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ABSTRACT

The separation of the phenoﬁenon of photosynthesis in green plants
into a photochemical reaction and into the light-independent reduction of
carbon dioxide is discussed. The reduction of carbon dioxide and the fate
of the assimilated carbon were investigated with the help of the tracer
technique (exposurs of the plants to the radioactive C0,) and of papsr
chromatography. A reaction cycle is proposed in which phosphoglycerip
acid is the first isoclable assimilations produet., Analyses of the algal
extracts which héd assimilated radioactive carbon dicxide in a stationary
condition ("steady~state™ photosynthesis) for a long time provided further
information concerning the proposed cycle and permitted the approximate
estimation; for a number of compounds, of what fraction of each compound
wag taking part in the cycle, The earlier supposition that light influence:
the respiration cycle was confirmed. The possibility of the assistance of
a=lipoic acid, or of a related substance, in this influence and in the

photosynthesis eycle, is discusged.
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Fhotosynthesis, the process by which green plsnie are abls Lo capvure
electromagnetic energy in the form of sunlight and transform it into stored
chemical energy in the form of a wide wvariety of reduced {(relative to
carbon dicxide) carbon compounds provides the only mzjor source of energy
for the maintenance and propagation of all life. For this and other reascns,
the study of the nature of this process has been a very atiractive ares for
many years and a wide variebty of scientific interest and backgrounds have
been brought to bear upon it. These range from the purely biclogical ©
the strictly physical with the biochemical and physicochemical area lying
between. Important contributions to the understanding of the phencmenon
have come fram all these areas, but in spite of the enormous amount of work
and study that has gone into the problem, relatively litile is knowm, or
rather understood, about the fundamental character of the process even today.
It is perhaps pardonable that one engaged in studies in this area tends to
the conclusion that most of the knowledge hag been zscguired in the relatively
recent past. Discounting that tendency, it still seems fair to say that we

have only just begun in the last decade or so 1o gain some understanding of

the intimate details by which the basic process reprssented in the overall
reaction
+ h 3 .
e —c—
CO, + HyO o 7 0+ (GHy0)
= Energy

has come to be understood. The recognition of this overall reaction as writ-~
ten, to represent the basic nature of the process of pholosynthesls, and, D=
ther, that 1ie reversal represents the basic reaction of respiration is, of
course, an old one.

Ae a result of more recent study, it has been possible Lo separate the
rrocess of photosynthesis into two distinet and ﬁ@p&f&t@ parts. The genersl

features of this separation mey be represented in the following charts

{(Figure 1). The essential feature of the separaticn is the independence of
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the photochemical part of photogynthesis froam the carbon dioxide reduction
part. We shall not here even try to outline all of the various forms of
evidence which have been adduced in support of such a scheme but only to
point out additional bits which have been added in recent years and particu-
larly those which stem from our own work019293

The scheme itself is an outgrowth of proposals of some fifteen years
ago by Van Niel4 resulting from his studies of the comparative biochemistry
of photosynthesis., More recently, the photochemical apparatus has been

6
shown to be separable from the rest of the plant by the experiment of Hillo59

He was able to make preparations of chloroplasts and chloroplastic frag-
ments which, upon illumination in the presence of suitable oxidizing agents
other than carbon dioxide, were able to svolve molecular axygen., Still more
recently, Ochoa and others’ 1877 were able to demonstrate that these same |
preparations were capable of using éoenzym@ I and II (DPN and TPN) as suitable
oxidizing agents leading to the evolution of oxygen. Furthermore, the experi-

nents of RubenlO

showed that the molecule of oxygen evolved in photosynthesis
had its approximate origin in the oxygen of the wster molecule and that the
oxygen atom associated with the carbon dioxide must first pass through water
before arriving at gaseocus oxygen. From the chart it may be seen that the
ultimate result, then, of the photochemical reaction initiated by the absorp-
tion of light by the chlorophyll molecule is the division of the water molecule
into an oxidized part which ultimately leads to molecular oxygen and some re-
duced parts represented in the chart byf[ﬁjo

This reduced part Eﬂ we have called "reducing power” because as yet
it is not possible to state specifically what form or forms it may be in.
This reducing powef is capable of reducing carbon dioxide in the absence of
light; that is %o say, that the reduction of carbon dioxide itself is & dark

-

reaction, This was indicsted first in the earlier experiment of MzAlister
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in which he was able to show that following a perind of photosynthesis a
number of plants continued to absorb carbon dioxide for a short period
(seconds to minutes) after cessation of illumination. We were able to demon~
strate this in an ever more direct and unequivocal fashion and generalize it
for all plants so far tried when we were able to show that not only did all
of these plants abscrb quantities of carbon dioxide in the dark after illumi-
nation but that the products formed in the dark were qualitatively and under
certain conditions quantitatively similar to those formed in a fairly comper-
able light periodolz The method used for this demonstration was the same as
those to be described later in the review, The lifetime in the dark of this
reducing power which is generated by light is also of the order of seconds to
minutes and almost certainly corresponds to a concentration of one or more
definite chemical species., It is quite conceivable, as mentioned earlier,
that some of it might be inrthe form of reduced coenzymes.

13,14

Very recently it has been reported that both the higher plants and

isolated chloroplasts emit @ chemiluminiscence following cessation of illumi-
nation., This chemiluminiscence has a decay time which correspords very olrszly
to that which we have observed for the reducing power. In facty it would sesn
almost surely to represent the reversal of the conversion of electromagitis
into chemical energy, namely, the transformaﬁion of at least some of *the
chemical energy stored in the reducing power into the electromagnetic enery
of luminiscence., Furthermore, the luminiscence is reduced by the presense of
carbon dioxide in those cases in which the carbon dioxide fixing system is
still present. However, when the carbon dioxide system has been removed, as
is trve in the case of chloroplastsy the luminiscenee bescomez independen® ol
carbon dioxids.

While it thus appears that the unique probiem of photosynthesis liss In

the right hand half of the chart of Figure 1, the present discussion will be
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limited to the other side of the chart, that is, the path through which

carbon passes on its way from carbon dicxide to all the raw materials of the
plant. It is essentially a study of what we now believe to be entirely dark
resctions and might best be characterized as phytesynthesis., This area not
only has a great interest for its own seke bul would almost certainly cast
some light upon the nature of the reducing agents which arrive from the photo=-
chemical part of the reaction and drive the carbon cycle toward reduction.

The reason for this particular interest liss in the faet that we have, in
recent years, come into possession of a tool which is especially suited for
this study, namely, labeled carbon atoms in the form of a radicactive isotope
of carbon, ¢4, ALl of the results that will be described later wers made
possible through the use of this labeled carbon dioxide. With such s lsbeled
molecule available, the design of an experiment for determining the sequence
of compounds into which the carbo; atoms of carbon dicxide may pass during the
course of their incorporation in the plant is, in its first phase, a straight-
forward one,

We may visualize the problem in terms of the chart in Figure 2 in which
the green leaf is represented schematically as & closed opaque container into
which stream the raw materials of photosynthesis, namely, carbon dioxide,
light and water eontaining the necessary minersl elements., From this container
are evolved the producis af'phmtOSynthesiﬁ = gxygen gas and the reduced carbon
compounds constituting the plant and its stored reserves. Heretofore, it has
been possible to study in a quantitative way the nature of the process going
on ingide the opaque container only by varying exiternal conditions and noting
variations in the finzsl products. Although thers has been nc serious doubt
that the formation of sugar did not take place by ths mszeregation of six mole-
cules of carbon dioxide, six molecules of wster and the requisite number of

light guanta into a single urit followed by the rearrangement intoc hexose and
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molecular oxygen, no specific information was available as to the compounds
which might act as intermediates. Assuming that such a chain of intermediates
exists, it is quite clear that by setting up some photosynthetic organisms
leaf or other suitable material, in a giteady stafe of photosynthesis in which
the various ingredients are being absorbed and products formed in scme uni-
form manner and injecting the labeled carbon dioxide into the entering carbon
dioxide stream, we should find the label appearing successively in time i
that chain of intermediastes. This can be obssrved by stopping the entire
process after a suitable lapse of time and examining the incorporated lsbsled
carbon to determine the nature of the compounds into which it has been built,
It is also clear that in addition to the identity and sequence of the com-
pounds into which the carbon is incorporated, we may also determine the order
in which the various carbon stoms within each compound acquire the label.
With this type of information at hand it should be possible to reconstruct
the sequence of events from the time of entry of the carbon atom into the
plant as carbon dioxide until it appears in the varicus more or less finished
products of the plant.

While photosynthetic experiments have been done with a wide varisty of
plant materials, the major kinetic work has been carried out with sugpsnsions
of unicellular green algae., The reason for this liss in the fact that thuge
algae may be obtained in a reproducible biclogical form relatively easily srd
in any amount. They are grown in the Iaboratory in a continuous culiurs
arrangement shown in Figure 3. The algas may bs harvested from these flzsks
dsily or every other day, depending upon the type of materisl desired. Such
cultures have been maintained in a continuous fzzhion over periods exherd s
beyond several months. Most of our experiments have been performed with the

unicellulsr green algae Chlorells or Scenedesmus. After hervesting the alrze

are washed with distilled water and resuspended in the medium in which the
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experiment is to be done. This suspension is placed in a flat vessel called
a "lollipop", a photograph of which is shown in Figure 4. A stream of air
containing carbon dioxide is passed through the algae while they are being
$1luminsted so as to achieve a steady state of photosynthesis. .

In order to begin the experiment the air stream is interrupted and the
lébeled bicarbonate ig injected into th~ algal suspension, After the pre-
selected period of time, the algae are killed by opening the large stopcock
at the bottom of the flask, allowing the algal suspsnsion to fall info alcchol
in order to stop the reaction and extract the photosynthesized material, Al-
though a variety of killing and extracting procedures have been tested, most
of the experiments were performed by dropping the algse into alcohol so as
to result in an 80% alcohol solution. The total amount of carbon fixed is
then determined by taking an aliquot of this entire suspension, evaporating
it to dryness on an aluminum disk and counting it on a Gelger counterol5 The
fraction soluble is determined by sither filtering or centrifuging the suspen-
sion and then recounting the clear supernate or filirate.

The distribution of the fixed radiocarbon among the various compounds
must now be determined., Sinece in relatively short periods of time most of
the fixed radiocactivity is found in the soluble componentsy the problem is
one of analyzing for the distribution in the scluble fraction. This has been
éone by application of the method of paper chromatography introduced and

developed for amino acid analysis by Consden, Mertin & Synge.
been applied to a wide variéty of compounds and no detailed description of
it will be given here. The unique extension to our work lies in the ability
to loecate particularly those compounds which contain the radiocactive carbon
atoms on the paper by means of a radicautograph of the resuliing paper

chromatogram obtained by allowing an X-ray film fc remain in contact with

the paper for a suitable period of time. These areas of the paper which are
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occupied by radiocactive compounds will, of course, expose the X=ray f{ilm.
Such a map of the disposition of the radiocactive compounds contained in an ex-=
tract is shown in Figure 5, The chemical nature of the compounds defined by
the exposed areas can be inferred from the position occupied by a campound
with respects to the origin of the chromatogram., More precise determination
of the chemical character is assisted by chemistry performed on the material
eluted from the spot defined by the radiogram and rechromatogrephy. Final
identification, however, is usually dependent on the co~chromatography éf the
unknown, or questioned, radicactive material eluted from the paper with an
authentic specimen of the suspented compound and the demonstration of the
complete identity of the carrier material as determined by some visible test

on the paper with the pattern of radioactivity in the co-chromstogram. The

amount of radiocactivity incorpcrated in these compounds can be determined
quite accurately by using the prayrfilm as a means of defining that area of
the paper containing the compound, thus permitting the particular spot to be
cut out from the larger piece and eluted from the paper and mounted on a
plate to bhe counted,

A much simpler means would be to count the spot right on the papsr with
a Geiger counter. The fraction of the tobtal amount of radicactiviiy in the
spot which is thus registered by the Geiger counter is fairly constant Lor ».1
compounds for any given chromatographic system. Thus, for most purposes it is
sufficient simply to expose the paper to F-ray £ilm In order to deternins just
where the radicactive spots are, and then having so defined them, to count
them right on the paper for quantitative comparison. by the Geiger counter,
It is clear from Figure 5 that the vari%ty of produshs gynbhesized at roow
temperature by Scenedesmus (as well as by all cther planits tried) is gresi,
aven in a very short time such as ten sesonds. Bub even so, i1t is clesr that

the predominant compound as the time gets shorbter iz phosphoglyceric scid,
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This is even more strongly demcnstrated when the experiment is carried
out at reduced tempersture, for instance 2° C.y S0 as to slow down all of the
reactions and enable us to see more clsarly the earlisst products. Figure 6
shows a plot of the concentratior of radiocsctivity per unit for algse for

‘three of the major early eompounds, formed st 2° G, On such a plot as this,
it is eclear that those substances which sre formed direchtly from carbon
dioxide with no appreciable intermediastes lying between them and carbon
dioxide will be the only onss that will show a finite slope; all others
should start with azerc slope., A finite slope is certainly the case for
phosphoglyserie acid and possible for malic aeid, indicating at least two
independent carbon dioxide fixing reactions, one leading to a three-carbon
compound and the other producing a four-carbon eompoundolgalg

Since the hexose phosphates appzsr extremsly early in-all of these
photosynthesis experiments and because of the known close relationship be-
tween the hexose phogphates and phosphoglyceric acids in the glyecolytic
sequence, it seemga‘mmst reagonable to suppose that thess hexose phosphates
were formed from the phosphoglycsric acid by a combination of the two three~
carbon fragments derived from phosphoglyceric acid in an overall process
very similar to, if not identical with, the reversal of glycolysis,

On means of testing this suggeztion would be a comparison of the distri-
bution of radicactivity in the three carben atums of glycerie seid with those
in the hexose as shown in Table I. It thus appears that the hexose is indeed
formed by the combination of twe three-cerbon molscules derived from the
glyeceric acid in such a marmer that carbon atoms threse and four of the hexose
correspond to the carbaxyl-carbon of the glyceric acids carbon atems two and
five with the alpha~carbon; snd carbon atoms one and six wiith the beta-

carbon of the glyeceric acid. This correspondence is maintsined when the
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distribution in these two compounds (glyceric acid and hexoss) is compared
for a wide variety of different times.

With this cléar ¢ub indieation of thé similsrity betwesn the path of
hexose gynthesig and the kmown path of its breakdown; snoiher means of
testing how closely this payallelism might be followed suggests itself. The
hexoge derivative which is last in the seguence of changes prior to the
breakdown of the carbon skeleton during glycolysis is the fruchose-l, 6-di-
phosphate. Correspondingly, then, it presumably would be the first hexose
derivative to appear in the reverse direction. If this is the case and,
furthermore, if the hexose derivative reservoirs involved in suerose synthesis
are more or less isclated from those involved in storage and glycolysis, the
radiocactivity should appear in the fruciose hslf of the sucrose molecule prior
to ite appearance in the glucose half. This is indeed the caseelg However,
sucrose does not ssem tc be formed by the simple reversal of the sucrose

20921 Since

phogphorylate %ysn m which wag described for certain bacteria,
for this %o be the cass, free fructose would have to be apparent in the photo-
synthesizing organism, whereas it is mever so foundy; nor has the enzyme itself
ever been isolated from any green plant.

The recent identificabion2e27 ss wridine diphosphoglucose (UDPG) of the

~
spot which had been previouﬁlyl?

called Pihe unknown glucose phosphate spot®
has lead to another suggesbion as to the mode of formation of sucrose.
Gluccse-labeled UDPG appears very early in the sequence of compounds formed.
Furthermere, it has been possible tc demonsirate the presence in the hexose
monophosphate arss of & sucrose phosphate by using a carsfully selected
phosp'hatase9 containing no invertase, in the treaitment of this entire phos-
phate aresa. '“4‘ We have suggested, therefars, that UDPG may be involved in

sucroese synthesis in s manner similar to that of gLﬁLOSPmlv?AO“phatﬂ in the

numsrous phosphorylase rasctions, with the difference, however, that the
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accepbor of the glucose moiety would be some phosphate of fructoss, thus

producing 2 sucroge phosphate. Reeent work by Putnam & Hassid25

gives
further support to the idea that only phosphorylated derivatives of glucese
and fructose are involved in sucrose synthesis in higher plants. They
found that in sucrose synthesis, from labsled gluwose in leaf punches, no
free fructose was formed, although the sucrose becomes equally labelsd in
both the glucose and fruchose portions, Conversely, when labeled fructose
is used, no free labeled glucose appears; while The sucrose is uniformly
iabeled in both moieties,

Tt is possible that compounds of the UDPG type could be concerned in
the transformation of sugars and the subsequent incorporation into poly=
saccharides. Uridine diphosphate would thus serve as a carbon carrier in
the same way that pyridine nuclectides and flavonucleotides are involved in
hydrogen transfer; the adenylic acid system in phosphat®transfer; and
coenzyme A in the transfer of acetyl groups. There is already some evidence
for the existence of other members of the uridine diphosphate group from our

64272
own work, as well as that of other 0327928

We may now turn our attention from the fate of the glyceric acid to
the problem of its origin. An examination of Tabls I indicates aulte cisarly
that the first position in the glyceric acid to become labeled iz Ghs carboxyl
group. As time proceeds, the other two carbon atoms in the glyceric ecid
acquire radicactivity and it thug appsars that they ascquire it alt equal rates,

at least within the present accuracy of ths expssiments.

zaderge at least at high light intensities, iz a condensation with o G
fragment leading directly to phospheglyesric acid, An exeamination of The
chromatograns of a very short phetosynthetic psriod shows glycine and

glyeolic acid only as the two-carbon cumpounds zresent. The distribubion of
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radicsctivity among the carbon atoms of thsse twe compounds is always equal
and the same and corrvesponds very well with that in the alpha-— and beta-
carbon atoms of the glyceric acid, as may be seen from Table I; This suggssts
that either glycolic acid iz in the direct line for the formatlon of the Gz
carbon dioxide acceptor, or is very closely related thereto.

The question now arises ag to the source of this 02 carbon dioxide
acceptor, There are, of course, only two possibilities for its origin.
Either it results from a one-plus—one combination or it must result from
the splitting of a four-carbon compound or a larger one. In order for it
to result from the combination of two one-carbon fragments there must exist
as an intermediate some one~carbon compound more raduced than carbon dioxide

which, in twrn, may combine either with itself or with @afbon dioxide. Fur—
thermore, the reservoir of this ons-carbon intermediste would have to be
vanizhingly small since all attempts to £ind labeled, reduced, one~carbon
compounds, such ag formic acid or formaldehyde, in the early stages of photo-
synthesis have failed and, in addition, the resulting two-carbon fragment is
very nearly equally labsled in both carbon atoms.

Ones would also expect that these one-carbon compounds would tend to
disappear under conditionz of low carbon dioxide concentraltions lsading to
the disappearance of the two-carbon condensation product resulting from them.
This lsads us to the supposition that the formstion of glycolie aeid would be
expected to drop off under conditions of low carbon dioxide concentration
which is the reverse of what is observed,

We are thus left with the following possibility for the origin of the
02 compound - the clesavage of soms GA' v largsr strusture. The fact of the
early appearance of label in malic asid, tsken together with the lack of any
appreciable amounts of label in the compounds of the tricarboxylic acid eycle,

led us to the supposition that malic acid was either 2 precursor to, or very
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closely related to, a four—earbon eompound which could be split to producs

the required two-carbon fragment,
te do with the

immediate precursors, two new compounds were idsntified as early products
&

and, therefore, had a very likely function in

In the course of the search for the two-carben aceeptor, and its
is Sfied
of bon diocxide incorvoration which seem to have I1ittl

These were the phosphates of

direct synthesis of hexoses
tion of the two-carbon accephor,
the five carbon sugars ribulose

he regenera

the re
the seven carbon sugar sedoheptulose and of
ag Lo the relation between

0
self

ribose and arabinose.
The question immediately presents 1
these two compounds along the path of carbon assimilation, not only with

h other but with the precursors which are already known and the possible
The attempt to answer this question

o€

Lilg SA0Y
nd the natuare of the expsriment
oL

each ¢
products that might be formed from them.
focusses our attention once again upon gome of the shoartcomings and limitations
that we are using & X A
OQur initial hope of determining the sequence

of the method of observation that we
a sequence of compounds into which

h we are performing,
ation of
e experimente is now compli-

whic
intermediates by a simple observaiicn
radioactivity has been incorporated in steady state
cated by the uncertainty as to the amount of ecompound present during th
steady state. It is easy to visualize & situsiiorn in which the actual amount
of intermediate present during the steady state is sc small as %o escaps ob-
servation by our methods, or perhaps sven io be so unstable as o be lost by
This complete failure of a compound bto appsa:r
| be an intermediate, ise of
in which most of

our methods of observatiohe.
steady

v e

on & chromatogram, although it might conceivably b
The more ugsusl situstiox iz or

ing ool

. obsarvationg of the
I compounds

ggver

course, an extreme case.

the intermediates are present but in varyin
ingle or even
2ted into a2 variety

state, Under such conditions a single or ev
lative amount of radicactivity incornorated

rela
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would not necessarily be any real criterion of the relative order of these
compounds in the sequence of events. |

In order to achieve the full value of the method of observation then,
it becomes necessary to perform ratﬁer extended kinetic experiments in which
the appearance of radiocactivity in all compounds is plotted as a function of
time at sufficiently short intervals to ensble a rether accurate and detailed
curve to be cobtained., Furthermore, the distribution of radicactivity among
the atoms within each compound should alsc be determined as a function of
time, The validity of any proposed sequence of events could then be deter-
mined by a comparison of the calculated appearance and distribution curves
with those actually observed. In order to calculate such appearance curves,
as well as the distribution curves amongst the atoms in each compound, one
can set up a system of linesr differentizl equation: based upon the follow=
ing models

R R R
Cos > A >B > ~3»s (1)

where 002 represenbs the entering carbon dioxide

A, B, stc. represent intermedizies Involved in

. RN - ) SRR B -
carbon Aloxide agsindlation

S rerresents mors or less finsl storags product
R is & measure of the total zate of carbon dioxide

assimilation in the glesdy state expressad in
moles of earbon per minute

The rate of change of the specific activity of 2 cingle carbon atam in 4

&)

° " > £ ) £ 2 L] 0 K3
o ls then expresssd by Equstion {2} (The specific activity of

(0

given by XA

the entering carbon dioxide iz here talsn as uniiy. (Aj9 the conecentration

of the compound A, is independert of tims.)
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a‘XA = .B_, (1 - XA) 2)

= O

The specific activity of the corresponding atom in compound B is given by

an exactly similar Equation (3).

T o= 2 (g - %) (3)

at &)

Equations of identical form may be written for every atom of every compound
that might be considered an intermediate. These equations may be solved
explicitly by means of a differential analyzer provided itwo parame ters are
known. These are the total rate of entry of carbon into the system during
the steady state, R, and the steady state concentration of each atom which
might; be considerea as lying along the path of carbon assimilation, (A],
[B) 5 eteo

Tt is clear that if such compounds (whose prime function it is to serve
ss carbon carriers between the entering carbon dioxide and the final storage
products in the plant) do indeed exist in biclogical systems they would very
soon beccme saturated with radioactiviity. By this is meant that the amount
of radicactivity observed in that particular compound would very soon reach
a maximum value and rema:‘;n that way. The reason for this is that by definition
the amount of these intermediate compounds is not changing, and also is small
compared to the total amount of carbon the plant assimilates during the experi-
ment. Since all of the carbon, or at least mo~% of it, must pass through these
reservoirs of intermediates they will very soon acquire the same specific
activity as the entering carbon dioxide. In contrazt to this, those materials
which are not functioning as simple intermediates bub rather are functioning
as storage reservoirs, or are very distant from the immediate photosynthetic
intermediates, will not acquire radicactivity as rapidly, or if they do they

111 not become saturated as rapidly as those which are directly involved in
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the path of carbon assimilation., The amount of radiocactivity found in those
compounds whiéh saturate in a relatively short time now provides a relatively
easy method of determining the size of the actively functioning reservoirs of
these compounds which are directly engaged in the path of carbon assimilation.
A simple measurement of this amount compared to the specific activity of the
entering carbon dioxide will provide a measure, in moles per unit volume of
the biological material, of the compound in question. Furthermore, having
onee achieved a relatively uniform label in these photosynihetic intermediates,
it becomes possible 4o follow the behavior of the reservoir size as a function
of change in external variables, for example, light intensity. We have chosen
to include in this review a more or less detailed description of just this
determination of the effect of light intensity upon reservoir sizes as a

means of describing the general experimental technique whieh is involved.

STEADY STATE & RESERVOIR SIZES - METHODS & RESULTS

The apparatus used for these experiments was constructed to permit the
algal suspension to be left under cantrollsd external conditions (illumination
intensity, temperature, carbon dioxide and oxygen concentration) while photo-
synthesizing for at least one hour. Furthermore, it was required that the
change from natural to radiocactive carbon dioxide, which was to be circulated
in a closed sysiem, and the withdrawal of several samples at given time inter-
vals be accomplished with a minimum of change in these conditions.

The apparaﬁus»consisted of s

(a) A square illumination vessel A (Figure 7) made out of Iucite
(polyacrylic plastie)s 49 cme. high, 11 cm. wide and 0,7 cm, thick (Inside
dimensions). The bottom was provided with a gas inlet tube with five small

holes to allow good contact between gas and liquid and a drain tube closed
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with a screw clamp. The top of the vessel was provided with a gas outlet
tube, A water-alcchol mixture from a constant temperature bath was allowed
to flow over the outer surfaces of the vessel in order to control the tempsra-
ture of the suspensione.

(b) Two illumination banks (represented by B), each with four fluo—
rescent tubes (General Electric, quality white, 20 watts each)g providing an
almost uniform illumination over the whole surface of the vessel, of
7 x 10% ergs/cmoz-sec. (roughly 700 footcandles).

(¢) An ionization chamber O, comnected to a recording vibrating reed
electrometer, to record the activity of the gas leaving the vessel continually
during the run.

(@) Three gas traps D, to permit the addition of a known amount of
radiocactive carbon dioxide to the system, and trap the remaining radicactivity
after the run,

(e) A flask B, of 5 liter volume, containing a mixture of 1% radioactive
carbon dioxide in air. The reservoir contained so much carbon dioxide that
the algae assimilated no more than 20% of it during a run.

(f) A gas circulating pump F of the rubber tubing type, and a flow
meter G.

(g) A system of four-way stopcocks H, which permitted the vessel to be
flushed with a mixture of 1% ordinary carbon dioxide in air, from the cylin-
der I, Thelassembly is shown in Figure &.

In a typical experiment, 2 cc. (wet packed) of one-day old Scenedesmus.
washed and resuspended in 200 cc. of de-lonized water, were placed in the
vessel and aerated with the ordinary gas mixture for at least one-half hour,
while the mixture of radiocactive carbon dioxide circulated in the gas system
for thorough mixing, without passing through the vessel. The suspension was
kept at 24° C. After this time, during which a siteady state of pholosynthesis
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.

had been reached, the radicactive mizmture was passed through the vessel in
place of the ordinary gas mizturs, by & manipulation of the pair of stop-

cocks at H, and samples of 20 cc. of the suspension withdrawn at intervals

of five or ten minutes. These samples were dumped into &0 cce of alcohol

of room temperature, bo make an extraction in 80% alcohol. After thirty
minutes of photosynthesis, the lights were burned off and the suspension
allowed to remain in the dark for a period of five minubes, during which time
again several samples were withdrawn, and treated in the same mamner. In one
experiment another light period followed the dark period.

The samples were shaken for one hour and centrifuged. The residue was
re~extracted in 50 ecco of 20% aleohol at room temperature, centrifuged, and
re-extracted again with 20cc. of water, The exiracts were concentrated to-
gether to 0.5 cco

An aliquot of the concentrate eguivalent te 30 K1, of packed cells
was evaporated on a corner of a filter paper (Whatman #1), and the chromato-
gram run with water-saturated phenol in one direction and n~butancl-propionic
acld-water in the other, The chromatograms were exposed to X-ray film for
about two weeksolz The labeled compounds appearad on it as black spots.
Figure 9 shows the radiogram fo. ten minute phobosyuithesis of Sgenedesmus.

The amount of radicactivity contained in the differsnt compounds was deter—
mined by counbing the corresponding spoits on ths papsr directly with a large-
area Geiger-Mueller tube with thin mica window. The compounds were ddentified
by a combinstion of the following criteris: (2 Their pogition on the paper:
(b) the spot was cut oub, eluted from the paper wilh water and run again in
sultable solvents, togethsr with such an amour™ of the sugpected compound that
it could be detected by a specifiec gpraying reagent. The black gpot on the
film had to coineide accurately with the color reachtion; {¢) the eluted spob

was chemically transformed (e.g. treating the sugar phosphates with phosphatase)
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and the resulting compound co-chromatographed with carrier detectable by
Spray.

Figure 10 shows the total and the extracted amounts of radiocarbon
fixed by 1 cc. cells during thirty minutes of photosynthesis followed by
five minutes of darkness. The slope in the total fixation curve in the
light corresponds to an assimilation of 13 ecc. GOy (NTP) per hour,

Figure 11 shows the amount of radiocactivity incorporated into sucrose
and three phosphorus compounds for the experiment of Figure 10,

Figure 12 gives the number of counts in sucrose, glutamic, malic and
citric acid, for a different experiment of fifteen minutes photosynthesis,
followed by ten minutes dark, and agai# five minutes of photosynthesis.

Although the variation between experiments is quite high, there are
some striking features which are cammon to alls

(1) The curves of some of the compounds show a marked decrease in
slope after five minutes of photosynthesis; This quite clearly indicates
the presence of rapidly turning-over reservoirs in the photosynthesis cycle
which are then thoroughly labeled and reach the specific activity of the
fed carbon dioxides Diphosphate area (mainly ribulose diphosphate); hexose-
monophosphateharea (50% glucose—, 26% sedcheptulose—-, some fructose- and
mennose~monophosphate); phosphoglyceric acid. The leveling off of these
curves permits the calculation of the concentration of the reservoirs of
those compounds in the photosynthesis cycle, by dividing the measured amount
of radioactivity per carbon atom by the specific activity of the fed carbon

diaxideo*

¥ fThe efficiency factor of the counting of spots on papers has been deier-

mined by converting three cut out spois to barium carbonate and measuring
their activity in an ionization chamber as carbon dioxide. It is 19
disintegrations per count.
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Table II gives the steady state concenirations during photosynthesis for

some compounds determined by this method.

TABLE 1II

Steady State Concentrations of Some Compounds Involved in
the Photosynthesis Cycle’

Scenedesmus, experimental conditions as in Figure 10

Substance Mmcles/cc. cells%
Phosphoglyceric acid ' 1od
Dihydroxyacetone phosphate 0.17
Fructose phosphate 0012
Glucose phosphate G4
Mannose phosphate ' 0.05
Sedoheptulose phosphate 0.18
Ribulose diphosphate 0.5
Alanine 062

’*Volume measured .s
wet packed cells.

(2) The fact that the activity vs. time curves show a definite yet low
slope for as long as thirty minutes can be taken to indicate that the break-

down of carbohydrates continues throughout the illuminations i.e., their

&

formation from photosynthetic intermedistes is reversible. Thus, there are
two sources of the intermediatess (a) the carbon dloxide fed; the amount of
compound formed from this scurce reaches tae maximum specific activily in

five to ten minutes; (b) the carbohydrate pool of the cells; the amount formed
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from this source is labeled only slowly since the specific activity of the
carbohydrate pool rises slowly due to the large size of the pool.

(3) Other compounds show almost constant rate of labeling during the
whole period of photosynthesis; sucrose, malic and glutamic acid., For this
and other reasons it is clear that these compounds are not in the photo-
synthesis cycle, but are formed during the photosynthesis at a constant rate.
Their large reservoirs in the cells are labeled only slowly.

(4) When illumination is interrupted there appears a sudden great
increase in the concentration of phosphoglyceric acid (followed by a slow
decrease after two minutes), and an almost complete depletiom of the diphosphate
area. Analysis of the monophosphate area showed that the amount of sedchepiu-
lose phosphate decreased also (cf. Table III), The concentration of malic
acic decreases as well, The rate of labeling of glutamic acid is increased
greatly after a short induction period; citric acid, which contains little
activity during the whole light period, shows a sudden increase in the dark,
followed by a slow decrease. The labeling of sucrose continues at the same
rate as in light for about two minutes, after which it is stopped almost com-
pletely.,

Both experiments gave the same picture for most of the compounds, with
the two exceptionss In the second experiment the diphosphate area, which in
the first contained almost the same number of counts as phosphoglyceric acid
during the light, had only about 15% of it. This value dropped to 5% in the
dark. The phosphoglyceric acid showed a hardly significant rise in the dark
during the first two minutes, but again a slow decrease after five minutes.
Although we do not know why in this expsriment the concentration of ribulose
diphosphate was so low in the light, the coincidence with the lack of increase

of phosphoglyceric acid points to a comnection bsitween both effects.
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Phosphatase Treatment of HMP Area after 30 Minutes
Photosynthesis and 30 Minutes Photosynthesis Followed

by 5 Minutes Dark

Substance Number of counts/min.
: on Paper
30 min., PS 30 min, PS
5 min., D
Glucose | 2140 4280
Fructose 910 1040
Sedoheptulose 1600 %
- 1210
Mannose 460
An appreciable fraction of this count is certainly
hexose so that one may estimeate 2 maximum value of
the heptose at around 800 counts/min.

(5) In the light following the dark, the &iphosphates, phosphoglyceric
and malic acid incresse again.

The effect of dark on the lzbeling of glutamic and citric acid was

N

already reported in an earlier paperl and studied more closely in the follow-

ing experiments O.2cc. wet packed algae (Chlorella pyrsmoidoss) Were suspended

in 200 ceco. distilled water, illuminsted in a flat cireular vessel of 1 ecm.

thickness by incandescent lights through an infra red filter (intensity

1.6 x 10° ergs/cm.z-seeo) and sersted with 0.0%% carbon dioxide in air. The

low concentration of cells was chosen e avoild ghading of zells in the suspen—

sion, so that during the light period all the e2lls were illuminated conitinuslly.
After one-hslf hour, the aeration bubbler wes taken oulb and z suitabls

amount of radioactive bicarbonate (sodium) solution added. {The algae which
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were grown in slightly acid medium, had enough buffering capacity to convert
the bicarbonate to carbon dioxids,.) The vessel was immediately stoppsred and
shaken in the light. After one minute, the suspension was drained into a
darkened flask, and after another minute poured inte four times its volume

of boiling alechol. GControl ssmples were treated in the same way, but kept
in the light, in contact with radicactive carbon dioxide for one and two
minutes, respectively. The analysis of the fixed radicactivity was performed

by paper chromatography and radioautography with the technique already de-

seribed, The results are shown in Figure 13.

DISCUSSION

Y

It has already been pointed out that photosynthesis is not a mere re-

versal of respiration; this was supported by the observation that the carbon
of newly formed photosynthetic intermediates is not available for respiratien

o2
l&:}l

\¥

while the light is on. We msy thus represent the relationship between
photosynthesis and respiration by the feollowing schemes (See Figure 1) The
labeling of the Krebs cycle interms@iastes through the storage products
(carbohydrates, fats, proteins) of the cells is a slow process, due to the
relstively large size of the storage pools. Ths fact that the photosynthesis
intermediates find their way inte % ;hn tﬁxwaﬂbaxylxc acid syecls very rapidly

fter the light is swiiched off means that thers is another connecticon between

the two cycles which is blocked ag long es the light is on bulb beccmes access-
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e in the dark. This was interpreted in sarlier work-c in terms of the
action of the light in meintaining at low conceniration the intermediate re-
quired for entry into the tricarbaxylic acid cyele. 4 closer spzeification

of how this is accomplished is now possible since the discovery that alpha-
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cycle°37’38 The mechanism of the reaction may be written this way:

CHy

-

l (Co-pyruvate oxidase) (Pyruvic acid)

s AN S .

HC = CHp~ CHo~ CHo= CO-Thiamin + GHBnGOnCOOH

CH, CH - R Coenzyme A \
ak | ’
S S
ol boce

GH,, TH =R + Acetyl CoA + co,
S ?
H H

The reduced lipoic acid camplex would then be reoxidized to the disulfide
form by a suitable oxidant (e.g., pyridine or flavin nucleotides). In order
that the axidation of pyruvic acid can proceed, the enzyme has to be present
in its oxidized form. If it is kept in its reducsd form under the influence
of the light-produced reducing power, the reaction cannct proceed and the
pyruvic acid formed during photosynthesis will not £ind its way into the
respiratory cycla. The reaction is inhibited because only a small amount of
the enzyme catalyzing it exists in the required form, most of 1t being kept

in the other form under the "pressure”™ of the reducing power generated by the
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light energy. This recalls a similar phenomenon which has been known for a
long time, 1.8, the suppression of the fermentation of carbohydiates in
favor of their oxidation under aerobic conditions (Pasteur effect). This
effect has been explained in a menner similar to the one used here to account
for the inhibition of the respiration of photosynthetic intermediatesosg The
reduction of acetaldehyde to alcchol requirss a dehyrogenase in its reduced
form; under aercbic conditions the dehydrogenase exists primarily in its oxi-
dized form, and the acetaldehyde instead of being reduced iz oxidized to acetic
acid.

The sudden rise in phosphoglyceric acid and the decrease in ribulose
diphogphate and sedoheptulcse phosphate in the dark period, together with the
obgervation that the dark rise in phosphoglycerie acid is absenit when the
ribulose diphosphate concentration was low during the light, confirms the
earlier suggestion that the phosphates of the 07 and 05 sugars are Precursors

30 This, together with evidence gathered

of the 02 carbon dioxide acceptor.
in previous warkl9940 leads to the following scheme for the photosynthetic

cycle:* (Figure 15)

*
This scheme is intended %o represent only changes in the carbeon skeletons,

The reducing equivalents are indicated only to show redox relationships,
between the known compounds. A number of the isoclated compounds are
jseximers and have not been inciuded,

Upon this basis an atbtempt might be made to relate the two effects as
followss when the light is turned off, the reduction reactions reguiring light
are stopped, whereas cleavage and carboxylation reactions continus until their
substrates are exhausted. Presumably. this would lsad to a3 depletion of the
Gé and 07 sugars, the synthesis of which requires reduction steps (particu~
larly the sixmequivalenta leading to the telroze which itss is 2 very small

elf
raservoir)g and & rise of phosphoglyceric acid, the furiher fate of which is
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also dependent upon reduction. However, a nmumber of arguments seem to
contradict this views (1) The cbservation that plants fix radicearbon in
the dark immediately following a light perlod at low carbon dioxide con~
centration to form a similar patiern of compounds as the one found in
photosynthesis shows that the sequence following phosphoglyceric acid is

not blocked at once -upon cessation of illumination. but that the cells
contain sufficient reducing power to transform some phosphoglyceric acid
into carbohydrates; (2) the cleavage of the pentoses and heptose irnto the
C, carbon dioxide acceptor and a triose and pentose respectively is dependent
on a reduction step as well,

We are thus led to the suggestion thet the rise in phosphoglyceric acid
is not to be explained by a mere interruption of the sequence, but that the
rate of production of phosphoglyceric acid at some time in the first minuie
of darkness is actually higher than it is in the gteady state photosynthesis.
This would be the case if the C

3
in photosynthesis presumably yields a triose phosphate mclecule beside the

-G, cleavage of ribulose diphosphate, which

62 carbon dioxide accepbor, in the dark yields & molecule of phosphoglyceric
acid instead of the tricse molecule. Ths overall reactions mayle represented

as follows (not a mechanism):

COp, 2 H ~HO 5 P=0CH = CHOH=CHO
5 3 o
HO,P~OCH,,~GHOH~G0=GH,,~0~PO, 1 phosphoglyceraldehyde
- =HO5P~0CE,~CHOH=-COCH

rhosphoglyesric acid
GD Tyorg T AT 7T T Fa T T
2 N 2% THO3P=00Ho=CHICH-CO0K

dark

phosphoglyesrie acid

=)

e

This hypothesis is supported by the fact that the itriose phosphaie Iz de-

creased too in tﬁe dark.
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The fact that the net rssult of the reactiorn sequence in the light from
riﬁulose diphosphate to phosphoglyceric acid and friocse phosphate is a réw
ductive carboxylation and thus the reversal of the oxidative decarboxylation
which, in the case of pyruvic acid, requires the presence of a cyclic disulfide
compound leads to the ides that the former sequence might be catalyzed by a
similar enzyme., This ides szsems to be supported by the results of an experi-
ment performed in this laboratory some time ago; which were diffisult to explain.

In order to examine the relation between photosynthesis and The glyeolytic
cycle, a series of experiments similar to those deseribed previously were
performed with added iodoacetamide which is known to inhibit the action of
triose phosphate dehydrggen35342g presumably through a reaction with its
sulfhydryl group043 4 1% suspension of Chlerells in phosphate buffer was
sllowed to photosynthesize in light of 2500 footcandles and an atmosphere of
1% carbon dioxide, 5% oxygen and 94% nitrogen. A% various times before adding
the radicactive bicarbonate solution, iodoacetamide was added to give a
L5 x 10°4;M solution. One minute after adding the radiocarbon, the cells
were killed and extracted.

After eight minutes contact with iodoacetamide, the cells were still able
to fix 75% as much carbon dioxide as non=poisoned eells otherwise treated the
same way (comtrol). The amount of radiocactivity in phosphoglyceric acid was
50% of the control, and the amount in susrose had reached a sharp maximum of
3.5 times that in the control. There was pracitisally no radicactivity in the
vibulose diphosphate. After 90 minutes of exposurs fo the poison the cells
had practically lost their ability of photosynthesis,

If, in the proposed photosynthetic cycle, the eleavage of the heptose
and pentose phosphates is dependent on an enzyme containing sulfhydryl groups,
which were more sensitive to iodoacebamide than the triose phosphate dehydro-

genase, a picture similar to the one described would be expecteds After short
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exposure to the poison, in relatively low concentration, the lack of 02
carbon dioxide acceptor would slow down the photosynthetic cycle. The
synthesis of cerbohydrates, however, would procesd almost without inhibition,
thus decreasing the concentrations of the intermediates in the cyele. This
would allow the compounds to reach a higher specific activity during the
period of exposure to radiocarbon (cf. equation{{2)), change of specific
activity inversely proportional to concentration). At some time after admini-
stration of the poison, the sucrose would be labeled faster than in the
control due to the higher specific activity of its precursors. After a
longer period, however, the rate of synthesis of sucrose would decrease be-

cause the pool of its precursors would be exhausted.
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Captions to Figures

Pigure 1 -

Figure 2 =

Figure 3 - Algae Plant

Figure 4 - "Lollipop®

Figure 5 - Radiogram of a paper chramatogram from 10 sec. 01402
fixation in the light by Scenedesmus.

Figure 6 - Behavior of radicactivity in specific compounds in extracts of
Scenedesmus, exposed to radicactive carbon dicxide at 29C.

Figure 7 - Diagram of the assembly for steady state photosynthesis.

(For explanation of the letters, see bext.)

Figure 8 - Assembly for steady stats photosynthesise
(For explanstion of letters, see texto)

Figure 9 — Radiogram of 2 paper chromatogram from 10 minute 01402 fixation
in light by Seenedesmus. 1% suspensiong 1% GO, in air; light
intensity 7 x 1D£?args/@mozwse@°
DHAP - dihydroxyacetone phosphate; PEB - phospheenolpyruvic acid;
PMP ~ pentose monophosphates; PGoA - phosphoglycolic éci&;

PGA - phosphoglyceric acid; HMP - hexose monophosphates:
DP - pentose & hexose diphosphates

Figure 10 - 01402 fixstion by Scenedesmus. 1% suspension, 1% GOy in air,

light intensity 7 x 10% ergs/em.*=sec.

Figure 11 - Behavior of radicactivity in specific compounds in the exiract
from the experiment of Figure 10,

Figure 12 - Behavior of radiosctivity in spmcific compounds in the extract
from an experimsnt done under ccnditions corresponding to those

of Figure 10,
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Figure 13 - Effect of light and dark on the labeling of glubamir gnd eitric
acid. 0.1% suspension, light intensity 1.6 x 105 ergs/ em.2~58C .
(Numbers: counts/min. x 10™> on paper per cc. cells).‘

Figure 1/ -

Figure 15 ~
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Fig. 1
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