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In 1943, Ruben (1), elaborating on earlier suggestions by Thi-
mann (2) and Lipmann (3), proposed that sugar formation in
photosynthesis is a completely dark, chemosynthetic process
which depends on only two products formed by light reactions:
reduced pyridine nucleotide and adenosine triphosphate. Ru-
ben’s proposal distinguished two phases of sugar synthesis in the
dark: a carboxylative phase, dependent on ATP only, in which
CO; enters cellular metabolism by carboxylating an acceptor
molecule, and a reductive phase, in which a carboxyl group is
reduced by pyridine nucleotide with the aid of ATP.

In the ensuing 15 years Ruben’s scheme received experimental
support from several directions: (a) Calvin, Horecker, Ochoa,
Racker and their associates (4-7) have identified the ATP-
dependent carboxylative phase in CO, assimilation. They have
shown that the entry of CO; into the metabolism of photosyn-
thetic cells depends on the phosphorylation of ribulose monophos-
phate by ATP to ribulose diphosphate, which is then carboxyl-
ated by CO; and cleaved to give 2 molecules of 3-phosphoglyceric
acid. (b) The kinetic studies of Calvin’s group (8) suggested
that the reductive phase of CO, assimilation is the reduction of
3-phosphoglyceric acid to triosephosphate by a reversal of the
well known glycolytic reactions, a mechanism that requires re-
duced pyridine nucleotide and ATP. (c¢) In addition to a car-
boxylative and a reductive phase, the findings in photosynthetic
tissues of components of the pentose cycle (¢f. 9) afforded a
mechanism for the regeneration of the CO, acceptor in photo-
synthesis, in what might be designated as a third, regenerative
phase of CO, assimilation. (d) Racker (10) obtained in the
dark, a synthesis, driven by DPNH: and exogenous ATP, of
hexose phosphate from CO,, in a model multi-enzyme system
consisting of glycolytic enzymes from rabbit muscle and yeast?
and pentose cycle enzymes from spinach leaves.

The carboxylative, reductive, and regenerative phases consti-
tute a cyelic sequence of dark reactions which jointly might be
termed a reductive carbohydrate cycle (¢f. 7). Was this reduc-

* Aided by grants from the National Institutes of Health,
United States Public Health Service, and the Office of Naval
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1The abbreviations used are: FMN, flavin mononucleotide;
3-PGA, 3-phosphoglyceric acid; 1,3-diPGA, 1,3-diphosphogly-
ceric acid; TPNH: and DPNH,, reduced tri- and diphosphopyri-
dine nucleotide (these abbreviations will be used, in preference
to the more common TPNH and DPNH; ¢f. Dixon, M., and Webb,
E. C., Enzymes, p. 395. Longmans, Green and Co., London, 1958).
(At the request of the authors, the Editors have permitted the
use of this terminology in this instance, although they strongly
prefer the symbols DPNH and TPNH.)

2 Racker, E., personal communication (1958).

tive carbohydrate cycle then, although comprising exclusively
dark reactions, a “photosynthetic” cycle for sugar formation,
peculiar to chlorophyllous cells? This question was answered
in the negative when the most distinctive enzyme of the reductive
carbohydrate cycle, ribulose-di-P carboxylase, was found in such
heterotrophs as Escherichia coli (9, 11) and when the cycle in its
entirety was found in the nonphotosynthetic sulfur bacterium
Thiobacillus denitrificans (12, 13).

It thus became clear that CO, assimilation is removed from
the domain of photosynthetic reactions proper in which light is
converted into chemical energy. In green plants the first stable,
chemically defined products of this energy conversion are not
intermediates of CO; assimilation but are TPNH, and ATP (14).
These two compounds are now known to be formed by two light
reactions, cyclic and noncyclic photophosphorylation (14-16)
which, in their over-all balance, were found to be independent of
CO; assimilation (Equations 1 and 2).

n-ADP + n-H,;PO, bt o ATP L

2 TPN + 2 Hy0 + 2 ADP + 2 H,PO, 18Pt |

2 TPNH; 4+ 2 ATP + O,

@

Although the reductive carbohydrate cycle thus seemed to be
the same in photosynthetic and nonphotosynthetic cells, this
conclusion could not be drawn with finality without an investiga-
tion of the pathway of CO, assimilation at the particular cellular
site where sugar synthesis oceurs in green plants. This site is
now known to be the chloroplast (17-22), a view that was once
widely held without the support of critical experimental evidence
(23, 24) and was later abandoned because of evidence to the
contrary (25-29; ¢f. 30), only to be formulated anew on the basis
of new experiments with tracer carbon and improved methods for
isolating functional chloroplasts from leaves (17-22). Recent
experiments have also shown that within the chloroplast itself,
the enzymes for CO, assimilation are localized in the water-
soluble portion and are capable of carrying out the synthesis of
sugar in the dark, even when they are physically separated from
the chlorophyll-containing particles (31).

The present investigation was concerned with the characteriza-
tion of CO, assimilation in a reconstituted chloroplast system
that was supplied, as is the case in intact cells, with only catalytic
amounts of TPN and ADP. In this “catalytic” chloroplast
system, CO, assimilation is possible only in light, since the dark
reactions of sugar synthesis depend on TPNH, and ATP that
are being continuously regenerated by Reactions 1 and 2 at the
expense of absorbed light energy (32).
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Preliminary reports of this work have been published pre-
viously (30, 33).

METHODS

Broken chloroplasts from spinach were used in all the experi-
ments described herein. The preparation of broken chloroplasts
(Cio) and of chloroplast extract was previously described (34).
In certain experiments washed chloroplast particles and dialyzed
chloroplast extract were used (34). With certain preparations
of chloroplasts, CO. fixation was greatly increased by adding 5
umoles of glutathione to the reaction mixture.

CO, fixation was carried out at 20° in rectangular Warburg
manometer vessels, placed in a glass-bottomed constant tempera-
ture bath and flushed with argon gas before turning on the light.
Illumination was from below by a bank of 300- and 150-watt
reflector flood lamps, providing approximately 23,000 Lux at
the level of the reaction vessels. Unless otherwise indicated,
the period of illumination was 30 minutes. The reaction was
stopped by adding to each vessel 0.1 ml of glacial acetic acid.
Total CO. fixation was measured by pipetting aliquots from each
treatment on stainless steel planchets, evaporating to dryness and
counting C* with a thin window Geiger-Miiller counter. For
the identification of the product of CO. fixation, the contents of
the Warburg vessels were centrifuged and aliquots of the super-
natant liquid were subjected to two-dimensional paper chroma-
tography (on Whatman No. 41 paper) using as solvents (a) 80
phenol:20 water and (b) a mixture of 52 parts n-butanol, 14
parts glacial acetic acid, and 34 parts water.

The radioactivity in the individual compounds, located on the
papers by radioautography, was determined by direct counting
on the dried paper. The individual compounds were identified
by elution, and cochromatography with samples of authentic
compounds. Sugar phosphates were further identified by de-
phosphorylation with phosphatase (polidase) and rechroma-
tography with the corresponding authentic sugars.

Preparation of Ribulose-di-P by Cyclic Photophosphorylation—
Following a suggestion by E. Racker, ribulose-di-P was prepared
with the aid of illuminated chloroplasts from ribose-5-P. The
following procedure was used: ATP was formed by cyclic photo-
phosphorylation from catalytic amounts of ADP and substrate
amounts of orthophosphate. The reaction mixture (3 ml) con-
tained chloroplast extract (34) equivalent to 2 mg of chlorophyll,
and broken chloroplasts (Cys) containing 0.5 mg of chlorophyll,
and, in ymoles: ADP, 0.5; sodium phosphate, pH 8.0, 40; ribose-
5-P, 30; vitamin K, 0.3; MgCl;, 5; and Tris, pH 8.0, 80. The
reaction was carried out in Warburg vessels, flushed with argon
gas before turning on the light. The period of illumination was
1 hour. The reaction was stopped by adding 0.1 ml of 20%
trichloroacetic acid. After centrifugation the pH of the super-
natant fluid was adjusted to pH 6.5 and 60 pmoles of barium
acetate and an equal volume of ethanol were added. The
precipitate was washed with 80% ethanol, dried, and used with-
out further purification as a source of ribulose-di-P.

The amount of ribulose-di-P in the preparation was estimated
by measuring the C40 fixation by the carboxylation enzyme of
chloroplasts, in the dark and in the absence of ATP. The reac-
tion mixture (1.5 ml) contained in pmoles: Tris, pH 8.0, 80; cys-
tein, 5; MgCly, 5; an aliquot of about 0.5 umoles of ribulose-di-P;
NaHC"0;, 10; and chloroplast extract equivalent to 2 mg
chlorophyll. The reaction was stopped with acetic acid and the
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TaBLE I

Effect of photosynthetic phosphorylation on CO; fization in presence
of ribose-5-P or ribulose diphosphate

Each vessel was illuminated and contained in a final volume of
2.5 ml, broken chloroplasts washed 3 times (Ciss) and contain-
ing 0.5 mg of chlorophyll, chloroplast extract (dialyzed overnight
against 2 liters of 0.01 M Tris buffer, pH 8.3, and 0.0001 M ethyl-
enediamine tetraacetate) equivalent to 2 mg of chlorophyll, and
the following in pmoles: Tris buffer pH 7.5, 80; MnCl,, 2; MgCl,,
5; Na ascorbate, 10; sodium phosphate pH 7.5, 5; TPN, 0.3; FMN,
0.001; NaHC4Q;, 10 and, where indicated, 0.5 umole of ADP and
1 umole of either ribose-5-P or ribulose-di-P.

Treatment Total C4O; fixed
c.p.m,
Ribose-5-P........... .. ... ... 10,600
Ribose-5-P, ADP........................... 410,000
Ribulose-di-P.............................. 342,000
Ribulose-di-P, ADP........................ 372,000

total C*0, fixed measured. The moles of CHO, fixed were taken
as equivalent to the moles of ribulose-di-P present.

As for other chemicals used, ADP, TPN, and FMN were from
Sigma Chemical Company; sugar phosphates from Nutritional
Biochemicals Corporation, and Schwarz Laboratories. A “p,1-
glyceraldehyde-1-bromide-3-phosphoric acid dioxane complex”
was obtained from California Biochemical Research Corporation
and soluble starch from Pfanstiehl Chemical Company. 2-PGA
was a gift of Dr. C. E. Ballou.

Enzyme Assays—Aldolase, phosphoglycerate kinase and the
triosephosphate dehydrogenases were assayed by measuring, at
room temperature, the reduction of DPN, or the oxidation of
TPNH, and DPNH,, at 340 mg, in cuvettes with a light path of
1 em (Figs. 1 and 4). Fructose diphosphatase was assayed
(Fig. 3) at 38°, by measuring the liberated inorganic phosphate
according to Sumner (35).

RESULTS

1. Carbozylative Phase of COs Assimilation

Photophosphorylation and CO, Fization—CO, fixation was in-
vestigated in the presence of ribose-5-P and ribulose-di-P in an
illuminated chloroplast system, the components of which were
washed and dialyzed. Without added ADP, photosynthetic
phosphorylation could not proceed and the system was unable
to form ATP; significant CO, fixation occurred then only in the
presence of ribulose-di-P (Table I). When ADP was included in
the reaction mixture and photophosphorylation could proceed,
CO, fixation occurred also in the presence of ribose-5-P (Table I).

These results suggest that in the absence of preformed ribulose-
di-P, CO. fixation in the reconstituted chloroplast system was
dependent on the photochemically generated ATP, the ATP
being required for the phosphorylation step (Equation 3) in the
conversion of ribulose-5-P to ribulose-di-P (36, 6, 7).

&)

Effect of Ttme on Pattern of CO; Fization—As shown in Table
I1, the early product of CO, fixation in the presence of ribulose-
di-P was PGA; after 1-minute illumination PGA was the only

. o Mgttt .
Ribulose-5-P 4+ ATP —= 5 ribulose-di-P 4 ADP

LT0Z ‘Tz Ao N U0 ¥DI1011919/V19071019 D4 ® /B10°0q [ mamwy/:diy wiouy papeojumoq


http://www.jbc.org/

834
ATP OPN SYSTEM TPN SYSTEM
o700 [0 T ATP n
¢
[ 0600
N
‘7’0500 =
2
&
= 0.400
3
§ 0300 —
Q
L 0.200
0.100 I~ T -
1 1 I 1 i ! 1 1 I

8 OO 2 4 6 8
minutes

Fic. 1. Phosphoglyceric acid kinase and DPN- and TPN-de-
pendent triosephosphate dehydrogenases in chloroplasts. The
reaction mixture (3.0 ml final volume) contained dialyzed (see
Table I) chloroplast extract equivalent to 0.6 mg of chlorophyll,
and in micromoles: Tris buffer, pH 8.0, 120; cysteine, 12; phos-
phoglyceric acid, 1; and DPNH; or TPNH,, 0.4. At the time
indicated by the arrow, 2 umoles of ATP were added. No phos-
phoglyceric acid was added to the controls.

[7) 2 4 [

TasrLeE 11

Effect of time on pattern of CO, fization in
light by isolated chloroplasts

Each vessel contained in a final volume of 2.5 ml: broken chlo-
roplasts (Ci.) containing 0.5 mg of chlorophyll; chloroplast ex-
tract equivalent to 2 mg of chlorophyll and the following in u-
moles: Tris buffer, pH 7.5, 80; MnCl,, 2; MgCl,, 5; Na ascorbate,
10; sodium phosphate pH 7.5, 5; TPN, 0.3; ADP, 0.5; FMN, 0.001;
reduced glutathione, 5; ribulose-di-P, 1; NaHC"Os, 10.

Total C1Os fixed as
Illumination Total C140; fixed
S
PGA pho‘slgﬁites
min c.p.m. % %
1 108,000 100
2 196,000 75 24
5 450,000 54 38
10 600,000 40 57
20 750,000 13 86

measurable product. With continuing exposure to light and
increasing total CO, fixation, the proportion of PGA diminished
and that of sugar phosphates increased. After 20 minutes of
illumination, sugar phosphates accounted for 869, of the photo-
synthetic products.

These findings are consistent with the view that the initial
CO, fixation in chloroplasts is the reaction catalyzed by ribulose-
di-P carboxylase (4-7), resulting in the cleavage of ribulose-di-P
by CO: to 2 moles of PGA (Equation 4).

Ribulose-di-P 4+ CO; — 2 PGA 4)

The PGA is then reduced to sugar phosphates, in a reversal of
the glycolytic pathway of sugar breakdown, the TPNH, and
ATP, required for the reduction of PGA (Equations 5 and 6),
being formed by light. Evidence for this second phase of CO,
assimilation in chloroplasts will now be presented.

Photosynthests by Isolated Chloroplasts. XI
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I1. Reductive Phase

The reduction of PGA to hexose phosphate by a reversal of
the glycolytic pathway involves the participation of phospho-
glycerate kinase, triosephosphate dehydrogenase, triosephosphate
isomerase, aldolase, and fructose diphosphatase.
lytic enzymes were found to be present in the aqueous extract of
chloroplasts, with the improved methods now used for the isola-
tion of chloroplasts. Isolation methods used earlier (37, 38)
failed to include the soluble portion of chloroplasts and the
preparations obtained were chloroplast fragments rather than
whole chloroplasts. Consequently, the glycolytic enzymes, be-
cause of their solubility, were usually lost in the older chloroplast
preparations; for example, the triosephosphate dehydrogenases
of green leaves were reported to be localized in the cytoplasmic
fluid rather than in chloroplasts (37, 38). It must be empha-
sized, however, that even with the current improved methods for
preparing chloroplasts the leakage of soluble enzymes cannot be
completely prevented. This may account, at least in part, for
the lower rate of CO, fixation in isolated chloroplasts than in
intact leaves (Table VI).

Phosphoglycerate Kinase and Triosephosphate Dehydrogenases—
The presence of these enzymes in an aqueous extract of chloro-
plasts is shown in Fig. 1. The oxidation of TPNH, and DPNH,
by the triosephosphate dehydrogenases occurred only in the
presence of ATP, indicating that PGA was phosphorylated by
phosphoglycerate kinase to 1,3-diphosphoglycerate before its
reduction to glyceraldehyde-3-P (Equations 5 and 6).

3-PGA + ATP = 1,3-diPGA -+ ADP 6))
TPNH, (or DPNH,) + 1,3-diPGA = ©
glyceraldehyde-3-P 4 TPN (or DPN) 4 H;PO,

Both the DPN- and the TPN-dependent triosephosphate dehy-
drogenases (37-39) were found to be present in the chloroplast
extract, under the conditions of the test, in which exogenous
DPNH; and TPNH; were supplied in the dark. However, as
shown below, in a complete, illuminated chloroplast system only
TPN was effective in reducing PGA.

Specificity of TPN in Photochemical Reduction of PGA—When,
instead of supplying exogenous TPNH, and DPNH, to a chloro-
plast extract in the dark, the oxidized forms of pyridine nucleo-
tides were supplied to a complete chloroplast system in the light,
only TPN was effective in bringing about the reduction of PGA
since only TPN was reduced in light by chloroplasts (14, 40).
Table III shows that the addition of TPN, but not that of DPN,
increased significantly total CO, fixation in the light. In earlier
experiments with broken chloroplasts (41, 42), under somewhat
different experimental conditions, TPN increased CO, fixation
more than DPN, but DPN was also effective.

In the present investigation, the sole product of CO, fixation
in the DPN system was phosphoglycerate (Fig. 2), whereas in
the TPN system a reductive pattern of CO, assimilation, includ-
ing the formation of sugar phosphates, was observed (Fig. 3).

Aldolase—Evidence for the presence in chloroplasts of aldolase,
which catalyzes Reaction 7, is given in Fig. 4.

Glyceraldehyde-3-P - dihydroxyacetone phosphate &

. @
fructose-1,6-di-P

The presence of aldolase in chloroplasts was determined by
coupling Reactions 7 and 6, and measuring the reduction of DPN

These glyco-.
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Tasre III
Effect of TPN and DPN on CO; fixation by
isolated chloroplasts in light
Reaction mixture as in Table 11, except that glutathione was
omitted, 0.1 umole of FMN was used, 0.3 umole of glucose-1-P
replaced ribulose-di-P, and the indicated additions of TPN or
DPN replaced the uniform TPN addition.

CH0: fixed
TPN or DPN added e
TPN series DPFN series
_ _ymo:'cs-_ o c.p.m. c.pom.
0 84,000 84,000
0.05 196, 000 86,000
0.1 226,000 98,000
0.3 252,000 93,000
1.0 260,000 102,000

in Reaction 6 after the addition of fructose-1,6-di-P to the reac-
tion mixture (Fig,. 4).

Fructose Diphosphatase—Chloroplast extracts were found to
have an active fructose diphosphatase (Fig. 5) which catalyzes
the hydrolysis of the phosphate group linked to carbon 1 of frue-
tose-1,6-di-P (Equation 8).

Fruetose-1,6-di-P + H.O — fructose-6-P + H;PO, (8)

The occurrence of this enzyme in chloroplasts and its purifica-
tion from spinach leaves have recently been deseribed by Racker
and Schroeder (43). The presence of fructose diphosphatase in

THIT9=9
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Fia. 2. Radioautograph of a chromatogram showing products
of photosynthetic CO. assimilation by illuminated chloroplasts
in the presence of 1 ymole of DPN. Other conditions as given in
Table I1I.
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Fia. 3. Radioautograph of a chromatogram showing products
of photosynthetic CO, assimilation by illuminated chloroplasts
in the presence of 1 uymole of TPN. Other conditions as given in
Table I1I.
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Fic. 4. Aldolase in chloroplasts. The reaction mixture (3.0 ml

final volume) contained chloroplast extract equivalent to 1 mg

of chlorophyll, and in micromoles: Tris buffer, pH 8.3, 100; cys-

teine, 9; sodium arsenate, 15; and DPN, 0.3. At the time indi-

cated by the arrow 3 wmoles of fructose diphosphate were added.

chloroplasts strengthens the view that a reversal of the glycolytic
pathway is involved in the reaction of CO; to the level of sugar.
As was emphasized by Krebs (44), Reaction 8, by a hydrolytic
removal of phosphate from fructose-di-P, circumvents an energy
barrier when the glycolytic pathway is functioning as a synthetic
rather than a degradative pathway in carbohydrate metabolism:
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Fic. 5. Fructose-diphosphatase in chloroplasts. The reactio
mixture (1 m! final volume) contained chloroplast extract equiva
lent to 1 mg of chlorophyll, and in micromoles: Tris buffer, pH
8.0, 100; cysteine, 6; magnesium chloride, 5; manganese chloride,
2; and fructose diphosphate, 10.

I11. Regenerative Phase

Experiments with the reconstituted ‘“catalytic” chloroplast
system have also yielded evidence for the regenerative phase of
CO; assimilation, 7.e. enzymatic rearrangements of carbohydrates
or related compounds, to form the pentose monophosphate
needed in the carboxylative phase. The dependence of CO.
assimilation on these “primer” substances in the regenerative
phase was indicated by experiments with chloroplasts prepared
from plants in which starch and other sugar reserves were de-
pleted. The depletion was accomplished by transferring the
intact plants, kept in the same nutrient solution in which they
were grown, to darkness for a period of 95 hours before harvesting
leaves for the isolation of chloroplasts. As shown in Table IV,
chloroplasts prepared from such carbohydrate-depleted leaves
were unable to fix CO. unless supplemented with solubilized
starch or catalytic amounts of glucose 1-phosphate. The addi-
tion of starch was effective only in the presence of inorganic phos-
phate, suggesting that phosphorylation of starch and its cleavage
to sugar-phosphate were involved.

Table V shows that with chloroplasts from carbohydrate-de-
pleted leaves the “priming” of CO. assimilation was also
obtained by adding to the reaction mixture catalytic amounts of
one of a number of phosphorylated sugars or related compounds,
some of which have previously been found to inerease CO, fixa-
tion by “broken” chloroplasts (41, 42). It seems justifiable to
conclude that chloroplasts have the enzyme systems necessary
for catalyzing the rearrangements of the added primer substances
to give pentose monophosphate which is needed for the carboxyla-
tive phase of CO; assimilation. In normal leaves pentose mono-
phosphate would be formed at the expense of the carbohydrate
reserves available at the beginning of each period of photosyn-
thesis. However, as shown in Table IV, the supply of the CO,

Photosynthesis by Isolated Chloroplasts.

X1 Vol. 235, No. 3

acceptor or its precursor was limiting CO, fixation even in chloro-
plasts isolated from normal leaves. Unlike the whole chloro-
plasts (17, 19), CO, fixation in broken or reconstituted chloro-
plasts was greatly increased by, and often failed to oceur without,
the addition of the CO, acceptor or its precursor.

1V. CO; Fization by Isolated Chloroplasts and by Intact Leaves

Since the chloroplast is the site of complete photosynthesis in
the leaf, namely the site of CO. assimilation to the level of car-
bohydrates and of simultaneous oxygen evolution, it is of interest
to compare the rate of CO, assimilation by chloroplasts in situ
with that by chloroplasts removed from the cell. 'To be meaning-
ful, the comparison must be made between the rate of CO, as-
similation by isolated chloroplasts and that of the same batch of
parent leaf material from which the chloroplasts were removed.
Experiments of this kind were carried out in this laboratory by

TasLe IV

CO, fixation by chloroplasts isolated from
carbohydrate-depleted leaves
Reaction mixture as in Table II, except that ribulose-di-P was
omitted and 0.1 umole of FMN was used. Sodium phosphate was
omitted in treatments 4, 6, and 8. Two umoles of ATP were
added in treatments 4 to 8, 0.3 umole of glucose-1-P in treatments
3 and 8, and 90 ug of ‘‘soluble” starch in treatments 2, 6, and 7.
The normal leaves were harvested at 4 p.m., the carbohydrate-
depleted leaves were kept in the dark for 95 hours before harvest.

CHO:; fixed
Substance added Source of chloroplasts
Normal leaves Carbohy(lié:‘tz—sdepleted
c.p.m. c.pm.
None................ 100, 0600 12,000
2. Starch............... 153,000 82,000
3. Glucose-1-P.......... 230,000 240,000
4, None................ 32,000 10,000
5. POs.oo 59,000 10,800
6. Starch............... 38,000 16,000
7. Starch + PO,...... .. 100, 000 63,000
8. Glucose-1-P....... ... 164,000 170,000
TaBLE V

Effect of different ““‘primer’’ substances on CO, fixation
by illuminated isolated chloroplasts
Chloroplasts were isolated from carbohydrate-depleted leaves
(Table IV). Reaction mixture as in Table II, except that ribu-
lose-di-P was omitted. Of each of the 6- or 5-carbon primer sub-
stances, 0.3 umole and of each of the 3-carbon primer substances
0.6 umole were added as indicated.

Primer substance added g:e(()f Primer substance added %‘;eOdz

c.p.am. c.pm.
None................ 6,000] 6-Phosphogluconic acid. .| 90,000
Ribose-5-P........... 191,000 Glyceraldehyde-3-P...... 138,000
Fructose-1,6-di-P. ...|{116,000| 3-Phosphoglycerate . ..... 127,000
Fructose-6-P......... 106,000/ 2-Phosphoglycerate...... 85,000
Glucose-6-P...... ... . 116,000 Fructose................. 74,000
Glucose-1-P.......... 100,000 Glucose. ................ 58,000
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© Tasie VI

CO, fization by isolated spinach chloroplasts and by parent leaves*

Whole normal leaves, freshly harvested from the greenhouse,
were exposed to C140, in a glass chamber, and illuminated at 20°
with the same light intensity as the isolated chloroplasts. At the
end of illumination the leaves were killed in boiling 80%, ethanol
and the radioactivity counted in the ethanol-soluble and insoluble
fractions. CO. fixation by illuminated chloroplasts was meas-
ured, as described in ref. 42, Table IV (fructose-di-P treatment).

CO:; fixed/hr/mg
chlorophyll
Experiment OO Bred by parentleaves
Whole leaves ch{(s)?(l)?)tligts
umoles pmoles %
A 16.4 4.5 26.4
B 20.2 5.2 25.8
C 30.7 6.0 19.5

* Data of F. R. Whatley and M. B. Allen.

Drs. F. R. Whatley and M. B. Allen. As shown in Table VI
the rate of CO; fixation by isolated chloroplasts was, on a unit
chlorophyll basis, about 20 to 25% of that in the intact parent
leaf. It should be pointed out, however, that the rates of CO,
assimilation in these detached spinach leaves (high in starch)
were lower than maximal rates reported for other leaves or for
Chlorella cells (45). Photosynthesis in detached leaves varies
inversely with the stored carbohydrates and ceases altogether
when these reach a high concentration (46, 47).

DISCUSSION

The results of this investigation support the conclusion that
carbohydrate synthesis from CO; by isolated chloroplasts occurs
by the same dark reactions of the reductive carbohydrate cycle
which has been observed in intact cells, whether photosynthetic
ornot. The dark reactions of carbohydrate synthesis take place
in the colorless, water-soluble fraction of chloroplasts and are
driven by “assimilatory power,” consisting of ATP and TPNHo,
the two compounds which are formed photochemically by the
green fraction of chloroplasts in two reactions: cyclic and non-
eyclic photophosphorylation (Equations 1 and 2).

The inability of chloroplasts, when freed from mitochondrial
contamination, to respire (20, 48) rules out the contribution of
respiration to the energy requirements of CO; assimilation by
isolated chloroplasts. ATP and TPNH; formed by light appear
to suffice for accomplishing the dark conversion of CO; to car-
bohydrates. From the work with isolated chloroplasts, there is
neither valid evidence nor a theoretical need for postulating a
photochemieal formation of a special, strong reductant capable
of a direct reduction of CO, to the level of carbohydrate by some
unknown reaction peculiar to photosynthesis (see, for example,
49, 50).

Of the three phases of the reductive carbohydrate cycle (Fig.
6) only two, the carboxylative and reductive, require an input of
chemical energy derived from the conversion of trapped light
energy. The carboxylative phase depends on light for ATP but
requires no “reducing power.” The energy for this phase of
CO, assimilation can thus be provided by cyclic photophosphoryl-
ation (Equation 1), which generates ATP but no TPNH.. This
was demonstrated by first using eyclic photophosphorylation for
the formation of ribulose-di-P in the absence of CO;, and then
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carrying out the carboxylation reaction in the absence of phos-
phorylation (Table I). By contrast, with ribose-5-P as the CO.
acceptor, no significant carboxylation occurred without a con-
current photophosphorylation (¢f. 51).

The site of action for both components of assimilatory power,
TPNH, and ATP, is the reductive phase of CO, assimilation in
chloroplasts, when PGA is reduced to sugar phosphate (Fig. 6).
The light reaction of chloroplasts which supplies both TPNH,
and ATP, with a concomitant evolution of oxygen (Equation 2),
is noncyelic photophosphorylation. The mechanism of noncyeclic
photophosphorylation, as it is now envisaged (16), explains, with-
out invoking the photolysis of water theory, why CO, assimilation
is accompanied by oxygen evolution in green plants but not in
photosynthetic bacteria.

The regenerative phase of CO. assimilation in chloroplasts,
when molecular interconversions of hexose phosphate form stor-
age carbohydrates and pentose monophosphate, appears to be
independent of a photochemically generated driving force. The
known enzyme reactions involved in this phase do not require
ATP or TPNH,. The demonstrated convertibility of a large
number of “primer” substances, including starch, to what is
probably pentose monophosphate (Tables IV and V), leaves little
doubt that chloroplasts contain the enzymes required for the
conversion of hexose phosphate to storage carbohydrates and
pentose monophosphate.

The investigation of the enzymatic composition of chloroplasts
has thus far revealed only one enzyme which seems to be peculiar
to photosynthetic tissues: the TPN-linked triosephosphate de-
hydrogenase. This enzyme was previously found in leaves of
sugar beets, spinach, sunflower, and tobacco (87, 38) and,
independently by Gibbs, in pea leaves (39). Its cyclic emergence
in leaves is induced by light (52). With the sole exception of a
low activity in an induced barley albino mutant (11), this enzyme
was never reported as occurring in nongreen tissues. By con-
trast, as already mentioned, ribulose-di-P carboxylase is not
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Carbohydrote synthesis by isolated chloroplosts.

Fia. 6. Condensed diagram of the reductive carbohydrate cycle
in chloroplasts. The cycle consists of three phases. In the car-
boxylative phase (4), ribulose-5-P is phosphorylated to ribulose-
di-P which then accepts a molecule of CO; and is cleaved to 2
molecules of PGA; in the reductive phase (8) PGA is reduced
and converted to hexose phosphates; in the regenerative phase
(c) hexose phosphate is converted into storage carbohydrates
(starch) and into the pentose monophosphate needed for the
carboxylative phase. All the reactions of the cyele oceur in
the dark. The reactions of the carboxylative and reductive
phases are driven by ATP and TPNH; formed in the light.
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specific to photosynthetic tissues; it is also known to occur in
non-chlorophyllous cells (12, 13, 9, 11).

The characteristic occurrence of the TPN-linked triosephos-
phate dehydrogenase in photosynthetic tissues is in accord with
the observed specificity of TPN in the reduction of PGA by il-
luminated chloroplasts (Figs. 2 and 3). These results add to the
evidence for the specificity of TPN in photosynthesis of green
plants, as previously observed in cyelic and noncyclic photophos-
phorylation (53, 14, 40, 34).

The rate of CO; assimilation by isolated chloroplasts (54, 42)
was found to be substantial when compared with that observed
in the parent leaf tissue. The retention by isolated chloroplasts
of 20 to 259, of the rate of CO: fixation of the parent leaf tissue
(Table VI), compares favorably with some other extracellular
activities of isolated cellular components as, for example, with
the loss of 80 to 909 in respiration of disrupted yeast cells (Krebs,
55). It is possible that future improvements of experimental
techniques will result in further increases of the rate of CO, fixa-
tion by isolated chloroplasts. However, once chloroplasts have
been found to be capable of a substantial assimilation of CO; to
sugars outside the cell, the characterization of the isolated pho-
tosynthetic apparatus acquires intrinsic interest, regardless of
the currently demonstrable rate of CO, fixation. (In the case
of cyclic photophosphorylation, improved experimental condi-
tions gave, after 3 years of experimentation, rates of over 170
times higher than those initially obtained (56-58).)

The results of this investigation invite comparison with those
of Fager (59). His special chloroplast preparation from spinach
leaves “by itself exhibited no carbon dioxide-fixing power in the
light or in the dark” (59). CO. was fixed by a protein fraction
(“enzyme”), which he later found (60) to be a source of the CO,
acceptor. The rate of CO: fixation was increased when the “en-
zyme”’ was illuminated in the presence of the chloroplast prepa-
ration. The addition of DPN or TPN had no effect, whereas
that of ATP was inhibitory to CO, fixation in both light and dark.
The fixation of CO, did not proceed beyond phosphoglycerate.
Thus Fager’s results provided no evidence for a reductive (photo-
synthetic) CO, assimilation in his chloroplast preparations but
suggest that these contained a ribulose-di-P carboxylase system.
Why that system had become inhibited by added ATP cannot be
explained by the results of our investigation.

SUMMARY

CO, assimilation by “broken” and reconstituted chloroplasts
was investigated in a “catalytic system” that was dependent on
the products of the light reactions of photosynthesis.

Evidence is presented for the operation in isolated chloroplasts
of a reductive carbohydrate cycle similar to that found by other
investigators in photosynthetic and nonphotosynthetic cells.
Chloroplasts were found to have enzymes catalyzing three phases
of the cycle: the carboxylative phase, which includes the forma-
tion and subsequent carboxylation of ribulose diphosphate; the
reductive phase, which includes reduction to hexose phosphate
by a reversal of glycolysis; and the regenerative phase, which
includes molecular rearrangements resulting in the formation of
pentose monophosphate needed for the carboxylative phase.

The dark reactions of the reductive carbohydrate cycle in iso-
lated chloroplasts depended on the two light reactions, cyclic and
noncyelic photophosphorylation, for the formation of reduced
triphosphopyridine nucleotide required in the reductive phase,
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and of adenosine triphosphate required in the carboxylative and
reductive phases.

Chloroplasts isolated from carbohydrate-depleted leaves were
unable to fix CO,, but regained this capacity on addition of one
of a number of carbohydrates or related compounds.

Although chloroplasts contained both the tri- and diphospho-
pyridine nucleotide-linked triosephosphate dehydrogenases, only
the triphosphopyridine nucleotide-linked enzyme was effective
in the light-dependent assimilation of CO,. This enzyme
emerges as the only distinctive feature, known so far, of the re-
ductive carbohydrate cycle in chloroplasts.
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