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It seems hardly necessary to repeat to an audience of this kind the

‘1mportance of«the process known as photosynthesis in the interaction

and the interdependence of organisms and in the very existance of life

as we know it., This process by which green plants are able to capture
electromagnetic energy in the form of sunlight and transform it into
stored chemical energy in the form of a wide variety of reduced {relative
to carbon diocxide) carbon compounds provides the only major source of
energy for the maintenance and propagation of all life,

Not very long ago I had occasion to witness the very direct re--
lationship between the amount of photosynthesis taking place in a limited
area aﬁd.the amount aﬁd variety of all processes depending upon it,

During the winter the surface waters of the North Atlantic are réi;tiyely'
ﬁoorly populated with life, With the coming of spring, bringing with it
more suitable conditions for the development of photosynthetic ogranisms
(warmer temperatures and tﬁe increase in the mineral nutrients required),
there is a relatively great and rapid increase in the population of the
photosynthetic microorganisms (algae, diatoms, etcs)o. Almost concomitant
with this, and following it very closely, is a corresponding increase in
the population of microanimals which feed upon these primary producers
and, in turn, larger organisms, fish and even mammals increase as the |
summer proceeds, The cycle is brought to a close with the gradual diminu-
tion of the mineral supply and the sunlight, and the cooling of the waters.

as the winter again approaches and the supply of diatoms exhausted. A

‘cycle very similar to this can be observed in any backyard garden in

ftpg northeastern part of our country.

'lr'
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For this and other reasonsy the study of the nature of this process
has been a very attractive area for many years and a wide variety of
scientific interest and backgrounds have been brought to bear upon it.
These range from the purely biological to the strictly physical with the
biochemical and physicochemical area lying between, Important contribu-
tions to the understanding of the phenomenon have come from all these
areas, but in spite of the enormous amount of work and study that has
gonevinto the problem, relatively little is known, or rather understood,
ébout the fundamentai 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 has been acquired in the relatively reéent past.
Discounting that tendency, I think it is still fair to say that we have
only just begun in the last decade or so to gain some understqnding of the
intimate details by which the basic process represented in the overall reac— .
tion

+ hor
COy + H,0 $fI——=—3 0, + (CH,0)
- Energy
has come to be understood. The recognition of this overall reaction as
writteny to represent the basic nature of the mrocess of photosynthesis,
énd, further, that its reversal represents the basic reaction of respira-
tion is, of course, an old one.
As é result of more recent study, it has been possible to separate

the procesg of photosynthesis into two distinct and separate parts.
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The general features of this separation may be represented in the

3 3

i"nu

following chart:
. _ _
r!, v
(CH2) ‘ 02
A » ’ ) n

The essential feature of the separation is the iﬁdependence of the~\f
photochemical part of photosynthesis from the carbon dioxide reduction
part. We sﬁall not here even try to §utline all of the various forms
of‘évidence which have been adduced in support of such a scheme but
only to poiht oﬁt additional bits which have been added in fecent
years and particularly those which stem from our own work. 15253
The scheme itself is'an outgrowth of proposals of some fifteen

years ago by Van Ni_.el4

fesultihg from his studies of the comparative
biochemistry of photosyntheéis° More recently, the photochemical
apparatus has been shown to be separablé from the rest of the plant by
the experiments of Hill.”

He was able to make preparations of chloroplasts and chloraélastic
fragments which, upon illumination in the Iresence of éuitable oxidizing

agents other tham carbon dioxide, were able to evolve molecular oxygen.
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Still more recently, 0ch0a6 was able to demonstrate that these same.prepargtions
were ca;eble ofeusing coenzyme I and II (DPN and TPN) as suitable oxidizing
agents leading to the evolution of oxygeﬁ; Furthermore, the experiments of
Ruben7 showed that the molecule of oxygen evolved in photosynthesis‘had its
froximate origin’in the oxygen of the water molecule and that the axygen atom

associated with the carbon dioxide must first pass through water before-arriv~

'ing at gaseous axygen. fFfeﬁ{the chart it mayvbe seen that the ultimate res-

ult, then,vof the photeehemieal reaction initiated by the absorption 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 reduced
parts represented in the chart by [I_JJ ° |

This reduced part ﬁﬂ ﬁe have ealled "reducing power™ because as yet it
is not possible to state specifically what form or forms it may be in, This
reducing power is capab}e’of'reducing carbon dioxide in the absence of light;
that is to say, that the“feduction-of carbon dioxide itself is a dark reac-

tion. This was indicated first in the earlier experiment of MoAlisterS

in
which he was able to show that following a period of photosynthesis a number

of plants continued’te:absorb carbon dioxide for a short period (seconds to

vminutes) after cessation of illumination. We were able to demonstrate this

in an even more direct and unequivocal fashion and generalize it for all

Vplants‘so far tried when we were able to show that not only did all of

these plants absorb quantities of carbon dioXide_in the dark after illum—
ination but that the products formed in the dark were qualitatively and under "
certain conditions quéntitatively gsimilar to those formed in'a fairly com-
parable light period, The“ﬁethod used for this demonstration was the same
as those to be descriped later in therreview. The lifetime in the dark of

this reducing power which is generated by light is also of the order of
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seconds toiminutes and almost.certainly corresponds to a concentration of
one or more definite chemical species. It is quite conceivable, as men-
tioned ea:lier, ﬁhat some of it might be in the form of reduced coenzyme.

910,11

Very recently it has been reported that both the higher plants

‘and isolated chloroplasts emit a chemiluminiscence following cessation

of illumination. This chemiluminiscence has a decay time which corres—
ponds very closely to that which_ue have observed for the reducing pover,
In fact; it would seem almost surely to represent the reversal of the
conversion of électromagnetic into chemical energy, hamely, thé transfor-
mation of at least some of the chemical energy stored in the reduéing_.
power into the electromagnetic energy of luminisqence.. Furthermore, “the
lnminiscegce is reduced by the presence of carbon dioxide in thoée cases
in which the carbon dioxide fixing system is still present. However,
when the carbon dioxide system has been removed, as is true in the case
§f chloroplésts, the limuniscence becomes independent of carbon dioxide.
While it thus appears that the unique rroblem ofvﬁhotosynthesis
lies in the Tight hand half of the chart of Figure 1, the discussion

this evening will be limited to the other side of the chart, that is,

the path through which carbon passes on its way from carbon dioxide to
all the reduced materials of the plant, It is essentially a study of
what we now beliefe to be entirely dark reactions_and might best be
characterized as phytosynthesis. This area not only has a greét in-
terest for its o sake but 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 eycle toward reduc-

tion. The reason for this particular interest lies in the fact that

we have, in recent years, come into possession of a tool which is
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-especially suited for this study, namely, labeled carbon atoms in the form

of a radicactive isotope of carbon, Cl/*'° All of the results that will be

described later were made possible through the use of this labeled carbon

dioxide. With such.a labeled molecule aﬁailable, the design of an experi-

ment for determining the sequence of compounds into which the carbon atoms

of carbon dioxide may pass during the course of their incorporation in

the plant is, in its first phase, a straightforward one.

We may visualize the problem in terms of the chart in Figure 2

.

hee 0,
_ LEAF
. » ’ # a ”’,
: /* - "
Coa ) o P \‘u )
- 1 ¥

H,0 - (cHy0)
Figure 2

in which the green}leaf is represented schematiéally.as a closed opaque
container into whiéh stream the raw nmaterials of photosynthesis, nameij,
carbon dioxide, light and water éontaining the necessary mineral elements,
From this container are evolved the proaucts of photosynthésis - oxygen
gas and the reduced carbon cdmpounds consfi;uting the plant and its stored
reserves, Heretofore, it has been possible to study in a quantitative

way the nature of the process going on inside the opaque container oniy

by varying external conditions and noting variatiohs in the products.,

. Although there has been no serious doubt that the formation of sugar did
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not take place by the aggregation of six molecules of carbon dioxide, six

molecules'of;watgr, and the requisite of a number of light quanta into a
single unit followed b& the‘rearrangement into hexose and molecular oxygen,
no specific information was available as to the compound which might act
as an intermediate., Assuming that such a chain of intermediates exists,
it is quite clear that by setting up some photosynthetic ogranism, leaf
or other suitable material, in a steady state of photosynthesis in which
the various.ingredienis are being absorbed and products formed in some

uniform manner and inﬁecting the labeled carbon dioxide into the enter-

ing éarbon dioxide streamy we should find the label appearing successively

in time in that chain of intermediates. This can be observedlby stopping

the entire process after a suitable lapse of time and examining the

incorporated labeled carbon to determine the nature of the compounds into

which it has been built., It is also clear that in addition to the iden-

tity and sequence of the compounds into which the carbon is incorporated,

~ we may also determine the order in which the various carbon atoms within -

each compound acquire the labels 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 various more or less finished préducts of the plgnt.
Very early it became clear that we would be required to perform
many éxperiments, énd iﬁ order to have available as reproducible a |
biochemical material as possible it was advisable for us to grow our own
plants, In order that the material be as nearly constant as possible it
was necessary that the conditions of growth be easily and accurately
reproducible. These Tequirements are.most easily fulfilled by the uni-

cellular algae such as Chlorells and Sgenedesmus, the former being the
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organism that had been used for many previous quantitative studies of photo-

‘synthesis. We therefore established 'in one corner of:-the laboratory what we

call our algae farm; a photograph of which is shown in Figure 3+ The green
vessels contain the twofculfﬁfe of green algae mentioned, the fed ona;con;
tain the purple bacterium, Bhodospirillum rubrum, These flasks are mounted
on a shaker in a thermostat over light cylinders.- They are, in effect,
continﬁous'cultures which_may be harvested evéry day or every two days or
over longervintervalé, Sﬁ;h cultures ha#e been maintained for very long
periods extending beyond three or fqyr months, The organisms so derived
are quite reproducible and a good deal of the work here represented was
originally done with such algae, However, as may be apparent, a variety of
higher plants were‘also used such as barley shoots and soy bean leaves.
Although there areudifferences from plant to plant, the general character |
of the result is the same for all of them, We will not at this timé go
into the comparative biochemistry of the different ;ﬂants but rathér
emphasize that behavior which is common to all,

~In performing'ah experiment a sample of algae was harvested and washed.
qf its nutrient medium and reéuspended in solutions placed in a flat vessel
illum;natéd from both sides as shown in Figure 4. A stream of carbon
dioxide containing air was put through the algae during the course of illu~
mination for a suitable period of time until a steady étate of,photosynthesis
was assuwred, To start the experiment, a suitable amount of sodium carbonate
was injected into the aigae suspension and the photosyhthesis allowed to
proceed for a predetermined number of seconds, after which the large stop-
cock at the bottom of ‘the flask was opened and the algae run into boiling

alcohol so as to stop all enzymatic reaction as rapidly as possible. When
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leaves ﬁere.used, the lollipop was replaced by a flat cell from which one
of the fages might be easily removed., The reaction was stopped by remov-
ing the face and plunging the leaf into a suitable killing medium, Tt is
now-é.simple'enough métter to determine the total amount of qarbén.which
has been fixed in the parti¢ular experiment., This is done by removing.an
aliquot of the éntiré'extract and suspénsion of the material and mountingv
it on a plate to be counted by a Geiger counter,
The lafger problem now presents itself, namely, to determine the

nature of the compounds into which the carbon has been fixed. The first,

and simplest, step of the fractionation which was performed was to sepa-
‘ raté'the sgluble from the insoluble material. Alcohol extracts (80%)

:.f5116Wed by water extracts were made and it was very éarly learned that

for short periods of photosynthesis all of the fixed carbon is in some

‘relatively soluble formy as shown in Figure 5 (total and soluble product

for 20° algae). It is only after more extended periods that the carbon
finds its way into insolubles such as protein, cellulose énd starch,
Since at this stage we are primarily interested in the very early prdd-
ucts of incorporation, we have, therefore, to be concerned only with

soluble material, Uhfortunétely, this criterion of solubility does not

limit the possibilities very greatly. The soluble constituents of plants

are myriad and the ordinary methods of analysis would be extremely slow
and laborious indeed. | |

We have, therefore, turned to the vefy elegant method of separation |
which was recently developed, particularly for amino acids, by the bio-

' , 12
chemists, Consden, Martin and Synge , known as paper partition chroma-

tography. The method has since been applied to a wide variety of
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substances, the only limits being that substances be non-volatile so that
a piece of>filter paper may be dried and treated without evaporation of
the substance; The method ié undoubtedly familiar to most of you and
will not be described again in detai10139l4 'The only change which we
have added was made possible by the radiocactivity of the atoms which we
seek to find, Tt will be remembered that we are not interested neces-
sarily in all of the compounds of plant extract but particularly in
those which carry radiocactive atomso These may be detected after they
have b§en spread on the paper because of the fact that‘they carry radio—
activity and that this radiocactivity will.afféct photographic film.
Thus, aftervcompounds have been spread iﬁ two dimensions on a piece
of filter paper, this paper is dried and placed in contact with a corres-
ponding sheet of photographic film, Wherever, on the paper, thére is a
radiocactive carbon~containing compound, the film will be bombarded by
the beta particles emitted by these atoms, and after a.suitable period
of time the film may be developed and will show exposed areas wherever
it has been in close contact with radicactivity. We are thus able te¢
locate precisely those compounds in which we are expecially intefested.
The photographs of the radiocactive products produced by 60 second
exposure of the algae, Sgenedesmus, to radiocactive carbon is shown in

Figure 60*

(¥*) In this and all other radiograms or paper chromatograms shown in
this paper the origin spot is the lower right hand corner, the hori-
zontal direction was run from right to left in phenol-water and the ver-

tical direction froﬁ bottom to top in butanol-propionic acid-water. The
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photographic film used was Bastman "No-Screen" X-ray film, The time of
exﬁosure'of the films varied and thé.absolﬁte&intensities on diffeient
films are not to be compared as significant, although, of course, épots

on a single film are comparable,.

The position occupied by the radicactive spot with respect to the

- origin is, in principle, the means of identifying it chemically. By

comparing the position occupied by a radioactive spot with that taken
by an'aﬁthentic sample of the material, a praximate_indication is givén,
at leasty of the nature of the compound in the spot. Ultimate identitx,
however, rests upon the sum of a wide variety of observations in which
the unknown spot containing the fixed carbon compound is eluted from the
paper, a chemical determination performed and the resulting material
chrematographed a second time to determine whether or not the supposed
chemical change has occurred in the unknown compound. Finally, a mix-

ture of the unknown radioactive material with an authentic sample of the

proposed substance is chromatographed together and complete coincidencé

of the radioactivity with some colored or other visible product of thé
known compound achieved, The nature of the color spots produced onrthe
paper is dependent, of course, on the particular types of compounds that
are being investigated.

Methods of detecting very nearly éll varieties of substances which
are capable of being chromatographed have Eeen devised, ranging from the

simple case in which the compound itself is colored and can be excel-

-lently seen and the original reaction performed on the paper for detect~

ing amino acids, namely, the purpose color produced when alpha-amino acids
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react with ninhydrin, to a number of differént reagents producing colors
with aldoses and ketoses, as well as the reaction.of acids and bases with
ordinary pi indicaﬁors.4 With methods such as these a wide fange'of the.
early compounds produced in photosynthesis have been identified as shown
in Figure 7. The amount of rédioactivity incorporated in these compounds
can be determined quite accurately by using the X-ray film as a means of
defining that area of the paper contéining the cémpound, thus permitting
the particular sﬁot to be cut out from the larger piece and eluted from
the paper and mounted on a pﬂate to be counted.

| A much simpler means would be to count the spot right on the paper
with a Geiger countér. The fraction of the total amount of radicactivity
in the spot which is thus registered by thé_Geiger counter is fairly constant
for all compounds for any given chromatographic system. ‘Thus, for most
- purposes it is sufficient simply to expose the paper to X-ray film in
order to determine just where the radiocactive spots are, and then having
v'so defined them, to count them right on the paper for quantitative com=
parison,.by the Geiger counter, This has been done with the soluble
rroducts of Figure 5 and the result shown in Figure 8, It is clear that
the variety of products synthesized at room temperature by Sgenedesmus
(as well as by all otherbplants tried) is very great, even»in a very
short time such as a minute or somewhat less. But even soy it .is clear
that the predomiﬁant compound as the time gets shorter is phosphoglyceric
acid,

This is even more sfroﬁgly demonstrated when the experiment is
carried out at reduced temperature, for instance 2°C, so as to slow down

all of the reaction and enable us to see more clearly the earliest products.
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Figure 9 shous a plot of the concentration of radicactivity perbunit of
.algae for th:ee of the major early compoundé, while Figure lO‘is é plbt
made from the same datd, but given in terms of the percentage in each
compound of thevtotal_fixed radioactivity'as'in Figure 8. On such a
plot as this, it is clear that those substances which are formed directly
from carbon dioxide with no appreciable intermediates lying between
them and-carbén dioxide will be the only ones that will show avnegative
slope; that is to say, for short enough periods of time the first isolable
products formed must represent one hundred percent of the total carbon |
fixed, This is certainly the éase for phosphoglyceric acid and possibly
for malic acid indicating at least two independent carbon dioiide fixing
reactions,‘one leading to a.three-carbon-compound_and the other produc—.
ing a four-carbonlcoﬁpoﬁndols

Since the hexose phospﬁates appear»extremely eafly in all of these
photosynthésis experiments and because of the known close relationship
between the hexose phosphates and phosphoglyceric acids in the glycolytic
sequence, it seemed most reasonable to suppose that these hexose phos~ .
phates were formed from the phosphoglyceric acid by a combination of the
vtwé three-carbon fragments derived from phosphogiycéric acid in an overall .
frocess very similar to, if not identical with, the reversal of glycolysis.

One means of testing this suggestion would be a comparison of the
distribution of radiocactivity in the three carbon atoms of glyceric acid
with those in the hexose derived from: the hexose phosphates, This has
been done for the glyceric acid, and hexose obtained from an experiment
in vhich barley shoots had been allowed to photosynthesize in radicactive

carbon dioxide for 15 seconds with the result shovn in Figure 11 in which
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the-numbers and bar lengths represent the‘percentage of total radiocactivity
in the compound which is to be found in the indicated carbon atoms, It
thus appears that the hexose is indeed formed by the combination of two
three—carbon'moleéules derived from the glyceric acid in such a manner
that carbon atoms three and four of the hexose corres?ond to the carboxyl-
carbon of the glyceric acid; carbon atoms two and five with the alpha-

carbon; and carbon atoms one and six with the beta-carbon of the glyceric

-acid. This correspondence is maintained when the distribution in these

two compounds (glyceric acid and hexose) is compared for a variety of
. , 16
different times, as may be seen in the data contained in Table I,
~ Table I

: 014 Distribution in Photosynthetic Products of Barley & Sgenedesmug

Conditionsa Glyceric Acid Glycolic Acid Suerose
~COCH | -CHOH | ~CH,0H | -CooH | ~CH,0H | ©3,4{C2y5 | c1,6

Barley

Preillums

2 min, dark 96, 2.6 1.7

4 sec, ?S.

(photosynthe-

sis) 87. | 64 6.8 | 48.5 515

15 sec. S | 56, 21, 23, 50%5 50t5

15 seco PS | 49, 25 26, : 52. 25. -1 24

30 sec. PS . | 48, | 52,

30 sec. PSb> 75 6o 9e

40 sec. PS . - L7, 530

60 sec. PS £4e° 30, 250
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Table I (Continued)
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Qonditiohsa ~ Glyceric Acid ' Glycolic Acid - Sucrose
|-coon | -cuom |-cajom | -coon | -cm,on | €3,4 |c2,5 | c1,6
Scenedesmus s ‘
5 sec. PS 95.4 2.5 1.2
30 sec. PS | g7 7. | e.
30 sec. PST 81° 7o 10,
30 sec. PSTMI8 73. 12, 15,
|60 sec. Pt | 51, 2o 25,
60 sec. PSiMT | 48. 24 28,
60 sec. PST
60 sec. PSTMI | 43.. | 27, 30,

e

be
Ce

do
€

fo

ge

Experiments are Steadyastate photosynthesis 104000 footcandles unless

otherwise stated.

1,000 footcandles.

Alanine obtgined from this extract was 48% carboxyl-labeled,

Under the same conditions, Chlorella produced phosphoglycerate labeled

95%, 3% and 2%, respectively.
In this extract, malic acid was labeled 6,5% and aspartic acid 4% in

the non—carboxyl carbons.

3,000 footcandles.

Malonate inhibited,
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With this clear cut indication of the similarity between the path of
hexose synthesis and the knowm path of its breakdown, another means.of
testing how closely this parallelism might be followed suggests itself.
The hexose derivative which is last in the seqnence*éf changes prior to
the breakdown of the carbon skeleton is the fructose—l,é—diphosphatee1
Correspondingly, then,.it presumably would be the first hexose derivative
to appear in the reverse directiong If this is the case and, furthermore,
if the hexose derivative reservoirs involved in sucrose synthesis are more
or less isolated frdm those involved in storage and glycolysis, the radio-
activity should appear in the fructose half of the sucrose molecule prior
to its appearance in the glucose half, That this islindeed the case is
demonStraﬁed in Figure 12 which shows the radicautograph of a paper
chromatogram of some hydrolyzed pure sﬁcrose obtained from barley which
had been photosynthesizing for 15 seconds in radioactive carbon dioxide.
V.A direct count of the spots on this paper showed the fructose to contain
roughly twice as much radioactivity as the glucose. While these data
in and of themselves do not unequivocally demonstrate that the fo:mation
of sucrose in photosynthesié is precisely the reverse of the glycolytic
sequence in all its details, they do indicété that the general péttern of
compounds lying between glyceric acid and sucrose is much the same in the
two casese. |

We may now turn our attention from the fate of the glyceric acid to
the problem of its origin. An examination of Table I indicates quite
clearly that the first position in the glyceric acid to become labeled
is the carboxyl group. As time proceeds, the other two carbon atoms in
the glyceric acid scquire radicactivity and it appears that they acquire

.it at equal rates, at least within the present accuracy of the experiments.
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It thus appears that at high light intensities the first reaction
which the carbon dioxide can undergo corresponds fo a CZ-Gl'addition
leading to Carboxyl-labeled glycéric.acid, since the Cy is'caibon
dioxide or some one-carbon isoximer of it. The problem is now one of
determining the origin of the C carbon dioxide acceptor. A further
examination of the data in Table I shows that the g~ and P-carbon
 atoms of the glyceric acid, which'presuﬁably originate as the C,
acceﬁtor, become laBeled-very early. Thus, we are constrained to
dévising a sequence of reactions by which ‘this Cé compound not only is
continually generated but also generated in such a manner as to acquire
labeled carbon dioxide almost equally in both carbon atoms at a very
early sﬁageo

In examining the radiograms of early products for cdmpounds.which '
might give some clue as to the character of a compound which might serve
as or be related to a C, acceptor Wé have found as yet.only two compounds
contaiﬁing two carbon atoms,vnamely, glycine and glycolic acid, (Phos~
. phoglycolic acid also was identified as a spot just above phosphoglyceric
acid in the radiograms.) Furthermore, the céndition under which the
amounts’ of these two compounds could be enhanced was illumination of the
- plant system, éfter exposure to radioactive carbon dioiide, undér carbon
dioxide limitation.

2
by the photochemically generated reducing power would tend to accumulate

One mi%ht expect that under these conditions any C. acceptor produced.
since there would be little carbon dioxide with which it coﬁld react to
mroduce glyceric acid. On the other hand, if after a period of illumina-

tion and following a very short’period of darkness in the presence of
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carbon dioxide,one would expect'vefy little of the labeled glycolic acid
and glycine; this is indeed the cases™’ o

If the glycolic acid is closely related or actually a precursor to
thé two~carbon acceptor, one would eifect.thaﬁ the distributién of radio~
activity between the two carbbn atoms would always cofrespond to that of
the g~ and B-carbon atoms of the glyceric acid in the same eiferimente An
examination of the glycolic acid coiumn in Table I shows this to Be the
case even in the shortest experiments that have been performéd, namely,
the 4~second photosynthesis in barley.

In an attempt to gain a further insight into the relation of.glycolic
acid to the photosynthetic carbon cycle some feeding éxperiments were per~
formed in which the two possible labeled glycolic acids were fed to
Scénedegmus while they were phbtosynthesizing inlthe presence of unlabeled
cérﬁon dicxide. The results are shown in the chart of Figure 13. Thus,
‘when g-labeled glycolic acid is fed, the glyderic acid derived from it
is found to be equally labeled in the q—_and p-carbon atoms and to con=-
tain very little radioaétivity in the carboxyl group. Similarly, when
carboxyl;labeled glycolic acid is fed, again the label is equally distri-
buted between the g- and P-carbons of the glyceric acid but a very appre—
ciable quantity appears in the carboxyl group of the glyceric acid. This
might be due to a partial oxidation of the glycolic acid resulting in some
labeled carbon dioxide within the cell whiéh would then be incorporétedv
in the usual fashion. = There are, of course, other routes by which this
might be achiévede With whole cells, unfortunﬁtely, feeding experiments

are not very_satisfactory since one must always be concerned with the
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duestion of permeability as well as the possibility of the added metabolite
entering into a wide variety of reactions other than the one being tested.

If we acéept‘the above two observations as indicating that glycolic
acid is eiﬂher on a direct line to the two-carbon carbon dioxide acceptoi
or else very closeiy‘related to it as a side product, and some times in
practical equilibrium with it, then we must presume that theré exists =
symmetrical two-carbon compound between giycblic acid and the two-carbon
acdeptor. The above observations.as yét give us very little clue as to the
: origiﬁ of the two-carbon pieces ) |

Theré are, of course, only two possibilities for its origin. gﬁther
it results from a one-plus—one combination or it must result from the
splitting of a four-carbon compound or & larger one. In order for it to
result from the combination of two ome-carbon fragments there must exist as
aﬁ intérmediate some one=carbon compound more'reauced than carbon»dioxide
whichy in turn, may combine either with itself or with carbbn didxideo |
Furthermore, the reservoir of this one~carbon intermediate would have to
- be vanishingly small_since since all attempts to find labeled, reduced,
- one-carbon compounds, such as formic acid or fbémaldehyde, in the early
stages of photosynthesis have f’a:".led9 and, in'addition, the resulting
two-carbon fragment is very nearly equally labeled in both carbon atoms,

One would also expect that these énemcarbon compounds would tend to
disappear under conditions of low carbon dioxide concentrations leading
to the disappearance of the two-carbon condensation product resulting
 from them. This leads us to the supposition that the formation of gly-
colic acid would be expected to drop off under conditions of low carbon

dioxide concentration which is the reverse of what is observed.
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We are thus left with the following possibility for the origin of

" the Gy campound - the cleavage of some G, or larger structure, It will

be recalled that along with glyceric acid ome of the earliest labeled
compomids to appear in photosynthes.{s experiments is the 64 compoun&_, malic -
acid. This fact, taken together with the lack of any apmecisble amownts.
or label in the cqmpo.unds of the tricarboxylic acid cyclels, led us to

the subpbsition that malic acid was either, agai-h, ‘a precursor to or very
closeiy related to a four~carbon compound whicﬁ could be split to produce
the required twc.;r-céi'bon fragment.

An - experiment designed to test whether or not malic acid lay in the
direct line leading to the twéécarbon fragment was performed. The foarma-’
tion of labeled malic acid during photosynthesis was largely inhibited
by the addition of malonic acid, and the rai;e of appearance of radio-
active carbon_ in the a-vand p-carbon atoms of the glyceric acid was deter-
inined .19 It was found {:hatr ever; under greatly inhibited production of
malic .acid the rate of aﬁpearance of labeling in the g- and B~carbons of
gchéric acid was hardly ‘affec':ted; if anything, i'bvappear'e‘d‘to be some~
‘what accelerated, This seemed to preclude the possibility that malic
acid lay directly in the two-carbon regenerating cycle, and we viere ten-
tatively forced to the supposition that the sequence of reactions lea‘d-.
ing to thé, regeneration of the two-carbon fragment began with oxaloacetic
acid which we cannot 'observe on our chromatograms. A number of inter-
mediates lying bétween oxaloacetic acid and the compound which would ulti-
mately be sﬁli‘bvwere proposed, but not any of them have as yet been found.

In the course of this search for both the two-carbon acéeptor and

its immediate precursors the techniques of papér chromatography of phosphates,
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in particular, were improved, and the device of enzymatically hydrolyzing
the phosphates so as not to destroy or alter the carbon skeleton appreciabl&
was introduced. These improvements in technique, and continued work with a
variety of organisms, resulted in the recognition of at least two rather
important. compounds formed very earl& in photosynthesis by all the organisms
which we ha&e so far studied. ‘

| In fact, curiously enough, the first reaiizaﬁion of the possible im-
portance of these two unknown'compounds began to grow as a result of studies
of photoéynthesis with Rhodospirillum. It was found, for example, that when
the phosphates from rélatively short photosynthetic experiments were hydrolyzed,
either with a malt-phosphatase preparation or with a commercial "Polidase,"
and then chromatographed,a wide variety of.organic substances appeared, mé%t
of which had already been identified as glucose, fructose, glyceric acid,
glycolic acid and triose. There were, however, two unlmown spots whose impori-
ance seemed to increase relatively as the photosynthetic period was shortened.
One of these lay between glucose and fructose on the chromatogram and the
other lay just beyoﬁd alanine, For the first of these we used the symbol Ug
until it was identified and for_the second we used the symbol U (Figure 14).

The story of the work leading up to the identification of these two spots

is indeed an interesting one. In fact, it occupied the major portion of the
laboratoryts effort for well over a yeez:: and acted morelor‘less.as a brake
upon any further progress. The struggle, however, did force the development
of a techniqﬁe of structure determination when only microgram amounts or
less of the unknown materiai\wereennﬂlable and th&ée only in the forﬁ of
spots on the paper, not as isolated crystalline substances. ‘This technique

depends upon the accumulation of several varieties of evidence, all involving-
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the radiocactive ﬁroperty of the unknown compound,

In order to give some idea of the nature of this technique it might be
worthwhile at this point to outline briefly the pafticular sorts of evidence
leading to the identification of the spot known as U,. The earliest work
constituted simply recognizing that the spot gave no color with ninhydrin
and was, therefore, either not an amino acid or perhaps might be one present
in amounts so small as to fail to react with ninhydrin; secondly, recogni-
zing ffom the particular position occupied by Uy that it might very well be
a sugar type of molecule,

From the known behavior of a wide variety'of sugars it could be expected
that if Ué were a sugar it would have more than five carbon atoms. That it
was not any of the common hexoses was very seon determined by cutting out the
spot and rechromatographing it mixed with authentic samples of a wide variety
of hexoses which could be detected by color reactions. It was found to run
extremely closely with mannose and especially sorbose, However, it did not
coincide exactly with any of the hexoses which we had available,

A considerable amount of the ehemistry of Ug was tested by simply cutting
out the spot as defined by the radiogram, performing a chemical operation
upon the solution containing the tracer amount of material, and then re-
chromatographing the resulting product to determine the naturé of the changes
" which might have been brought about,

I cannot at this time describe the many faiiures and repetitions which
were performed on Ug., Rather it seems better to»list those chemical properties
which were definitely established just prior to the recognition of its

identity.
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- 1. Ug is quite sensitive to relatively dilute acid. Upon heating for
five minutes at 100° in 1 N hydrochloric acid it is converted almost completely
into a new compound which moves on the chromatogram considerably further than
the original U in the horizontal (phenol) direction and about the same dis-
tance in the vertical (butanol-propionic acid) direction. This conversion
product, we called Uy, the product from Ug by acid treatment (Figure 15).

2, When Ug is heated with phenylhydrazine hydrochloride to try and form
an osazone, most of the product appeared as UH;

3. When Uy, formed in 5 minute photosynthesis by soy beans, is oxidized
with'periodate after adding carbon dioxide, formate and formaldehyde as
carriérs, 14.5% of the activity contained in the sample appéared as formalde-
hyde, 55% as formic acid, a negligible amount as carbon .icxide, and the re-
mainder (about 25%)‘ax non=-volatile activity in the oxidatidn flash, Since
5 minute photosynthesis in soy bean is'amplé time to saturate the unknown
compound with radiocactivity, it can be presumed that all of'its carbon atoms
are of equal specific activity. If that be the case and the axidation re=-
actions complete, the presence of 14.5% of the radiocactivity in a single
carbon atom‘requires that there be at.least six carbon atoms in the com—
pound and possibly seven if we accept 14.5% as being a very accuraﬁe determi-
nation, |

4o Ug if not fermented by lactobacillus.

5. Uy is very insensitive to most reagents and relatively stable to
acid and alkali and to nitrous acid and is a neutral compound,

6. Uy resists reaction with hydroxylamine ahd.phenylhydrazineﬁx

7. Perhaps the most interesting change that has taken place in Uy is

its behavior with respect to periodate oxidation, It gives no formaldehyde,
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and only 14% of its radicactivity appears in formic acid, the remainder being
in the non-volatile residue in the oxidation flask.

8. U, and eépecially Uy is resistant to bromine oxidation, although
here, again; the acidity apparently converts_a_small amount of Uy to Uge

9+ Ug can be hydrognated, and the hydrogenation product, upon periodate
oxidation, shovs approximately twice as mich of the activity in formaldshyde,
the remainder being formic acid (W0%).

10. U, is easily susceptible to acetylation.

An examination of these properties seems to mretty definitely require
a molecule of carboh§drate character, containing at least six aﬁd possibly
seven cafbon.atoms. The outstanding reaction in the whole list above is the
ease‘with.;hich U, is converted to Uy at tracer concentrations. (One mole-'
cule of Ué is inVOlvéd in the transformation), This latter seems to indicate .
thaﬁ Uy ié a cyclic anhydride of some sort and the ease of its formation is
the crucial piece of informatiop which leads to the suggestion that Ug is a
heptogse of the altrose series, in particulér, sédoheptulose.zo As sooh as
this realization was achieved, the acquisition of an authentic sample of
sedcheptulose followed bj co-chromatography of both the original sugar and
the‘anhydride formed from it, és well as the hepitotol obtained upon reduction,
all confirmed the identification. (Figure 15). In a similar mannér, the
identification of U, was made as the ketopenfose, ribulose .2t
' There seems to be very little question that the phosphates of the five-

and seven-carbon carbohydrate acquire the label at least as early§ and .

probably earlier, than the hexoses, Some indication of this may be seen in
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Figures 16 and 17. These are radiograms showing eniymatic hydrolysis products

of phosphates which have been cut out of the total chromatograph as indicated,

Thus, two seconds of phoiosynthesis in barley produoes practically no labeled ::“g
glucose phosphates; all the monophosphates that are labeled are fructose

and sedoheptulose, Similarly; there is very littlé labeled fructose diphosphate;

most of the labeled diphosphate being that of riﬁ%lose.‘ (The intensities of

these two spots on the radiograms of Figures 16 and 17 are. notﬂtQAbe com ' edA

since the aliquot of the material and the exposure time is much greater in tne -

r_\-

ribulose chromatogram.) In this same way it is clear that in Soy- bean the "
heptose phosphate becomes labeled at least as fast as the frnctose, and in all
probability, if shorter experiments were performed, it would be the only labeled
phosphate mresent among the monophosphates.

It is perhaps worth spending a few moments at this noint to discuss the
significance of the rate of appearance of radioactivity in the particular com-
pound as we can observe it by this chromatographic method. Tt is clear that -
we do not easily get, by this method alone, the specific activity of the par-
ticular compoundvinvolved. We get only the concentration of radioactivity in
e-particular compound;‘that isy the amount of radioactivity per unit of orga-
nisms which is in a particular form. Actually, this quantity as a function
of time issprecisely the quantity which is needed in order to determine the
sequence of events, The specific activity as usually determined (counts/
minute/milligram of compound) is not necessarily significant in establishing
a precursor-product relationship when the compound is isolated from a complete
organism, as it is in this c;se, - Almost certainly there are aknumber of
different sources for any particular compound and these sources may be more

or less isolated and not in equilibrium with each other, so that although
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the specific activity of a partiéular precursor in a certain physiological
aréa.of.the organism might be very high, it would not appear that way when
that compound is isolated from the whole organism and thus diluted by the
inert reservoirs from other sources. A more precise, riéorous and general
eriterion would be to fepeat the type of plot made in Figure 10; that is,
percentage in a given compound of a group of compounds, but instead of
using carbon dicxide as the starting'pdint, as we did in Figure 10, to ‘

use phosphoglyceric acid as the starting point and determine which cqmpoﬁnds
appear percentage~wise with negative slopes from this. It is clear that this
procedure will give us the next stepy or steps, in the transformation of

the phosphoglyceric acide If phosphoglyceric acid is transfofmed entirely
into one other compound there will be only one conpound appéaring follovwing
it with a negative slope on such a plot and representing one hundred per-
cent of the first product of transformation of phosphoglyceric acid, If,
however, there are two or more independent paths for the transformation
~ of phosphoglyceric acid there will be two corresponding negative sloped
>lines for them, Another diréct kinetic way which we have at the moment

of determining the order of entry is the rate at which a particular reser-
voir becbmes saturated with radiocactivity in terms of its specific concen-
tration, as mentioned earlier.

Although a kinetic experiment of suffiéient.accuracy to determine
unequivoeally the position occupied by the heﬁtose and pentose in the
sequence of events has not yet been performed, it is very likély on the
basis of the data of Figures 16 and 17 that they precede any of the
hexoses (with the possibility that heptose and fructose come in simul-

taneously), especially in view of the easily established fact that the
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stationary state concentration of hexose derivatives is certainly-mubh
larger than that of the heptose in most of the plants we have examined.

The question as to the relative order of the heptose and pentose is,
however, not so easily answered, In Figure 18 is shown a complete chfomafogram
from the soluble material from & 15 second photosynthetic barley experiment.
Here, there has been considerable phosphate.hydrolysisbin the extract itself
(presumebly by the resistant phosphatases present), and if we make the not

vﬁnreasonéble assumption that the relative amount of free sugars we see in
this chromatogram reflects the relative amount of sugar phosphates that
were originally present it would appear that the heptose is coming in prior
to the pentose. A comparison of the rate of approach to saturation of the
pentose and hexose in the rather rough kinetic data shown in Figure 19
also leads to a similar implication.

As yet, the only degradation data which we have available for short-
tern heptose and pentose indicate that the label appears in these two com~
pounds somewhere in the center of the chain first, later coming into the
terminal carbon atoms. All that can be said, then, is that the pentose and
heptose are not likély to have Been formed via a terminal carbéxylation of
a tetrose or hexose, respectively.

It is perhaps~néw worthwhile to reconsider what modifications, if any,
may be made in the originally proposed photosynthetic cycle of some years

agoy which consisted, in essence, of the following sequence of stepss¥

CO,

> 03 —> Hexose
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* It should be re—emphasized22 at this pdint that practically all‘

the compounds discussed in connection with any proposed photosynthetic

cycle are phosphorylated compounds, many of them of the anhydride or

énol ester type (high energy phosphates). Since the only mechanism as

yet known for the production of such high energy phosphate involves an
.oxidation reaction (not necessarily directly connected with molecular

oxygen) it is clear that at least the reduction of carbon dioxide involves

fhe CO§peration of energy derived from oxidétion reéctions. What is oxidized
seems to be some of the compounds which CQﬁétitute the primary or seébndary
stored "reducing power" mentioned abbve. Since there is an appreciable
reservoir of this which may be stored for some seconds to minutes, it is

clear that for very short periods of time the apparent quantum requirement, at
least for carboh dioxide reduction, need have no direct relationshiﬁ to the
real efficiency of the photochémical energy transformation. That such is
indeed the case has been recently demonstrated by Burk and warburg.23
In fact, it would appear from this work that the actual evolution of
molecular axygen also requires a redistribution of the primarily photo-
_chemically'produced chemical energy. Here,vagain, it is easily possible

to imagine systems in which oxidation or oxygenétion reactions taking

place in the short dark intervals can contribute to the

evolution of'oxygen in the immediately following light intervaise iurther-
more, this conclusion is not dependen£ upon the assumption méde by_Burk and
Warburg that the oxygen absorption and carbon dioxide eﬁolution observed

in the dark periods continues unchanged in the light periods,
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‘The particular nature of the C, compound and the route by which it
might return to Co's has been the subject of speculation, and, as men-
tioned earlier, as yet no compounds had been isolated which might defini-
tively be pléced along that route.other than glycolié acid iﬁ close connec-
tion with the C5 compounds. ,

It now appearsfnot at all unlikely that the pentose and heptose which
have just been described might-éctuqlly be part of the path by which the
two—carbon carbon dioxid; acceptorvis regenerated. It is possible to
visualiZe the condensation of a tetrose derived from the initial four- "
carbon compound with a triose derived from the initial three—cérbon com=
pound to form the heptose. This, in turn, would then lose a two-carbon
fragment, possibly twice in succession, producing twro two-carbor compoundg
and regenerating the triose molecule, -Since both heptose and pentose are.
2-ketoses the split presumably would take place between the number two and
number three carbon atoms iﬁ each case, by a reverse acyloin type. of re~
action, as has already been suggested.lzP In fact, recently some very sig-
nificant evidence has been presented24 that such a reaction can take place
when arabinose-—l—C14 is convertecd into acetic acid and lactic acid by
Lactobacillus pgntoaceticuéc The acetic acid was all labeled ih the

It‘might be mentiéned here that there is distinct evidence for the
presence of both tetrose (presumably erythrose) and the corresponding
aldonic acid (presumably erythronic acid) in the extraéts. It is not,
however, pbssibléito be sure that they are primary products and not
formed as oxidation or breakdown mroducts of the pentose and heptose on.

the paper.
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Assuﬁing fof the momenﬁ that these two four;carbon compounds are
genuine ihiermediates it might be proposed that the four-carbon acid
(erythronic acid) would be formed by a éingle reductive carboxylation of
dihydroxyacetone in a manner exactly paralleling the formation of malice
acid from pyruvic acid by the widely distributed malic enzyme,6’25 This,
in turn,vwould be reduced to erythrose by an enzyme system comparable to
the one which can reduce glyceric acid to triose, thus providing the
tetrosg precursor to heptoseo

We could thus incorporate the pentose and heptose into our‘basic
scheme which would, in effect, be the splitting of the four-carbon frag-
ment into two two's as before, but carrying aiéng three more carbons to
providé the mechanism for ite Quite obviously,a definitive ansver to |

the many questions which arise must awailt more detailed informatione

. The work described was sponsored by the U.S. ‘Atomic Energy Commission.



R UCRL-1386

References

1.. Calviri, M. and Benson, A, A, Science, 107, 476 (1948). .

26 Benson; A, A, and Calvin, M. Cold Spring Harbor Symposia
on Quantitative Biology, 13, 6 (1948).

3.  Calvin, M, and Benson, A.A. Science, 109, 140 (1949).

b van Niely, Ce B. Chapter.22, "Photosynthesis in Plants",
Iowa Sta'be‘Coilege Press, Ames, Towa (1949); ppe 437495 o

54 Hill, R. Nature, 139, 881 (1937); Proc. Roy, Soc. (Lond.),
1278, 192 (1939); Hill, R. and Scarisbrick, -..  Nature, 146,
61 (1940). | -

6. Ochea, S, personal commuhicationj Vishniac, W. and Ochea, S.~
Federation Proc., ;_Q, 265 (195\1)0

7o | Ruben, S., Randall, M., Kamen, M.D. and Hyde, J. L., Jo Am.
Chem. Soc., 63, 877 (1941). S

8.  McAlister, E.D, and Myers, J. J. Smithsonian Inst. Puble. (Misc. |
Coll.), Noe 65 99 (1940).

9.  Strohler, B, L. Oak Ridge National ILaboratory Reports ORNI~ZE9
and ORNI~969. |

10.  Strehler, B. L. Arch. Biochem., in press.

11l. Strehler‘, B. L. and Arnold, We Re J. Gen, Physiél., in press.

12.  Consden, Re, Gordon, A, H. and Martin, A.J P. Biochem, J.,
38, 224 (1944). |

13.  Benson, A, A., Bassham, J. A., Calvin, M., Haas, Ve As, Goodale, ToCa,

and S‘bepka, W. Jo Am.o Chem.o SOCO, 12_, 1710 (1950)0



15,
16,

17.

18,

19,

20.

Rl,

22, .

.23°
2o

256

-33- 'UCRL-1386

Calvin, M, J. Chem. Education, 26, 639 (1949).

Badin, E. J. and Calvin, M, 3. #m. Chem, Socey 72, 5266 (1950).
Benson, A. A. Brookhaven National Iaboratory Report BNI~70,

June 1950, ps 129,

Schouy Eey Bensony AcA., Bassham, Jo A. and Calvin, M, Physiologia
Plantarum, 3, 487 (1950). | |
Benson, A. A. and Calvin, M, Journ. BExperimental Botany, 1, 63 (1950).
Bassham, J. X, Benson, A.A. and Calvin, M, J. Biol. Chem;, 185,

781 (1950).

Benson, A.A., Bassham, J. Ao and Calvin, M. Jo Am, Chem. Soces 73,
2970 (1951). o

Benson, Al J. Am, Chem, Séc'o, 23, 2971 (1951),

Benson; A.A. and Calving Mo | Science, 105, 648 (1947).

Burk, D. and Warburg, o; Z, fur Naturforsch., &b, 12 (1951).
Rappoport, Do, Barker, H. 4. and Hassid, Wo Z. Arch, Biochem.,

3L, 326 (1951), |

Conn, E., Venﬁesland, B. and Kraemer, L.M. Archo Biocheme,

23, 179 (1949).



=3h- UCRL-1386

Figo 3,

Figo 4. "Lollipop” for &xposing algas {leaves) fo G40,
Fig. 5., Photosynthesis by Scenedesmus in Cl40, at 200 C,
Fig, 6. Radiogram of the soluble porducts formed in 60 secs of

photosynthesis in G40, by Scenedesmus.

Fig., 8, Percentage dlstrloatlon of radicactivity as a function of time
| among the compdunds formed by bcegedesmuso
Fig. 9. Distribution of radiocactivity amonﬂ some of the c?mpounds formed
by Scenedesmus during photosynthe31s at 20 C, - f

Figo. 10, Percentage distribution of radloactivity'among compounds formed

4 in photosynthesis by Scenedesmus at 20 Co E

§
I

Figo 1lo - K

Figo. 12, Radiogram of the total hydrolysis products fromfpure sucrose
formed by barley photosynthesizing for 12 sec, in 614020

Figo 13,

Fig. 1. Phosphatase hydrolysis, Rhodos:

pirillum yubrum, Ug (sedoheptulose),
Ua (ribulose). o

Fig. 15, Left - Sprayed paper containing several micrograms each of sedohep-
tulose and sedoheptulosan, Right = Radiogram of the same paper .
showing pésitioﬁs‘of Ug and Uy Lower - The correspondence between

the pair of sugars andjthe radioactivity is completé in every detail.

Fig, 16,

Fige 170

Figp 18,

Fig., 19, Rate of appearance of radiocactivity in a number of sugars during

rhotosynthesis by Sge; ws at 20¢ Co These sugars have been

determined after liberation from their phosphates by phosphatase.
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