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PHOTOSYNTHESIS1

M, Calvin, J. Ao Bassham92 A, A, Benson and P. Massini’
Radiation Laboratory and Department of Chemistry
University of California

Berkeley, California

Although there hasg been considerable progress toward an understanding
of the processes of photosynthesis in recent years, thé advances have been
followed rather closely by symposia, monographs and reviews of the subject
matter, particularly during the last three years. (1,2,3,455,6,7,8)

In view of the comprehensive coverage it would appear that the present:
. review might vefy well be limited to a discussion of certain subjects of
special interest to the authors and some with which they are especially
familiar. These are 1) the extensive discussion by Warburg and his co-
workers of their proposal for the existence of a light induced oxygen
absorption (and corresponding carbon dioxide evolution) ﬁhich can amount.
to three or four times the net oxygen evolution by the same light; and
2) the discovery of the early participatiqﬁ of 7 and 5 carbon sugars in

carbon dioxide reduction in photosynthesis- together with some observations

on the kineties of the metabolic transformations.

1 - The work described in this paper was sponsored by the U. S. Atomic
Energy Commission.

2 = Ltoy, USNR, Office of Naval Research Unit No. One, University of
California, Berkeley. The opinions contained herein are the private
ones of the writer and are not to be construed as official or reflect-
ing the views of the Navy Department or the naval service at large.

3 = Fellowship of the Swiss Foundation: "Stiftung flir Stipendien auf dem
Gebiete der Chemie." - «
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While it is true that a considerable number of significant publications
have appeared in other aspects of photosynthesis (the Hill reaction and its
coupling with carbon dioxide reduction (9,10,11,12,13,14,15,16,17,18,19);
photochemistry of chloropﬁyll and related synﬁhetic materials as model reac- y
ﬁions in relatively simple defined physical systems (20,21,22,23); transfer
of light energy within the pigment systems (24,25) ) it is felt that they
represent confirmation and extension of ideas which have already been dis-
cussed in a variety of earlier reviews and that a re-evaluation of thenm
might very well be postpéned until a later time,

THE ONE-QUANTUM PROCESS
In the course of studies on the maximum possible'obtainable efficiency
of photosynthesis, Warburg and his associates, using the gas exchange method
that commonly bears his name, had occasion to shorten the alternating light
‘ and dark periods between which the net gain of oxygen or loss of carbon

dioxide is determined down tovperiods as short as one minute of illumination

alternating with one minute -of -darkness. _Under these circumstances, the
apparent efficiency of o#ygeﬁ production during the one-minute illumination o
rose to a value which, when expressed in terms of the number of molecules
of oxygen produced per quantum of light absorbed, approached one, (26$27,28)
At the same time, the apparent gas absorption in the one-minute dark inter-
val increased to values of the order of ten times that normally observed
for dark respiration over long periods of time. This later enhanced oxygen
absorption observed immediately following the illumination period is sup-
posed to be going on during the illumination as well, thus leading to. the
suggestion that at all times under these optimum conditions, oxygen is

actually being produced at a rate corresponding to one mole per quantum
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absorbed, but that 2/3=3/4 of this oxygen produced is re-sbsorbed in a
light—~enhanced back reaction leaving the net oxygen production observable
for long periods corresponding to an effiéiency of the order of 1/4 mole-=
cule of oxygen per quantum absorbed. All the above observations, which
refer to molecules of oxygen eveolved in the light and absorbed in the
dark, are supposed to be pertinent as well to molecules of carbon dioxide
absorbed in the light and evolved in the dark.%

In later publications (34,35), Warburg was able to observe the gas
exchanges immediately following the application of the measured light
and immediately following the cessation of the measured illumination and
to plot these changes as a function of time, making observations at one-
minute intervals. A typical result is shown in Figure 1 (35). In this
experiment, the unmeasured white light is applied to an extent which just
balances the oxygen evolution and the carbon dioxide absorption by photo-

synthesis with the carbon dioxide evolution and oxygen absorption by

‘4 = Practically all of these observations were made by the "two-vessel

method," a relatively new description of which is to be found in the

papers by Warburg and Burk (29) and Burk, Schade, Hunter and Warburg (30).

Since most of the cbservations were on'ChIdréllés whose physiological

pH range is of the order of 4.5, the actual pressure changes observed
when the experiments are performed in this pg range are due to the

difference in selubility in the medium between oxvgen and carbon dioxide.
By using a pair of vessels whose geometry with respect to the algae and
light are identical except for the gas volume above the algae suspensions,
it becomes possible to determine, on the comparison of the observed
pressure changes in the two different vessels, the ratio of oxygen

over carbon dioxide whether it be in light or dark. Having determined

this, the observed pressure change in a single vessel can then be con=
verted inte moles of oxygen evolved (absorbed) and moles of carbon
dioxide absorbed (evolved). It should be pointed out here that there
is a real difference of opinion as to the validity of the observations
made by this method and these questions have been listed and discussed
at some length (31,32,33). '
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respiration so that the manometers show no changes in pressures with timeo
Pressure changes are then brought about by the additional illumination
with a measured beam of green light. Taking the data at face value, it
is evident that what is represented in Figure 1 is a transient phenomenon
with a logarithmic approach to a steady state., Warburg has chosen to
interpret this result in terms of a primary photochemical reaction yield-
ing molecular oxygen with a quantum requirement of one, accompanied by
the proportional generation of a substance ¢ (substances) which reacts
with a fraction &€ of the generated molecular oxygen, with a spécific
reaction velocity ko In qualitative terms, then, the falling off of the
increase in pressure curve (Figure 1) is supposed to be due to the
building up of the back reaction substance c¢.- - This he has expressed in
algebraic terms in the following ways
let

I, = absorbed light ihtensity per minute, expressed as

mmo> Quanta/min. unit volo

t = time of illumination by the measured light (min.)

X = evolved Cz in time t by light I, in
mmgoz/hnit vol. .

£ = the fraction of the O, evolved by the light reaction which
reacts backo

c = éoncentration of the substance controlling the reverse reaction
expressed in terms of back=reacting 02 as |
mm°302/hnit vols

kK = sp. rate const. of the back reaction (min=1)
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If the light intensities are so adjusted that the quantum requirement for

: O2 in the light reaction, @, is 1 then (since Ia =+ d0, (1ight react.)/dt)

then :
+ dc/dt = €I, - ke )
integrated
ac/(EI, - ke) = dt

1/k 1n (€I, - ke) = t + consto

When t =0 ¢=0 Consto =~ 1/k Ingl,

In [EI/(€I, - ke)] = kt

E1, = &k (€I, - ke)

£Iae’kt = SIa.é ke

c=€l, (1-ek)k » - (2)
When t >>> 1,¢station = Ela/k |
Further (if @ = 1)

dx/dt = I_ - ke : (3)
Subst. (2) into (3) to eliminate ¢ |

dx/dt = I - €I, (1 - ekt (4)
With the-boundary conditions

t =0, ax/dt = I

t 5% 1, dx/dt = I, (1 = &)
Eq. (4) gives on integration

x=I, (1-&t+el, (1- okb) /i (5)
with the boundary conditions

t =0, x=0 giving t>> 1, X = I, (1-€&)t+€l/k
If the quantum requirement is explicitly retained

x=I ¢ (@-€t+ gpl, (1- OV o | (6)
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It is thus clear that the initial slope of the oxygen evolution curve
should represent, according to this picture, the quantum requirement of
'the primary photochemical oxygen evolution while the initial slope of
the absorption curve following thé cessation of illumination should
correspond to the quantum requirement of the continuous production of the
back-reaction substance c. A This latter, by the definitioﬁlof Cy
should be equal to the formefo There is some question as to the general
validity of the observation itself (31,32,33) and this is especially
- true where very rapid observations are necessary. The question imme-
diately arises as to how nearly the components of the gas phasé'are in
equilibrium with the gaseous components of the solution and with the
‘ gaseous pomponenﬁs within the green cells themselves. It is clear that
if oxygen comes to equilibrium in these systems somewhat more rapidly
than does carbon dioxide, a result such as that’given in Figure 1 would
ensue, Furthermore, this difference in rate might éccur in the trans-
fer between the gas phase and the liquid medium or between the liquid
medium and the green celi ihtefiof.where presumably the gasses are
ultimately generated or aBsorbedo

However, even accepting the existence of this transient approach to
a steady state associated with a change in light intensity as significant
for the chemistry of the green cell itself, the interpretation given by
Warburg is not unique but only one of a number of possib;e views even on
a quantitative basis. The striking similarity between the data presented
and the transient appearing in the electrical circuits cannot be over-
locked., In fact there has been reported rebeatedly, evidence for oscilla-

tory transients in both carbon ‘dioxide and oxygen evolution as well as
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fluorescence, the most recent of which is that of Van der Veen (36).

One of the simplest of such circuits would be a parallel arrangement

of a resistance and a capacitor-resistance. The change in light inten-
sity would correspond to a change in impressed potential and the gas
flow woﬁld correspond to the charge flow. In chemical terms, the
resistance would correspond to the specific rate constants of a series
of reactions, while the capacitance would correspond to the size of the
reservoirs involved in the equilibrium, which was shifted and maintained
by a change in the steady state. It might be worthwhile to actually
outline one such case in as general terms as possible.

A likely system having some of the above elements is shown diagram-
matically in Figure 2 where the equilibrium between M and A + Oé would
correspond to the terminal oxygeﬂ evolving reaction. Defining corres-
ponding terms in similar units to those used in the preceding derivation
let
Ia be the amount of light (number of quanta) absorbed by the photo-

chemical apparatus (represented by the box P.A.) where it is

converted into somevchemical form (reduced and oxidized species)o
@ be the proportionality constat between the number of quanta
absorbed  and the number of molecules (Q) of some species which

reacts with the species M té produce molecular oxygen with a

rate constant of unity (u = 1).

r be the constant rate of the reverse reaction in the final equili-
brium with molecular oxygen (also with carbon dioxide).
B  be the proportionality constant between the number of quanta

-absorbed and the steady net rate of formation of M.
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m be the concentration of M at time t.

X be the number of moles of oxygen produced in time t.

Then,

dx/dt = (eI Jm-»r - (7)
aﬁd .

dn/dt = =aIm + BI, + r ' (8)

Substitute p for fI_ +

and q for al

to give
dx/dt = qm = r ' (9)
dm/dt = p = qm (10)

Integrate equation (10) with the limiting condition m = my, when t = 0,
to give |

m=p/a + (my - p/q) eqt | (12)
Substitute equation (11) intc equation (9) and integrate with the limit-
ing condition that x = O when t = 0, gives |

x=(p-rx)t+{am -p)(1-e)/g | ©(12)
or replacing p and q, |

x= P, t + E@lamo - PI, - (1 = efalatﬁ‘/ala (13)
Equation (12) '@quation (1,3)] gives precisely the same relationship
between the amount of oxygen evolved and time as does equation (5)
[bquation (6ZE9 the difference being in the significance of the con-
stants.

It is thus apparent that the existence of a 1ight=ipduced reaction
congisting in the absorption of molecular oxygen and the evolution of
molecular carbon dioxide at a rate of approximately three times that of

the net evolution of oxygen induced by the same light is not an inescapable
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conclusion to be drawn from the data asiprésenﬁed by Wafburgo " In fact,

there exist two pieces of independént‘experimental evidence which would

seem actually to preclude such a possibility. The System of forwar& and
reverse reactions as proposed by Warburg is represented in its simplest

form in Figure 3.

Thus, for every four molecules of molecular okygen which are produced
by the photochemicgal feaction three are supposed to be reabsorbed by the
photosynthetic system in a dark reaction. Similarly, for every four
molecules of carbon dioxide which are absorbed in the photochemical reac-
tion three are re-evolved in this same dark.réactiono Since tﬁevphoto=
chemical reaction is supposed to have a éuantum requirement of unity it
is clear that the quantum requirement for the net production of molecules
of oxygen will be approximately four. Such a system would lead to a very
rapid exchange between the oxygen atoms of the gaseous molecular oxygen
and that contained in combination ﬁith the living organism as water andvin
other combined forms. The same accelerated exchange would be expected
between the carbon atoms of the gaseous carbon dioxide and those incor=
porated in the photosynthetic organisms., The number of molecules exchanged
(oxygen or carbon dioxide) due to this type of reaction alone should be
approximately three times the-ﬁet number of oxygen molecules produced. It
is possible to determine whether or not such photochemically acceleraféd
exchanges take place and, in fact, both of these isotopic tests have been
applied, although not on the same systems.

Thus, if the organism is placed in contact with gaseous molecular

oxygen labeled with and the rate of change of the specific isotopic

content of the gas is determined in the dark and compared with that which
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occurs upon illumination, it shou}d be possible to detect an accelerated
rate of disappearance of labeled oxygen from the gas phase, since any
labeled oxygen atom which is recombined in the organism will be so diluted
by the large amount of unlabeled oxyéen in the organism as not to reappear
in the gas phase. In effect; this means that the photochemically pro-
duced oxygen weuld have no label, whereas that whieh is being reabsorbed
would, of course, have the label from the gaseous phase. Experiments of
this sort have been done by Brown, Nier and Van Norman (37) on a variety
of organisms including Chlorella. In no case was there any evidence of
an increased rate of disappearance of O18 from the gas phase under the
influence of light.

The corresponding experiment with labeled carbon dioxide using cl4
labeled CO, has been done by Weigl and Calvin (38) on barley leaves. Here,
also, there is no evidence of accelerated dilution of the residual carbon
dioxide with non-labeled carbon from the organism under the influence of
light, In fact, the only effects reported in each case were inhibitory
effects on both of the rates mentioned.

The conclusions which were drawn by the authors of each of these above-
mentioned experiments were weakened q& the suggestion that upon illumina~-
tion the oxygen which is absorbed in the respiratory reaction never escapes
from the cells after its photesynthetic production, and the carbon dioxide
evolved in therespiratory, or "Back", reaction never escapes from the cells
prior to its photosynthetic incorpofatieno This criticism is incompatible
with the assuﬁption that the cuéves in Figure 1 are significant. In order
that these curves; which are manometric changes with time, should corres-
pond to the rates of chemical processes within the photosynthetic organisms,
it was necessary to assume a.complete equilibration between the gas phase

and the molecular oxygen and carbon dioxide within the cell wall.
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It thus appears that the transient phenomena observed by Warburg are
better accounted for in terms of shifts of equilibria or steady states
rather than in terms of an increased back reaction from the gas phasee5
It is also clear that under some circumstances it should be possible to
observe, for short periods of time, rates of oxygen evolution or carbon
dioxide absorption which would correspond to the apparent quantum
requirements, even less than one (apparent quantum yield greater than
unity). This is in no way to be construed as a violation of the
Einstein law of photochemical equivalance. Without doubt there is a
primary photochemical act somewhere in the photosynthetic apéaratusJ
which involves the transformation of electromagnetic to chemical energy
with a quantum requirement of one, i.e., fof‘every quantum absorbed one
photochemical equivalent of a reaction will be brought about with con-
comitant storage of chemical energy. There is; of course, no require-
ment that there be any unitary relationship between quanta and molecules
of gas observed manometrically.

This implied relationship beiween the number of guanta which might be
required in the overall energy balance for the production of oxygen and
the absorption of carbon dioxide and the mechanism by which this is
achieved has led very often in the past thirty years to attempts to find
ways of storing electromagnetic energy in that form, since it was very
early clear that the amount of energy required to achieve the overall

reaction of photosynthesis éorresponded to that contained in at least four

5 = This includes the possibility that they will be due to differences in
the specific rates of passage of oxygen and carbon dioxide through the
cell wallo It is, however; unlikely that differences in the rate of
establishment of equilibria between the medium and the gas can be called
upon to account for it, as independent experiments in the authors'
laboratory confirm,
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quanta. With the growth of our knowledge of thevway in which biochemical
systems manipulate”andchnvert energy from-one form into another, eo.go,
the conversion of ¢hemical energy to mechanical energy in muscle, has
come the realization that the accumulation of the nécessary calories to
perform the overall reaction of photosynthesis might be done better chemi-
cally. It wquldvappear that this is the predominant conception at present
as it has_been expressed in a wide variety of ways by many authors'in )
‘many places. It would fe futile at this pbint to try to review the his-
tory of the development of this idea in all its ramifications (5). Among
the first of such suggestions was that of Ruben (39) and also of Lipmann (40)
that energy required to carry out the overall photosynthetic reaction might
be transported, at least in part, through high energy phosphate. This has
even been carried to the extreme with the suggestion that there might be a
131 correspondence between quanta sbsorbed and individual high energy phoé—
phate ponds formed, eogo,<the.terminal phosphate bond of ATP, This idea
hés been criticized on the basis of’its enormous inefficiency (approxi-
mately 40 kecal. quanta béing used to produce a single 12 kcal. bond) and
almost certainly rightly so. The other alternative, namely, the subdivi-
sion of a quanta into twoAér three parts, has been rejected on the basis of
lack of precedent (4l)° This is, however, probably due to the explicit
or implicit attempt to perform the subdivision while the energy is in
electromagnetic form or in the form of electronic excitation. This diffi-
culty disappears if the conversion to chemical energy takes place at the
40 kecal. level, or thereabouts, and its subdivision occurs thereafter.

In relatively recent years a number of proposals have appeared con-
cerning_soﬁe of the ﬁore or less specific methods by which energy might

be converted and brought to bear upon the oxygen liberation reactions and
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the carbon dioxide reduction reactions. With the confirmation (42,43,44)

6 from the

of the ideavthat thg reduction of carbon dioxide was separable
primary photochemical act and was in itself a completely dark reaction (44)
and the discovery that the earliest isolable intermediate of carbon dioxide
incorporation by photosynthesis was phosphoglyceric acid, it became possible
to suggest specific patterns by which high energy phosphate might play a
part. It was clear that the initial carboxylation reaction leading to
phosphoglyceric acid required the presence of a phosphorylated intermediate
of relatively high energy level, This was presuméd to have been formed
either directly or indirectly through some oxidation reaction (not neces-
sarily involving oxygen directly).

It was therefore proposed (47) that part of the initially produced
reduced carbon be passed thréugh é reoxidation cycle and thus have some
of the reduced energy originating from the light reaction converted into
high energy phosphate. The passage of an electron from a high reducing
potential to a lower one on its way to molecular oxygen produces high
energy phosphate. Evidence that such reactions might play a part in photo-~
synthesis has been recently added to the literature (48).

These, and many other such suggestions, are all part of the éame
genefal conception of the rearrangment of chemical energy in dark reac-
tions in preparation for the two reactions which c;n be observed mano-
metrically in photosymnthesis, viz., the evolution of melecular oxygen and.

the absorption of molecular carbon dioxide. It is in the reiteration and

6 = During the past year there has been discovered what appears to be a
chemical light production following illumination of green plants (45)
and also of isolated chloroplasts (46). This has a lifetime of the
same order of magnitude as the "stored reducing power" (43) and is
quenched by carbon dioxide in much the same way. Therefore, it seems
that at least part of the initial path of entry and conversion of the
photon is reversible.
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emphasis of these ideas that the importance of the recent Warburg publi=
cations seems to lie, irrespective of whether or not the one quantum
process has been observed manometrically, or even whether it wil] ever
be.o

Such a relation between dark reactions imvolving the accumulation and
redistribution of energy and the gas exchange observable as a result of
photochemical processes would necessarily have to be considered in any
determination of the overall efficiency of the green plants in the energy
conversion process, particularly when this determination is made via & gas
exchange measurement. The efficiency of the energy,conversion on the basis
of the amount of carbon dioxide incorporated must depend very sharply on
the fate of the carbon dioxide, since the energy required tc reduce carbon
dioxide to the level of formic acid is considerably less than that required
to reduce it to the level of formaldehyde and this, in turn, is less than
that required to reduce it to the level of methanol. On the other hand,
the energy required to produce a mcle of oxygen from water is very nearly
independent of the fate éf the hydrogen atoms involved in the reaction
and is approximately 115 kcale ! Therefore, measurement of oxygen evolved
provides the preferable manometric unit for the determination of the effi-

ciency of energy conversion.

~ 7'% For example

2003 + 2Hy0 ———WRMCO"(_  + 26" + 0,

{pH = 7)
AF = + 117 keal

end 2/3 00y + 4/3 B0 ————2/3 CH0H(, ) + 0,

AF = + 110 keal
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However, the source of the energy required for this oxygen evolution
might‘not be entirely the immediately absorbed and measﬁfed’lighto It
some fraction of the energy transformed in the respiratory reactions
were used in preparing intermediates for the oxygen evolution reactiorn,
it is clear that this respiratory energy (measured by the amount of
oxygen absorbed in the dark period) should not be sulbitracted from the
observed oxygen evolution in a light period for the determination of an
efficiency. If the measured light is of such intensity a@d unaer such
conditions as to merely decrease the rate of oxygen absorbed the actual
rate of energy transformation into a chemical form is still negative;
that is, no energy is being stored but rather it is being expended. If
we try to use the difference between the raté‘of oxygen absorption in
the dark and the smaller rate of absorption in the light as the rate of
energy storage due to the light itself, the result might very well be
completely erroneous. Some unknown fraction of the.énergy being
expended might actually be in the course of transformation and utiliza~-
tion for the preparation of compounds (intermediates) making it possi=- '
ble to evolve molecular oxygen from them by the addition of some energy
directly from the measured light absorbed. Even if the light intensities
and conditions are such as to lead to an actual evolution of oxygen it
would still be an error to subtract from that evolution the apparent
amount of oxygen absorbed in the dark either just before or just after
the illumination period. This would be true irrespective of whether this
so-called dark réspiration_is affected by light or not; that is, whether
the dark respiration, as observed just prior to; or just succeeding an
illumination period, proceeds at exactly the same rate or at some changed

rate during the illumination period.
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If it proceeds at the same rate then the energy so generated, or some
fraction of it, may be used to prepare intermediates for oxygen evolution.
If there is an intrinsic inhibition or acceleration of this process by
light, then this same energy is being stored. Since the fraction of this
"respiration generated" energy which may contribute to oxygen evolution
is not known and may approach unityg it thus becomes impossible to deter-
mine accurately the efficiency of the energy conversion process from a
gas exchange experiment alone when the net oxygen evolution is nég-very
large compared to the dark zlespirationo The possible error from ihis
source is, of course, that percentage of the total oxygen evolution which
corresponds to the resbiratory oxygen absorbed.

When the efficiency is determined by differential addition of light
and measurement of the corresponding additional oxygen evolution, even if
the initial state is one in which there is no net oxygen absorption (due
to compensatingulight), this possible contribution of respiratory energy
to the oxygen evolution reaction has not been comsidered or corrected for,
The fraction of the energy from the compensating light which may be coopera-
ting in the oxXygen evolution almost certainly is dependent upon the differen—
tially added light. The experimental result consequent upon this argument
seems to have been observed by Kok (49) and otherso In these observations
the value of Z\Bdoz/dtg /A1 is dependent upon the value of I particularly
at intensities around the compensation point.

CARBON METABOLISM
In the course of studies designed to give more specific information

about the sequence of compounds involved in the incorporation of carbon

8 = At very high light intensities the value (efficiency) falls off due to
other limitations upon the rate of energy utilization,
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dioxidé'ihté1planf'subStahéésltwo“new early products of thisvihcorporation'
have_beéﬁ uncovered. These are certain phosphatés.dfithe seven- and five-
carbon silgars, sedohéptiilose and ribulose, respectively (50,51,52,52). An
examination of the kinetics of their appearénce‘togethér with a number of
other compounds in what purported to be a steady state photosynthetic
system has been made (54). Their appearance in the first few seconds of
photosynthesis, the lack of any configurational relationship between them
and the usual ultimate pfoducts, hexoses (glucose,Afructose and sucrose),
together with preliminary information suggésting:that the labeled carbon
atoms appear somewhere in the very rapidly turning cycle for the regenera-
tion of the two-c¢arbon carbon dioxidé acoeptor which ultimately leads to
phospholecefic.acidA' This relationship is {1llustrated in Figure 4o

Ample precedent already exists for the fissionlbf a'ketopentOSe, such
as ribulose,’ betwsen carbon atoms two and three, giving a two-carbon frag-
ment and a three-carbon fragment (55;5670 In a similar manner, 2-ketoheptoses,
such as sedoheptuldse, would yield a two—dafbdn'fragment (possibly phospho-
glycolal) and a five-carbon fragment leading to the ketopentose. The ques—
tion of the source of the seven-carbon heptose mist then be answered. The
rather obvious possibility of its formation by the condensation of a four-
and three~cargon piece presents itéelf; and we aré'again faced with the
problem of the character'and'identification of the four-carbon fragment
whigh would be involved. The problem of “the identificétion and character
of thiS'four~carbbn'fragment among.the early produéts’of steady state
photosynthesis still remains as it did in all earlier schemss,

However, there is indication from paper chrométography of the presence
of a phosphorylated erythronic acid among early products of photosynthesise.

Since this compound is never present in very large concentrations, at least
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under the conditions we have so far used for examination, itrwould indi-
cate a ﬁery small steady state reservoir of this compound.. This is true
also of the corresponding sugar phosphate, viz,, phogphoerythrose, which
is thought to react with triose phosphate to give a sedqheptulose phos~
phate. It should be pointed out that in the regeneration of_the'two-
carbon unit it is possible to bypass entirely the need'fbr either four- .
or seven-carbon units as well as a second carboxyla£ion react,iono9 This
is done by using the recently revived'(58,59) route of Dickens (60) from
glucose to ribulose via 3-keto gluconic acid and a decarboxylationo How~
ever, there would be no net gain in reduced carbon in such a cycle and
other ports of carbon dioxide entry would have to be providedo

The dotted arrow leading from triose directly to erythronic acid

would correspond to the reductive carboxylation of dihydroxyacetone
H

HOCH2==CO=-CH20H + G0y -2 @ >HOCHQV-CHOH-GI—IOH—G‘O2
which is exactly‘analagous to the reductive P-carboxylation of pyruvie
acid leading to malic acid. The existence of enzymes capable of perform- |
ing the latter reaction has been demonstrated. Figure 4, of courée, is
designed to represent only the transformations occurring in the carbon
skeleton, It awaits further definition by more extensive kinetic studies
as well as isolations and degradations which are yet to be performed.

It is interesting to note and specifically point out here the further
development of the basic idea of a very close interweaving of the wide
variety of metabolic reactions, some of which might be conceived as being

primarily associated with photosynthesis while others are usually, or more

often, associated with respiratory and other biosynthetic transformations.

9 -~ The desirability of avoiding the second carboxylation reaction in
phot?sy?thesis was suggested by Gaffron and his co-workers some years
ago (57).
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It is clear, for example, how it might be possible for the products of
carbon reduction formed in the closed cycle, shown aboﬁep to enter into
thé tricéﬁboxylic acid cycle and thus produce high energy phosphate by
.already known mechanisms. It should be remembered that not shown in
Figure /4 are the compounds giving the reducing power which would be
réquired to drive such a cycle and ﬁhich have their primary origin in
‘the . photochemical apparatus. It is also clear that a change in the rate
of any one of the reactions shown would affect the stationary state con-
centrations of slmost every compbund shown there.

It is the development of such a conception as this; not only for the
vvcarbon dioxide cycle but for’the oxygen evolution cycle as well, in
specific chemical terms, thch we feel sure will ultimatély lead to the
clear understanding of the enormous variety of observations on photo~
.synthétic»organisms and’systems‘in general which wés reporied since tﬁe

character of the phencmenon was first recognized.
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Division of Fhotosynthesis into Light
Reaction and Back Reaction.

100 mm? of wet packed eells (Chlorella)

suspended in 7 ml, water. Temperature =
20° G, light intensity of measured light
17,3 m® Quanta/min, or 2.8 x 1077 watts
at 546 mue Partial pressure of earbon
dioxide = 0,109 atoms.
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