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Introduction

Photosynthesis is the process by which green plants and a variety
of related organisms are able to convert the energy of light (between
4,000 and 10,000 A) into chemical potential energy. This process is
usually depicted in chemical terms by an equation in which the re-
actants are the elements carbon, hydrogen, and oxygen in the form
of low-energy “‘compounds (carbon dioxide and water) and the prod-
ucts are molecular oxygen (for green plants) and carbohydrates.
Thus, the electromagnetic energy on the left side of the following
equation is converted, in part, to the chemical potential energy of
carbohydrate on the right side:

CO; + HyO + (hv) —- (CH;0); + O (1)

As a result of considerable work in which a variety of methods
were employed, especially during the last thirty years, this overall
energy conversion equation is usually written in two parts in accord-
ance with the hypothesis of van Niel. The first part describes the
absorption of visible light and its conversion into two or more chemi-
cally identifiable species. Once formed, these species would liberate
some fraction of the energy required for their formation if permitted
to react with each other. There is considerable evidence for the asso-
ciation of this initial energy conversion reaction with either a direct
or indirect separation of the water molecule of equation (1) into some
chemical reducing agent, designated [H] in equation (2a), and a
chemical oxidizing agent, designated [OH]. In green plants and other
oxygen-producing organisms the oxidizing agent is then disposed of

1



2 Introduction

by conversion to molecular oxygen which is liberated into the atmos-
phere (2b).

H,0 + E(w) — [H] + [OH] (2a)
s Sl
2[0H] — 10; + H,0 (2b)

The reducing agent [H] is used in the reduction of the carbon
dioxide to produce ultimately all of the carbon compounds of the
completely photo-autotrophic green organism. The present mono-
graph describes some of the work done in our own group together
with some of the related studies by others to gain an understanding
of the photosynthetic reaction as a whole, and more particularly of
reaction (2c).

CO; + 4[H] — (CH:0). + H:0 (2¢)



Defiration

As knowledge regarding the formation of organic compounds from
carbon dioxide and other inorganic materials in green plants accu-
mulates, it becomes increasingly apparent that it is difficult to dis-
tinguish which*transformatiens of carbon compounds should be classi-
fied as part of the pathway of carbon in photosynthesis and which
reactions should be considered as other metabolic processes of the
plant. All reactions of a photo-autotrophic plant rely ultimately on
the energy stored by the photosynthetic process. Therefore, any defi-
nition of carbon reduction during photosynthesis based on a require-
ment of energy or equivalents of reducing agents should specify the
requirement precisely. Even so, it is questionable whether such a
definition can distinguish between carbon reduction reactions of pho-
tosynthesis and other metabolic transformations of carbon com-
pounds. It is now belicved that energy-carrying compounds such as
adenosine triphosphate and reducing agents such as reduced triphos-
phopyridine nucleotide, which are formed during respiratory proc-
esses, also may be formed directly from products close to the primary
photochemical reactions of photosynthesis. Transformations of car-
bon compounds which require such substances and which take place
in the dark may also occur at a greatly accelerated rate during
photosynthesis. Furthermore, most, if not all of the reactions of
carbon reduction in photosynthesis are known to occur, although at

a diminished rate, in the dark long after the immediate reducing and
3



4 Definition

energy-carrying agents formed from the photochemical reaction have
decayed. '

In the past it has been popular to define the pathway of carbon
in photosynthesis as that sequence of reactions leading from carbon
dioxide to some carbohydrate, usually unspecified. For simplicity
this reaction can be written as:

CO; + 4[H] — (CHzO) + H.0

where (CH:0) represents the carbohydrate and [H] the reducing
agent(s) derived from the light “reaction.”

The attachment of special importance to the formation of carbohy-
drate as compared to fat and protein has stemmed from the closeness
to unity of the assimilatory quotient, —ACQ,/AQ,, in measurements
with a wide variety of plants, and to recovery from certain plant
leaves of nearly quantitative amounts of carbohydrate based on their
photosynthetic uptake of CO,. However, the deviation of the photo-
synthetic quotient from unity need not be great to permit the forma-
tion of appreciable quantities of both amino acids and fats. The
assimilatory quotient for protein, when nitrate is supplied as the
source of nitrogen, has an average value of about 0.8, while the
average value for fats is approximately 0.7. Observing photosynthetic
gas exchange in Chlorella pyrenoidosa, Myers® found assimilatory
quotients averaging about 0.75. This is in agreement with the fre-
quently observed fact that Chlorella pyrenoidosa, growing in contin-
uous bright light at photosynthetic rates which are many times
their dark respiration rate, produce in some cases as high as 509,
protein by weight and in other cases as high as 809, by weight of fats.

In spite of the above evidence, it might be postulated that a
carbohydrate is formed first and then rapidly converted to other
products. Fortunately, tracer experiments, to be described later,
permit direct measurement of the relative rates of incorporation of
newly assimilated carbon into the various products of photosynthesis.
More important, identification of the actual intermediates in carbon
assimilation and of the transformations involved make it possible to
state at which points the path of carbon branches to give the pre-
cursors of carbohydrate, protein, and fats. Figure 1 shows that the
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only precursor necessarily common to carbohydrates, fats, and amino
acids is 3-phosphoglyceric acid, the first stable product of carbon
assimilation in photosynthesis. Irom this common intermediate, vari-
ous transformations lead to a large variety of compounds including
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Fig. 1. Carbon compound synthesis from carbon dioxide in
plants.

all the major plant constituents. The major storage products thus
may be considered as essentially equal in precedence. It is true, of
course, that fats and protein may be formed in the dark from carbo-
hydrate, but the reverse process may also occur, depending on the
requirements of the plant for growth and metabolism. The leaves of
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such higher plants as sugar beet and sunflower often incorporate most
of their incoming carbon into carbohydrate, probably for convenience
of transport to other organs of the plant. Nevertheless, production
of fats and amino acids without the intervention of hexose intermedi-
ates in the green cells of even these leaves can be demonstrated by
means of the tracer technique.

In order to arrive at some unambiguous definition of the pathway
of carbon in photosynthesis, we will first define photosynthetic re-
ducing agents and photosynthetic energy-carrying compounds as
those compounds involved in transfer of reducing power and energy
between the primary photochemical reactions and the reactions by
which carbon is incorporated into more reduced or more energetic
compounds. Those reactions which incorporate carbon into more re-
duced or more energetic compounds and which use photosynthetically
produced reducing agents and photosynthetic encrgy-carrying com-
pounds in order to proceed, together with intermediate gnd prepara-
tory steps, such as hydrations, condensations, and redrrangements,
constitute the pathway of carbon in photosynthesis.
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Historical Background

1. EARLY DISCOVERIES

Following the discovery by Priestley (1772)% of the ability of green
plants to ‘“purify air,” the recognition by Senebier (1782)1 of the
importance of “fixed air” in the nourishment of green plants, and the
realization by Ingen-Housz (1780)% of the necessity of light for
photosynthesis, this process was partially presented in chemical terms
by Ingen-Housz in 1796%° who stated that plants acquire their carbon
by the decomposition of carbonic acid from the air, producing there-
from oxygen and organic matter. The participation of water in photo-
synthesis was established by the quantitative measurements of de
Saussure in 1804%* who showed that the increase in dry weight caused
by the assimilation of a given quantity of carbon is considerably
greater than the weight of carbon assimilated. Since the amount of
oxygen evolved in photosynthesis is known to be equivalent to the
amount of oxygen contained in the assimilated carbon dioxide, the
increase in dry weight of the plant in excess of the weight of assimi-
lated carbon could come only from water, taken up in some form
which could not be removed by drying. After the recognition by
Mayer in 1845% of the role of light as a source of energy for the
photosynthetic process, it became possible to formulate the overall
reaction of photosynthesis as a conversion of carbon dioxide, water,
and light energy to oxygen and organic matter, containing stored

chemical energy. Subsequent investigations of photosynthesis have
7



8 Historical Background

been concerned with the mechanism of photosynthesis and with the
types of organic matter produced.

2. FIRST CHEMICAL THEORIES FOR CARBON REDUCTION
IN PHOTOSYNTHESIS

The first chemical theory relating to carbon reduction during
photosynthesis was that of Liebig who proposed in 1843% that plant
acids are intermediates between carbon dioxide and sugars. This
theory stemmed from the fact that these acids are intermediate in
oxidation level between carbon dioxide and carbohydrate, and from
the example of ripening fruits which are first acid and later become
sweet.

This theory was disputed in 1870 by Baeyer® who postulated a
reduction of carbon dioxide to formaldehyde (after a preliminary
decomposition to carbon monoxide and oxygen) followed by conden-
sation of the formaldehyde to carbohydrate. Of the two theories, the
formaldehyde theory had the advantage of greater simplicity and a
great amount of effort was expended in attempts to demonstrate a
role of formaldehyde in the pathway of carbon reduction during
photosynthesis. These efforts proved unsuccessful, by and large, and
even where positive results were reported they were contradicted by
other workers. Perhaps the most recent effort to determine the pres-
ence of formaldehyde as an intermediate in photosynthesis was carried
out by allowing plants to absorb carbon dioxide containing a radio-
isotope, carbon-fourteen (C*) during photosynthesis, after which an
extract of the plant material was made and mixed with a small
amount of unlabeled formaldehyde. An aldehyde-trapping reagent
(such as 2,4-dinitrophenylhydrazine) was then added, and the alde-
hyde derivative was isolated and its radioactivity determined. The
amount of radioactivity found by this method was so little as to be
insignificant compared to the measured radioactivity of other com-
pounds identified as intermediates in carbon reduction during photo-
synthesis.

While the formaldehyde theory found little experimental support,
the theory of carboxylic acids as intermediates in carbon reduction
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has proved to be near to the truth. However, the key compound,
phosphoglyceric acid, was not suspected to be an intermediate until
tracer methods permitted its identification as an early product of
carbon fixation.

Although the theories of both Liebig and Baeyer would require
several steps in the reduction of carbon dioxide, perhaps the first
experimental evidence to indicate that photosynthesis is indeed a
multistep process came in 1905 from the work of Blackman? who dem-
onstrated kinetically that in addition to the primary photochemical
steps, photosynthesis involved one or more temperature-dependent
“dark” reactions. While some of these reactions are probably part
of the oxygen-evolving mechanism, as suggested by Willstatter and
Stoll (1918)%8, it is now known that many steps in the pathway of
carbon reduction are such dark reactions.

3. SerarATION OF CO3 REDUCTION FROM PHOTOLYSIS
OF WATER

(a) Early Formulations. Recognition of the complexity of photo-
synthesis raised the question of which reactions are photochemical
and which are thermal, or enzymatic. Also the problem of whether
it is carbon dioxide or water which is decomposed to give the evolved
oxygen took on importance. For a time most theories postulated
mechanisms in which some or all of the evolved oxygen came from
carbon dioxide without passing through water as an intermediate.
However, three lines of evidence, prior to the carbon tracer experi-
ments, have indicated that all the evolved oxygen comes from the
decomposition of water, the oxygen of the carbon dioxide being in-
corporated partly in reduced organic compounds and partly in water.

(b) Classtfication from Comparative Biochemistry. Photosynthesis
was formulated by van Niel (1931)* as a biological oxidation-
reduction reaction in which there is an intermolecular exchange of
hydrogen atoms between water and carbon dioxide. In 1913 and 1914
Wieland'®” had depicted respiration as a transfer of hydrogen atoms
from organic compounds to oxygen, while Kluyver and Donker
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(1926) postulated that various anaerobic fermentations are transfers
of hydrogen to acceptors other than oxygen. Thunberg (1923)"* sug-
gested that photosynthesis also may be an oxidation-reduction of this
type. Starting with the hypothesis of Kluyver and Donker, van Niel
(1931)!% compared photosynthesis in higher plants with photosynthe-
sis of the sulfur bacteria and suggested that the two processes are
similar, the hydrogen for the reduction of carbon dioxide being de-
rived from hydrogen sulfide in the case of the sulfur bacteria, and
from water in the case of higher plants. By 1941 when various types
of sulfur and purple bacteria had been obtained in pure culture,
van Niel® distinguished these organisms as members of several
classes. For those organisms requiring light and inorganic substrates
only, he wrote the general equation:

CO; + 2H,A + — (CH:0) + H,0 + 2A

(¢c) The Hill Reaction. Beginning in 1937, Hill®%®$ discovered
that chloroplast suspensions, prepared by grinding gréen leaves in a
phosphate-buffered sucrose solution and filtering through glass wool,
were capable of evolving oxygen in the light, when certain iron-
containing cell extracts were added. Later he found that the addition
of ferric potassium oxalate to the chloroplasts was sufficient to pro-
duce this reaction, which has become known as the Hill reaction.
Since that time various other oxidants have been employed, including
quinone. While the Hill reaction does not necessarily have to cor-
respond to & portion of the photosynthetic process, it is attractive to
believe that such is the case, the photodecomposition of water by the
two processes being the same and the added oxidant in the Hill re-
action accepting the electrons (or hydrogen atoms) which in photo-
synthesis are used to reduce carbon dioxide. Similarities in the effect
of certain inhibitors on the two processes, as well as similarities in
kinetics and other physical properties of the two systems have tended
to give credence to this hypothesis.

)

(d) Isotopic Orygen Experiment. A direct determination of the
origin of oxygen during photosynthesis was made by Ruben and
co-workers'® in 1941. Oxygen-eighteen was employed as a tracer
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element to label the water and the bicarbonate-carbonate at different
levels. The composition of the evolved oxygen gas was determined
and was found to agree with that of the water in oxygen-cighteen
content and not with that of the CQ. This experiment has been
criticized on the grounds that there may be an equilibration of oxygen
isotopes between water and bicarbonate molecules. It has not been
possible to completely eliminate this doubt, but the results are con-
sistent with other evidence indicating that the evolved oxygen has
its immediate origin in the decomposition of water.

(e) Carbon Reduction Reactions Considered “Dark” Enzymalic Re-
actions. As a result of these threc lines of evidence, there has been
the wide acceptance of the theory that water is first decomposed by a
photolytic reaction to give some reducing agent and some unstable
intermediate from which oxygen is evolved, and that the reducing
agent is then used to reduce carbon dioxide by one or more dark re-
actions. For the same reasons, the two hypotheses of Willstatter and
Stoll! involving the formation and dismutation of performic acid
from carbon dioxide and water were generally abandoned. Therefore,
carbon reduction during photosynthesis has been considered as a
process.involving only enzymatic ‘“dark reactions” of the type com-
mon to other reactions of intermediary metabolism. The connection
between these reactions and the photochemical reactions of photo-
synthesis is believed to be that certain key steps of the carbon-
reduction pathway require cofactors derived from the photochemical
reactions and capable of carrying reducing power (electrons or hydro-
gen atoms) and chemical energy. The eclucidation of the carbon-
reduction mechanism became a problem of discovering a series of
thermal, enzymatic reactions which lead from carbon dioxide through
various intermediate compounds to the end products.

4., RELATION OF GENERAL INTERMEDIARY METABOLISM
TO PHOTOSYNTHETIC CARBON REDUCTION

The development of the field concerned with intermediary metab-
olism, in particular carbohydrate breakdown, has proved to be of
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great importance in the discovery of the carbon-reduction pathway,
although this importance could not be recognized until in vivo tracer
experiments showed many of the intermediates to be the same. Thus,
by 1940, the Emden-Meyerhoff pathway of carbohydrate breakdown
via hexose diphosphate, triose phosphate, phosphoglycerate, phospho-
enolpyruvate to pyruvate was described in detail. Each step of this
pathway is now known to be important in photosynthetic carbon
reduction to either carbohydrates, fats, or amino acids. Similarly, the
pathway of pyruvate oxidation to carbon dioxide, described by Krebs
and Johnson® in 1937 and widely known as the Krebs cycle, plays a
part in formation of amino acids and other compounds.

It is apparent, therefore, that in order to establish the pathway
of carbon reduction during photosynthesis a method was required for
determining n vivo not only the reactions, if any, which are unique
to photosynthesis, but also which of the many enzymatic transforma-
tions of carbon compounds already known are important in this
process. In addition it was necessary to discover not enly individual
steps but also to place these steps in their correct relationship to one
another. In view of the dual role of most of these enzymatic systems
(in respiration and in photosynthesis) it would be impossible to
identify photosynthetic steps and establish their inter-relationships
from a knowledge of in vitro systems only. What was needed was a
method for analyzing the transformations within the photosynthesiz-
ing plant which would take advantage of the differences in rate of
reactions and direction of carbon flow through the sequence of com-
pounds in photosynthesis as compared to respiration.

5. DEVELOPMENT AND APPLICATION OF NEW METHODS

(a) Tracer Elements. The separation and identification of metabo-
lites as intermediate compounds in photosynthetic carbon feduction
proved to be an almost impossible task, despite the efforts of many
able investigators, as long as only classical methods of analysis were
available. However, in 1939, Ruben, Hassid, and Kamen!® reported
a method of using the tracer-element technique in following the
mechanism of carbon assimilation. In their experiments, the radio-
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active isotope, C!, was used to label CO; which barley plants were
then allowed to assimilate in the light and in the dark. It was found
that radiocarbon was incorporated into carbobhydrate not only in the
light, but in the dark as well. However, when the leaves had been
kept in the dark for 3 hours and then allowed to take up C!O,, no
radiocarbon could be detected’ in the carbohydrates. Of the radio-
carbon incorporated in the light, most was found to be in water
compounds which were soluble and which were not carbohydrate,
carbonate, keto acids, or pigments. Subsequent papers by Ruben
and Kamen (1940)1® reported investigations of the products of radio-
carbon uptake by Chlorella. The early products of carbon assimilation
were not identified but were found to contain a carboxyl group and
one or more hydroxyl groups. Most of the incorporated carbon was
found in the carboxyl group.

The early tracer carbon work was hampered by two factors. One
was the short half-life of the C'! (22 minutes) which precluded frac-
tionation procedures requiring long times. The other difficulty was
the lack of suitable methods for separating the complex mixture of
labeled metabolites which we know now is formed after only a few
seconds exposure of the photosynthesizing plant to radiocarbon.

In 1940-1941, Ruben and Kamen'*'% identified another carbon
isotope, C4, and discovered that it could be made by an (n,p) reaction
from N Thus, with the development of high neutron fluxes in nu-
clear reactors, it became possible to produce C* in quantities which
were quite adequate for biological tracer studies.

In 1947, Benson and Calvin'® reported experiments in which C
was employed to follow the dark fixation of carbon dioxide. This
fixation was found to be greatly stimulated by pre-illumination of the
plant (Chlorella) immediately before the exposure to C4O,. Also in
1947, Gaffron, Fager, and Brown* reported a continuous dark uptake
of CH0, by algae for periods up to 12 hours or more. By 1948, Calvin
and Benson,* using extraction, precipitation, and ion exchange col-
umn’procedures to separate C*O, fixation products, found phospho-
glyceric acid, malic acid, and alanine to be significantly labeled after
30-second photosynthesis with C*O, or one-minute dark exposure to
CHQ; following pre-illumination. However, the analytical procedures
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used by groups working with C* were difficult, time-consuming, and
in some cases led to contradictory results.

(b) Paper Chromatography. From 1941 on, Martin and Synge®*
were developing methods of partition chromatography on inert sup-
ports for the separation of amino acids. In 1944, Consden, Gordon,
and Martin® described the use of paper chromatography for the
separation of amino acids. This method of analysis, which has been
applied with modifications to almost every type of biological mate-
rials, provides a means of separating minute quantities of metabolites
from very complex mixtures. Thus, there became available in the
discovery of long-lived tracer carbon and paper chromatographic
analysis the combination of techniques necessary to separate the
chain of intermediate compounds formed by the photosynthesizing
plant in assimilating carbon dioxide and to distinguish these com-
pounds from other metabolites.

(c) Combination of Tracers and Paper Chromatogiaphy Applied.
The use of two-dimensional paper chromatography to separate the
amino acids formed during photosynthesis in Chlorella and Scenedes-
mus with C40,, and the use of radioautographs to determine which
amino acids were radioactive, were reported by Stepka, Benson, and
Calvin in 1948.1¢ Calvin and co-workers began to apply the combina-
tion of tracer studies and paper chromatography-radioautography to
the separation and identification of other types of compounds. By
1950 a large number of compounds had been identified as products
of carbon assimilation during short periods of photosynthesis (one
minute or less) with C40,. These compounds (amino acids, carboxylic
acids, hexose and triose phosphates, phosphoglyceric acid, etc.) were
all well-known from the field of intermediary metabolism. However,
that two heretofore unknown sugar phosphates played an important
part in carbon fixation was indicated by their early labeling during
short exposures of unicellular algae to C*¥0O.. These were identified by
Benson!? as ribulose diphosphate and sedoheptulose monophosphate.

As various labeled products of carbon assimilation were identified,
attempts were made to arrange them in some sequence and several
hypotheses were proposed, until the photosynthetic carbon reduction
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cycle, involving about twelve intermediate compounds and as many
enzymatic reactions, was evolved.”® The work leading to the elucida-
tion of this cycle may be considered under two principal categories:
the first of these was the development of improved analytical proce-
dures including chromatography, identification of radioactive com-
pounds found on the chromatograms, and degradation of these com-
pounds to locate the radioactive carbon atoms within the molecules.
The second category pertains to the conditions of exposure of the
plant to C'4. The two important types of experiment were: variation
of time of exposure of the plant to C*O, during steady-state photo-
synthesis; and variation in external conditions such as temperature,
carbon dioxide pressure, and chemical inhibitors after previously
allowing the intermediate compounds of carbon reduction to become
saturated with C!4. Subsequent analysis of labeled compounds per-
mitted observation of the effect of these variables on the pattern of
carbon fixation in terms of the distribution of C* among compounds
and among carbon atoms within each compound.
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Analytical Procedures

The literature on the separation of natural products including meta-
bolic intermediates by paper chromatography has become very ex-
tensive in recent years and has been thoroughly reviewed.®? The
present descriptions will be limited to some of the methods which
have been employed to study carbon assimilatioh and reduction
during photosynthesis.

1. PREPARATION OF EXTRACT TO BE ANALYZED

(a) Unicellular Algae. In a typical experiment with unicellu-
lar green algae (e.g., Chlorella pyrenoidosa or Scenedesmus) one
gram of plant material is centrifuged at 1,600 g., resuspended in
distilled water, centrifuged again, and resuspended to a concen-
tration of 19 (wet, packed volume/suspension volume) in
2.5 X 10-5M K,HPO,—KH:PO, solution. (This small quantity of
added phosphate improves the subsequent chromatography.) After
addition of radiocarbon in the form’of C“O. or HC"Oj3, and a period
of photosynthesis, the algal suspension is run into an amount of
boiling absolute ethanol which will give a mixture containing 80%,
ethanol-209; water. The mixture is then allowed to cool and after 30
minutes the insoluble materials are removed by centrifugation. After
decanting the supernatant solution, the solid material is re-extracted
with 209, ethanol-809, water at 60°C for 10 minutes and the mixture

is again centrifuged. The extracts are then combined and reduced in
16
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volume with a water vacuum and heating not in excess of 35°C to 2 or
3 ml. This material is carefully transferred with alcohol-water rinsing
to a conical centrifuge tube in which it is reduced in volume to about 1
ml. by evaporation with a nitrogen stream. The resulting thick sus-
pension is extracted several times by mixing with petroleum ether (30-
60°C boiling). The layers are separated each time by centrifugation
and the petroleum ether layer discarded or saved for investigation
of the lipid components. The aqueous layer is then ready for analysis
by paper chromatography.

During the above procedures, determination is made of the
amount of radiocarbon in the various suspensions and extracts. This
is done by taking a small aliquot from each and spreading uniformly
with drying on an aluminum disc. The radioactivity of the disc is
then determined by counting with a thin-windowed Geiger-Miiller
tube.

(b) Leaves of Higher Plants. In experiments with leaves of higher
plants, the leaf is taken from a chamber, after exposure to C4QO,,
and plunged immediately into a boiling solution of 809, ethanol-209,
water. The leaves are broken mechanically and allowed to extract for
30 minutes. In an alternative procedure, the leaves, after exposure
to C10,, are plunged into liquid nitrogen and ground with a mortar
and pestle to a fine powder which is then sprinkled into boiling
ethanol-water solution. This method is recommended where the leaf
is thick or for some other reason difficult to extract. In either method,
the resulting leaf-alcohol-water mixture is treated in the same way
as that described for the algae mixtures, except that an amount of
phosphate buffer equivalent to that added to the algal suspension
should be added to the final leaf extract to improve the chromatog-
raphy.

2. PREPARATION OF CHROMATOGRAM

(a) Amount of Material. In order to achieve good chromato-
graphic separation of intermediary metabolites it is important that
the amount of material to be analyzed be kept small enough to avoid
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overloading. For this reason the extract from not more than 20 mg.
(wet weight) of plant material should be applied to a single two-
dimensional chromatogram. Moreover, this material should include
not more than 300 ug. of inorganic salts.

(b) Application of Extract to Paper. For most purposes, a sheet
of Whatman No. 4 filter paper, about 46 by 57 cm. is used. This
paper is previously washed by soaking in 0.5% oxalic acid solution
for 2 hours and then rinsing with distilled water 10 times, after which
it is dried.

A measured quantity of extract is applied from a dropper or
micropipette to an area of the paper about 8 by 20 mm. at a distance
of 60 mm. from each edge of the paper and with the long axis of the
area of application (origin) parallel to the short axis of the paper.
As the extract is applied to the paper, drying is facilitated by a stream
of air which may be warmed, provided the area of application (origin)
is never allowed to become completely dry. When ghe last of the
extract has been applied to the paper, the air stream should be stopped
and the origin left damp. These precautions are required to reduce
the possibility of “‘sticking” of the compounds to the origin during
the subsequent chromatography due to formation of complexes be-
tween the compounds and the paper. The paper should then be placed
in the chromatography box or other humidified place to prevent
further drying.

(c) Development of the Chromatogram. For developing the chro-
matogram, the shorter edge of the paper, next to the origin, is folded
2 cm. from the edge. The edges of two such papers are placed in a
glass or stainless steel chromatography trough with a rod weight on
top to hold them in place. The two papers hang from opposite sides
of the trough over horizontal bars (to prevent siphoning) and with
the origins below the point of contact of the bar with the paper
(Fig. 2). The entire assembly is placed with the trough horizontal
inside a vapor-tight box. Wooden or well insulated boxes with double
pane windows are recommended unless a well thermostated room is
available. The combined effect of a chromatography room thermo-
stated to a 3-degree range (22-25°C) and wooden boxes is satisfactory



Fig. 2. Top view of chromatograms in chromatography troughs.



Fig. 3. Typical radioautograph from a photosynthesis experi-
ment,
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for maintenance of constant temperature during development of the
chromatogram. In practice, it has been found useful to develop six
to ten chromatograms in a single box, as the space inside the box
then becomes quickly saturated with the solvent vapor.

After addition of 90-110 cc. of solvent to each trough, the box is
closed and the chromatograms allowed to develop in the longer dimen-
sion of the paper. The solvent used in this first dimension is a neutral
solvent made up of 729, freshly distilled phenol and 289, distilled
water by weight.

After 10-12 hours the solvent has reached the end of the paper
and the box is opened and the papers placed in a drying cabinet
where they are allowed to dry at room temperature. The drying
cabinet should be blower-ventilated to the outside atmosphere. The
chromatography room should contain equipment to protect people
handling the wet chromatograms from possible deleterious physiologi-
cal effects of the solvent vapors. One solution to this problem is a
helmet covering ayes, nose, and mouth and supplied with a stream
of fresh air.

After drying, the papers are placed with their long edges (adjacent
to the origin) in troughs inside a box used only for the second solvent
and about 90 cc. of the solvent added. The second solvent, in this
case, is made up immediately before using, by mixing equal parts of a
solution of n-butanol (1,246 ml.) + water (84 ml.) and a solution
of propionic acid (620 ml.) + water (790 ml.). The box is closed and
the paper developed to the edge with this solvent (6-10 hours). The
paper is removed and dried.

(d) Other Systems. It should be noted that the above conditions
were chosen as the best ones for separating from plant extracts groups
of compounds having widely different solubilities and occurring in
greatly varying concentrations. There are better systems for each
specific group of compounds (i.e., amino acid, sugar phosphates,
carboxylic acid, etc.).? Moreover, if one wishes to obtain the best
separation possible of phosphate esters with the above systems, one
should allow the solvent to drip off the paper until two to three times
as much movement of the compounds of interest has been obtained
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as can be obtained by allowing the solvent to travel only to the edge
of the paper. The correct amount of time of development for this
purpose may be followed by placing a small quantity of suitable
mixture of colored indicators at the origin before development and
observing their distance of travel.

3. RADIOAUTOGRAPHY

After chromatography is complete, the papers are each stamped
at the corners with radioactive ink and placed in contact in the dark
with a sheet of single emulsion x-ray film, to determine the positions
of the radioactive compounds. About 10~2 ug. of C* activity distrib-
uted over a 6 cm.? area of the paper (an average-sized ‘‘spot’) is
sufficient to cause visible darkening of the film in 24 hours. This
amount of radiocarbon emits 22,000 beta particles per minute, of
which about 7,000 per minute escape from the paper, or 3,500 per
minute on each side. With two weeks’ exposure, 1420 of this amount
can barely be detected. This is nearly the limit of sensitivity of de-
tection by this method, since the darkening of the film by this number
of beta particles is just discernible above the darkening due to cosmic
radiation.

After development of the x-ray film, the positions of the radio-
active compounds on the paper are indicated by darkened areas, or
“gpots,” on the film. The radioactive ink and the corresponding
darkening of the film permit exact coincidence between film and paper
to be made any time after development. A typical radioautograph
from a photosynthesis experiment is shown in Fig. 3.

4., FURTHER SEPARATION OF OVERLAPPING COMPOUNDS

In some cases, two or more compounds may overlap in position,
even after chromatography, and it then becomes necessary to elute
them from the paper and separate them by a second chromatography.
This may be accomplished by choosing a different set of solvents or
by first altering the compounds chemically and then rechromatogra-
phying the mixture. Thus, in a typical experiment, the sugar mono-
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phosphate area, which is of considerable importance in the photo-
synthetic carbon reduction cycle, is eluted, the compounds incubated
at 37°C with a phosphatase enzyme, and the free sugars rechromato-
graphed on Whatman No. 1 filter paper with the two solvents
described above.

5. IDENTIFICATION OF RADIOACTIVE COMPOUNDS

(a) Position of Compound on Chromatogram. There are available
a large number of spray tests for identification of classes of compounds
on paper chromatograms.? However, the amounts of material found
on chromatograms of photosynthetic products are often below the
limits of detection by these methods. Preliminary identification must
usually be made by other methods. The position of the compound
on the chromatogram provides two types of information. Since the
stationary liquid phase is aqueous and the mobile phase organic,
compounds movng short distances in both solvents must have strong
hydrophilic properties while those which move large distances are
more lipophilic in nature. Diphosphates of sugars are found quite
close to the origin, while sugar monophosphates and phosphohydroxy
carboxylic acids move a bit farther. Free sugars travel to the central
area of the chromatogram in these solvents, while carboxylic acids and
amino acids move from central to far depending upon carbon chain
length and number of hydrophilic substituents.

The two solvent systems have about the same power to carry
neutral substances; consequently, neutral compounds such as sugars
and neutral amino acids move about as far in one direction as in the
other and will be found somewhere along or near to a diagonal line
drawn from the origin to the opposite corner of the chromatogram.
However, since the first solvent is neutral and the second one acidic,
there is a tendency for acidic substances to have their ionization re-
pressed in the second dimension and consequently to move faster in
the second direction than in the first. For that reason, acidic sub-
stances are usually found beyond the diagonal line in the second
direction and basic substances short of it, these deviations from the
diagonal being a rough measure of the compound’s acidity or basicity.
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(b) Chemical Transformations, Rechromatography, Co-chromatog-
raphy. The subsequent clues as to an unknown compound’s identity
usually come from eluting the substance from the paper, performing
some chemical or enzymatic treatment, rechromatographing, and
observing change in position, fragmentation into several compounds,
or loss of radioactivity. For example, an unknown compound, sus-
pected of being a sugar phosphate because of its position near the
origin is eluted, phosphatased, and rechromatographed, along with
added, unlabeled known sugars (about 50 ug. of each). After develop-
ment of the radioautograph, the paper is sprayed with a chemical
solution which produces a color reaction wherever there is a carrier
sugar compound. From the position of the unknown compound
amongst the known compounds it is suspected of being a pentose.
More of the original compound is phosphatased and run with various
pentoses until it is found to co-chromatograph exactly with one of
them. In this case, both the position of the radioactive spot and the
details of its shape (as revealed by the radioautdgraph) coincide
exactly with the color produced from the carrier by the spray test.
If further confirmation of the identity is desired, a freshly prepared
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unknown compound in the form of the free sugar is mixed with the
authentic compound in solution and a derivative is prepared and
recrystallized to constant specific activity or rechromatographed.

(¢) Chromatographic Maps. By such methods, a large number of
compounds, which are labeled as the result of carbon assimilation and
reduction by plants during photosynthesis and respiration with C*O,
present, have been identified. These and a few additional related
compounds are indicated in Figs. 4, 5, and 6. The small circles repre-
sent the centers of the areas which these compounds would occupy
if they were chromatographed with a typical plant extract. It should
be noted that the distance which acidic or basic substances will run
in the first dimension depends on the acidity of the origin, and hence
may vary somewhat from one extract to the next. The extent of this
variation is indicated in Fig. 6 for some of the compounds by solid
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and broken circles representing more acidic and less acidic origins,
respectively.

6. DEGRADATION METHODS

It will be seen later that the intermediate compounds in the photo-
synthetic carbon-reduction cycle are all phosphate esters. Conse-
quently, the first step in the degradation of these compounds usually
is to elute the phosphate compound from the chromatogram of the
plant extract, incubate with a phosphatase (purified to remove other
enzyme activity), and rechromatograph to obtain the free compound.
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(a) Glucose. Glucose was degraded by Weinhouse,**! by fermenta-
tion with Lactobacillus casei to lactic acid, followed by oxidation of
the lactic acid with KMnOjy to acetaldehyde and CO; (carbon atoms
3,4) and conversion of the acetaldehyde with sodium hypoiodite to
iodoform (1,6) and formic acid (2,5) as described by Wood.*? Aronoff®
modified this procedure by oxidizing the lactic acid with chromium
trioxide to CO. (3,4) and acetic acid, the barium salt of which was
pyrolyzed to give BaCO; (2,5) and acetone which was converted by
sodium hypoiodite to iodoform (1,6) and acetic acid.

Carbon atoms 3 and 6 were obtained separately by Wood*? who
employed a two-step oxidation of methyl glucoside with periodic acid.
The first oxidation step gives formic acid (3) and a residue which on
heating gives formaldehyde (6), methanol, and formic acid (1,2,4,5).

Topper and Hastings'?’ developed a method for degrading glucose
which involved two successive Wohl degradations to give carbon
atoms 1 and 2. Periodate oxidation of the glucose gave carbon 6.
Another portior? of the glucose was treated with phenylhydrazone and
the resulting osazone oxidized with periodic acid to give formic acid
(4,5) formaldehyde (6), and the 1,2-bisphenylhydrazone of mesoxalde-
hyde (1,2,3). Part of this degradation procedure (with modifications)
was used by Aronoff and Vernon® and by Calvin’s group® to degrade
labeled glucose and fructose obtained from photosynthetic extracts.
Gunsalus and Gibbs® reported a method of degrading glucose in which
fermentation by Leuconostoc mesenteroides gives CO: (1), ethanol (2,3),
and lactic acid (4,5,6). The lactic acid was degraded as described
above, while the ethanol was cleaved to formate (3) and iodoform (2)
by alkaline iodine.

(b) Fructose. Fructose has been degraded, as indicated above,
by periodic acid oxidation of the osazone to give formic acid (4,5),
formaldehyde (6), and mesoxaldehyde phenylhydrazone (1,2,3). Oxi-
dation of the carbonyl carbon atom (2) to CO; can be carried out with
cerate ion according to the method described by G. F. Smith.!?
Reduction to the mannitol by hydrogenation with platinum oxide
followed by oxidation with periodic acid gives formaldehyde (1,6) and
formic acid (2,3,4,5).
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(¢) Ribulose. Ribulose® was degraded by procedures similar to
those described for fructose. Oxidation of the osazone with periodic
acid gives formic acid (4), formaldehyde (5), and the mesoxaldehyde
phenylhydrazone (1,2,3). Reduction to the sugar alcohol (ribitol) and
then periodic acid oxidation gives formaldehyde (1,5) and formic acid
(2,3,4). Cerate oxidation of the sugar gives CO; (2) and formic acid.

(d) Sedoheptulose. Sedoheptulose can be degraded® in part by
similar methods. Cerate oxidation gives carbon dioxide (2), oxidation
of the osazone with periodic acid gives formaldehyde (7), mesoxalde-
hyde (1,2), bisphenylhydrazone (1,2,3), and formic acid (4,5,6) ; oxida-~
tion of the sugar alcohol (volemitol) gives formaldehyde (1,7) and for-
mic acid. In order to obtain carbon atom number 6 by itself, the sugar
alcohol was incubated with Acetobacter suboxidans and after removal
of the bacteria, rechromatography gave a small yield of guloheptulose
in addition to sedoheptulose and mannoheptulose. The guloheptulose,
which has the carbonyl group at the position that was carbon atom
number 6 in sedoheptulose was then subjected to cerate oxidation,
giving CO; (6) and formic acid. Conversion of sedoheptulose to the
anhydride sedoheptulosan by treatment with acid ion exchange resin
at 100°C, followed by oxidation with periodate gave formic acid (4)
and a bicyclic anhydride from the remainder of the molecule.

(e) Glyceric Acid. Glyceric acid!? was subjected to a two-step pe-
riodic acid degradation giving formaldehyde (8 carbon) and glyoxylic
acid which on continued oxidation with periodic acid gave CO. (car-
boxyl carbon) and formic acid (a carbon atom). This procedure was
modified by Aronoff* who oxidized the glyoxylic acid with perchlo-
ratocerate to CO; and formic acid.

(f) Other Compounds. In addition to the degradations of com-
pounds directly involved in the carbon reduction cycle (glucose is
included here because of its close relation to fructose), a number of
other compounds found to be labeled with carbon after relatively
short exposures of the plants to C! in the light have been degraded.
These include alanine,* glycine,'® serine,* aspartic acid,*® malic acid,®
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succinic acid,’ glycolic acid,'® citrulline, and others. The degrada-
tion data thus obtained have proved useful in establishing the rela-
tionships of these compounds to those in the carbon-reduction cycle
in the overall scheme of carbon metabolism.
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Plant Material

1. VARIATIONS AND UNIFORMITIES

Before turning to the application of these techniques to the study
of the pathway of carbon in photosynthesis, it is worthwhile to con-
sider briefly the types of plants used in the experiments and their
physiological conditions. Unicellular green algae and the leaves of a
number of higher plants have been used most commonly for investiga-
tions of photosynthesis with tracer carbon and variations in the car-
bon fixation pattern have been reported. Moreover, chloroplast
preparations have been used in some studies. Depending on the
metabolism of the plant material and on the conditions under which
the plant is exposed to C", widely different patterns can be obtained.
Nonetheless, a survey of the products of short-term photosynthesis
with plants of nine phyla® demonstrated a remarkable ubiquity of
a number of amino acids and phosphate esters, including most of the
compounds now known to be involved in the carbon-reduction cycle
of photosynthesis. Despite greatly differing distribution of the labeled
carbon among these compounds in one plant as compared with an-
other, it seems likely that the carbon-reduction cycle is essentially
the same in all green plants. It is to be expected that the flow of
carbon from the carbon-reduction cycle to various end products will

vary enormously from one plant to another.
28
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2. ADVANTAGES OF UNICELLULAR ALGAE

In any investigation of a given metabolic pathway, such as the
carbon-reduction cycle, it is imperative that the investigator have
reproducible plant material to use from one experiment to another
in order that he be able to compare the results of several experiments,
each designed to bring to light a given phase of the rather compli-
cated metabolic network. For this reason and others, unicellular
green algae have been employed in a large number of studies. In
terms of reproducibility, these organisms offer a number of advan-
tages over higher plants. In the first place, there is a statistically large
number of organisms so that the effects of individual variations are
eliminated. Secondly, since these plants are microscopic and aquatic,
they may be more readily subjected to uniform, nonvarying condi-
tions of illumination and nutrition. Thirdly, the absence of non-
photosynthetic organs probably results in simplification of the physi-
ology, although In this connection, it may be argued that an individual
algal cell may have a more complicated metabolism than a single
photosynthetic cell or leaf of a higher plant since the algal cell must
carry out the organism’s entire metabolism. However, there is a dan-
ger in using the excised leaves of higher plants for long exposures to
radiocarbon since the metabolism of the detached leaf may be altered
from its metabolism in the intact plant.

3. METHODS‘ OF CULTURE

(a) Specics Used. Two species of unicellular green algae which
have been often used are Chlorella pyrenoidosa and Scenedesmus.
Both of these species are capable of very high photosynthetic rates
producing approximately 30 or more volumes of oxygen per hour per
volume of wet packed plant material.

(b) Importance of Reproducible Growth Conditions. Methods of
culturing these algae vary considerably from one laboratory to an-
other, not only with respect to their nutrition, but also with respect
to conditions of illumination, temperature, density of the culture, and
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the variability that is permitted in these several factors. Experience
in carbon-labeling studies has shown that these variations affect the
resulting labeled carbon pattern, in some cases causing important
intermediate metabolites to occur in vanishingly small concentrations.
It is easy to understand how an investigator unfamiliar with these
variations might have some difficulty in repeating the results of others
working in this field.

(¢) Media. Several different culture media have been employed
by the authors and co-workers in carbon assimilation studies® but
the following one, reported by Myers® has been found to give algae
with metabolic patterns similar in concentrations of intermediates to
those obtained in the previous work by this group: To one liter of
distilled water there are added 1.2 g. KNO;, 2.5 g. MgSO,-7H,0,
1.1 g. KH,PO,, and 1 ml. each of solution A and solution B, described
below. The carboy of nutrient solution is sterilized in an autoclave
at 121°C for 3 hours after which it is cooled and dispensed sterilely to
the algae culture. ‘

Solution A is made up by dissolving 59 g. of N-hydroxyethylene-
diamine triacetic acid in 500 ml. H.0O, adding 24.9 g. FeSO4-7H-0,
diluting to 1.0 liter and aerating 16 hours. The solution is stored in
the dark at about 10°C and used as needed. Solution B is made
up by adding 2.86 g. H;PO4, 2.05 g. MnSO4-4H;0, 0.10 g. ZnCl,,
0.08 g. CuSO,-5H:0, and 0.02 g. H;MoO,-H,0 to one liter distilled
HQO.

(d) Variable Density Culture. Both variable density and constant
density culture have been used for these experiments. In the case
of the variable density cultures 1,100 ml. of nutrient solution is in-
oculated with a liquid culture of the species desired in a low-form
culture flask (circular, flat bottom, about 25-cm. diameter) equipped
with inlet and outlet tubes for adding nutrient and draining and for
aerating with 49, CO, in air. The flasks are immersed in a water bath
thermostated at 25°C, and illuminated through a transparent bottom
panel by fluorescent lights (white, daylight type) which gives an
intensity of 2,000 foot-candles at the bottom surface of the culture
flasks. The algae are allowed to photosynthesize and multiply until
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Fig. 7. Constant density algae culture apparatus: A, 16 liter car-
boy of medium; B, solenoid; C, glass tube with D, magnet; E,
bubble trap; F, stopcock; G, cotton-packed air outlet; H, cotton-
packed air filter; I, three-way stopcock; J, draining and inoculat-
ing tube; K, magnet; L, fin; M, encased algae culture; N, water
bath; O, magnetic stirrer; P, collecting graduate; @Q, reservoir;
R, jacket with eight fluorescent lights; S, pinch clamp; 7', over-
flow outlet. Inset is a cross section showing jacket with eight
fluorescent lights.
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the culture density is about 3 cc. wet packed volume of algae per liter
of suspension. The algae are then harvested by withdrawing 900 ml.
of the suspension daily and adding 900 ml. fresh nutrient each time.
The culture soon reaches a ‘“‘steady state” of growth in which the
inoculum in the 200 ml. left each day is sufficient, after 24 hours
growth, to provide the same inoculum in the same volume the next
day. The algae are therefore grown under identical conditions from
day to day, although the effective light intensity varies over the 24-
hour cycle, decreasing as the algae suspension increases in density.

(e) Constant Density Culture. In order to overcome this variation,
a constant density culture apparatus is used. In this case, the algae
culture is grown in the space between two vertical concentric cylin-
ders, sealed together at the top, the thickness of the culture suspen-
sion being 7.5 mm. (Fig. 7). Water at a thermostatically controlled
temperature is circulated through the inside cylinder to maintain the
algae suspension at a constant temperature. An irlet tube at the
bottom of the space containing algae suspension is provided for
entrance of nutrient solution and 4%, CO, in air, and an outlet tube
at the top permits overflow of the suspension and exit for the aerating
gas. A magnetic stirrer at the bottom of the tube in addition to the
bubbling action of the aerating gas provides the necessary agitation
to keep the algae from settling. The tube is illuminated by a vertical,
circular bank of fluorescent lights which give an intensity of about
3,000 foot-candles at the outer surface of the algal suspension. An
appendage with two windows on the outer cylinder provides a thick-
ness of suspension through which a light beam is passed before striking
a photocell. The optical path between the algae suspension and the
photocell may be altered so that the cell will be sensitive, in one case
to the amount of light absorption, or in the other case to the amount
of light scattering. Thus, the signal obtained from the photocell may
be made to indicate either the optical density of the suspension or
approximately the numbér of cells. The signal from the photocell is
amplified .and used to control a solenoid-operated valve in such a
manner as to admit fresh nutrient solution to the tube when the
density of the algal suspension exceeds a predetermined value. The
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excess algal suspension overflows and the density is maintained at a
constant level. The overflow is not used for experiments, but rather
algal suspension is drained out through the nutrient inlet tube, after
which the tube automatically refills as the algae cells grow and divide.
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Development of the Carbon-Reduction Cycle

1. VARIATION OF CARBON LABELING PATTERN
WITH TIME

(a) General Considerations. In principle, the design of an experi-
ment to follow the flow of carbon through a metabolic network
appears simple, once the analytical techniques and identification and
degradation of intermediate compounds already described has been
accomplished. One should simply administer radiocarbon in the form
of C4Q, or HC"“O3 to an actively photosynthesizing leaf or algae
suspension, and then, after a short time, stop the enzymatic processes
by suddenly denaturing the enzymes. Subsequent analysis then shows
which carbon atoms and which intermediate compounds have been
labeled during the time allotted. If this kind of experiment is repeated
for various exposure times, curves can be drawn showing the rate of
entry of radiocarbon into the various positions and kinetic analysis
of these curves would permit a description of the pathway of carbon
through the network.

Such an attack has been used successfully but there are experi-
mental and theoretical difficulties which must be kept in mind. In
the first place, it is very important that the radiocarbon be introduced
under conditions which do not disrupt the conditions of steady-state
photosynthesis in the plant. The change from C®20, to C*O. should
not be accompanied by any significant change in CO, pressure or in

any other environmental factor. If such changes in environmental
34
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conditions do occur, then it is possible that changes in concentrations
of intermediates of the metabolic network may lead to nonsteady-
state flow of carbon from one compound to another which is different
from the steady-state transformation and which may obscure the
normal flow.

(b) Nonsteady-State Experiments. In the early experiments with
C* in photosynthesis, such steady-state conditions were not always
attained. Chlorelle or Scenedesmus, suspended in weak phosphate
buffer as described earlier, were aerated with 1 to 4%, CO. in a thin,
cylindrical vessel (called a “lollipop’’) mounted vertically between
two bright incandescent lamps 1,000 to 10,000 foot-candles. After a
period of about one hour, to establish a high rate of photosynthesis,
the algae were flushed with air for 30-60 seconds after which HC"O3
solution was added, and the flask stoppered and shaken in the light
for a few seconds. The algae were run into enough boiling ethanol
to make a final goncentration of 809, ethanol-209, water, subsequent
analysis of the radioactive products being carried out by paper chro-
matography. In such an experiment, the fluctuation of CO; pressure
obviously precludes the possibility of attaining true steady-state
conditions. Nevertheless, these earlier experiments were fruitful in
permitting identification of a large number of simple compounds in-
cluding the carbon-reduction cycle intermediates which are labeled
within a few seconds.

(¢) PGA First Product. 1t soon became apparent that very short
times of exposure to C“0O, were required to limit the labeling of
compounds to the first few steps of the carbon assimilation pathway.
When exposures of only 5 seconds were permitted, the predominant
labeled product was 3-phosphoglyceric acid (PGA) while minor prod-
ucts included sugar phosphates, malic acid, and traces of amino acids.
Degradation of the PGA from this experiment showed most of the
radiocarbon to be in the carboxyl carbon and the formation of PGA
via a carboxylation of some unknown two-carbon acceptor was sug-
gested as a first step in carbon dioxide assimilation during photo-
synthesis.
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(d) Formation of Sugar Phosphates. Triose and hexose phosphates
were identified as early products and, after degradation of the hexoses
showed a distribution similar to that found in the PGA, it was pro-
posed that steps in the carbon-reduction pathway subsequent to the
carboxylation included reduction of PGA to triose phosphate and the
condensation of the triose phosphate molecules to form hexose phos-
phate by reactions which were presumed to be similar to, or identical
with, a reversal of the Emden-Meyerhoff pathway for glycolysis.

(e) Carbon Assimilation: A Cyclic Process. Since the alpha and
beta carbon atoms of PGA, as well as carbon atoms 1, 2, 5, and 6 of
the hexoses were only very slightly labeled after a few seconds expo-
sure of the photosynthesizing plant to C*O., and since no labeled
two- or one-carbon compounds could be found under these conditions,
it appeared that carbon reduction in photosynthesis was a cyclic
process in which some carbon dioxide acceptor was carboxylated to
give PGA, the PGA was reduced to triose and hexose phosphates,
and part of these sugar phosphates were then used to regenerate
carbon dioxide acceptor. Discovery of sedoheptulose monophosphate
and ribulose diphosphate among the early labeled products of C*O,
uptake suggested that these compounds might be involved in regen-
eration of CO. acceptor.

(f) Studies with Leaves. Because of the difficulty of obtaining
exposure times of less than about 2 seconds with algae preparations,
some studies were conducted with leaves and gaseous C“QO.. In a
typical experiment' a single excised trifoliate leaf from a soybean
plant (var. Hawkeye) was placed in a circular flat illumination cham-
ber with a detachable face. The chamber was equipped with two
tubes, the lower one leading through a two-way stopcock to a loop
containing C40,. A loosely tied thread led from the leaf stem under
the detachable face gasket, thence through a boiling ethanol bath and
a glass tube to a weight. The illumination chamber was partially
evacuated, both stopcocks were closed, and the clamps removed from
the chamher, the detachable face remaining in position through at-
mospheric pressure. With the opening of the upper stopcock, the
CHQ, was swept into the chamber by atmospheric pressure, the de-
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tachable face fell off and the leaf was pulled into boiling ethanol. An
estimated exposure time of 0.4 second was obtained. The radioactive
products were extracted and analyzed in the usual way. In other
experiments, longer exposure times were obtained by holding the
detachable face in position. The sugar phosphates obtained from the
soybean extract were especially useful for degradation studies, since
highly non-uniform labeling resulted from these short exposures to
G10,.
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Fig. 8. Flow system for short exposures of algae to C4O..

(g) Steady-State Experiments. In order to obtain true “steady-
state’” conditions during very short exposures to C14Q,, an experiment
was performed which employed a flow system for the addition of
tracer carbon. A stream of algal suspension in 1-mm. transparent
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tubing was pumped from a large transparent reservoir into a beaker
of boiling methanol (Fig. 8). The algae were illuminated in both
reservoir and tubing, and the 49, CO; in air which bubbled through
the reservoir was sufficient to maintain the dissolved carbon dioxide
at a level which is saturating for photosynthesis in both the reservoir
and the tubing, the time for the algal suspension to traverse the tubing
being only 20 seconds. Thus, photosynthesis was maintained at an
unchanged rate during the time the algae were in the tubing. At
selected points along the tubing a solution of C*Q, in water was in-
jected at a constant rate through a hypodermic needle, the additional
CO; being a negligible increment to the CO; already present in the
algal suspension. The time of exposure of the algae to the radiocarbon
was determined by the length of tubing between the point of injection
and the methanol killing and by the linear flow rate of the algae
through the tubing (57 cm./sec.) and could be varied from about 1 to
15 seconds. The amount of radiocarbon incorporated into organic
compounds in the algae was found to be linear with time of exposure,
indicating that steady-state conditions had been achieved.

The rate of entry of radiocarbon into PGA was found to be the
most rapid at the shortest times, in terms of both percentage of the
total radiocarbon fixed, and in the rate of increase of specific activity
(the concentration of intermediates being calculated by C* “satura-
tion”” method described later). However, the rates of entry of radio-
carbon into triose, hexose, pentose, and heptose phosphates were
approximately equal, so that it was not possible to decide in what
order these compounds occurred from these data alone. Therefore,
these compounds were degraded as well as the hexose and heptose
phosphates from the short-time soybean leaf exposures to obtain the
labeling relationships between individual carbon atoms of these vari-
ous sugar phosphates.’

(h) Distribution of C* among Carbon Atoms of Intermediates. The
intramolecular distributions of radiocarbon found in the sugar phos-
phates and PGA are shown in Table I. For purposes of comparison,
the distributions of radiocarbon in sedoheptulose from a 5-second and
0.4-second soybean leaf exposure are also shown. The possible error
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Table I. RapioactiviTy DisTRiBUTION IN CoMPOUNDS FROM FLow EXPERIMENT
Scenedesmus obliquus, 5.4-second exposure to C1*O,

Sedoheptulose
Carbon atom Sedo- from soybean
Sugar, PGA PGA | Fructose! heptulose | Ribulose| 5 sec. 0.4 sec.
1, carboxyl. . ... 82 3 2 11 2 assumed 0
2,alpha........ 6 3 2 10 4 assumed 0
3, beta 6 43 28 69 30 33
4. . 42 24 5 29 8
B 3 27 3 31 49
[ 3 2 4 assumed 0
e 2 2 assumed 0

in these figures is about 109, of the obtained values, but the impor-
tant differcnces in labeling all lie well outside this error.

(i) Formation of Fructose-6, Phosphate. As had been observed in
several previous cases, the distribution of radiocarbon found in PGA
and in hexose phosphate agreed with the postulated mechanism for
the reduction and condensation of PGA via a reversal of the Emden-
Meyerhoff pathway.

*

2CH,0P—CHOH—CO0, — — —

* *
EH,0H—C0—CHOH—CHOH—CHOH--CH,0®

However, it will be seen that in certain cases, to be discussed later,
the distribution of radiocarbon in PGA need not be the same as that
in the two halves of the hexose molecule for this relationship to be
true.

(j) Formation of Sedoheptulose Phosphate. It can be seen from the
degradation data that sedoheptulose cannot be formed by either a
C:1 + Ce addition or C; 4+ Cjs addition, since the hexose and pentose
molecules available do not have the correct labeling to form a part
of the sedoheptulose molecule as it is labeled. A C; + C, addition
was therefore suggested. Although a labeled C, sugar had not been
found among products of C4O, assimilation, it was believed that such
a fragment might occur, perhaps at very low concentration, as a
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result of a transfer of two carbon atoms (1,2) from fructose mono-
phosphate with transketolase. The resulting erythrose-4-phosphate
labeled in carbon atoms 1 and 2 (corresponding to 3 and 4 of fructose)
could then be condensed with glyceraldehyde-3-phosphate to give
labeled sedoheptulose.

The labeling of carbon number 4 in sedoheptulose observed in the
case of the very short periods of photosynthesis with soybean leaves
seems to cast some doubt on the Cs — C, + C, split unless one can
assume that the Cs compound is itself not symmetrically labeled
at the shortest times, owing to different specific activities of the two
triose phosphates which react to give hexose phosphate.

(|3H20® ?HzO@ (|3HzO®
2[H] ——incomplete—>
?HOH ?HOH «—equilibration— C=0
*»*COOH *»*CHO *CH,OH
PGA
later, hence
more complete .
equilib]ration F-1 ,E-DIP
CH0® CH.0® CH.,OH CH.OH
I S oot R W
**(EHOH *CH.OH *CHOH (|3HOH *"‘?HOH
*(!THOH **é}HOH | CHOH
é | CHO0® |
*»*CHOH «———— CHOH CH.0®
| |
(IJHOH CH,0®
CH,0®

Degradation of fructose from the 0.4- and 0.3-second experiments
showed no significant difference between the two halves of fructose.
However, since that time, Gibbs and Kandler* have degraded glucose
obtained from short exposures of Chlorella to C4O. at lower light
intensities and have found carbon number 3 to contain less C* than
carbon number 4, in agreement with the above postulation. Another
possible route by which this inequality could be obtained is discussed
on page 54 (Fig. 13).
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(k) Formation of Pentose Phosphates. While the transketolase re-
action proposed for the formation of sedoheptulose provides also for
the formation of one molecule of pentose phosphate, the labeling of
the resulting molecule does not entirely agree with that observed.
Moreover, by the time these data were obtained it was also known
from studies described later that ribulose diphosphate alone among
the sugar phosphates appears to accept CO; in the carboxylation
reaction leading to PGA. Therefore, it scemed likely that there should
be a mechanism for the formation of additional pentose from heptose.
There was postulated another transketolase reaction as follows:

BN

(l)HZOII **(|3HO clmon *(|:Ho *?
(|J=o + (IJHOH = (|3=o + *CHOI *(lz
*CHOH CILO® *CHOH *CHOH b **C

| | |
*(I3HOH J?IIOH CIIOH C
*CHOIL tm0® éH20®J ¢
+IIOH
CH.0®
SMP Phospho-  Xylulose Ribose
glycer- monophos-  monophos-
aldehyde  phate phate

This mechanism was made more plausible by the evidence for the
reverse enzymatic reaction in other systems which was accumulating
at that time.

If the various pentose monophosphates were then converted to
ribulose diphosphate, the average labeling of pentose from the various
sources would agree very well with the measured values.

(1) Reversibility of Sugar Rearrangement Reactions. With the for-
mation of the pentose phosphates, the part of the carbon-reduction
cycle accomplished by sugar rearrangements is complete, these re-
arrangements bringing about the conversion of five molecules of
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triose phosphate to three molecules of pentose phosphate. It seems
likely that all the reactions involving the rearrangements of sugars
are at least partly reversible during the time of these experiments.
During carbon reduction in photosynthesis there will be a net “flow”
of radiocarbon in the forward direction, but the possibility that the
distribution of radiocarbon in earlier intermediates may reflect to
some extent that of later intermediates should be kept in mind.

This type of equilibration between later and earlier intermediates
seems to be indicated by the studies of Kandler and Gibbs™ who
degraded glucose obtained from Chlorella, tobacco leaves, and sun-
flower leaves after exposures to C“O, and found in some cases more
radiocarbon in carbon atoms 1 and 2 than in 5 and 6, and less in
carbon atom number 3 than in number 4. It seems probable that the
differcnce between the radioactivities in carbon atoms 3 and 4 arises
from the incomplete equilibration between the glyceraldehyde phos-
phate and phosphodihydroxyacetone (discussed in connection with
the sedoheptulose formation) which results in the. condensation of
glyceraldehyde phosphate with less radioactive dihydroxyacetone
phosphate. The greater labeling of carbon atoms 1 and 2 (as com-
pared with 5 and 6) is probably due to a back reaction with trans-
ketolase which takes the two top carbon atoms of xylulose, derived
from the pentose pool (see Table I), and transfers them back to a
tetrose fragment to give fructose. Thus there would be as a result a
“labeling cycle” in which carbon atoms 3 and 4 of fructose would be
successively 1 and 2 of tetrose, 4 and 5 of sedoheptulose, 1 and 2 of
ribose, then ribulose and xylulose, and finally 1 and 2 of fructose. The
occurrence of this type of back reaction may be accentuated in some
cases by nonsteady-state conditions which result in rapid fluctua-
tions in concentrations of intermediates and which might, in extreme
cases, even cause a momentary reversal in the direction of net flow of
carbon.

In general, the conditions under which such back labeling from
pentose to hexose should be accentuated are those in which the rate
of removal of pentose by carboxylation is for some reason diminished
(either by lack of sufficient carboxydismutase or by an added rela-
tively specific inhibitor). This would result in an increase in the con-
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centrations of first pentose phosphate and then heptose and hexose
phosphates. Since all the sugar rearrangement reactions are reversible
and since the rates of these reactions are generally first order with
respect to the sugar phosphate concentrations, both back and for-
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Fig. 9. Redistribution of carbon in sugar rearrangement; for de-
tails see Fig. 13.

wards reactions would be accelerated. Indeed, this seems to be the
case of the experiments reported by Gibbs and Kandler,* in which
the RuDP and hexose monophosphate radioactivity dominates a 1
minute photosynthesis chromatogram from Chlorella. This “reverse
labeling’’ is illustrated in Fig. 9.

2. CARBON-FOURTEEN SATURATION EXPERIMENTS:
CHANGES IN STEADY STATE AND TRANSIENTS

(a) General Considerations. The carbon labeling experiments de-
scribed above all were carried out with short exposures to C4O; to
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obtain selective labeling of compounds and carbon atoms. Quite dif-
ferent information can be obtained by allowing the plant to photo-
synthesize with radiocarbon until all the carbon atoms of the inter-
mediate compounds are saturated with C“. This is achieved when
the specific radioactivity, proportional to the percentage of CY, is the
same for each of these carbon atoms as it is for the carbon of the
labeled CO;. Then, from the amount of radioactivity found in a given
compound obtained from a known amount of cell material, and from
the known specific activity, the concentration of the intermediate
compound in the plant material may be calculated.

In many cases, it may be necessary to differentiate between the
total concentration of the intermediate compounds in the plant, and
its concentration within an actively turning over metabolic pool, or
‘“reservoir.” In the case of intermediates in the photosynthetic
carbon-reduction cycle, the total radioactivity found in each com-
pound rises very rapidly, reaching a nearly constant value within 15
minutes, after which there is a much slower gradual rise in radioac-
tivity. It is, therefore, quite easy to distinguish between active photo-
synthetic cycle pools and other reservoirs of the same compounds
within the plant. In the case of many other compounds that are
intermediates in synthesis of plant materials, this distinction cannot
be made so easily, even when the compound in question is labeled
rather rapidly, and both concentration changes and specific activity
changes then must be kept in mind when interpreting measured
change in total radioactivity within a given substance.

While the measurement of the concentrations of compounds in
“active’” metabolic pools provides useful information, it is even more
profitable after establishing and measuring a steady-state condition,
to change some environmental factor and measure the resulting new
steady state and the transient conditions which occur in going from
one steady-state condition to another.

(b) Apparatus. The usual procedure employed in such studies
requires a closed system through which gas is circulated by means
of a pump and passes through a thin transparent cell which contains
algae suspension, and through a system of tubing, stopcocks, and
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flasks which permits adjustment of the system to large or small gas
volume, and provides for addition of a reservoir of C1O; to the system.
The cell containing the algae suspension is equipped with a stopcock
to permit removal of aliquot samples of the suspension during the
course of the experiment without interrupting the circulation of the
gas through the algae. The cell is water-jacketed and the light beam
used to illuminate the algae during photosynthesis passes through a
water-cooled sheet of infrared-absorbing glass.

Additional items of equipment which are useful but not essential
for this particular experiment include a CO; analyzer, an O, analyzer,
and an ionization chamber connected to a vibrating reed electrometer.
The signals from these instruments are recorded continuously on a
multipoint recorder. The rates of change of CO,, O,, and C*0, with
time are used to measure the rates of photosynthesis and respiration
during the course of the experiment, and these measurements later
may be correlated with other results of the experiment.

When the condition to be varied is CO, pressure, an auxiliary sys-
tem containing labeled CO. at the same specific activity but at a
Jower partial pressure in air must be provided, and provision must
be made for switching the algae suspension cell from the high CO;
pressure system to the low CO; system.

(¢) Method. Scenedesmus or Chlorella, grown according to condi-
tions already described, are centrifuged from their nutrient solutions
and resuspended in phosphate buffer. The suspension is placed in the
illumination cell and a mixture of 1 to 29, CO. in air is passed through
the system, with the light on. The system is then closed, and with
the volume of the system small (about 300 cc.), the rate of photo-
synthesis is determined. The volume of the system is then increased
by connecting a 5-liter flask, after which C*O; of known amount and
specific activity is introduced into the system by connecting with
another small flask. An hour of photosynthesis with radiocarbon is
permitted to insure C'* saturation of various intermediates. At this
point the system may be made small again by temporarily closing off
the 5-liter flask and the rate of photosynthesis again determined in
terms of CO; uptake, C4O; uptake, and O. evolution. The 5-liter flask
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is again connected to the system and a few minutes allowed to re-
establish the steady-state conditions.

Several aliquot samples of the algae suspension (about 1 ml.) are
then taken, each being run into a weighed tube containing 2 ml.
methanol at room temperature. This method of killing the algae has
been found to be effective within 1 second. The tubes are later
weighed again to determine the exact size of each sample. Subsequent
extraction and analysis of the radioactive compounds in the plant
material are performed in the same manner as described earlier, but
the entire extract from each sample is used for a single chromatogram.

Radioautographs of the chromatograms are made and the radio-
activity of each individual compound of interest is determined by
counting directly on the paper chromatogram with a thin-window
Geiger-Miiller tube. Absorption of radiation in the paper decreases
the sensitivity of the counting method but the factor by which it is
decreased is constant for the various compounds with a given radio-
active isotope and can be easily determined (it is about three for C*
and Whatman No. 4 paper, using 1.0-mg./cm.? window tubes with
a sensitivity of 1 count for 6 disintegrations). From the known spe-
cific activity of the CO; used, and from the radioactivity found in a
given compound from a known amount of plant material, the con-
centration of the active pool of the compound in the plant can be
calculated.

After several samples have been taken to measure the original
steady state, some change is made in the environment (such as turn-
ing off the light) and samples are taken, very rapidly at first in order
to detect transient changes, and then more slowly in order to observe
the establishment of the new steady state. A suitable draining-
stopcock for taking rapid samples is a three-way, equilateral stopcock
in which any two of the three ports may be connected at a given time.
One port is connected to the cell containing the algae, one port is
connected to the incoming gas, and one port is open. When a sample
is taken the port leading to the cell, which is under slight positive
pressure, is connected to the open port for about 0.5 second. The
stopcock is then rotated rapidly 120°, passing quickly the point at
which the circulating gas port connects with the open port (to flush
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the algae suspension from the stopcock) and then connecting the gas
port with the algae cell, thus keeping the stopcock and entrance tube
to the cell free of algae suspension except during draining. A con-
stricted bypass tube from the incoming gas line to the algae cell
provides an alternate route for gas flow while a sample is being taken,
thus insuring continuous aeration of the algae. In this way it is pos-
sible to take samples every two seconds.

. (d) Light-Dark Changes. The first change in steady state to be
studied was the change from photosynthesis in the light to a condition
of darkness.$® The concentrations of some photosynthetic interme-
diate compounds in carbon reduction found in the light and in the
dark in a later experiment are shown in Table II. It can be scen

Table 11. STEADY STATE CONCENTRATIONS OF PHOTOSYNTHETIC INTERMEDIATES
AND RELATED HEXO0SE PHOSPHATES (in umoles/cc. of algae)

Compound , Light Dark Change
Phosphoglyceric acid. .. .. ..... 1.63 2.42 +0.79
Ribulose diphosphate......... 0.51 less than 0.0005 —0.51
Pentose monophosphates. . . ... 0.17 0.08 —0.09
Sedoheptulose diphosphate*....; 0.006 0.006 0
Fructose diphosphate......... 0.004 0.001 —0.003
Fructose-6-phosphate......... 0.12 0.12 0
Glucose diphosphate.......... 0.003 0.003 0
Glucose-6-phosphate.......... 0.33 0.37 +0.04
Triose phosphate area......... 0.21 0.12 —0.09

* Sedoheptulose monophosphate was present but not measured in this experi-
ment because of suspected contamination with mannose phosphate.

that the most pronounced changes that occur in going from light to
dark are the increase in phosphoglyceric acid and the decrease in
ribulose diphosphate. The decrease in triose phosphate and pentose
phosphate areas should also be noted.

The changes in concentrations of phosphoglyceric acid and ribu-
lose diphosphate as a function of time after the light is turned off are
shown in Fig. 10. From these results it is easy to conclude that the
carboxylation reaction by which PGA is formed is a dark reaction
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which does not require any cofactors derived from light energy but
that the reaction by which PGA is reduced to triose phosphate is a
reaction which does require such cofactors.

The oxidation of glyceraldehyde-3-phosphate to diphosphoglyceric
acid by triose phosphate dehydrogenase in other systems was known
to be accompanied by the reduction of either diphosphopyridine
nucleotide (DPN) or triphosphopyridine nucleotide (TPN) to the
corresponding reduced coenzyme. Moreover, the conversion of di-
phosphoglyceric acid to PGA was known to be accompanied by for-
mation of adenosine triphosphate (ATP) from adenosine diphosphate
(ADP). Therefore, it was suggested that in photosynthetic reduction
of carbon dioxide, PGA was reduced to glyceraldehyde phosphate by
enzymatic reactions analogous to the reverse reactions already known,
and that the reduction of each PGA molecule required the conversion
of one molecule of reduced TPN (or DPN or some as yet unknown co-
factor of about the same reduction potential) to the oxidized form of
the cofactor and the conversion of one molecule of ATP to ADP and
inorganic phosphate. It was proposed that reduced and energetic
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forms of these cofactors were derived from the photochemical reac-
tions of photosynthesis. The reservoirs of the cofactors were pre-
sumed to be so small that the supply of these compounds was ex-
hausted very soon after the light was turned off. Consequently,
although the reaction by which PGA was formed would continue
until the supply of carbon dioxide acceptor was exhausted, the reac-
tion by which PGA was used up should stop soon after the light was
turned off. The initial rate of increase in the concentration of PGA
should be equal to the steady-state rate of formation of PGA.

The rapid decrease in ribulose diphosphate concentration on turn-
ing off the light had suggested that it might be the acceptor of carbon
dioxide in a reaction leading to the formation of either one or two
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molecules of PGA, and this suggestion was supported by studies of
steady-state changes accompanying changes in CO; pressure described
later. Therefore, it was of interest to compare the initial rate of
change in PGA concentration on turning off the light with the rate
of entry of CO.. This comparison is made in Fig. 11.

The letter n denotes the straight lines which correspond to various
theoretical rates of change of PGA in moles per second compared with
one mole per second of CO, taken up as measured during the period
of photosynthesis just preceding turning off the light. The circles are
the experimentally determined PGA concentrations. While the rate
of increase of PGA soon falls off owing to the drop in ribulose diphos-
phate concentration, it is clear that during the first 4 seconds the rate
of change of PGA in moles per unit time is 2.0 &= 0.5 times the rate
of uptake of CO. during photosynthesis. Thus, there is provided
evidence for the formation 4n vivo of two molecules of PGA from one
molecule of ribulose diphosphate and one molecule of CO, (or HCO3).

The formation of ribulose diphosphate was presumed to require
ATP as a cofactor by analogy with the enzymatic reaction leading
to the formation of fructose diphosphate from fructose-6-phosphate.
The ¢n vitro enzymatic formation of RuDP from ribulose-5-phosphate
(RuMP) has been found to require ATP. Therefore, the decrease in
concentration of ribulose diphosphate (RuDP) was explained as re-
sulting from its continued carboxylation coupled with a decrease in
its rate of formation resulting from a decrease in the supply of ATP,
derived from photochemical reactions.

The concentration of pentose monophosphates might be expected
to increase if the reaction by which they are converted to RuDP is
blocked on turning off the light, whereas the opposite is the case.
However, it must be kept in mind that the formation of triose phos-
phates by reduction of PGA stops when the light is turned off, result-
ing in a drop in concentration (Table II) of triose phosphates which
are precursors of the pentose monophosphates. The concentration
changes of the pentose monophosphate are apparently most affected
by this drop in precursor concentration.

It is interesting to note that the concentrations of the hexose and
heptose phosphates were found to be virtually unaffected by turning
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off the light in the case studied. These compounds are formed by
aldolase reactions from triose phosphate and are used up by trans-
ketolase reactions also requiring triose phosphates. Thus, a decrease
in triose phosphate concentrations apparently produces no net effect
on the hexose and heptose monophosphates. Morcover, the break-
down of these hexose and heptose monophosphates to trioses and
tetrose phosphates by aldolase requires a preliminary formation of
the diphosphates with ATP, a cofactor which appears to be reduced
in concentration in the dark in the subcellular compartment contain-
ing the carbon-reduction cycle system.

(e) High COxr-Low CO, Pressure Changes. Transient changes and
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changes in the steady state found'® when the CO. pressure was re-
duced from 1%, to 0.003%, and then increased to 1.09, again are
shown in Fig. 12. As would be expected if the carboxylation of RuDP
gave PGA, lowering the CO, pressure resulted in an increase in RuDP
concentration and a decrease in PGA concentration, while raising the
CO, pressure increased PGA concentration and decreased RuDP
concentration. Thus, the carboxylation of RuDP followed by the
transformation of the resulting unstable addition product to at least
one molecule of PGA seems well substantiated.

An important question regarding the carboxylation reaction is
whether the addition product splits to give two molecules of PGA,
or whether only one molecule of PGA is formed, the other half of the
addition product being reduced directly to triose phosphate. The
light-dark transient studies discussed earlier showed that on turning
off the light, the carboxylation reaction in vivo does result in the
formation of two molecules of PGA per carboxylation. Moreover, the
isolated enzyme, carboxydismutase, has been foupd.to give only PGA
as a product when given ribulose diphosphate and CO; as the sub-
strate. However, there remains the possibility that as long as the
light remains on, the #n vivo reaction might lead to direct reduction.

An indication of the possible mechanism of the reaction was sought
in close examination of the initial transients in the concentrations
of PGA, RuDP, and related compounds that accompanied restoration
of CO; to 19, after the CO, pressure had been 0.003%,. A lower limit
for the maximum rates of change would be obtained from the first
point (5 sec., 6°, Fig. 12). For this 5-second point it is seen that the
increase in total carbon in PGA is approximately § the decrease in
total carbon of RuDP, or in other words, there is an increase of only
one mole of PGA for a decrease of one mole in RuDP. This might
suggest that about half of the expected PGA was either immediately
reduced or was not formed. A mechanism for the latter possibility is
shown in the second reaction (L) on the following page.

Reaction (D) is the reaction indicated by the light-dark transient
studies and by the studies of carboxydismutase, in vitro. Reaction (L)
is a reaction which might occur only in the light, predominating at
higher concentrations of reducing agent (photochemically produced)



53

Development of the Carbon-Reduction Cycle

opAyepresdLidoydsoyg

“

0=D—HOHDO—HD + -*00—HOHO—HO

_
H

vyod
°f
(7
2+
Vod
@4 -HO+
200—HOHO—HD (@)

-H'Od— =@
(wro0y [ous-) Jgny

@oumw @O«mn.v

Nomw momnw

0=0 “— HOD +40—0

MO|m.|O«O| molnw

@O0*HD @O°HD

o



Development of the Carbon-Reduction Cycle

54

‘sjuowafurIIe 183NS UT UOQIEd JO UOINQLISIPa oY, ‘€T "B1g

40y

dO%H ;o.xw 40'HD
w HO-O-H ..J_I.
. HORH sp..w_.x v MM
40® do® xo#.: xo..w.t :.-W.Q.
xo.w.x HO-9-H 0=p-H :..w.ox
HFH HRQH o xofo
9 9 doty 40%) oo | _
HoH) woy o xo.w..z X
H- HI-OH
=1 -1 d0™HY
o..u 03 l_ w
ot ) Mo
M
HD-OH
mo.:u_. uo.x.._. .‘w
d0H ao.x”_v :o\_u.z :o.w.: HO®HD
xo._rx xo._?.. :o..u_,.. xo..w.x 4%
:o.J H o——— :o...w.x HOD-H :oau.... Ho- W "
o HODH _l z.+ox M von
HOMD o-..w: 02 0 “b-om “?
HO%HD KO .w -
.\@o 0=
| 40
HOPHD -
Al -
% (2%} u_iJ
— 1
._ofw aofw O™ 0% 0% 0%
..o.._r.. .a.w... HO->-H HODH ..o+.. HO. T
WZU  HoDH HI-0H HORH — MM e .._1 o2
o o= . 2+% L H2-OH zmr? 2P .
[0 o' O o) o-w "o z._o
O™ 0




Development of the Carbon-Reduction Cycle 55

in which half of the product should appear at the oxidation level of
carbohydrate. The missing carbon does not appear in triose phos-
phate, but may have been transformed even in this short time to
other products, especially sucrose which is seen to increase very
rapidly during this 5-second period.

The degradation data of Gibbs and Kandler,* in which the two
halves of the hexose molecule were found to have different distribu-
tions of C“ following short periods of photosynthesis with CXO,,
might also be interpreted as indicating two different sources of triose
phosphate, one of which is not PGA. If only partial equilibration
occurred between the triose phosphate molecules from these two hy-
pothetical sources, unequal labeling of the hexose molecule formed
by condensation of two triose phosphate molecules could result. How-
ever, as was shown earlier, there are other ways of explaining these
data. Thus, any process which builds up the pool of ribose-5-phos-
phate and permits a feedback of the top two carbon atoms of this
pool into hexose could provide the unsymmetrical labeling. A detailed
diagram of these labeling patterns is shown in Fig. 13.

At this writing it is not possible to decide conclusively between
these alternatives, but since reaction (D) has been established as
occurring under some conditions, while the evidence for reaction (L)
is still very tenuous, the carboxylation reaction of the carbon-
reduction cycle will be written as reaction (D) for the remainder of
this discussion.



VI

Photosynthetic Carbon-Reduction Cycle

1. FORMULATION

The photosynthetic carbon-reduction cycle, as presently envi-
sioned, is shown in Fig. 14. Also shown are the various enzymes
postulated to carry out the several steps.

The two points at which there seems to be a reasonable possibility
that the pathway might be different from the one shown are in the
splitting of the carboxylation product (discussed in the preceding
section) and in the enzymatic mechanism by which sedoheptulose
phosphate and ribulose monophosphate are formed, either from
fructose-6-phosphate, phosphodihydroxyacetone and phosphoglycer-
aldehyde, as shown in Fig. 14, or from two molecules of hexose phos-
phate.

The carbon balance of the cycle is indicated in the following

scheme:
3ATP

3Cs — 3RuDP
3RuDP + 3C0O; — 6PGA

12(H)
6PGA EA_’F})’ 603

203—) Co
Cs + 2C3— Gy + C;
C1 + Ca——’ 2C5

12(H) + 3C0; 253 Cy + 3H,0

12(H)
56
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The net result of one complete turn of the cycle is the conversion of'
three molecules of CO, to triose phosphate by 12 equivalents of re-
ducing agent (hydrogen atoms) and nine molecules of ATP (converted
in the process to nine ADP molecules, eight inorganic phosphate
molecules, and the phosphate groups of triose phosphate). The triose
phosphate may be used in the synthesis of carbohydrates or glycerol.
Since the process is cyclic, carbon may be drained off at any_'othez:
point; for example, PGA may be converted to pyruvate for fatty acid
or amino acid synthesis. These and other synthetic processes leading
from the carbon-reduction cycle will be considered later on.

2. ENZYMES OF THE CARBON-REDUCTION CYCLE

(a) Carboxydismutase. The enzymatic carboxylation of ribulose
diphosphate was first reported by Quayle® who demonstrated the
formation of phosphoglyceric acid, labeled with C" in the carboxyl
group only, when ribulose diphosphate and C“Q, were added to a

=== corboxydismutase
H system o

HZ‘I:.O ®l phosphot
nose .
NG ; HO-CH  4enydrogenase  3-P-GLYCERALDEHYDE
i ,C=G-OH | €03 TPNH HyC-0®
v - H ATP !
C=0 + HO-CH
! co; “H20
HZON 2 HC=0
H:°® H?-OH phosphotniose
HyC-0 ® somerase oldolose Ce0
- -P- |
HaC o® 3-P=GLYCERIC AGID Hb-0® HO-(I:M
§=0 HC=0 o HG =0 HG-OH
HG-OH RiBuLOSE Y ] | FRUCTOSE
HC-OH H,C-OH H?-ON HC=-0H 1,6-0:P
HG-0H "50P 2
ol HC-OH P-DIHYDROXY~ N?-OH HoC-0®
- ACET
26-0® H(I;-OH CETONE Hy-0® o -®
IATP HoC-0 ® transketolose RYTHROSE ~4-E T12%) onosphators
phospho~ phospho-  RIBOSE-3-P oldolase HaG=0H
pentokinase pento- ) v zf
nomerose Hz(l:-OH Hzf-0® ?-0 FRUCTOSE
HoC=OH C=0 =0 HO-CH 6-p
2§ Hy0 R
G=0 HO-GH <—————HO-CH HG-0H ~~~of
L -
u#-on HC=OH houpnotase  HE-OH N(':'OH SUCROSE
HG-OH HC-OH HG-OH HoC-0@®
HeC-0® HeG-OH HG-OH HC-OH
RIBULOSE~5-P -0 H,C-0® HoC~0®
- SEDOHEPTULOSE SEDOHEPTULOSE
HO-CH 7-p 17-0P
phosphoketopentoss epimerase HC-O0H

]
HyC-0®
XYLULOSE~5~P

Fig. 14. The photosynthetic carbon-reduction cycle.
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cell-free extract obtained from Chlorella. This enzyme was named
carboxydismutase by these workers who were the first to identify the
reaction ¢n vitro in terms of both substrates and products. Shortly
afterwards, Weissbach!® reported studies of a soluble extract from
spinach leaves which was capable of catalyzing the fixation of CO,
into PGA in the presence of ribose-5-phosphate. When the presence
in these spinach extracts of an enzyme system capable of forming
RuDP from R-5-P with ATP was reported by Weissbach!'® it ap-
peared that the spinach extracts used by these workers might also
contain an enzyme capable of carboxylating RuDP. Further work
with Chlorella extracts by Kornberg’ indicated that the carboxylation
of RuDP did not require ATP and did not yield phosphoglyceralde-
hyde as one of its products. In the meantime three independent
studies with purified enzyme preparations from spinach leaves%:132
had established the stoichiometry of the CO; fixation reaction in vitro
as the formation of two molecules of PGA from one molecule of RuDP
and one molecule of CO; (or bicarbonate ion). Further studies of this
enzyme were reported in 1956 by Weissbach'¥® and by Jakoby.” It
was established by Weissbach that the carboxylation reaction with
RuDP, which was labeled in the number 1 carbon atom resulted in g8
carbon-labeled PGA, as would be expected in the mechanism proposed
earlier.

(b) Phosphoglyceryl Kinase. Although not shown separately in
Fig. 14, the reduction of PGA to triose phosphate may require two
steps, if its conversion follows a pathway which is the reverse of the
glycolytic pathway. The first step is the formation of diphospho-
glyceric acid from PGA. The enzyme for this reaction requires ATP
as a cofactor. This enzyme has been extracted from viable pea seeds.’

(¢) Triose Phosphate Dehydrogenase. The reduction of diphospho-
glyceric acid to triose phosphate may be carried out by a triose
phosphate dehydrogenase. The presence of such an enzyme in plants
has been reported by Stumpf.’?¢12t This enzyme required DPN as
a cofactor. Two dehydrogenases which require TPN have been found
to occur in green tissues.*** The triose phosphate dehydrogenase
found in seeds and in seedlings germinated in the dark requires DPN
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but when seedlings are exposed to light, a TPN-requiring dehydro-
genase appears.5

(d) Triose Phosphate Isomerase. Triose phosphate isomerase ac-
tivity has been demonstrated in pea seed extracts.'

(e) Aldolase. The presence of aldolase in plant tissues has been
reported by Stumpf!2:% and by Hough and Jones® who reported the
formation of sedoheptulose when aldolase from peas was incubated
with dihydroxyacetone phosphate and D-erythrose.

(f) Phosphatase. A phosphatase which catalyzes the formation of
fructose-6-phosphate from fructose diphosphate was obtained from
liver by Gomori® and has been highly purified from spinach extracts
by Racker.®® No hydrolysis of several monophosphate esters of hex-
oses and pentoses could be detected with this purified enzyme. This
phosphatase also catalyzes the hydrolysis of sedoheptulose diphos-
phate.

(g) Transketolase. Transketolase has been obtained in crystalline
form from yeast extracts'® and highly purified from liver and spin-
ach.% The action of this enzyme is the transfer of a glycolyl group
(carbon atoms 1 and 2) from a ketose monophosphate to an aldose
phosphate as shown in the following scheme:

1 CH,OH 1 CH,OH
2 (I‘Z 4 II—C=0 2 A;':() 3 HC=0
3 HO—CI + ((':Hon)n im0t 4 (({)HOH)m
(CHOH)m (IJH,()® (énou)n CH:0®
CHLO® CILO®
m =0,1,2,3 n = 0,1,2,3

(h) Transaldolase. Transaldolase, reported by Horecker,® trans-
fers carbon atoms 1, 2, and 3 of ketose monophosphate to an aldose
phosphate as shown in the example, page 60. Although not included
in the scheme as written in Fig. 14, it has been suggested that trans-
.aldolase plays a part in the sugar rearrangements of the carbon-
reduction cycle.®® Instead of the condensation of dihydroxyacetone
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phosphate with erythrose phosphate by aldolase, leading to sedo-
heptulose diphosphate, the formation of heptose would occur by a
removal and transfer of carbon atoms 1, 2, and 3 of fructose-6-
phosphate to a condensation with erythrose phosphate to produce
sedoheptulose-7-phosphate and glyceraldehyde phosphate. The two
alternative pathways are as follows:

O HCO® H:CO® H.COH
l=0 =0 =0
H,COH HodH HOGH
sidolse - Sor —2°, 1dom + HO
+ H phosphatase OH + ®
HC=0 HCOH HCOH
nbon HeOH HeOH
HOOH Hz(lJO® HgJJO@
Hgé0®
an H,Co® H.CO® H:COH H,COH
HC=0 =0 é=o é=o
H.C0H HOCH HOCH HO+H
aldolase HCOH H0 HéOH HCOH
— —_— "
+ FoH mostame gboH T oy T szo
J A HCOH
HC=0 H,CO® HCO® HG=0 HCOH I
é H,CO®
HCOH +  HCOH H,CO®
H,(':O@ HO® HCOH
H,éO@

The basic similarity of the two processes is readily apparent. The
same rearrangement of carbon chains is accomplished. - The processes
are similar energetically, since each involves"the hydrolysis of3a
phosphate ester on the number 1 carbon atoms. However, it should
be noted that the transaldolase sequence™(II) involves an extra en~
zymatic step. Therefore, it might be argued that on the basisJof
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economy of motion, process (I) is slightly more probable; but no
positive choice can be made at this time.

(i) Phosphoriboseisomerase. Phosphoriboseisomerase has been ob-
tained from yeast preparations,® alfalfa,® and spinach.” This enzyme
brings about the interconversion of ribose-5-phosphate and ribulose-
5-phosphate, the equilibrium mixture being 709, ribose-5-phosphate
and 309, ribulose-5-phosphate. .

() Ribulose Phosphate-Xylulose Phosphate Isomerase (Phospho-
ketopentose epimerase). Ribulose phosphate-xylulose phosphate iso-
merase was reported from yeast by Srere,”* and from Lactobacillus
pentosus by Stumpf? who named it phosphoketopentose epimerase.
This enzyme brings about the interconversion of ribulose-5-phosphate
and xylulose-5-phosphate, and isomerization at the number 3 carbon
atom. Stumpf found the equilibrium ratio of ribulose-5-phosphate to
xylulose-5-phosphate to be about 1.2.

(k) Phosphorit:lokinase. Phosphoribulokinase has been purified
from spinach leaf extract by Hurwitz.% This enzyme is responsible
for the formation of ribulose diphosphate from ribulose-5-phosphate
and ATP.

Ru-5-P + ATP

phosphoribulokinase RuDP + ADP
In the presence of excess ATP, Ru-5-P is completely converted to
RuDP.

3. ENERGETICS

From the above discussion of the enzymes of the carbon-reduction
cycle it can be seen that energy is supplied to the cycle in the form
of chemical energy stored in the chemical bonds of certain cofactors.
As the cycle is written, the total supply of such energy, for each com-
plete turn of the cycle, comes from two molecules of reduced coenzyme
II (TPNH) and three molecules of ATP.

Since the condition of photosynthesis in an active green plant is a
condition of dynamic steady state, rather than an equilibrium, there
is a certain excess of energy supplied to the cycle over that stored
in the form of reduced carbon compounds which are the end products
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of the operation of the cycle. This excess of free energy is required to
keep the cycle turning with a rapid net flow of material from one
intermediate compound to the next in the forward direction.

The calculations which follow show that the excess free energy,
which will be called E, for each carbon atom reduced, is distributed
among various reactions of the carbon-reduction cycle in such a way
as to keep the cycle running smoothly and rapidly in the forward
direction, without vanishingly small concentrations of any of the
postulated intermediates. The assumptions and results involved in
these calculations will be summarized.*

1. The calculations of reaction energies of enzymatic steps from
glucose to pyruvic acid are based on the published calculations of
Burton and Wilson® and of Burton and Krebs.

2. Following their system, frce energies were first calculated for
all compounds from glucose to pyruvate at concentrations of 10—2M
aq., pIll = 7.0, O, = 0.21 atm., CO; = 0.05 atm.

3. After these calculations gave free energy valies for glucose and
fructose, the free energies of these hexoses in their straight-chain form
were calculated, using published data that 0.024%, of glucose in solu-
tion is in straight-chain form and a corresponding value of 0.28%, for
fructose which was cstimated. These straight-chain free energy values
plus free energy values for glyceraldchyde, dihydroxyacetone, and
glycerol, all in solution, were used in setting up an empirical calcula-
tion of the free energies of ribose, ribulose, sedoheptulose, and eryth-
rose.

4. The ring stabilization of sedoheptulose was assumed to be the
same as that of fructose; the ring stabilization of ribose was calculated
from published data concerning the amount of straight-chain form in
solution.

* The following abbreviating symbols are used: E4P, erythrose-4-phosphate;
DHAP, dihydroxyacetone phosphate; SDP, sedoheptulose diphosphate; GA13P,
glyceraldehyde-3-phosphate; FDP, fructose diphosphate; S7P, sedoheptulose-7-
phosphate; F6P, fructose-6-phosphate; RuDP, ribulose diphosphate; Ru5P,
ribulose-5-phosphate; ATP, adenosine triphosphate; ADP, adenosine diphos-
phate; Ri5P, ribose-5-phosphate; TPNH, reduced triphosphopyridine nucleotide;
TPN, triphosphonucleotide; G6P, glucosc-6-phosphate; XubSP, xylulose-5-
phosphate.
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5. The free energies of formation of erythrose-4-phosphate,
sedoheptulose-7-phosphate, and ribose-5-phosphate from their re-
spective free sugars and inorgaunic phosphate were all assumed to be
the same.

6. The free energy of hydrolysis of ATP to ADP and inorganic
phosphate, at 1M concentrations and at pH = 7, was taken as
AF = —8.1 kcal. For 10—2M concentrations this gives AF’ = —10.8
kcal.®

7. Other reactions were assumed to have the same energies as
analogous reactions. These included:

E4P-? + DHAP—2 — SDP—*
assumed same as
GA13P—2 + DHAP? — FDP—*

SDP—* + H.0 — HPO;? + S7P—2

assumed same as
_ FDP* + H,0 — HPO;? + F6P*
The free energies of formation of all intermediates in the carbon-

reduction cycle are given in Table III. In this table, AF values are

Table I1I. FREE ENERGIES OF FORMATION OF INTERMEDIATES IN THE
CarBon-REpucTION CYCLE

Conec. in CO; red.

Compound AF 102M aq. system at x 1072M | AF’ at PS conc.
PGA ® —157.2 1.63 ® —156.9
GA13P ® —102.7 0.05 (est.) ® —104.5
DHAP ® —1045 0.11 (est.) ® —105.8
FDP 2@ —-210.0 0.004 2@ —-213.5
F6P ® —216.5 0.12 ® —217.8
G6P ® —217.0 0.33 ® —-217.7
E4P ® —139.1 0.001 (est.) ® —1432
SDp 2@ —246.6 0.006 2@ —249.6
s7P ® —252.9 0.25 ® —253.8
Ri5P ® —177.2 0.10 (est.) ® —178.6
Ru5P ® —177.6 0.07 (est.) ® —178.2
Xub5P ® —176.5 0.03 (est.) ® —178.7
RuDP 2@ —170.1 0.51 2@ —170.6
HCO3 —142.9 0.187 —143.9
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calculated both for dissolved reductants at 10-2M aq. and for the
actual concentrations measured by kinetic studies during photosyn-
thesis (see Table II), with the arbitrary assumption that the space
actually occupied by the carbon-reduction system is 0.1 the wet

packed volume of the algae.
The free energies of the various steps in the carbon-reduction cycle

follow:
(1)* HCO; + RuDP—*— 2PGA—® 4 H* AF' = —8.9 kcal.
(2) RubP—2 4 ATP

— RuDP— + ADP-? + H* AF = —3.2

3) Ri5P-2—— RubP2 AF' = +40.4**
(4) S7P + GA13P? — Ri5P2 + Xu5P—? AF' = +1.0
(5) SDP—* + H;0 — S7P-% 4 HPO;? AF' = —4.1
(6) E4P* + DHAP—*— SDP—* AF' = —0.6
(7) F6P-2 4+ GA13P—2 — XusP2 + E4P— AF' = +0.4
(8) FDP-*+ H,0 — F6P— + HPO:? AF' = —4.3
(9) GA13P2 4 DHAP? — FDP— AF! = —82
(10) GA13P-2 —> DHAP— AF' = —13

(11) PGA-* + ATP—* + TPNH + H+ —
GA13P-? + TPN+ + ADP-* + HPO;? AF' = —12

(12) XubP-? — RubP-? AF' = 4-0.5

* Reaction (1) has been formulated in two stages, as shown on page 53,
reaction (D). The standard free energy in the first stage may be positive plac-
ing the keto acid in the position of a high energy intermediate between the initial
reactants and final products as shown in reaction (1). One may, therefore, expect
small concentrations of the keto acid to be found in any steady-state experiment.
This has, indeed, proved to be the case in experiments by V. Moses in our labora-
tory, in which approximately 5% of the diphosphate is keto acid diphosphate in
a 3-minute photosynthetic experiment with Chlorella.

** Of course, the true free energy change (corrected) for activities of all reac-
tants and products must be negative for each step in the forward direction in a
sequence of reactions at steady state. The fact that apparent positive free energy
changes are obtained in some of the steps shown here stems from the fact that
the levels of some of the reactants, such as ATP, ADP, TPNH and TPNY, etec.
may be different from the assumed values, or from inaccuracies in the measure-
ment of the concentrations of some of the less stable intermediates, or both.
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For each complete turn of the carbon-reduction cycle, three mole-
cules of CO; are taken up, six molecules of PGA produced, and the
various steps in the cycle take place the number of times indicated
below. The free energy change of each step per cycle can therefore be
calculated.

Step No. AR’ No. of times N NAF’
1 -89 3 —26.7
2 —-3.2 3 —-9.6
3 +0.4 1 +0.4
4 +1.0 1 +1.0
5 —4.1 1 —4.1
6 —0.6 1 ~0.6
7 +0.4 1 +0.4
8 —4.3 13 (143 —-6.5
9 —-3.2 13 (1 4+ 3% —4.8

10 -13 251+ 3 -33
11 —1.2 6 -7.2
12 +0.5 2 +1.0

Total: —60.0

* These amounts needed for noncyclic formations of end product, 3[CH;0].

These reactions bring the three carbon atoms to the energy level
of F6P. To bring them to the energy level of glucose two more steps
are needed:

(13) F6P-2 — G6P2 AF’ = 40.1
(14) G6P-2 4+ H,O0 — glucose + HPO3? AF' = —4.4

Each of these steps occurs one-half time per turn of the cycle
(three carbon atoms) so to —60.0 must be added

3(—44 +0.1) = —22

to give a total of 62.2 keal. For each HCO3 molecule reduced this is
E = —62.2/3 = —20.7 keal. This represents the excess of energy
supplied to the carbon-reduction cycle over that stored in the form of
reduced _carbon.
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The energy stored for the reduction of one HCO3 molecule to
glucose is given by:

(15) HCO; + Ht —> [CH.0] + O, AF" = +115.6 kcal.

The energy supplied to the cycle for each HCO3 reduced may be
calculated as that expended by the hydrolysis of three molecules of
ATP and the oxidation of two molecules of TPNII.

The oxidation of TPNII by O, is given by the sum of :

(16) TPNH — TPN* + H*+ + 2¢~ AF = — 149

(17) 102 + 2¢~ 4 2H+ — HO AF = — 36.7

which is

(18) TPNH + 10, 4+ H*+ — H,0 + TPN* AF = — 51.6
The sum of the oxidation of 2TPNH is 2(—51.6) AF = —103.2
and hydrolysis of 3(A'T'P) 3(—10.8).......... AF = — 324
whichis.......... ... . .. . L AF = —135.6

The encrgy given out by twice reaction (18) plus the hydrolysis
of three ATP molecules differs from the encrgy stored in reaction (15)
by —135.6 4+ 115.6 = —20.0 keal. This corresponds to I, the energy
expended in keeping the cycle running at a dynamic steady state.
At equilibrium, & would be zcro.
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Pathway of Carbon into Carbohydrates

1. SUCROSE

As shown in the discussion of the carbon-reduction cycle, each
two turns of the @ycle can result in the reduction of six molecules of
carbon dioxide and the formation of a molecule of hexose phosphate.
This hexose phosphate may be used in the synthesis of sucrose or
other polysaccharides.

The sucrose phosphorylase enzyme from Pseudomonas saccharo-
phila was known to catalyze the reactions

sucrose + H;PO, T a-D-glucose-1-phosphate + D-fructose,

Hassid, Doudoroff, and Barker®” having isolated sucrose synthesized
by this enzyme. It appeared, however, that this was not the mecha-
nism by which sucrose is synthesized in the green plant. It was not
possible to show the presence of this enzyme in higher plants. It was
found that when Chlorella were allowed to photosynthesize in radio-
active carbon dioxide, sucrose was the first free sugar to be formed.
This was interpreted to mean that in sucrose synthesis in higher
plants, only phosphorylated derivatives of sugars were involved,
probably yielding a sucrose phosphate as the first sucrose-containing
product. Putman,*” working with leaf punches, obtained evidence for
the formation of a phosphorylated sucrose derivative in sucrose syn-

thesis.
67
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A study of the phosphorylated products of short-term photo-
synthesis in C40, led to the discovery of a sucrose phosphate.” The
“hexose monophosphates” produced during photosynthesis in C*O,
were treated with an invertase-free phosphatase preparation and sub-
jected to paper chromatography. While in most cases there were only
minute traces of sucrose formed by this treatment, in sugar beet
(5 minutes in C4Q,) there was an appreciable quantity. It wasidenti-
fied by co-chromatography, and enzymatic hydrolysis to glucose and
fructose.

HOCH, O 0 Y OH
HOCH
HO 0 OH
CH,0-P-OH
(]
0
HO OH

Fig. 15. Proposed structure for sucrose phsohate.

When this ‘“hexose monophosphate” sample was subjected to
chromatography in t-butanol/picric acid/water, radioactive areas cor-
responding to glucose-6-phosphate, fructose-6-phosphate, sedoheptu-
lose and mannose phosphates, and sucrose phosphate were obtained.
The sucrose phosphate gave sucrose on phosphatase treatment, and
on acid hydrolysis, glucose and fructose phosphate were produced.
The latter did not co-chromatograph with fructose-6-phosphate.

It was proposed that sucrose phosphate in sugar beet leaves had
the probable structure shown in Fig. 15.

It appeared that in sucrose synthesis in green plants there are two
possible mechanisms. Glucose-1-phosphate might react with fructose-
1-phosphate to give sucrose phosphate, which would be dephosphor-
ylated to sucrose. Alternatively, sucrose phosphate synthesis might be
envisaged to occur through uridine diphosphate glucose?® which be-
comes labeled shortly before sucrose in kinetic experiments with
C40,.2t The uridine diphosphate glucose may be formed from glucose-
1-phosphate by a series of reactions analogous to those proposed by
A. Kornberg.” These alternative schemes are summarized in Fig. 16.
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Leloir and Cardini® have isolated from wheat germ what appears
to be two systems, one which catalyzes the reaction of fructose plus
UDPG to give sucrose plus UDP and the other which catalyzes the
reaction UDPG plus fructose-6-phosphate to give sucrose phosphate
plus UDP. Burma and Mortimer® have reported that with excised

? + 0Oz PHOSPHOGLYCERIC ACID
(several steps)
FRUCTOSE - 1,6 -DIPHOSPHATE
FRUCTOSE - 1-PHOSPHATE ————— FRUCTOSE SUCROSE
FRUCTOSE -6~PHOSPHATE
SUCROSE
prosprate + V0P
GLUCOSE-6-PHOSPHATE
GLUCOSE=-1-PHOSPHATE UDPG + P-P
ATP
URIDINE
TRIPHOSPHATE
Fig. 16. Proposcd mechanism for formation of sucrose with
UDPG.

sugar beet leaves and leaf homogenates radioactive UDPG and su-
crose were formed when radioactive glucose-1-phosphate, fructose-6-
phosphate, and UTP were added. He proposes a mechanism identical
to that postulated by Buchanan?® except in his choice of fructose-6-
phosphate as the precursor instead of fructose-1-phosphate.

The requirement of ATP in this mechanism of sucrose synthesis
is believed to result in an acceleration of this reaction in the light
(during photosynthesis) so that in this sense this reaction is part of
the pathway of carbon in photosynthesis.

While not much is known about the formation of other poly-
saccharides during photosynthesis, it may be postulated that mecha-~
nisms similar to that postulated for the formation of sucrose may
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account for the rapid formation of polysaccharides labeled with C'
which has been observed to occur during many experiments in which
plants have been allowed to photosynthesize with C“O, for relatively
short periods. On the usual two-dimensional chromatogram, devel-
oped as described earlier, these compounds form what appears to be
a homologous series extending from the origin to sucrose. The com-
pound of this series closest to sucrose has been hydrolyzed and found
to contain only glucose.



VIII

Fat Synthesus

1. FaTTY ACIDS

During photosynthesis with C**O, with Scenedesmus as much as
309, of the radiocarbon incorporated in 5 minutes has been found in
lipid materials. Since this incorporation of radiocarbon is greatly in
excess of the rate of dark respiration, it may be taken as an indication
of the stimulation of fat production in the light. In view of the
greater number of equivalents of reducing agents required to reduce
CO; to fats as compared to the number required to form carbohydrate,
it is not surprising that rapid fat synthesis requires reducing agents
derived from the light.

When C"-labeled acetate was added to Chlorella in the light and
in the dark, it was found that light greatly stimulated the incorpora-
tion of the acetate into radioactive lipids. It seems reasonable to
suppose that CO,, incorporated into PGA via the carbon-reduction
cycle finds its way into fatty acids via PGA, pyruvic acid, and an
active acetyl group, such as acetyl coenzyme A.

Another route by which intermediates of the carbon-reduction
cycle may be converted to fatty acids is the possible conversion of
two carbon units, derived from sugar phosphates, into acetate, acetyl
phosphate, or acetyl CoA. For example, if ribulose-5-phosphate were
split to glyceraldehyde phosphate and glycolaldehyde, the later com-

pound could rearrange to give acetyl phosphate.
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2. GLYCEROL

While no direct evidence has been obtained as yet, it seems likely
that glycerol phosphate may be formed at a rapid rate from triose
phosphate in the light by reduction owing to reduced cofactors formed
from the photolysis of water.

* The presence of relatively large amounts of «,a’-diglycerophosphate in algae

and some higher plants has recently been reported. Maruo, B. and Benson, A. A.:
“a,a’-Diglycerophate in Plants,” J. Am. Chem. Soc., 79, 4564-4565 (1957).



IX

Anuno Acids

A number of labeled amino acids are formed at a rapid rate in the
light when the plants are exposed to radioactive CO,. Alanine, labeled
very quickly, is probably formed by transamination from pyruvic
acid, while serine is formed by transamination of hydroxypyruvic
acid. Glycine may-be formed from glyoxylic acid which in turn may
arise from the glycolyl fragment which is carried by transketolase in
the sugar rearrangement reactions. It may be noted that the occur-
rence of conditions leading to the formation of large amounts of
labeled glycolic acid (such as low CQ, pressure) often results in the
simultaneous formation of increased amounts of glycine.

The other amino acids found to be labeled significantly after short
periods of photosynthesis are aspartic acid and glutamic acid. The
aspartic acid formation is no doubt associated with the rapid labeling
of malic acid which is frequently observed. Malic acid is labeled by a
carboxylation reaction in which carbon dioxide undergoes a reduc-
tive addition to pyruvic acid. Since the pyruvic acid is derived
from PGA, the resulting label of the malic and aspartic acids is
*

* *

(*JOOH—(EHr(*)HOH—éOOH, the actual proportions depending on
the label of the PGA from which it is derived. Under nonsteady
state conditions the amount of C;-C, carboxylation may be very large.
The formation of labeled glutamic acid parallels the incorporation
of C* into citric, a-ketoglutaric, and succinic acids. Like these car-

boxylic acids, glutamic acid becomes labeled very rapidly when plants
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which have been permitted to incorporate C**O.in the light (until inter-
mediates of the carbon cycle are well labeled) are then placed in the
dark. This accelerated formation is believed to be due to a combina-
tion of a release from light inhibition of pyruvic acid oxidation and a
transient change of pool sizes upon darkening. However, C: com-~
pounds, including active acetate, glyoxylate and glycolate, may be
formed directly from sugar phosphates, presumably by reactions anal-
ogous to the transketolase reaction. From these compounds there
may be synthesized either fatty acids (as suggested in the last section)
or malic and a-ketoglutaric acids* by a pathway not subject to the
postulated inhibition by light of pyruvic acid oxidation.

* A route from C, compounds to a-ketoglutarate has recently been described

by H. L. Kornberg and H. A. Krebs [““Synthesis of Cell Constituents from
Co-Units by a Modified Tricarboxylic Acid Cycle,” Nature, 179, 988-991 (1957)].



X

Mctabolic Inhibitors

1. GENERAL INHIBITORS

It has long been known that a good many general cell poisons
have a marked effect on overall photosynthesis. Such poisons as mer-
curic ion, hydroxylamine, cyanide, and azide are potent inhibitors
of photosynthesis as well as other cellular processes. An early attempt
to evaluate or determine the point of selective inhibition by cyanide
and by hydroxylamine using the radiocarbon fixation pattern tech-
niques was reported in 1951.3® It seemed clear from these results that
both inhibitors were affecting a number of steps and each to a different
degree. This work, particularly with cyanide, was resumed recently
in our laboratory under the stimulus of some indications that, under
suitable conditions, cyanide might inhibit photosynthesis slightly more
than respiratory processes*# and that some form of ATP generation
might not be cyanide sensitive.”” In these experiments™ use was
made of the assumption that injection of a relatively high concentra-
tion of inhibitor in the medium would result in a gradient of inhibi-
tions over the following time, as the inhibitor concentration is
gradually increased within the cell. A typical experiment of this sort
involved a preliminary period of photosynthesis with C“#O; of the
order of 10 seconds, followed by the injection of enough cyanide to
bring the overall concentration up to approximately 0.02 molar,
followed by a further light period of the order of 10 or 20 seconds,

after which the reaction was stopped in the usual way with alcohol.
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The most pronounced difference that was observed in the chromato-
grams in such an experiment was a reduction in the amount of phos-
phoglyceric acid to be seen (compared with the 10 seconds photo-
synthesis control) and an increase in the amount of radioactivity to
be found in the diphosphate area. An examination of this diphosphate
ares using phosphatase to hydrolyze the phosphate esters produced
two new radioactive compounds not seen in the absence of cyanide.
These appear to be related as gluconic acid is related to gluconol-
actone. Further work with this acid established its constitution as
hamamelonic acid.® This appeared to be related to the keto acid
which had been proposed as an intermediate in the carboxylation of
ribulose diphosphate and found present to a very small extent in the
diphosphate areas.®® However, a simple direct addition reaction of
cyanide on ribulose diphosphate leading to hamamelonic acid diphos-
phate has been demonstrated.!! This suggests that at least part, if
not all, of the hamamelonic acid diphosphate appearing in the above
described photosynthetic experiment has its origin in a nonenzymatic
cyanohydrin formation on the ribulose diphosphate present in the
cell at the time of the cyanide addition, and that the increase in the
amount of this material induced by this succeeding illumination is
the result of the conversion of the initially formed phosphoglyceric
acid into more ribulose diphosphate. Further degradation experi-
ments are under way to determine the possibility that some of this
hamamelonic acid may arise by reduction of the intermediate keto
acids.

2. SPECIFIC INHIBITORS

A number of attempts have been made to use specific metabolic
inhibitors in order to define further the routes leading from the photo-
synthetic cycle into a variety of other metabolically synthesized plant
materials. Some of the early work in which a wide variety of bio-
logically active compounds were tested for their effects on the fixation
of radiocarbon dioxide by algae, both in light and in dark, were
reported by Havinga.®® In this work the primary observation was
that of total radiocarbon fixation with only an occasional examination
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of the fixation pattern by chromatography. While some effects were
noticed, no outstanding unequivocal results different from the normal
patterns were observed. More recently, a rather specific antimeta-
bolic effect on the carbon dioxide fixation pattern of algae has been
observed. The drug which was first observed to produce this effect
was azaserine.’® Similar effects have since been observed as the result

of treatment with diazo-oxonorleucine.!?8

Table IV. TuE EFFECT OF AZASERINE ON Scencedesmus

Azaserine I Azaserine I1
Control I (4 mg.) Control II (1 mg.)
Determination on aluminum disc (counts/min.)
Total fixation....... 22 X 10¢ 27 X 108 29.2 X 10¢ 33 X 108
809, ethanol extract. 45.5%, 479, 47.39, 47.39,
209, ethanol extract. 5.9, 7.5% 7.5% 8.5%
Determination on pager (counts/min. equal total radioactivity placed on each paper
Glutamine......... 332 1,192 390 1,312
Glutamic acid . .. ... 2,066 1,227 2,632 1,139
Aspartic acid. ...... 4,436 989 7,020 762
Serine............. 1,839 849 2,411 990
Alanine............ 1,166 272 2,000 314
Glycmg ............ 400 574 1,045 008
Threonine..........
Tyrosine. .......... 261 171 444 295
Valine............. 1,051 787 1,468 1,053
Sucrose............ 923 X 9.5% 2,380 X 9.5 937 2,072
Malic acid......... 3,022 X 9.5 | 5,814 X 9.5 2,691 X 9.5 [ 4,263 X 9.5
Citricacid. .. ...... 466 X 9.5 | 1,118 X 9.5 145 X 9.5 400 X 9.5
a-Ketoglutaric acid. . 40 200 270 1,054
Fumaric acid....... 269 108 381 344
Succinic acid. ... ... 1,117 1,689 822 922
Glyceric acid. ... ... 576 966 1,349 845
Glyecolic acid. ... ... 200 3,182 240 880
Lipids. ............ 1,650 X 9.5 | 1,259 X 9.5 | 2,540 X 9.5 | 1,923 X 9.5
Phospholipids. ...... 1,229 X 9.5 | 1,071 X 9.5 | 1,350 X 9.5 853 X 9.5
Area X............ 1,001 X 9.5 751 X 9.5 621 X 9.5 538 X 9.5
Sugar phosphates,
PGA and origin. . .|14,040 X 9.5 |16,379 X 9.5 |15,071 X 9.5 |14,424 X 9.5

s The factor 9.5 was used whenever the radioactivity was counted through

aluminum foil.



Metabolic Inhibitors

78

*UONIqIYUl SULIAseZB JO 89318 o[qesod LT *S1g

oV s (L A u.a..—uoq-o —_— 3 z&“n — u;_n
SISFHINAS  3INKQINIYAD
uﬁi
0IY d1LyvaSY a1V

37040 S83y¥

%9 u:Sx»st/
<.u 31949 JILIHINASOLONI

:;»uu- vd3d 209

0V
1vm a5y
\ 21139vWX0
019V Juvmng
\ 010V
A1ivs
[EIE )
aiay
JINIDINS
SAdY
0d5QHd A|||||uz_..o..u
SIN3WOId QIOV ANLNODY
zﬁimxon//
vod
ut:«..oz«:..u .|I|u.._¢uu $3ILVHISOHd
TANIZINS 1450ud,
anv
\/ aiov Iufosiz=—= s tone T sromeT—t—= !_u»d N
1oV 9MVLNTH0L3N m \ \\
anv
X NGNS TV 4944
QI9v JMvLINTS
W 01V 311095% dgy ogmv-N dcy < dsy
INIDKD A19 %
ININYLNTD WUWE04-R-D ANYO1-R-D
SISIHINAS #
3INYNG gcu
4 3QNYXOBYYD dsy
BNSON! e———————— 30ZVOMI-p —————— TOZVaWn-»
oS ONWY-§



Metabolic Inhibitors 79

The initial observations implicated azaserine as a specific inhibitor
of some stages in the metabolic pathway leading to purine and/or
pyrimidine synthesis.’$2 The observations of the effects of azaserine
on the path of carbon in photosynthesis by Scenedesmus has led to
the recognition of a more general, but still specific inhibitory function.
Table IV summarizes a typical experiment. The changes apparent in
this table are very simply interpreted in terms of a general block of
transamination reactions. The various relationships are illustrated in
Fig. 17 in which the possible sites of azaserine inhibition are indicated
by the saw-tooth lines.

Such studies as this give us considerable further information con-~
cerning the secondary and ultimate fate of carbon, initially incorpo-
rated via the photosynthetic cycle. It is to be expected that they will
play an important part in the ultimate elucidation of all the complex
inter-relationships of biosynthesis which make it possible for the green
plant to manufacture all of its constituent chemical compounds from
carbon dioxide.
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XI

Hydrogen Transfer System

While the principal purpose of this monograph has been a discussion
of the carbon-reduction pathways in photosynthesis and has now been
completed, it seems worthwhile to consider very briefly some other
aspects of photosynthesis. These are the directions in which one
might search for a better understanding of the prificipal energy con-
version reactions of photosynthesis mentioned in the introduction as

LIGHT ARNOOOODARKINNNG NN SSLIGHT
RQDOOL
§|TRIC ACIDx 10
10,0001 - I 4-KETOGLUTARIC
ACID x10
a
Q 160 260 360 400 560 5(.)0 7(.)0 ISLOO ZOIOO 2;00
t TIME IN SECONDS
hght off light on

Fig. 18. Light-dark changes in concentrations of PGA, citric
acid, and glutamic acid.
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reaction (2a) and the ways in which carbon studies herein described
might provide some clue to the mechanism of these conversions.
Clearly there must be a junction between the products of the initial
quantum conversion as written in (2a) and their utilization for carbon
reduction as written in (2¢). One may, therefore, expect that suitable
studies of the behavior of carbon dioxide during the course of its
reduction under a sufficiently widely varied set of conditions might
give some information about the nature and origin of the reducing
agents required which must have their ultimate source in the photo-
chemical act itself. An important experimental operation of this type
is depicted in Fig. 18. Here it may be seen that the light in some way
prevents the flow of radiocarbon from compounds of the photosyn-
thetic cycle (phosphoglyceric acid) to the compounds of the tricar-
boxylic cycle or Krebs cycle (citric acid-glutamic acid). This could
not reasonably be interpreted in terms of macroscopic substrate con-
centration changes because the changes in rate of conversion were
much greater than the observed change in substrate concentration.
Therefore, one must conclude that the light affects the condition of
some catalytic substance which may act as a valve between the two
cycles. This type of mechanism is shown diagrammatically in Fig. 19
in which the dotted line corresponds to that valve.

CARBOHYDRATES
PROTEINS
FATS

/ N

%2 #0
PHOTOSYNTHESIS | TRICARBOXYLIC ACID
CYCLE CYCLE
€Oy,
Hy0,—
20 02

hv

Fig. 19. Schematic diagram of relation between photosynthesis
and respiration.
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The most direct route from phosphoglyceric acid into the Krebs
cycle compounds is via pyruvic acid to acetyl coenzyme A which can
then condense with oxalacetic acid to give citric acid. A cofactor
for the conversion of pyruvic acid to carbon dioxide and acetyl CoA
by pyruvic oxidase is lipoic acid which functions at very low concen-
trations and which appears to be susceptible to more or less direct
transformation as a result of the photochemical process.!1:26:56254117
In order to carry the acetyl group from pyruvic acid to CoA, lipoic
acid must be present in an oxidized form as shown:

Photosynthetic cycle

CH.
7\ .
CH,-CO-CO.H + H.C CH-[CH,].-COX a-Lipoic acid
l —
S——S R
(HO) (] H[O] (DPN) \
N AN
CoA -SH
AcS-CoA + H,C CHR «—— Hz(‘J (|3HR + CO:
Hlb él{ AcS SH
CO-CO:M “Active acetyl”
é“!'COIH
Citric acid » Tricarboxylic acid cycle

If the light, by means of reducing agents it generates, increases the
steady-state ratio reduced to oxidized lipoic aeid, it is clear that the
rate of passage of acetyl through this system from phosphoglyceric
acid to citric acid will be reduced. While there may be other catalytic
factors susceptible to control by the light which could in turn effect
this valving action, this one seems most closely and obviously sug-
gested by the direct relation of phosphoglyceric acid and citric acid
shown in Fig. 18. This evidence for the reduction of lipoic acid in the
light, and the fact that the oxidation potential of lipoic acid is very
nearly identical with pyridine nucleotide!® believed to be required for
reduction of phosphoglyceric acid in the CO. reduction cycle, suggest
the possible role of lipoic acid as an electron carrier. How many
chemical steps may lie between the photochemical excitation of chlo-
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rophyll to produce reducing electrons and the reduction of lipoic acid
is not known, but the ease of the noncatalyzed reduction suggests
there may be very few, if any. A study of the ability of lipoic acid to
accept electrons from the photochemical source as it exists in the
chloroplast shows it to be highly efficient compared to other electron
acceptors which have been used, such as quinone and ferric ion in
various forms.?



XII

Quantum Conversion Process

This last reaction, first developed by Hill, is the one in which the
photochemical apparatus is removed from the green plants in the
form of chloroplasts or chloroplast fragments which are shown to
. possess the ability to produce molecular oxygen when illuminated in
the presence of a variety of electron acceptors. The relative non-
specificity for these electron acceptors suggests a nonenzymatic proc-
ess a8 the primary mechanism of electron transfer. The apparent
requirement of a minimum size for the photochemical apparatus,'?
together with the high degree of organization of units of this same
scale indicated by electron microscopy,”-1"® when coupled with the
previously educed® argument, suggests the presence of a quasi-
crystalline lattice [Fig. 20(a), (b), (c)]®® containing, among other
things, chlorophyll molecules as the core of the photochemical ap-
paratus. This lattice may have electronic energy levels whose charac-
teristics are determined not by the individual molecules alone, but
by their relation to each other as well; that is, they may have proper-
ties resembling those of a photo semiconductor.

It is as yet difficult to decide whether one should conceive of the
light absorption act as directly producing electrons which can migrate
until trapped, or whether this absorption process leads to the forma-
tion of neutral migrating excitons which are converted to ion pairs at
suitable. points in the lattice. This conception resembles an earlier
one, derived from kinetic studies, of a ‘“photosynthetic unit’’ 254445

in which the light absorption is in effect accomplished by an aggregate
84
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Fig. 20(b). Diagrammatic representation of lamellar structure
in the mesophvll chloroplast of Zea mays. At top is a representa-
tion of the density observed in seetions of oxmium-fixed material,
at bottom, an interpretation of this in terms of protein, lipide,
and chlorophyll. The structure of the lamellae in the parenchyma
sheath chloroplasts is indistinguishable from that of the inter-
grana lamellae of the mesophyll chloroplasts. Drawing not to
seale. (According to A, J. Hodge, J. D. McLean, and T\
Mercer.)



Fig. 20(¢). Portion of a mesophyll chloroplast from a 3- to
J-week-old maize leal. ¢ and Gy, cross section of grana; (),

oblique seetion of grana; arrow [, compound nature of lamellac;
arrow 2, forking at the periphery of the granum; DSB, dense
spherical bodies; (‘M limiting membrane; ey, cytoplasm; sr,
stroma (finely granular matrix) of chloroplast.
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of several thousand chlorophyll molecules rather than individual ones.
The electrons and positive ions produced by either of the afore-
mentioned processes are separately trapped at suitable points of
differentiation in the lattice. For example: the positive ions or “holes”
might exist as oxidized heme components of suitable potential. These
can regain their electrons directly from water molecules or from some
hydrated species (for example, carotenoid alcohols) which could then
lead to molecular oxygen.

One can further visualize a built-in potential gradient which would
lead to a diffusional separation of the charge and thus to a separation
of the oxidized and the reduced entities. One or the other of these
could then be ‘“‘stored” for appreciable lengths of time (milliseconds
to seconds) before being accepted (for electrons) or neutralized (for
holes) and the purely chemical stages initiated. Up to some point
this process should be reversible, and therefore should show some
emission of chlorophyll phosphorescence as has been observed by
Strehler.?:118.119

On the basis of such observations together with a kinetic analysis
of the effect of added lipoic acid upon the efficiency of the Hill

T =0.03-0.06 sec _
ct:l'r < cht + + ©)
4
Luminescence S+ +
1~10"8 sec R
H* + 172 S—S H 0
Thermal decay l
chi®
R
(Y oxygen
Absorption 172 TPN + 172 3 3 evolution
Fluorescence
quinone reduction
chl carbohydrate formation

Fig. 21. Scheme for light energy conversion through charge
separation.
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reaction of Scenedesmus cells in flashing light, the following detailed
proposal of a sequence of events lying between light absorption and
chemical potential has been proposed® (Fig. 21).

In this scheme the neutralization of holes by electron donation
from water or a hydrated compound is supposed rapid compared to
the removal of the trapped electrons by natural oxidants. It seems
to us significant that a very similar sequence was devised quite in-
dependently to account for an entirely different type of data (fluores-
cence behavior) by Katz.”

One may expect other directly observable physical manifestations
of such a system; i.e., the absorption spectrum in the visible region
may be expected to show a variety of transient changes associated
with each of the successive steps outlined above, followed by slower
changes which would be expected of the “purely chemical” transfor-
mations which follow. Such changes have been observed by a number
of people.42:43.85.140,141 The most recent of these!4’:4! involves observa-
tions on isolated chloroplast fragments (grana) in ¢he time region of
10—* second. In this work it was demonstrated that the spectral
changes observed clearly demonstrated at least two, and probably
more, successive transformations in the intact algae, with some part
of the series remaining in isolated chloroplasts.

One other type of physical observation may be expected to give
direct evidence of the presence of ‘‘triplet state’” excitons, conduction
electrons, trapped electrons, and holes; as well as single electron
carriers in the succeeding chemical system. This is the observation
of the possible presence of electron spin resonance™'%* in the green
tissues and its response to illumination and other variables. Such
observations have, in fact, already been made in isolated chloro-
plasts, 12 and on partially dried leaf tissue of various types.1* Which
of the above-mentioned sequence of events these electron spin signals
might be due to it is too early to say with certainty. In all probability
the time of observation in these experiments, which was not shorter
than several seconds in either case, would preclude the possibility of
seeing effects associated solely with the primary acts.

A method which might be expected to separate the photoelec-
tronic processes from the succeeding chemical transformations would
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be to make observations at very low temperatures (< —100°C)
where chemical processes would be expected to proceed extremely
slowly. One may confidently expect all enzymatic processes which
normally function in the room temperature range to cease in this
range of temperatures. We!® have been able to observe the ap-
pearance of an electron spin resonance signal (at g ~ 2.0) imme-
diately upon the illumination of isolated chloroplasts at —120°C,
with light from a tungsten lamp filtered through plate glass (~4
mm.), water (~2 cm.), and infrared absorbing glass (~2 mm.). This
signal was saturated upon first observation (~1 minute) and re-
mained unchanged in the dark as long as the chloroplasts were frozen.
After thawing in the dark at room temperature and refreezing, the
signal was gone and could be regenerated by illumination. The nature
of the signals that are seen are shown in Fig. 22, and a summary of

~—_

dark, 25°C

light, 25°C

5 0e=4

— N\

dark, -140°C light, -140°C

Fig. 22. Spin resonance spectra from wet, large chlorophyll
samples.

the various observations that have been made are shown in Table
V.18 This appears to be strong direct evidence for the existence and
functioning in the chloroplasts of a system capable of converting
electromagnetic energy absorbed by chlorophyll into trapped elec-
trons of high potential by a photoconductive process. It should be
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Table V. ELECTRON SPIN RESONANCE OBSERVATIONS ON VARIOUS SAMPLES FROM
PHOTOSYNTHETIC MATERIAL. At room temperature, the width between points
of maximum slope is approximately 10 oersted; at —140° the width between
points of maximum slope is approximately 15 oersteds. Light quality: 5800
<\ < 8000 A. Resonance g value is 2.00.

Light Signal Signal
Substance intensity | Temperature| growth time | decay time
Dried leaves.......... low= 25° minutes hours
Dried whole chloro-
plasts.............. lows 25° minutes hours
60°4 scconds seconds
Wet whole chloroplasts low® 25° seconds ~1 minute
—140° seconds hours
Wet small chloroplast
fragments. ......... lows 25° seconds minutes
Wet large chloroplast
fragments.......... low® 25° ~30 seconds | ~30 seconds
high? 25° ~6 seconds | ~30 seconds
high? —140° ~10 seconds hours®

s Low light intensity: approximately 10" quanta/sec. into cavity; the num-
ber of free electrons at equilibrium was approximately 10.

b High light intensity: approximately 10'® quanta/sec. into cavity; the num-
ber of free electrons at equilibrium was approximately 10,

o The signal began to disappear rapidly when the temperature was raised to
about > —50°.

4 This seems to correspond to the temperature at which there is a peak in
the thermoluminescence curve. Observed by G. Tollin in this laboratory in an
experiment similar to that described by W. Arnold and H. K. Sherwood.!

noted in this connection, that while direct observation of photocon-
duction in dried chloroplasts has not yet been observed! thermo-
luminescence and semiconduction properties attributable to such a
trapping system have been described.! On the other hand, it has been
possible to demonstrate an increase in conductivity upon illumination
of thin films of crude chlorophyll prepared by evaporation of the usual
petroleum ether and alcohol extracts.®®

It is interesting to note that the more precise studies of the thermo-
conduction, photoconduction, luminescence, and absorption proper-
ties of model systems (pure crystals and mixed crystals of aromatic
condensed ring systems)® have led to the same interpretation for



Quantum Conversion Process 89

these processes as has the one proposed here to be operative in photo-
synthesis. In the pure crystals the process is formulated as:

hv — excited singlet — triplet — exciton migration
—— ionization — conduction bands

In the crystal containing impurities in which the unperturbed triplet
lies below that of the host molecules the process is the same except
that the exciton migration leads to trapping and ionization in the
impurity levels rather than in the host molecules.

Finally there is the possibility of a refinement of the electron spin
resonance type of observation which might permit an unequivocal
demonstration of the presence of relatively large volumes of regular
organized material in which a conduction (free) electron could move,
as contrasted to free radicals of individual molecules (of chlorophyll,
flavin, cytochromes, pyridine nucleotides, etc.). This is the method
of “cyclotron resonance”4 which, if demonstrated in such material
as chloroplasts or grana, would constitute very strong positive evi-
dence for the type of phenomenon we propose.



XIII

Oxygen Evolution System

So far we have discussed the transfer of the reducing electrons and
some possible modes of their creation. It is, of course, clear that for
each equivalent of such reducing electrons there must simultaneously
be created an equivalent of “holes” or oxidizing agent which can
ultimately become molecular oxygen (in green plants). Some infor-
mation on the origin of this molecular oxygen is available to us from
the original isotope studies of Ruben,'® using O and following the
suggestion of van Niel.!® This has clearly indicated that this oxygen
has its ultimate origin in the oxygen atoms of H;O. Nothing further
is known of the path of oxygen from water to molecular oxygen.

H,0
?—?— 72— 0

Among suggestions made is one involving the carotenoids®4 but the
isotopic evidence is not yet available. Further developments here
await the more ready availability of greater amounts and more highly
enriched isotopic oxygen O or OV or both. Also, better methods of
detection and analysis are presently being developed which may
confidently be expected to provide some of the missing links in this

area.
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