the reduction of 3-phospho- |
glycerate to triose phosphate. The ratio NADPH/NADP+-can be improved by
the add&tion of more lamellae either before or during the course of photoé
synthesis, and this improvement in ratio is aocompanied by an improved
rate of CO2 fixation oria more sustained rate of CO2 fixation with time
of photosynthesis. The importance of NADPH/NADP+,ratio‘to not only the
reduction of 3-PGA to triose phosphate but also to the activation of the

ribulose-1,5-diphosphate carboxylase mediated step is discussed.
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Introduction

Convers1on of carbon d1ox1de to sugar phosphates by the so]ub]e
enzymes dur1ng photosynthesis requ1res ATP and NADPH which are regenerated
by photoelectron transport and photophosphory]ation reactions in the
internal ch}ofop]ast membranes . Thus, these carriers of reducing
equivalents and chemical energy are the direct links between the
photoChemica]_ahd the synthetic reactions of photosynthesis. Early
eXperiments‘showed thet isolated chloroplast membranes are capable of
reducing'NADP+'photochemicallyv[1—3]. Furthermore, illuminated chloro-
pTasts could bring about tHe reduction of carbon dioxide to the level
of sugar phosphates [4]. Also, NADP+'cou]o be reduced in broken |
chloroplasts in the dark when a source of electrons in the form of
hydrogen,‘bacteria]-hydrogenase, and soluble ferredoxin was added [5].

From knowledge of the enzymatic regctioné'of fhe redoctiye pentose
phosphate cycle [6], it was recognized that NADPH was fequfred for the
reduction of 3—phosphoglyceric acid (3-PGA) to glyceraldehyde-3- phosphate,
which includes the step med1ated by NADPY -dependent triose phosphate |
dehydrogenase [7]. There are indications that NADPH and NADPH/NADP ratfos
p]ay'en_important role in the regulation of enzymes of the reductive and
oxidative. pentose phosphate'cyc1e. Withfthe oxidative cycle, the key
regulated steo, g1ucose~6?ph05phate dehydrogehase (EC 1.1.1.49) is controlled
_by‘the-ratio NADPH/NADP+, as mediated by ribu]ose-],S-diphosphate
(Ribu]-],S-Pz) [8]. Moreover, studies with ribu]ose-],s-diphosphate carboxy-
lase (EC 4.1.1.39) have demonstrated that NADPH is a poWerfu] effectorv
for this enzyme [9,10]. Thus, it appeafs that the level of NADPH may play
an important role in controlling the initial step for fixation of carbon
dioxide. |

Heber and Santarius [11] reported that in isolated soinach.chTOrop]asts ’

there is a rapid increase in the NADPH/NADP* ratib during the first 30 sec
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pf Jight fo}]pwed by a'rEturn'to its origiha]_]evelzafter three or four min
‘ahd;a_funther’declihevwhenﬂthe light was turned off. . In confrast, we reported
that NADPH/NADP+iratios in whole isolated spinach chloroplasts have sfeady
values of 0.3 in the dark bﬁt reach values of up fo 2.5 in the light and
are maintained at those high values for as long as 10 to 20 min [8]. This
difference can be mainly attributed to recent improvements in the techniques
for the isolation of whole ch]orop]asts [12] and improvements in the method.
| of determining the levels of reduced dnd oxidized triphosphopyridine
nucleotides in biological materials.

"~ During the pastitwo years it.has become possib]euto carry out complete
‘photosynthetic.carbon-dioxide reduction in reconstituted ch]orop]asts [13].
The previoUs]y‘iso]ated ch]ofop]asts are disrupted by lysis, and the separated
membranes and soluble components are reconstituted with certain added co-
enzymeS'which allow photosynthesis to proceed in vitro. In this pkeparation
it is possible to add various cofactors and other chemita]s5without concern
for a permeability barrier imposed by an 6uter chloroplast membrane.
Therefore, it becomes possible to study directly the role of NADPH and
NADP+ in fegu]atingvthe 0peration of the reductive pehtose phosphate cycle
6f photbsyntﬁesis; It is‘neCe;sary; however, to add'additiona1 ferredoxin
and NADP+ to these preparations in order to have suff{cient concentrations

of electron transport cofactors.

Materials and Methods

Reconstituted Chloroplasts System. Spinach chloroplasts were isolated

according to methdds described previously [12]. The chloéroplasts were
disrupted by lysing. The membrane fraction and the soluble components
were separatéd by centfifugation. The membranes were washed and were:
then recombinéd with soluble components in a suspension in which the

soluble components were increased relative to the membrane components by



a ratio of T4_to 1 compared with whole chloroplasts [13]. In some experiments
l(described*below) the amount of -soluble componén;s_relgtive to the lamellae
was reduced by a factor of 4 (to a ratio of 3.5).

Materials. ADP, NADP*, 3-PGA, glucose and hexokinase were purchased

from Cal-Biochem.

14 14

Fixation of C0,. The incubation with NaH 0, (6 mM; spec. Act. 17

uCi/umole) and subsequent determination of rate of photosynthesis by incorpora-

14

tion of CO2 into acid-stable compounds were as described previoﬁs]y [12,13].

Assay of NADPH and NADP+. The samples for assaying NADPH and NADPY

were removed by hyperdermic needle from the incubation flasks and were killed
in HC1 for determination of NADP', or in NaOH for determinafion of NADPH.
They Weré then immediate]y assayed according to the previously described
method [8]. |

Ch]orophy11 Determination. 'Ch10rophy11 was determined accordihg to

Vernon [14].

- The detailed conditions for incubation of reconstituted chloroplasts
are described in each case with the data. | |
- Results

Comparison of Reconstituted System with Whole Chloroplasts

With photosynthesizing whole chloroplasts, the ratio of NADPH/NADP+
typically rises above 2 and only slowly declines with time. When the -
light is turned off with whole ch]orbp]asts, the ratio drops very rapidly to
less thanvO.SA Whén the Tight is turned on,'the ratio again rises to |
| ﬁigh values (Fig; 1). The ratio is mﬁch‘loWer with the reconstituted
System, barely reaching values of 1.0. Addition of sodium bicarbonate
(6 mM) results in very‘littfe change in the NADPH/NADP+ ratio for whole
ch]orob]asts_but cauSes a substantial initial drob in the ratio for

the reconstituted system. Towards the end of a 20 min period of
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photosynthesis with a reconstituted system, va]oés of the ratio may be
as low as 0.5f' It is important to note that the réte of COZ:fixatjon
is essentially as high on the basis of fixation per‘mg'of chlorophyll in
fhe reconstituted system as with fhe whole chforop1asfs; Fon the eXperiment
.giving the data.shown,in.Fig. 1,vfor'examp1e, the rate with whole
chlorop1a$ts was 129 umoles CO, fixéd per ng Ch1 x h, whereas for the
reconstituted syétem thevrate was 117 umo}es_CO2 fixed per mg Chl x h.
~ Thus it seems clear that under the physiological conditions ehp]Oyed,
the reconstituted system is able to carry out all of the reactions of |
the photosynthetic carbon reduction cycie,at high rates despite the’ne]a-

tively lower NADPH/NADP+ ratios.

Effect of Increasing the Amount of Lamellae Relative to‘So]ub]e-Components

Since the ratio NADPH/NADP+ was considerably lower in the reconstituted
system than with chloroplasts, we fnvestigated the effect of adding
- additional internal chloroplast membranes or lamellae in order to increase
thé rate of“e]ectron transportlfrom the Tight reactions to the reduction
of NADP+. In an experiment employing glucose and hexokinase as primer,i
additional 1ame11ae’suffioient to increase the amount of’chIOrophyll by
a factor of 4 were added 20 min after the initiaﬁion of photosynthesis'
by addition of bicarbonate (Fig. 2). With the reconstituted system
under either an atmosphere of nitrogen or under an atmosphere of air (where
lower ratios of NADPH/NADP+ and rates of phofosynthesis are observed) the
addition of lamellae resulted in a substantial increase in the ratio,
NADPH/NADP+, over a period of time. Although the total fixation rate
~ increased upon the addition of lamellae (Fig. 3), the actual fixation
rate calculated on a basis of per mg chlorophyll would, of course, be
much decreased‘since the amount of ch]orobhy]] had been increased by . -3

a factor of 4. Thus, there might have been some dependence of the C02 - [



fixation rate on the ratio, NAQPH/NADP+, although it must be noted that
additional lamellae also increased the rate of photophosphorylation. When
the lamellae were increased by a factor of 4 from the beginning of the experi-
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ment, then both the NADPH/NADPT ratio and the C0, fixation rate were main-

tained at higher levels throughout the course of the eXperiment (Fig. 4).

Effect of G]utose/Hexokinase or 3-PGA as Primers

[ In expériments with the-récdnétitﬁtéd system, it is necessary to

provide a primer of photosynthetic metabolites in order to achieve high

: rates:of’coz'fixatioh [13].: In our éar]ier work we have usUa]]y employed
3-PGA as a primer since this is a product of the carboxylation reaction.

An alternative primer is glucose together with hexokihase. Photophosphéryla—
tion occuring in the.light prior to the addition‘of'sodium bicarbonate "
produces: ATP, which in turn converts the glucose to glucose-6-phosphate.

This compound is subsequently converted to various other sugar.phosphates
~including Ribul-1,5-P,, the substrate for the carboxylation reaction.

The sudden drop in the NADPH/NADP® ratio upon the addition of sodium
bicarbonate (Fig; 1) was of 1ﬁtérest since it doés not occur significantly
‘with whole chloroplasts, and since the only utilization of NADPH known -
to occur in the reductive pentose phosphate cycle fs“dUring the reduction

]4C—91UCOSE

ofv3—PGA to glyceraldehyde-3-phosphate. In experiments with
as a primer, the 37PGA concentratioh was less than 0.050 @M_just prior

to the addition of sodium bicarbonate: When 1 mM 3-PGA wés used as a
primer, its cbncentratioh was reduced prior fo the addition of bicarbonate
but is higher fhan.when g]ucosé was}uﬁed as a primer. Addition of sodium
bicarbonate to the reconstituted system with glucose as'a primer should
cause a larger relative change in PGA concentration, and in turn there might

be a larger effect on the NADPH/NADP+ ratio. However the NADPH/NADP+ ratio

actually declines somewhat less rapidly upon bicarbonate ‘addition when
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glucose was employed as a primer than with 3-PGA'(Fig. 5). N
This point was furthér.invesffgated by carrying but'an experi@ent (Fig. 6)
inIWHich in one case no primer at-all wa§ employed and in the ofher case
1 mM 3-PGA was employed. After 7 min light, 1 mﬁ_ﬁ—PGA was added to the
flask with no primer, but no bicarbonate was added. in the othér flask
with 3-PGA as a primer already present, 6 mﬂ_bicarbonate'was added at 7 min.
In both cases there was a sharp drop in the ratio NADPH/NADP® with the
dkoﬁ being about twice as much in the case with 3-PGA added; Therefore,
a sudden increase in the concentration of 3-PGA does resﬁlt fn an increased
utilization of'NADPH for the reduction of the added 3-PGA. The question
remaihs, however, as to why there is a sudden drop in'NADPH/NADP+ level
upon addition of sodium bicarbonate to a reaction mixture which already
contains a high concentration of 3-PGA.
The amount of 002 fixed during the first 30 sec following addition
of bicarbonaté produced about 20% as much 3-PGA as was already preéent,
but the actual concentration of 3-PGA rose by only a small amount (Fig. 7).
While we do not usually observe the concentration of 3;phosphog]ycera]dehydé
directly, owing to its Very low concentration, we know ffom many éxperiments
that the reaction mediated by triosephosphate isomerase (EC 5.3.1.1) is
highly reversible and that wevcan estimate the concentration of glycera1dehyde—
3-phosphate as 1/20th that of DHAP. It is interesting that the level
of DHAP drops very rapidly upon the addition of sodium biéarbdnate.
Although the triose phosphates are formed much more rapidly following
thé addition of sodium bicarbonate, a larger effect on triose phosphate
. concentration is produced by the accelerated conversion of DHAP via the
sugar phosphates of the cycle to the carboxylation substrate Ribu1-1,5-P2,
which declines Very rapidly ih concentration upon the addition of 6 mM

bicarbonate (Fig, 7). Since the reduction of 3-PGA to'triose-phosphates

is a highly reversible (2 step) sequence [15], the accelerated conversion



of triose phosphates to Ribul-1,5-P, upon bicarbonate addition is in turn
‘reflected in accelerated 3-PGA reduction. Thus, at 3-PGA concentrations
of at least 0.0S-QM, the rate of NADPH utilization dépends more on this
acceleration of the cycle (due to utilization of triose phosphate) than
on the absolute concentration of 3-PGA. In other words, a change of 20%
in 3-PGA concentration has a Sm§1]er effect oﬁ the net rate of reduction

of 3-PGA than a 50% change in triose phosphate concentration.

Discussion _ _
Although theisustafhed ratio of NADPH/NADP+ is lower in the reConstifuted

ch]orqplast system than in the whole Ch1ofop]asts, the supply of NADPH is

sufficient to maintain high rates of C02'fixation during illumination of

the system. We'may conclude that the levels of NADPH in the fgconstituted

system are sufficient to fully activate the carboxylase enzyme [10]. We

are unable to explain why the ratio of NADPH/NADP+ appearé'to reach a séturation

value of about 1.1 in reconstituted th]drop]asfs'and 2.3'£o 2.5 in whole

chloroplasts in‘thé absence of sodium bicarbonate additipn."Presumab]y‘

there is either some back reaction which oxidizes the NADPH to NADP+,

or sdme'regu]atory mechanism which 1imits the maximum éxtent to which the

NADP" can be ‘'reduced. With respect to back‘reactions,'it is noteworthy

that with whole gh1orop1asts the maximum NADPH/NADP+ ratio was relatively

unaffected between an atmosphere of nitrogen and air whereas with the

reconstituted System there is a large effect of nitrogen as“compared'to air.

Of course, with air levels of CO2 there is already some uti]ization of NADPH

for photosynthesis due to the fixation bf this CO2 and the production

of NADP+. " The difference in the NADPH/NADPf ratio remains high, however,

and iﬁ fact increases after the addition of sodium bicarbonate (6 M) .

Thus, it seems clear that the principle difference between the ratios

with nitrogen and with air must be ascribed to oxidation of electron carriers.
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by»02.‘ Perhaps, even Qndér nitrogen; the maximum.ratio attained for
NADPH/NADP+,is limited by the oxygen prbduced by photosynthesis. Itfremdins
unexplained as’ to why the'intact'chloroplaéts shou]d”bé less susceptfb]e to
this phenomenon than_the reconétituted system. | |

| In comparing the’ratios of NADPH/NADP+ between whole chloroplasts and
the reconstituted system, one needs to consider both the total amount of
the cofactors as compéred with the chlorophyll and é]So the actua1_concentra-
tion avai]ab]e'tb the;enzymes. In whole ch]o}oplasts, the internal volume -
of the ch]orop1astlbccupie§ about 0.01 of‘the total volume of the chloroplast
" suspension. This small volume contains the entire soluble components,
including the énzymes. ‘For whole chloroplast expériments in which the
“chlorophyll content is equivalent to 0.05 mg of chlorophyll per flask,
although the amount of NADPH in the flask is very‘sma11, the concentration
inside-the chloroplast is estimated as 0.16 @M_(Tqbie 1). With the
reconstituted system, where~we initié]]y add 0.1 umq]es of NADPT per 1 ml

of flask contents, and where just before addition of bicarbonate the ratio
of NADPH/NADP® is 1, the concentration of NADPH in the flask is 0.066 mi.
Thus, the actual concentration of NADPH available to the soluble components
in the reconstituted system is about 0.4 that available in the intact
Chforop1asts at the time just before addition of bicarbonate.

| In order to test.the reversibility of the reactions leading to the

-reduction of 3-PGA to triose phosphate in this reconstituted syétem; we
employed the methods described by Bassham and Krause [15] to calculate the
‘actua] free energy changes at various times during thé course of the
experiments which gave the data shown in Figs. 6 and 7. The physiological
standard free enérgy change,AGof, for the two-step reactions converting
3-PGA, ATP, and NADPH to glyceraldehyde-3-phosphate, NADPT, ADP, and

inorganic phosphate, is +4.3 Kcal. MWith Chlorella pyrenoidosa photo-

synthesizing under steady-state conditions, it was calculated that the



0.0 044085209

-11-
actual free éﬁergy change, AGé, wés_—1.6 Kcal. In'the experiment with the
reconstituted chloroplasts just described,AG® was estimated as about -0.5
Kcal just prior to addition of bicarbbnate (at 7 min). At the 30 sec poinf
fo1]owin§ addition of bicarbonate (7-1/2 min), the calculated value for the
AG was a1most-zero, and then became about -0.5 Kcal at 20 ﬁin. Thus, it is

clear that, as is the case with photosynthesizing Chlore]]a pyrenoidosa,

the two‘réaétions constituting the reduction of 3—PGA and mediated by
3-phosphog1ycerate.kinase (EC 2.7.2.3) and triosephosphate dehydrogenase
(EC 1.2.1.12) are highly reversible and not'rate 1imiting éteps in the
| retonstifutedvchlorop]ast system. This does not mean that these steps
: cou1d'ndt'bevré§u1ated as between light and dark as has been Suggestéd
elsewhere [16] but‘does indicate that they are not regulated steps in
the 1ight. | |

» Froh the data given earlier, it seems clear that with the other
metabolite concentrations found in the reconstituted systém relafiveTy
Tow ratios of NADPH/NADP+ (0.5) afe adequate for the reduction'df 3-PGA
to triose phosphate, and subsequently regeneration of.Ribu1-1,5—P2. In
addifion to its function as a reductant, NADPH is now known to be an impoktant
effector.for ribu1ose-1,5-diphosphafe carboxylase [9,10]. Thus, an adequate
ratio of NADPH/NADP+ is important for the aptivétion‘of the carboxylation
reaction. _ |

From the results with additfon of 1amef1ae,to the reconstituted system

after a period of 20 min photosynthesis (%igs. 2 and 3) and the experiment
where the amdunt of lamellae has been increased from the beginning, it
is clear that with the levels of sodium bicarbonate which we have commonly
employed (6 mM), the rate of reduction of NADPT to NADPH is sometimes unable
to keep up wifh the needs of the soluble enzyme systems after Sohe minutes

of photosynthesis. By increasing the proportion of 1amef]ae, this rate

can be booﬁted and the rate of C02 fixation and the level of NADPH reduction
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restored. Of course, when this is done, the actual rate of fixation as compared
with chlorophyll content of the system will be much lower because of the
greater chlorophyil content now employed. In other studies, where we have
employed air levels of CO2 throughout the 'course of the experiment, the
ratio.of lamellae to soluble components used in the present experiment
has been sufficient to sustain a nearly constant'NADPH/NADP+ ratio-ahd
constant rate of photosynthesis for up to 1 h.

The decline in the NADPH/NADPY ratio with time in some expefiments is the
consequence of the deterioration of the thylakoid system during an exfended
period of in vitro photosynthesis. It has been reported [17] that with
isolated spinach chloroplasts, photosynthesis in the 1ight in the presence
of a glutathione bﬁffer Teads to extensive swelling of the thylakoids accdm-
panied by a decreased capacity for photophosphory]atibn. In examination of
our thylakoid system.by electronmicroscopy before and after a period of
photosynthesis in the 1igﬁt, we have shown swelling of the thylakoids with
time. In the eXperiments shown in Figs. 6 and 7, the ratio ATP/ADP declined
from about 5:1 to about 2:1 during the 20 min of photosynthesis with sodium
bicarbonate. Thus, both the decline in phosphorylation potential and the
ratio NADPH/NADP+ may be affected byvthe'thylakoid'swe11ing in the light.

It would appear that in order to achieve even more steady-state conditions
with the reconstituted system, including constant potentials of NADPH/NADP+
and ATP/ADP, further improvements, perhaps in the buffer system or other
conditions, will be required in order to overcome this problem of thy]akoid

swelling.
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FIGURE CAPTIONS ‘ .

Figdre 1. NADPH/NADP+ ratios in whole chloroplasts and in a reconstitut
chloroplast system during preillumination followed by a 1ight;
dark-light period. Addition of NaHMCO3 (6 mM, specific
activity 17 uCi/umole) and the length of the dark period are
indicated by an arrow and a dark bér, respectively. The
experiment was run under nitrogen. 3-PGA (1 mM) was provided
as_primer‘of ﬁhdtOSynthetic intermediates in the reconstituted
ch]ofop]ast System. The tdta] amount of tribhosphopyridine
nucleotides was 50 nmoies/mg Chl (whole éh]oroplasts) and
2.1 umoles/mg Chl (reconstituted chloroplast system).

Figure 2. The effect of NaH'®

co, (6 mM) addition and increased concentra-
tion of chloroplast lamellae after 20 min photosynthesis on

the NADPH/NADP+ ratio in a rebonstitﬁted'ch]orop]ast system.
The Syétem was provided with glucose (0.5 mM) and hexokinase
(100 units) as a primer system instead of 3-PGA. Glucose

was added just before the preillumination period; the time
14CO3
figure. The chlorophyll content for the first 32 min illumina-

of addition of hexokinase and NaH are indicated in the

tion was 53 ug/ml reaction mixture, and after 20 min photosynthesis
it was increased 4 times. "1 x chloroplast lamellae" refers to
our usual reconstituted system [13] in whiéh the ratio of‘so]ub]e
components in the system tbv]ame11ae is 14 times gfeater than

in the original ch]brop]asts. With "4 x chloroplast 1amei1ae,

this ratio is 3.5.

0 NADPH/NADP+ ratios under nitrogen (lxvchlokcp]astv1ame11£e)

. X L1} .n . .u | -n " . (4X . 1" . ‘n )
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L I NADPH/NADP+ ratios under air (1x chloroplast lamellae) -

A " n. - n - " »' "o (4x . " B )

Kinetics of C02 fixation by a reconstituted chloroplast system
under air and nitrogen and after incréaseﬁof the chloroplast
lamellae during photosynthesis; ”Sahp]es.for the determination
of COé fixation were taken from the same reaction mixtures used

for the pyridine nuc]eotﬁdé measurements in Fig. 2. "1 x

: ch]orop?aét lamellae" refers to our standard reconstituted

Figure 4.

system [13] in which the ratio of soluble components to lamellae

is 14 times greater than in the original chloroplasts. With

ng x chloroplast lamellae" this ratio is 3.5. 14

14

COZ‘fixation

rate is given in terms of ug-atoms ' 'C fixed per mg chlorophyll

“in the usual reconstituted system (14:1). The rate for "4 X

chloroplast lamellae" is 1/4th that shown on a basis of 1

C
fixed per mg chlorophyll.

0 NADPH/NADP+ ratios under nifrbgen (]x’ch]orop]aSt lamellae

)
N (e
o v St air (1x " )

Similar éxperiment to that described in Fig.'2; however the amount
of chloroplast 1amé11ae was fncfeased 4 times at the beginning

of the Tight period rather-than later. co, fixation was measured
simu]téneous]y with NADPH/NADPT ratios and is shown by dashed |
lines. Solid lines indicate NADPH/NADP+ ratios. The experiment
took place under é nitrogen atmosphere. “1.x ch]orop]ast-]ame11aeu

refers to our standard reconstituted system [13] in which the

ratio of So]ub]e components to 1ame11ae is 14 times greater than
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in the original chloroplasts. With "4 x'ch]orop]ast Tamellae"

14

. this ratio is 3.5. €0, fixation rate is given in terms of

ug—atomSv]4C fixed per mg chlorophyll in the usual reconstituted
system (14:1). The rate fdr "4'x_¢h10rop1ast lamellae" is 1/4th
that shown on-a basis of 14C fixed per mg’chlorophy11. |

0 1x chloroplast lameliae

. 4x . H L

| Figure 5. Kinetics bf'NA‘DP’H/lNAD'P‘+ rafioé in a'recohstituted chloroplast
system with either 3-PGA (T mM) or g]utoée'(Q.S mM) /hexokinase
(106 units) as bfimef. The 3-PGA primer system was preilluminated
for 7 min and the glucose/hexokinase primer system was prei]]dmi-
nated for 12 min before the addition of NaHCO; (6 mM). The |
flasks_were kept under nitrogen. | ' '

0 3-PGA

® ' glucose/hexokinase

Figﬁre 6. Changes in the NADPH/NADP+ ratios of‘an illuminated reconstituted
ch1orop1ést system upon addition of NaHCO, (6 mM) o 3-PGA (1 mi) .
@ 3-PGA (1 mM) present since beginning of preillumination .
period; addition of NaHCO3 (6 mM) indicated by arrow.
0 No 3-PGA preseﬁt during prei]]uminatioh period; addition - -

of 3-PGA (1 mM) indicated by arrow; no addition of NaHC03.

Figure 7. Pool size changeS'of.Ribul-1,5-P2, 3-PGA and DHAP during pre-

illumination and upon addition of NaH!?

CO3 (6 mM; specific
activity 17 uCi/umole) in a reconstituted éh]orop]ast system.'
Ve-3-pea (1 mM, specific activity 51 uCi/umole) as the primer

was introduced to the reaction flask prior to the preillumination



00

A
fveee

U4 d4u8 s 32

-17-
‘period. Since 3-PGA has three carbon atoms per molecule, the
specific activity of carbon in 3-PGA was 17 uCi/ug-atom, which
was the same as the specific activity'bf the NaH]4CO3. Thus,

]4C contents of Ribu]-],S-Pz, 3-PGA and DHAP brovide measures

of pool sizes if we neglect endogenous, unlabeled carbon in

these pools.
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TABLE I
CONCENTRATIONS OF NADPH AND NADP® IN WHOLE ISOLATED SPINACH CHLOROPLASTS

AND IN RECONSTITUTED CHLOROPLASTS.

Values for whole isolated chloroplasts in the Tight (Ref. 8) were NADPH:

32 nmoles mg'] Chl and NADPT: 12 nmoles mg;]

chlorophyl1. One ml whole
chloroplast suspension contained 50 ug chlorophyll, and an estimated
0.01 ml intekné]yvo]ume. Thus, there was 1.6 nmoles NADPH and 0.6 nmoles
NADPT in 1 m suspension, or 160 nmoles and 60 nmoles per 1 ml of internal
vo]ume giving concentrations of 0.160 mM and 0.060 mM for NADPH and NADP
respect1ve]y, inside the whole ch]oroplasts |

| In preparing the reconstituted system, the 0.16 + 0.06 = 0.220 BM..
endogenous NADPH + NADP+ was diluted 6.94 fold, giving 0.0317 mM NADPH +
NADP®. An additional 0.1 mM NADP® was added before illumination, giving
0.1317 mM in all. After i]]uminafion under N,, but before H]4C05 addition
(see Fig. 6), the NADPH: NADP ratio was about 1.0, so the concentrat1on of

each was 0. 0659 mM.

| NADPH NADP”
Whole Chloroplasts 0.160 mM 0.060 mM
Reconstituted Chloroplasts 0.066 mM 0.066 mM
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