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PHOTOSYNTHESIS OF CARBON OCOMPOUNDS
' JAMES A. BASSHAM and RICHARD G. JENSEN

“Laboratory of Chemical Bilodynamics, Lawrence Radiation Laboratory,

University of California, Berkeley, Califormia

INTRODUCTION

It is still possible to find in many textbooks of botany and
plant physiology the unqualified formulation of photosynthesis as a
simple chemical equation: CO, + HpO ~2¥—3 {CHy0}+ Op. ,The clear
implication, sometimes specifically stated, is that the sole products
of photosynthesis are oxygen and carbohydrates. This concept of
photosyni:hesis has been firmly entrenched until the past decade. If
it were correct, it 1s possible that a discussion of the carbon
metabolism of photosynthesis would hold little except academic
interest to those engaged in agricultural research. One could attempt
only an improvemerit in ine overall rate of photosynthesis, and perhaps
in thé relative ylelds of usable carbohydrates such as sucrose and
starch. o

sz'tunately, for the purposes of this symposium, as w.1ll as the

future of agricultural research, this older formulation of photosynthesis

is incorrect. It 18; true that the intermediate cor{xpounds of the primary

photosynthetic carbon mduct;bn cycle are a number of sugar phosphates,
as well as 3-phosphoglyceric acid (PGA). However, any definition of
photosynthetic products which includes free carbohydrates, such as

sucrose and starch, should also include free amino acids and proteins,

fatty acids and fats, and coenzymes, vitamins and pigments. There is
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evidence that all these substances can be synthesized in the
chloroplasts by reactions requiring cofactors prbduced by photo-
electron transport and photophosphorylation. Mature leaves of certain
species of plant may produce, under appropriate conditions, almost
exclusively one product, such as sucrose. Rapidly growing and
developing leaves of the same species make much higher levels of

fats and pﬁoteins and other consti'cugnts. Unicellular algae, such

as Chlorella pyrenoldosa, can be made to produce predominantly fat

or predominlantly protein, depending upon the choice of environmental

canditions.

The ‘reason for the variation in products of photosyntheSis may
sometimes be falrly obvious, as in the case of nitrogen deficiency
or abundance. To determine the reasons for product variability in
other less obvious cases, we must leam nﬁch more than we presently
know about the control mechanisms within the éhlomplasts and the
relations between chloroplast metabolism and the metabolism of the
nonphotosynthetic parts of the green cell. | )

We will need to know how cmtrdl’ is effected of the flow of
carbon into diverse blosynthetlic pathways from key intermediates in
‘the photosynthetic carbon metabolism such as PGA. We must di_scox'rerr
how the enzymic machinery of the chlomplastv is regulated for light
and dark operation, and what determines the extent of exporﬁ of
specific photosynthetic intermediate cbmpomds from the chlonoplasts‘
to the cytoplasm. We will be interested in hovi the r_egulatory
mechanism adapts the metabolism to changes in envircnmental condition,
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such as In the ieyels of carbon dloxide, phosphate, nitrate and other
minerals, and light intensity and quality. A great many of these
questions carmot be answered satisfactorily at the present time.
However, some information is now avé.ilabla which may help point the
way to future research and its application in this area.
| THE PHOTOSYNTHETIC CARBON REDUCTION CYCLE
The photosynthetic carbon reduction cycle, as elucidated by Calvin
and coworkers (1), 1s shown in Figure 1. The detailed reactimns, and
Insert Fig. 1 ‘a-ibout here
the arguments leading to their formulation, are discussed in other
reviews (2) (3). Although this cycle has been widely accepted as
essentially correct since its publication twelve years ago, some inves-
tiéa’cors closely concerned with the problem of carbon metabolism and
photosynthesis maintain reservations about all, or part, of the cycle.
Some criticisms of the postulated cycle havé been reviewed elsewhere'
(4), as have our interpretations of the questions raised (5). It is
appropriate to our present purposes to say thaf: one of the principal
types of objectlons raised to the cycle has been the inadequacy of
enzymic activities 1\solated from green tissues to carry out key
reactions of the proposed cycle. As ive shall indicate, it appears.

that several steps in the proposed cycle may be reactions subject to

~strong metabolic regulation by changes brought about between light and

dark, and perhaps by other environmental conditions. If this is the
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case, it should not' be surprising if enzymes isolated under inappropriate
physiological conditions might be'switched off" and, therefore, show
deficient blochemical activity. Factors controlling enzymic activity
such as those involved in allosteric effects on enzymes can be very
subtle., It seems possible that appropriate conditions for activating'
such regulated enzymes may have escaped even the most meticulous ,
enzymologists. |

Let us review the photosynthetic‘ carban reduction cycle briefly.

It may be sald to start with the priming of a pentose phosphate molecule
by the phosphoribulokinase react.ion with ATP. This step'energlzes"

the' ribulose phosphate molecule by placing a second phosphate group in
cldse prpximity to the subsequent carboxylation site on the second carbon
atom. According to the evidence and proposals of Rabin and Trown (6),

an enzyme substrate complex is then formed through addition of enzyme
sulfhydryl to the carbonyl group at carbon atom two.

The result:lng thiohemlacetal could then lose water to give an enol
form, sometimes postulated as necessary for éddition of carbon dioxide
across a double bond between carbon atoms two and three (7). The newly
incorporated carbon bonds to carbon atom two. "I'he bond between carbon
three and two then b\reaks , releasing carbons three, four and five as
PGA, and reducing carbon atom tw;: which is still bound to the sulfur
atom of the enzyme. | Hydrolysls of the carbon two sulfur bond gives
back the original enzyme and another molecule of PGA.

However, if the newly formed carboxyl group, banded to carbon
atom two, could be phosphorylated and reduced prior to liberation from

«

\’/
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the enzyme , newly incorporated carbon could be converted directly into
triose phosphate without first becoming pai't of a free molecule. The
proposal ‘of a reduc?&ve carboxylation reaction in photosynthesis (8),
perhaps mediated by an organized enzyme system found only in the intact
chloroplasts (5), has gained some support from kinetic tracer studies

which indicate that the newly incorporated radiocarbon from photésynthesi.s

with 1“002 finds its Way too quickly into the sugar phosphates for it
to have péséed through the free pool of PGA (5). However, the postu=-
latéd reductive caxﬁo:wlation reaction remains oniy an :lhteres’cing
épeculgtim for want of further amdmore convincing evidevnce.‘ The
kinetic data with tracers could equally well be accounted for by an
eimiyné—bomd PGA whose equilibration with the free PGA pool is riot }as' '
fast és.the_ cmvérsion of bound PGA to triose phosphate._

The proposed cycle specifies that PGA is phosphorylated with

photochemically produced ATP to give phosphoryl 3-phosphoglyceric acid. -

This acyl phosphate 1s then reduced by NADPH in the presence of triose

- phosphate dehydrogénase. This reaction is the only reductive step in.

bthe photosynthetic carbon reduction cycle as it 1s usually written.
~ Part of the resulting glyceraldehyde-3-phosphate 1sqmerizes to
dihvdro:wace’cone phosphate, The two triose phosphates condénse to

" give fructose 1,6-'di}hosphate (FDP) , which then‘mder‘gde‘s, a pﬁoSphatase

reaction to give fructose-6-phosphate (F6P). A reaétion mediated by
transketolase with thiamine pyrophosphate (TPP) as coenzyme converts

ﬁuctose—S—phosphate to thiamine pymphosphate glycola.ldem/de addition

. compound (TPP-G{Q{-G{Q(}{) and emhrose-ll—phosphate.



Aldolase condenses erythrose-4-phosphate and glyceraldehyde-3-
phosphate to glve se&ohe_ptulose«l ,7§diphosphate (SDP) , which is con-
verted by -phosphatase to sedoheptulose=T-phosphate -F(S7P);- A trans-
ket:olase reaction on S7P produces another molecule of TP?-G{OHeQ{ZOH
‘and a molecule of x’ibose45—ohosphate (R5P). -

~ Each of the two molecules of TPP-CHOH-CH,CH undergoes a trans-
ketolase reaction with a molecule of glyceraldelwde—Buphosphate, giving
two molecules of )q.rlu_lose-S-phospha'ce (XuSP). The XuSP molecules are
converted by an epime'rase to ribulose-5-phosphate (RuSP) wﬁile the

RSP 1s converted by an isomerase to RuSP thus completing the cycle.
| In ea.ch complete tum of the cycle three molecules of pentose
diphosphate react with three molecules of carbon dioxide to give six
molecules of PGA which can be reduced to yield, ultimately, three
molecules of pentose phosphate plus one molecule of triose phosphate.
The "e’xbra" trioge phosphate molecule thus represents the gain 1n end
products from the reduction of three moleculee of carbon dioxide.  This
reduction requires nine molecules of ATP, and six moleécules of NADPH.

" The reduced carbon thus generated by the basic photosynthetic
carbon reduction cycle can be used as a starting point for evnwnber'
of secondary blosynthetic pathways, only one of which is the formation -
of sucrose and polys;éccrmax'ides, | v |
PHOTOSYNTHETIC PATHWAYS 10 END PRODUCTS

‘ ‘Sucrose and Pﬂysaéc:ha‘ﬁdes.

Among the earliest labeled pmducts of photosynthesis in Chlorella,'

as well as in spinach 1ea.ves and other plmts » are uridine diphospho—-
_ glucose (UDPG) » uwridine diphosphogalactose (UDPGal) (9) and adenosine

{*
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diphqsphdglucoég (ADPG) (10). The kinetics of the labelihg of UDPG

led to the postulaticn that the pat'hwey in photosynthésis leading to

'sucrose and polysaccharides involves the conversion of fructose=b-

phosphate to glucose-mmnophosphate, which, in turn, reacts with

uridine triphosphate. (UIP) to glve UDPG. It has been shown (11) that

| leaf homogenéte and leaves convert radiocactive glucose-l-phosphate, :

- F6P and UTP to UDPG and, ultimately, to sucrose. Presqniablj other

disaccharides aﬁd }polysaccharides are synthesized by' suitable condensa=-

tions between UDPG or ADPG and the appropriate hexose phosphate, such

as glucose phosphate or galactose phosphate. Although either ADPG or

UDPG can, function as glucosyl donor in starch synthesis (12), it

appéars that ADPG is specific for starch synthesis in iea.f chloroplasts

(13) (1b) (15). |
Insofar as the required UTP or ATP for UDPG and ADPG synthesis

~comes from photochemically generated ATP, these reactions may be can-

- sidered as photosynthetic. |

| Carbon reduction cycle + F6P' + G6P -+ G1P

" ATP + G1P + ADPG + PPy |

amylose
¢ e———
primer

ADPG starch

~
. ATP + UDP 2 UTP + ADP
UTP + GIP + UDPG + PPy |
UbPG + F6P + sucrose phosphate + sucrose + Py
_ Traces,of 1"C—J.abaa:l.ecl éucrose phosphate are thained f‘roml_p‘lants
photosynthesizing with 1400, while free 14C~labeled fructose 1s absent.
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Thus it seems that 'ché sucrose phosphate route may be the photo-

. synthetlc one.

Amino Acids and Proteins

Among the first compounds found to be labeled by photosynthesis
with 1400, in algae were alanine, aspartic acid, serine, glycine,
glutamic acid and other amino acids (16). Under appropriate

physiological conditions, the labeling of same of these amino acids,
notably alanine, proceeds more ‘mpidly at short exposures to 1“002

than the labeling of sucrose. In fact, the labeling of alanine,
which occurs within a very few seconds after the commencement of
photo_syntheéié with 14c0p, requires that this amino acid be derived
quite directly from intermediates of the photosynthetic carbon reduction
cycle (17). | |

Tt appears that the pathway of photosynthesis of alanine begins

with phosphoglyceric acid from the photosynthetic cycle. The

'3-phosphoglyceric acld formed by the carboxylation reaction is con-— .-

verted Via 2-phosphoglyceric acid to phosphoenolpyruvie acid (PEPA)
which then presumably is lwdrovaed to free pyruvic acid. Free pyruvic
acid can then undergo transamination with glutamic acid to give free
alanine.

\ . _
The prominence of carbon lsbeling of alanine after short periods
of photosynthesis for a time led us to suspect that alanine might be
a site of primary riitmgen incorporation into amino groups (17).
However, careful kinetic studies (18) using 1%C and the he_avy isotope

15§} convinced us that the primary site of nitrogen incorporation. into

s
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amino groups is principally into glutamic acid, presumably via
reductive amination of alpha-ketoglutaric acid. The relative lateness

of ¢ labeling of glutamic acid 1s apparently a consequence of there
being more pools of intermediate compounds lying between the carbon

reduction cycle and glutamic acid.

It is supposed that carboxylation of phosphoenolpyruvic acid

- glves oxaloacetic acid which can condense with acetyl CoA to gilve

citric acid. ‘Jhe’ citric acld preswnr;\bly 1s converted by reactions
of the Krebs cycle to alpha-ketoglutaric acid. The primary incor—
poration of nitrogen into amino groups of glutamic acld via reductive
amination of alpha~ketoglutaric acid presumably utilizes NADH generated

by photq-electron transport. Additicnal nitrogen incorporation may

" proceed via amidation, forming glutamine by a reaction utilizing ATP

produced by photophosphorylatien.
~ Carbaon reduction cycle -+ 3-PGA + 2-PGA - PEPA

PEPA + pyruvic acid transamination. gyanine

_ transamination
2-~PGA }_[{_g.ﬂl_) hydroxypyruvic acid > > serine

PEPA + CO, ~ oxaloacetic acid

“ . '
oxaloacetic acid fransaminatlon . agpartie acid

‘oxaloacetic acid + acetyl CoA + citric acid

-» «p» > o-ketoglutaric acid W glutamic acid
| g

PEPA + CO, + 4[H] = malic acid
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As Just mentioned, carboxylation of PEPA would give oxaloacetic
acid. In addition to the reactions leading to glutamic acid,

oxaloacetic acid could be transaminated to give aspartic acid, always

seen as one of the early labeled products of photésynthesis in the
presence of 1"002. Reduction of oxaloacetic acid, or reductive
carboxylation of PEPA; would give malic acid, another of the earliest
photosynthetic products outside the photosynthetic carbon reduction
cycle. The reason for this rapld formation of labeled malic acid is
not yet clearly understood, but it may well prove to have an as yet
unsuspected biosynthetic role in photosynthesis.

Glycine synthesis requires the precursor glyoxylic acid. One
poséible source of this glyoxylic acid might be the splitting of
1socitri;c acld (generated as described above) by isocitratase to
give glyoxylate and succinate. Another source of glyoxylate could
be the oxidation of glycolic acid, a compound frequently found to be
labeled with 14C following short periods of photosynthesis in the
presence of 1”002. However, some plant cells, such as Chlorella
Em oldosa, appear to be= devoid of a glycolic acid oxidase (19).

Very important roles have sometimes been ascribed to glycolde
acid as an intermediate in photosynthetic carbon reduction. It has
been suggested .~(20) ?:hat glycolic acid itself, or an immediately
related two~carbon compound, is synthesized de novo by photosynthetic
éarbm dioxide reduction and condensation of one-carbon units. This
view has been supported by Zelitch (21), who found that after short
perdods aof photosynthesis by tomato discs floating cn bicarbonate
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the specific actiwvity of glycolic acid was higher than that of 3-PGA.
The opposite result has been reported by Hess and Tolbert, who found
the specific activity of PGA to be always higher than that of glycolate
(22). Probably these seemingly contradictory results are explainable
in terms of compartmentalization and éeparate pools of the same com—
pound In different parts of the plant cell.

In our own laboratory, and in some others (23), kinetic data

thus far obtained are consistent with the proposal that glycolic acid

is derived by oxidation of sugar phosphate intermediates of the carbon .

.reduction cycle. A recent result, obtained in kinetic studies of

photosynthesis of 14C0, by isolated spinach.chloroplasts, is shown in
Figure 2.

Insert Fig. 2 about here

Possibly there is less anbigulty about campartmentalization with
isolated chloroplasts than with whole cells. It is clear that labeling
of PGA is much faster than that of glycolic .;acid'. Moreover, the 1lic -
labeling of glycolic acid has a zero slope at the shorter times and
onl_y becomes labeled as sugar monophosphates are labeled. In fact,

the rate of glycolic acid labeling is proportional to the degree of

“~

labeling of theh-sugar monophosphates. This suggests, but does not

prove, a precursor-product relationship. It appears that the glycolic

‘acid is formed from the carbon atoms one and two of the ketose

phosphates. One possibllity is that the glycoaldehyde thiamine
pyrophosphate conpomﬁ, formed in the course of the transketolase
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reaction, undergoes oxidation to glycollc acld. Another proposal
is that ribulose diphosphate can be oxidized, giving glycolic acid
phosphate from carbon atoms one and two. We do know that glycolic acid
formation is favored by high levels of oxygen (24) and low levels of
carbon dioxide (25), and in unicellular algae, such as Chlorella
pyrenoidosa, by high pH's (23). Since high levels of oxygen produce
at the same time increased rates of formation of glycolic acid and
diminished levels of intemediates of the carbon reduction cycle »
particularly ribulose diphosphate (24), it has been suggested that
the inhibitlion of photosynthesis by oxygen at lowv OO2 pressures 1s a
direct cdnsequence of the draining off of carbon from the photosynthetic
carbon reductlon cycle, due to. the oxlidation of sugar phosphate inter-
mediates. This wouid , in turn, decrease the supply of carboxylation -
substrate, ribulose diphosphate. In an elaboration of this ldea, Coombs
and Whittingham (26) suggest that the oxidation leading to the fométion
of glycolic acid from the sugar phosphates ;s accomplished by hydrogen
peroxide or another peroxide formed by a "Mehler" reacticn between
oxyéen and some primary reductant such as ferredoxin. In the presence
of normal photosynthesis with carbon dloxide the level of reduced
ferredoxin is presxmfd to be too low to react to produce the peroxide.
It is postulated that in the absence of carbon dioxide, or at vei'y low
levels of carbon dioxide, photosynthesis would not utilize the reduced
ferredoxin rapidly and its level would Increase to a point where it
could react with oxygen. This proposal was cansistent with the findings
that high light intensity in the absence of carbon dioxide and the
presence of oxygen increased the rate of production of glycolic acid.

3

S A



~13- |

It 1is perhaps worth noting that in the study by Coombs and
Wnittingham, as well as in the earlier studies by Bassham and Kirk
(24), an increased production in glycolic acid wfas‘ éccorrpanied by an

increased formation of labeled glycine, despite the fact that both

studies were done with Chlorella pyrenoidosa. Thus, there may be
some mechanism for the conversion of glycolic acid to glycine in
this organism, despite the repor'ted_ absence of a glycoiic acid |
oxidase (19). |

The synthesis of protein in the chloroplasts and higher plants
is .v gr'ea;tly accelerated during photosynthesis (27) (28). This protein
synthesis -appears to utilize intermediates of the photosynthetic. '
carbon reduction cycle, since the proteins are iabeled when 1“002 is

" administered but not when'luc—labeled carbohydrates were suppliéd '(-,28).

I1luminated , 1solated chloroplasts synthesize protein from non-protein
nitrogen (29). Moréover, spinach chloroplasts, isolated after a periocd
of photosynthesis with 1“002, are found to have incorporated 14¢ 1nto

the soluble protein of the chloroplasts much more rapidly than it was

into the soluble cytoplasmic protein.

With the development of techniques for achieving steady-state
photosynthesis in the px'eserice of labeled carbon dioxidé over long

periods of time (30)} it became possible to study the product-prec_':ursor-

" relationships for the route from CO, to protein. Such studies indi-

cated that there are in Chlorella pyrenoidosa at least two pools of

amino acids, only cne of which is rapidly labeled with 14C during
photosynthesis with 1‘*002. In the case of some amino acids , such as
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aian:lne, _the'ma._ximum rate of labeling was achleved as som (S niinuteé,)
as -the immediate precursofs, intermediates of the carban reduction
cycle, were saturated with 1“_002 (17). No other labeled compounds in
the cell, except such intermediates and phosphoenolpyruvie acid were
saturated with 1“002 by this time, 1ndicating precursor—product rela-
tionship between cycle intermdiates and amino acids.

The next step was to 1isolate, during a period of photosynthesis
" lasting several hours, both the. free amino acids and the labeled proteins
which wer'e 'Wdﬁlyzed te give their amino acid substituents. 'When this
was done (‘31), it was found that the labeli.ng of the tounti ve"mino acids
in every' case zeached a ma.xirmm rate only ai‘ter the pool of actively
tuming. over free amino acids had became saturated with 14C.

The ratio between the size of the actively turning over amino acid
v.pool and the size of the total pool of the same amino acld varies over
a wide range for different amino acids. Thus, under the conditims
chosen, the \spec_ific 'radioactivity of the free pool of alanine at the
time of saturatien of the actively tuxjﬁng over pool Wasv a.boutv‘o.us, ‘
indicating that the actively tuming over pool of alanine was about
45% of the total alanine pool. The relatimship between the labeling
of this free pool and the bownd amino acid moleties 1s shown in Figure 3,

Insert Fig. 3 about here

In sharpv cantrast, the _actiilely tuming over pool of glyc':ine

represents only about 1.5% of the _toté.l free pool of glycine wnder the. ;

conditions chosen. ' The relatiomship between the labeling of this pool

8y
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Insert Fig. 4 about here
and the bound moleties of glycine is shown in Figure ¥, These data
explain why it was thought earlier (2) that the bound glycine mieties
of protein might arise from some precursor other than free glycine.
We suspect that the boundary between the actively turning over pool
of amino acids and the other pools of amino acids is provided by the
chloroplast membrane This cannot be proved by kinetic studies alone
‘and nust await confirmation by studies ‘with isolated chloroplast
systems which are capable of total biosynthetic activity. In any
event, protein synthesis in the chloroplast from the pools of actively
tuming over amino acids may be considered as photosynthetic. Such:
' ~synthesis .would pfobably utilize: ATP from photophosphor-ylaﬁion for
the activation of the amino acid molieties preparatory to the formation
of peptide bonds and proteins.

There seems now to be abundant evidence, which I vshall not
attempt to zeview, that chloroplasts contain the necessary genetic inforw
mation in the form of DNA and protein synthesizing mohinery in the

form of ribosomes and soluble RNA to permit-the chloioplasts to synthe~
size thelr owh conponents _of'protein. Perhaps at some future date it _
will become possible to prepare ﬁ-orﬁ suitable plents, for example

| spinach, isolated chloroplasts of sufficilent biochemical integrity

"to pex.'mi'tv their injeetion into large single cells. of other plants,

such as Nitella, without loss of biochemical activity. . |

Fats and_ Pigments

During pmtosynthesis by unicellular a.'lgae it 1s not uncommon
- for as much as 30% of the carbmn dioxide taken wp to be incorporated
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into fats. Probably a high percentage of this incorporated carbon
1s bownd into the liplds of the lamella in the chloroplast. These
: lipids and pmspholipids are thought to play important roles. in the
physica_l-chemical processes associated with photo—electron transport
and photophosphorylation in photosynthesis. |

'Glycerol phosphate required for lipid synthesis 1s probably <
derived by the reduction with NADPH of djhydroxyacetone phosphate
(DHAP) » an intermediate in the carbon reduction cycle. Galactose-6-
phosphate, required for the synthesis of various galactolipids may be
formed from UDP—galactose, derived from UDPG

It is presumed that fatty acid biosynthesis follows routes similar
to those reported for nonphotosyhthetic systems. Such systems begin
with acetyl CoA. In the presence of biotin and ATP_, acetyl CoA is
carboxylated to give malonyl CoA. According to Lynen (32) the bond
to CoA is replaced by a bond to the sulfhydryl group of an'enzyxre .
~ and the resulting malonyl=-S-enzyme decarbo:quates to give acetoacetyl

enzyme plus COZ. This compound- then undergoes reduction of the carbonyl,

dehydration and mrther reduction to gve butyryl-S—enzyme which is

then converted to butyryl CoA. . This series of reactions is then -

repeated with anothe\rvrrplecule of malonyl CoA, the end resql,t being

. the 1engthenihé of the fatty acid chain by two carbons, ‘with each

cycle of reactions. Long-chain fatty acids then presumably esterify

' with glycerol vphosph.a_te_ or galactose phosphate to make the lipids and

phospholipids found in the lamellae of the chloroplast (33). v |
Perhaps the most important unanswered question regarding photo- =

synthesis of fats 1s the question of the origin of the acetyl CoA,
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or acetate moiet.y for the starting point of fatty acid synthesis.

Several possibilities may be suggested, but there 1s little evldence -
to favor any one of these in photosynthesis.

| 1. Pyruvic acld derived from 3-PGA could undergo oxidative
decarboxylation ylelding (0, and acetyl Coenzyme A. Such a process,
involving both loss of €0, and oxidation, runs counter to the genera.i
direction of photosynthesis. Since in bright light it is presumed
that the NADP is mostly in the reduced form, oxidative reactions
would require a separate pool of oxidized cofactor perhaps NAD. It
would seem that the oxidative decaibowlatim of pyruvic acid, useful

in supplying both reducing power and acetyl CoA in nonphotosynthetic

- reactlons, would not be such a useful reaction in photosynthesis.

2. Acetate might arise by some cleavage of malic acld to acetate
and glyoxylate. However, in 'view of the high requirement for acetate
moleties for fatty acid synthesis, such a reaction would tend to pro-
duce too much glyoxylate.

3. Perhaps the most efficient production of acetyl Coenzyme A( ]
in photosynthesis would be by a phosphoketolase reactien which would
convert some of the TPP-CHCH-CHoOH directly to acetyl phosphate. The

acetyl phosphate could then be converted without energy loss to acetyl

- Coenzyme A. Part of the attractiveness of this proposal lies in the

fact that TPP~CHOH-CHOH must be formed anyway in the course of the
transketolase reactions which are two of the key steps in the photo-~
synthetic carbon reduction cycle. _ |

., It has. already been suggested that glycollc acld might be formed

by an oxidat.ion of TPP-CHOH-CH,OH. If these pmpééals are correct,
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| TPP~CHOH~CHoOH 15 at 2n extremely important brench point for the
diversion of carbon from the basic carbon reduction ‘cycle and the

* beginning of biosynthetic pathways. Indeed,v.this‘ could be a primary
regulatory point for the distribution of ca.rbon to the three major
classes of end pioducts—fats, proteins and carb_ohydrates. ~ Clearly

the control of the supply of acetyl Coenzyme A would regulate fat :
synthesis. Glycolic acid formation and oxidation to glyoxylic acid,
followed by transamination to give glycine, could serve to regulate

the rate of protein synthesis. The. small pool size of the actilvely
‘turning over glycine pool may provide a limitation to‘ total protein
synthesis. Cex’borwdrate synthesis could then depend upon the net o
accunmlation of carbon in the cycle in exces_s of that drained off for
the synthesis of proteins and fats. ,

| ] bbyiously'this"is a most tentative speculation. It 18 intended merely
to illustrate the kind of branch points and‘ 'control mechanisms that we ._*
mist look for if we are to make a serious effort in the direction of
regulating the qua.lity, as well as the quantity-of products of photo—
synthesis.

Aside from the synthesis of lipids and phospholipids a considerable
portion of the carbcn in a developing chloroplast must go into the
piosynthesis of key pignents such as chlorophyll and ca.rotene. ‘The
biosynthetic pathways to these substances are well known in the litera-
ture, and there is no reason not to suppose that the synthetic pathways a
occurring in the chlomplast follow - similar routes and: utilize appro-
pria.te starting compounds derived from the photosynthetic carbon

e
reduction cycle. ' e e

&
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- FEGULATION OF PHOTOSYNTHETIC METABOLISM
Let us now turn to thé principal subject of this discussion—
that is, the mechanisms of metabolic regulation in the photosynthetic
apparatus. I shall then attempt some suggestions about possible ways

in which we might hope to utilize these regulatory mechanisms in

A influencing by external means the course of metabolism during photo-

synthesis.

D_uring the past several years w;a have canducted a number of
investigations on the kinetics of photosynt;hetic metabolism in wni-
cellular algae, during conditions of both steady-state photosynthesis
and suddén environmental change. Tnese changes have included variation
in prws_;cal factors, such as light and carbon dioxide pressure, and
also thé app].ication. of certain chemical substances whiéh penetrate
the cell and interrupt, or alter, the normal course of metabolism.

'I‘he basic 'technique for carrying out these studies is to eétab?— :
lish a condition of steady-state photosynthesis (30), usually with a

species of unicellular algae such as Chlorella éymnoidosa. The radilo- '

active tracer, 14¢ in 1405, 32P in phosphate, or both, is then added

in such a way that the chemical level and specific radioactivity of

- the _iso,tope‘ i1s maintained throughout the course of the experiment. .
N _

Small Samples of the algae are taken from time to time and are quickly
kdlled in 80% methanol. .

The environmental change , whether physical or chemical, 1is theh

~imposed and samples are rapidly taken during and ai‘tér"vthe period of

transition from the condition of steady-state photosynthesis to the new

\
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physiologicalvs’cate. §ubsequen’cly, all of the samples of killed _.
plant méteri’al are subjected to two-dimensiocnal paper chromatography -
‘and radicautography. The amownt of each isotope in each individual
intermediate compound ﬁ'om each sample is then determined by appro-'
pfia‘ce counting techiiques; Fiha.uy, the level of_tracer in each
" sample as a function of time is plotted.

An analysis of the steady—state levels of intennediate compounds
and of the changes in these levels upon the imposition of the environ-
mental change permits us to draw conclusions about the dynamic behavior
of the system.. This behavior provides clues about the interaction |
between the various subcellular compartments in the cel-l, the chloro-
plasts and "thé' cytdplaém. Also we can learn something abouf metabblic
regulation, as, for example s be‘cv}éen ligut and dérk. | Ihfométion can |
be obtalned .abouﬁ valteratims in the flow of cérbon along vérious
biosynthetic pa'chways that have been induced by these physical changes
or by added chemicals.

Some of the earlier' studies were performed.with various well known

inhibitors of photo-e1e¢tron transport, and photosynthetic phosphory- 7

lation (34). In general, the results. of thesé‘studies'were_ pfe.dictable: '
inhibitors of photo-electron transport resulted in chahges in the carb_on

reduction cycle very“similar to those induced by turmning off the light.

The mtempti® of the suppiy of electrons and of ATP stopped the |

~ formation of RuDP from RhSP,- and the reduction of PGA to triose

phosphate. 'Ihé transient chahges produced v}ere as would be predicted.
An 'mterestipg result was found upon the addition of the compound

e
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Vitamin KS' 'Th;s compound 'h_ad been reported to be a stimulator of

cyclic photophosphorylation (35). Cyclic photophosphorylation is,

in a sense, accomplished at the expense of net photo-electron

transport, which results in the reduction of NADP. Electrons,

-raised by light reaction 1 to a high reducing potential, are cycled

- back through a phosphorylation step instead of being used for NADP

reduction. The addition of Vitamin Kg should therefore produce an

excess of ATP and a deficiency of NADPH. Thus, it might be possible-

to simulate in the extreme an effect of an inbalance between the

supply of electrons and high energy pbosphate; It seems possible

‘that the balance between the supply of these two cofactors may con-

stitute one facet of metabolic regulation of end ‘products in photo-
synthesis. | |

Addition of Vitamin Ks in sufficient concentration to inhibit .

V photosynthesis caused a greatly accelerated formation of oligo-

saccharides and polysaccharides. Such an acéeleratim would indeed
be consistent with the concept that an exaggerated supply of ATP

might favor those reactidns of ‘macromolecular synthesis vhich require

only ADP and not NADFH.

Soon after Vitamin K5 addition, 6-phosphogluconic acid was seen
to accumlate in thelight for the first time (Figure 5). Later the
| v Insert Fig. 5 about here
amount of ribose-5-phosphate also increased, clearly indicating the
operation of thé oxidative pentose phosphate cycle in the light in
contrast to the usual finding that it was seen anly in the dark. It

/.
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therefore appeared that the interruption of photo—eiectroxd transport
caused NADP to be canverted entirely to its o:tidized 'fom, thereby
- stimlating sugar omSphate oxidation via the oxidative pentose phos=-
phate path@y.' | | | |

Another interesting class of inhibitors proved to be the fatty
acids of chain length six to elght carbons, and the fatty acid ester,
_methyl octanoate (36). The effect of the addition of these inhibitors
'v at the level of around 5 x 104 M is to inhibit reversibly photosyn—
thesls in whole algae cells.: 'I'he fatty acids Operate in their undis-
soclated form, since, to be effective, they mist be added at pH 5. It
the pH is m'sea to 7, the effect can be Ireversed and photosynthesis
is restored indicating that the fatty aclds have dissociated and
dift‘used out of the algae into the medium.

This behavior suggests that these inhibitors act at some 1ipid-"
_containing‘ surface, or lamellae. Our current- lwpothesis is that the
»“introduction of the fatty acid, or its ester, somehow reversibly
- alters the structure of the lipid layer. This structural change

would cause a loss in capacity for photophosphorylation'. I_

The metabolic effects of the addition of these inhibitors are
a sudden cessation of photOphospho_rylation, Inactivation of the
,’ ﬁuctosediphosphata\se and- sedoheptulose diphosphatase reaction, and
'inhicition-of the carboxylation reaction. The sites of these inhibi-
tions of the carbon cycle are shown in Flgure 6.

Insert Fig. 6 about here
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It is of particular interect ‘that these three seemingly unrelated
reactions of photosynthesis should all be affected be the same inhibitor.
Whatever the mechanism of the relationship between photophosphorylation
and the diphosphatase and carboxylation reactions, the fact ‘that they
are related strongly suggests some type of close metabolic regulation
which will permit the plant to swifch its metabolism. As we shall see,
the faﬁty acids and their esters seem to be mimicking light-dark regu-

lation in some respects.

'Light-Dark Transierit ‘Studies

Using the tecmiques Just described, and employing both 32p and
14¢c as tr'acers » Wwe have studied the metabolic behavior of unicel]_.ular
algae during light-dark and dark-light transitions (37). These
stndies 'géve some intcresting indicatlions about the relation between
photosynthetic and glycolyt‘ic reactions in the green cell, and the
mechanism of enzymlc regulation of these reactions between 1ight and

Seesscevennve

dark. ' . : Inser't:..lj‘.’}g:_’z.a.whout here

The 14¢ labeling of PGA (in this experiment saturated in the
1ight) increases rapidly when the light is turned off, due to the
sudden stopping of the supply of ATP and electrons I_‘rcm ‘pho’coche.mical

reactions(Fig. 7). Shortly ’chereafter, the level of PGA rapidly falls

~and continues to decline in the dark, due to the conversion of PGA

to various hiosynthetic secandary products of photosynthesis.

Prominent amongst such products are amino acids, for example, alanine.
When the 1ight 1s tumed on again, the level of 1*C laveling of PGA

drops slightly, due ‘to the sudden supply of electrons and ATP for its
reduction, and then rises gradually toward steady-state light ievel.v |
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' The 2p lebeling of PGA parallels the 146 1abeling in the light,
as would be expected by the operation of the photosynthetic car‘ooh
‘reduction cycle » which continuously introduces corhpletely labeled
100, and 32p-labeled PGA. When the light is turned off, the 32p
labeling of PGA rises and begins to drop,. sti1l following the g
labeling. | | | | .
The_ri‘, during the ‘continued dark; period, the 32p iabenng of
PGA levels off and does not drop in parallel with the 14C labeling.
This clearly shows that new PGA 1s being made by the plant cell from
carbon sources which have not became appreciably labeled with SETN
during the previous period of photosynthesis. of course either
photosynthetic or glycolytic formation of PGA introduces completely
32P—labeled phosphate. So far, the results could be expla_ined in
ten_ns of sepa.ra_te ,site_s for PGA formation in photosynthesis and in
g,lycolysis. The pi'esmxption ‘would be that the photOSynthetic pool -
of PGA .had declined to a low level while the pool of glycolytic PGA
had risen. | | v » |
‘However, when the light is turned on again, the 32P-labeled .
pool of PGA_',”which now must be presumed to be primarily gly.colytic
in orlgin, drops ve_ry.’rapidly. ‘This. indicates that reduction of PGA
1s immediately caused.by electrans and ATP from the light re,actions.
It therefore appea_.rs that there is a rapid interaction between photo-
synthesis and glycolysis. ' ‘ v
The carbon and phosphoms labeling of other sugar phosphate -
intermediates in the carbon reduction cycle followed similar pattems.
In t_he light , and in the first few seconds of darkness, the labeling

0
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~ with carbon and phosphorus was parallel. In the subsequent dark

perlod and in the first few secands of 1light there was a large dif-
ferential between phosphorus and carbon lebeling. |

From these tracer studies it may be concluded that intermediate
compounds of photosynthesis and glycolysis are readily interchangeable.
There are two ways in which intermediate compounds could be ‘acted upon
by enzymes of both photosynthesis ‘and. glycolysis: (1) Intermediates
of the two prbcesses could diffuse freely bétween chloroplasts and
cytopl_asm, vwhiie thé enzymes reSponSible for the two procesées weuld
be segregated, as.be_tween chloroplast and cytoplasm. (2) Enzymes in
the chloroplasts mighﬁ be capabie 6f carrying out reactions of photo-
synthesis in the light, and:then through some switching mechanism

v . : v

perform'é type of glycolysis in the dark.

 Experiments with isolated chloroplasts can help us to decide

_ between these possibilities. During the past year it became possible,

as a result of improved tecmiques of chloroplast isolation and incuba-
tion in our laboratory, to achieve high rates of photosynthesis of
carbon 'coupounds from carbon dioxide with isolated chloroplasts (38).

These rates of complete photosynthesis with isolated chloroplasts

_approéch 65% of the in vivo rates for 10 to 15 minutes. These periods

of time are suf_ficient for us to study the kinetics of ihtehnediate’
formation and transport from the chloroplasts. Also we can investigate

light-dark transients and the possibility of conversion from photosyn—

thetic to glycolytic metabolism.

When kinetic studies were performed on the labeling of photosyn-

thetic intermediate campounds by chloroplasts in the presence of 14
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and 32?, it was found that a disproportionate amount of labeled carbon
and phosphoms appear in dihydroxyacetone phosphate (DHAP), and, to &
lesser extent, other: compounds. VA typical radioautograph of the
products of photosynthesis with isolated chloroplasts and labeled
carbon and phosphorus is shown in Figure 8.
Insert Fig. 8 about here

ceenscec® s

The reason for this accentuation of certain photosynthetic inter-

mediates was found when we carried out experiments in which the chloro- -

'pla'sts were quickly centrifuged from the suspending medium prior to
killing with methanol. Analysis of the éeparated pellet material and
supema‘éant mai:eria.l showed that there had been é very large export of
photosynthetic intermedlate compounds into the supernate.

Of equal Interest was the fact that the export of cdnxpounds from
the chloroplast did not appear to be an indiscriminate leakage. If
~ the transfer of compounds from the chloroplast to the suspending
medium were the result mex_‘ely of holes in the chloroplast membrahe, |
one would expect an approximately equal proportion of ail of the mteb-
mediate compounds to come out of the chloroplasts. But this was né‘c
the case, as shown by the data in Table I which glves the rates of

Insert Table I about here

appearance of radlocarbon in Intermediate compounds and other products

“of photosynthesis in the.pellet and in the supermatant solution at
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3 minutes. By far, the greater part of the compounds found to be
heavily labeled in 1solated chloroplasts are quickly transported into
the supermmate, while other intermediates of the photosynthetic car-

bon reduction cycle, such as F6P, S7P and RuDP, are rather well-

- . retained in the pellet.

Of course, the pellet must retain a certain minimal amount of

all of the intermediates of the carban cycle, if the carbon cycle is

‘to continue to run. It might be supposed that the fall-off in the

rate of photosyntheslis of carﬁon conpounds, after 15 or 20 minutes
in isolated chloroplasts, is due to the loss in the ability of the
chloroplast to reﬁain this ndnimal quantity of photosynthetic inter—
nediatés. However, the reason for the rate decline 1s probably more
subtle;. We shall see in a moment that in trahsient studies, such as
between light and dark, the chloroplasts have the ability to reabsorb
intermediates from the suspending medium. In any event, if inter-
medlate conpbunds diffuse freely between chloroplasts and cytoplasm

in vivo, as they do between isolatéd chloroblasts.,and the suspending

 medium, the transient changes between light and dark resulting in

utilization of photésynthetic-intermediates by glycolysis can be

,understood.

vNevértheless, interaction between the two processes at the level
of metaboiites'posés other questions. if the métabolic intermediates
are 1n contact with enzymes of both photosynthesis and glycolysis,
then certain switchihg mechanisms for some enzymic activities would
seem to be requireds



D 8w

Consider the enzymes ﬁuctose-l',6-diphosphatase (catalyzing a
reaction of photosynthetic carbon reduction) and phosphofructokinase
(a reaction of glycolysis). The diphosphatase would convert FDP to -
F6P and inorganic phosphate as a step in the ohotosynthetic carbon
reduction cycle. Then F6P would diffuse to the site of the phospho-
ﬁuctokjnase, where it would be phosphorylated with ATP to glve FDP.
The FDP could then recycle ‘chrougfn the photosynthetic step to give
F6P and inorganic phosphate. - The net. effect would be equivalent to
an ATPase activity resulting in the rapid hydrolysis of photosyn-
thetically-produced ATP in the light, and of A‘I’P produced by oxidative
phosphorylation in the dark. |

Perhaps this undesirable ef‘f.‘ect is partly prevented by ’che apparen‘c
retention of F6P by the chloroplast However, light-dark k_inetic

studies with a.lgae cells indicate that there is an additional switching
(37).

mechanism. / In Figure 9 is shown the lthC labeling of FDP and SDP during -

'

Tnsert Fig. 9 about here

photosynthesis in the light and during the trensition to darkness. The
‘level of FDP f‘ell rapidly when the light was turned off as would bé
expected f‘rom the fact that PGA is no longer being reduced to triose
phosphate, which condenses to make FDP, However, after about one. and
a half minutes the :leyels of FDP and SDP rise markedly, passing -through
‘maximums and then declining to steady-state levels which are character-
_istic of the dark. "
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It appears.that FDP 1s being formed by a phosphofructokinase
reaction utilizing ATP, as glycolysis begins in the dark. At present,

- no good reason can be suggested for the formation of SDP. Perhaps 1t

is an accldental result of the release of triose phosphatev by aldo-
lase following the formation of FDP. This triose phosphate can then
react with some ery‘chfose-ll—phosphate » which présumably can still

come from F6P by transkefola’se—mediated reactions. | In any event, it
1s clear that 1f FDP and SDP can diffuse freely back and forth between

the sites of photosynthesis and glycolysis, as the experiments with

‘1solated chloroplasts indicate, the diphosphatase which was active

While the light was on must have been switched off in the dark,
beginning about one to two minutes after the onset of darkness.
flhat there is sufficient ATP to permit phosphofructokinase

. reactions in the dark is clear from the data shown in Figure 10. In

Insert Fig 10 about here
this and other experliments we have frequently seen that the ATP l‘evveil, _
which declines momentarily when the light is tumed of f rapidly, comes
back to an equal, or higher, level than that observed in the light.
o 'me transient chan_ges in pyrophosphate (PPi) seen in the_ same
figure should be interpreted with caution. It must be noted that the
1_1ght-dark transients seen In this experiment with pyrophosphate have

" not always proved to be reproducible in other experiments , and the

reason for this variation 1s not yet clearly wnderstood.
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It has been suggested (39) that p'ymphos'phate may arise, at

least in bacterial photosynthesis, as a side reaction from a precursor

" of ATP. In our experiments with algae photosynthesizing in the
presence of 32P-labeied_ phosphate, addition of methyl octanoate:
caused a very rapid decline in labeling of ATP and, at the same time,
a mmentary increase in the level of‘ pyrophosphate., » This finding
could also be interpreted as indica.’cing PPy derivation from a pre-
cursor to ATP in photophosphorylation.

However, it must be remembered that pymphosphate can be pro-
duced by a variety of metabolic reactions, some of which are of
‘ great importance :Ln photosynthesis. _ As noted earlier, pyrophosphate
is produced by the reaction of U’I‘P with glucose-l—phosphate to glve
UDPG.' ’i‘he forhxatio_n of ADPG from ATP and glucose-—l-phosphate also
produces pyf'ophosphate. : jPreswnably'these reactions occur at a much
greater rate in the light than in the dark, and the increased level -
‘ofv pyrophosphate might result from a shift in the steady-state concen-
tration due to it_:s increased formation by such reactions. An addi-
| tional possibility is that pyrophosphatase is itself subject to B |
light-dark control, perhaps as a part of some regulatory mechanism.

This brief discussion of PPy changes serves to point up the
~ complexity of the interactions of metabolites from diverse biosyn-
thetic pathways » and the need for experiments designed to observe
similtaneously the levels of transient: changes in as many as possible
of the metabolic compomds involved in these networks of reactions.
The simultaneous ‘employment of 14C and 32P in careful kinetic studies

during steady-state photosynthesis with homogeneous populations of

-~
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cells or intact chloroplasts seems to offer consider_able hope for -

future research in this area.
Another facet of light-dark control in photosynthetic cells seems
to be Indicated by the data shown in Figure 11, which was obtained
Insert Fig. 11 about here -
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from the experiment with unicellular algae grown under levels of COp
appmximating those ofbair537l)1nder these conditlons the level of ribu-‘
lose diphosphate is much larger than that oi‘ any other intermediate of
the cérbdn red‘uc‘tion. cycle. Consequently, ribl_ilase diphosphate. 1is
found for a significant time after the light is tumed off. However,
if fhe venzymic ‘aetivity remains constant for the carboxylétion reaction
in 1ight and dark, one would expect the rate of disappear‘a:ice of RuDP
to be always proportional to the concentration of RuDP, unlese the
level of RuDP were above saturation.

What we see is that as the level of ril)uloée diphosphate decredses,
its rate of disappéar'anc_:e is not in a constant propertion to the level
of the RuDP. The result 1s that after several.minutes the rate of
disappearance of RuDP ié practically zero, andv the RuDP perslsts for
many minutes of darkness. This clearly indicates that the activity of

“the carbo:qlation reaction is greatly diminished in the dark.

It was no'ced some years ago (40) (lll), and was recently confirmed
(42), that the level of bicarbmate required for half—saturation of
the carboxylation reaction with RuDP in the presence of the isolated
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carbo)quation' enzyme is of the order of 2 x 102 M, Howéver, in _whole
célls , as well as in isolated chioroplasts (38) the level of bicarbohate
~required to achieve : half the saturating rate of carboxylation is approxi-
mately 6 x I!.O‘JJ M. Thus, it seenaé that there may be some light vactiva-
tion forv'c'h‘ev carbomlati'on reaction (not necessémily the enzyme activity
it$e1f) Whigh_‘requix{es’ a degree of organization not found with the
isolated ené.yme_s. The light-dark switching of the activity of the
carboleation reaction indicated by the Kkinetic data with the whole
ceils"nlay be a light-dark switching of this activation of the carbon
dioxide, or }bica;fboné_te.

, . We have»‘beeh able recently to carry out light-dark tranéient
studies with spinach chlomplaéts. In these experiments both 32P-
labeled:-phosphate and 1“002 were employed as tracers. The level_s of
* labeling '-m 3.PGA4'during'phot_;osynthesis ‘_and then in the dark are shown
in Figure 12. In contrast to the results with whole algae cells, there

Insert Fig 12 aﬁout‘.here
1s no evidence for glycolySié m'fthis case. The éurves for 14¢ ana
32p labeling rermin exactly parallel throughout the course of the
experiment . | | | |

Also, it 1s clear that th»eré is little dark conversion 61‘ PGA to ®
Seqmdax'y pmducts, indicating either that the isolated éhlpr‘oplasﬁs -
vhavej _loétb the capability for such conversion or that most of such’ con-

version ocours outside the chloroplast. It should be remembered from
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Table I that most of the PGA is exported from the isolated chloro—
plasts to the medium, and the remaining level of PGA may well be too
low to permit such biosynthetic pathways to be followed.
Figure 13 shows the behavior of RuDP labeling. Labeling with
Insert Fig. 13 about here
32P and 1%¢ 1s quite parallel throughout the experimerit. There is a

clear indication of light-dark switching of the carbo;wlation en:iyme

‘in this figure. The level of RuDP falls during the first minute of

" darkness, Then the level of RuDP remains quite constant for the

rema:inder of the Vdark period, suggesting the inactivation of the
carboxylation reaction. ' When the 1light is turned on, we see a very
large rise 1n the level of RubP, suggesting that the light activation
of the carboxylation reaction is r_xot complete during the first minute
of»lvight." Then the level of RUDP falls back towards some steady-state
level. Présumably the carboxylation reaction is now functioning at
the steady-state light rate. |

The level of 33P‘and 1h4¢ in dihydroxyacetone phosphaté (DCHAP) 1s

‘shown in Figure 14. The labeling of DHAP falls about 40% during the
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Insert Fig. 14 about here

period of darkness, despite the fact that bther experiments indicate
that 80% or.more of'the THAP is in the supermnatant at the time the light
1s tumed off. Thus, some DHAP diffuses back Into the chloroplast .from

the suspending medium. The transitory peak in DHAP labeling immediately
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after the light is tumed on has been observed in other experiments
as well as this one;' It may be the result of the dark inactivation
| postulafed for the diphosphatase reaction. Thus, an increase in the -
lévels of FDP and SDP before the vactivation of the diphbsphatase could
be reflected in an incréase in the levei of DPfAP. v' ,
 Figure 15 shows that the level of ATP declines greatly in the
Insert Fig. 15 about here
dark and rises rapidly in the light. More surprising is the fact that
the level of ADP also declined in the dark and rose again in the light.
This fall_ and riée in ADP in this particular expefiment i's‘ well vdutside
the iimits of""ex‘p’ezz*b:!.me.ntalv error; but with other isolated 'chlomplést |
expériments this effeci:' has so far not proved reproducible. Nonethe~
less, it suggests that with this pérticular chloroplasf: pfeparat_:ion R
there must have been an active myokinase, or adenylate kinase,} activity
which brought about the following reaction:- 2 ADP < ATP + AVP.
Thus » When the light is turned off and photophbsbhorylation ‘stops,
the lével of ATP falls due to the continued requirement of the 6pera—
tion of the carbon reduction cycle. Upon the depletion of ATP, the
equilibrium would cause ADP .to be converted to ATP and AMP, with thé
ultimate result ,b_éing the conversion of both ADP and ATP to AMP
The consequences of this myokinase activity ;éould weii be the
regulation of key enzymlc steps by the level of AMP. Another possi-.
bility 1s that the level of inorganic phosphate rises in the chloro-~
plasts during the dark and itself causes an mhibition of certain key
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reaétions. Thus,.the inhibition of ADPG pyfophosphorylase by -
inorganic phosphate,vaccording to Prieés, et al.'(ﬁ3), may ‘be a
means of light-dark regulation of starch synthesis in leaf chloro-

plasts. During photosynthesis the level of inorganic phosphate

-would be kept low and the activity of the ADPG pyrophosphorylase,

stimulated by PGA, would be high, thereby permitting active starch

synthesié. In the dark the level of inorganic phosphate might rise

and thereby duerlch the activity of this biosynthetic;. pathway..
SUMMARY AND CONCLUSiONS _

Photosynthesis broduces asvend productS;hot'only sugars and carbo-
hydrates, but prqteins, fatty acids, fats, and a great variety of
other'cbmpounds_reQuired for the regeneration 6f chloroplasts. When
green cells are rapidly.growing and dividing, so also are the chloro—
plasts growing and dividing, and a large proportion of photosyntheti-

.. cally incorporated carbon dloxide is utilized for the production of

- these diverse end products.

I have attempted to outline, insofar as they are known to us, the
pathways leading from carbon dloxide to these end products. Itbseems
most likely that the green plant cell employs a variety of regulatory
mechanisms to control the flow of carbon to various:end'products,
depending upon the requiremeﬁts imposed by environment and upon the
physiological state of the cell. I have given some experimeﬁtal évi-
dence indicating that light-dark regulation of metabolism in chloro- -

plasts 1s not accomplished solely by the supply, or lack of it, of

electrons and high energy phosphate from the photochemical reaction.
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Rather, there are additional control points, particularly at the
1e§el ‘of the diphosphatase reaction and the carboxylation reaction. ] -
It may be that the administering of fatty acid esters, such as methyl
_octanOate; can mimic the effelct of darkness , since the same reactions
are affected. _

The need for these regulatory mechanisms becomes more apparent
““when one vviews the evidence for interaction between reactions of
photosynthesis and glycolysis and the diffusion of intermedilate com- -

' pomc‘sbetween the sites of these two processes. " Many interesting
questions remain to be answered regé.rding the apparent differential
export of photosynthetie. intermediates from the chloroplasts. Of

~ great iniportance are ouestims about branch points at which carban

is drained from the primary ‘photosynthetic process and utilized in
‘the sy\rith\esis of various ‘end products. How is the flow of photosyn=
thetically reduced carbon into end products distributed at these
branch points? ‘ _ | |

. A better understanding of these regulatory mechanisms shou.ld be
of ‘value to future agrieultu_ral research. Perhaps it will be possible
lto manipulate‘ the regulsto_ry mechanisrns to produce more or better enc\i
products in photosynthesis in green 1eaves. ‘ |

Experiments with various chemical inhibitors alreaziy suggest that

we can alter the ratio of ATP to electrons supplied for the photosyn- @

thetic reaction'of carbon reduction to end products, ‘and that we can

-

mimic certain phases of light-dark regulation. Thus far, experiments ‘
have been limited tov levels of inhibitors which canse complete inhi- .
bition of pmtosynthesis.‘ Experiments with careﬁllly controlled
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~lower 1levels of such inhibitors might well bring about interesting
changes in the quality of photosynthetic products over 1onger periodé
of,t:_lme.; vaiously, such applications and extensions bf dux_‘. knowledge
to agricultural researc;h will be of primary intere.s‘c to those con—
'céined with the'qualit'y of green leaves as agricultural products.

'Ihe“inporténce of'such control of products of green leaves must
not bé'mdgrratgd. Leaves which cén be consumed direci:ly as .food by
people may well become much more important in- agriculﬁure in the
- future. If leaves used for fodder are enriched in 'fat$ and _px?ote;m,
gre.ater pr'oductivity' of animal protein can be achieved. Utilization
of such po'cehtially vast cnopé as jungIe foliage might become an
economic reality if a light chemical spraying by airplane could
reé.ul‘t,. a few days or weeks later, in leaves gréatly enriched in
fats and protein. | .

Such hopeful 'prédic’ciqns are mere Specuiations today. Nonethe-
less, today's vand ';Ombmw's diséoveriés of the nature of the distri-
bution of photosynthetically reduced carbon, and the'. vmchénisms of
reé;latiqn of this distribution, provide a basis for a new era of
agricultural éxperimentation. | | |
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Table I

Rates of Formation of 1¥C-Labeled Compounds in Isolated Spinach

Chloroplasts Photosynthesizing with l4co,,
Rates at 3 min
, : ym 14¢/mg Chl/mr
Compound : Supernatant
S U - 'Pellet "~ 'solution
3-Phosphoglyceric acid : 2.90 26.70
Dihydroxyacetone phosphate 0.19 16.20
Phosphoglyceraldehyde = : 0.07 - 1.58
Sugar diphosphates 0.15 2.70
Hexose and Heptose monophosphates 3.15 ) 0.93
Pentose monophosphates 0.27 ’ - 1.20
Sucrose v - 0.17 -
Unidentified :Spot "M" 0.12 0.99
Aspartic, acid ' 0.035 0.15
Malic acild . 0,055 : -
Serine ' 0.036 ~  0.036
Alanine 0.0u44 -
Glycine Negligible 0.10
Glycolic acid 0,07 4,50
Total . 7.26 55.11
Grand Total 62.37

Measured externally 65.0

.........................................................

Ié\
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(legends) ‘»

Flg. 1.

The Carbon Reduction Cycle of Photosynthesis.
Asterisks denote the approximate order of 1“0 labeling of
specific carbon atoms of internediate compounds of the cycle

in experiments 1n which plants were allowed to photosynthesize

for a short time with 4C0,. Such experiments and their

interpretation have been reviewed elsewhere '(2)' (3) '(5).
I. ribulose-S-phosphate (Ru5P); II. ribulose-l S-diphosphate
(RuDP) III. 3-pho.>phog1yceric acid (PGA); IV. phosphoryl—3—

phosphoglyceric acid; V. 3—phosphoglyceraldehyde ( GA3P) :

VI ﬁ'uctose-G-phosphate (F6P); VII. dihydm;wace‘cone phosphate

(I:HAP) VIII. fructose—l 6-diphospha’ce (FDP); IX sedoheptu=-
lose-7-phosphate (S7P) s X, sedoheptulose—l 7-diphosphat;e (SDP) ;
XI. ribose-5-phosphate (R5P); )CCI thiamine pyrophosphate
glycolaldehyde addition compound (TPP-CHOH-CHZOH) , phospho- .
enolpymvic acid (PEPA), thiamine pyrophosphate (TPP) :

XIII. :wlulose-—S—phoSphate (XuSP), glucose-6~phosphate (G6P)..

E’tzymes: |

7. ribulose-s-phospha‘ce kinase; 8. ribulose diphosphate
carboxylase (carbo:wdisrmz’case) 9. phosphOglyceryl kinase,
10. trlose phosphate delwdrogenase ; 13. triose phosphate |
isomerase; 14 and 17. aldolase; 15 and 18. diphosphatase; 16,

19 and 21, transketolase 3 20. phosphoribose lsomerase; .22.

ribulose phosphate~xylulose phosphate iscmerase; 23. hypo-

 thetical reduction of PGA molety.
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Comparison of 14C labeling of PGA, F6P and STP, and
glycolic acid during photosynthesis in 1solated spinach
chloroplasts. |
Photosynthetic 14C labeling of free and bound alanine.
Photosynthetic 14 labeling of free and bound glycine.
Changes in levels of F6P, RSP and 6-phosphogluconic acid
1nduced_by addition of Vitamin K5 to photosynthesizing

Chlorella pyrenoidosa.

Sites of methyl octanoate inhibition of the photosynthetic

~carbon reduction cycle.

Labeling of PGA with 32P and 14C during photosynthesis and

respiration of Chlorella pyrencoidosa.

Radioautograph of 32P and 14C-labeled compounds from chloro~
pléSt'phbtosynthesis.
Labeling of FDP and SDP with 1YC during photosynthesis and

respiration of Chlorella pyrenoidosa.

Levels of 32P-labeled ATP, ADP, UTP and PPy during light

and dark with Chlorella pyrenoidosa.

Labeling of RuDP with 14C during photosynthesis and

respiration of Chlorella pyrenoidosa.

Labeling of PGA with 32P and 14C during photosynthesis and
~dark in isolated spinach chloroplasts.

Labeling of RuDP with 32P and 14C during photosynthesis and-

dark in isolated spinach chloroplasts.



Fig. 14,

F_‘lg. 150

-44 -

Labelirig of DHAP with 32P and 4C during photosynthesis and
dark in isolated spinach chloroplasts. .
Labeling of ATP, AP and PPy with 32P during photosynthesis

and dark in isolated spinach chloroplasts.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

B. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report. ’

As used in the above, "person acting on behalf of the
Commission"” includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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