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The net reaction §f photosynthesis is usually written as

light
00, + Hy) > @Hzo} +0,

If we were to write under the arrow all the other elements essential to the
verious steps in the photosynthetic reaction, we would have to include phos-
phofus9 nitrogen, sulfur and a number of metal ions. Of these, phosphcrus is
thought to enter into photosynthesis as a reactant in a number of the steps
involved in the reduction of carbon dioxide to organic compounds. The present
discussion will be confined to the use of isotopic oxygen, hydrogen, carbon
and phosphorus.
Oxygen

In any investigation of the mechanism of photosynthesis; one of the first
questions that one would want to answer is whether the oxygen evolved in photo-
gynthesis comes instantaneously from the carbon dioxide, the water or botho

These various possibilities are shown in the equations below.

(#)  The work described in this paper was sponsored by the U. S. Atomic
Energy Commnission.

(¥#) Lt,, 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 ref-
lecting the views of the Navy Department or the naval service at
lerge.




Table 1

UCRI~1861

ISOTOPIC RATIC IN OXYGEN EVOLVED IN PHOTOSYNTHESIS BY CHLORELLA®

(AFTER RUBEN, RANDALL, KAMEN AND HYDE)?

Time between
dissolving

Per cent 018 in

KHGO3 +'K2003 Time at
and start of end of 02
Expt. 05 collection, | collection,
Noo Substrate mine. min. H0 |HCO,™ + Co3™ | 0O,
1 KHCO,, 0,09 M 0 0.85 0.20 oo
K2003, 0,09 M 45 110 0.85 0.41b 0.84
110 225 0.85 0.55b 0.85
225 350 0,85 0.61 0.86
2 KHC()39 Oolzp M 0 0020 s 0
K20039 0.06 M 40 110 0.20 0.50 0.20
110 185 0.20 0.40 0.20
3 KHGOBQ 0006 M 0 0020 0068 oo
K2003s D.14 M 10 50 .20 0.21
a0 165 0,20 0,57 0.20

a The volume of evolved oxygen was large compared with
atmospheric oxygen present at the beginning of the experiment.

b Calculated values.

the amount of
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the carbonate and bicarbonate. Therefore, only reaction (¢) or (¢'), in
which the evolved oxygen originates in the water, can be correct.

There is another question regarding the photochemical evolution of
oxygen during photosynthesis which can be answered by the use of isotopic
oxygen. Warburg and co-workers, using the manometric method, followed the
oxygen evolution by Chlorelle while alternating short periods of illumina-
tion (down to one minute) with equally short periods of darkness.6 Under
these conditions, apparent quantum efficiencies approaching one mclecule
of oxygen evolved per quantum of light absorbed were observed. These
workers proposed that in continuous photosynthesis, one molecule of oxygen
is actuslly being produced for each quantum of light absorbed but 2/3 to
3/4 of this oxygen is re-absorbed in a light-enhanced back reaction so that
the net observed efficiency is one molecule of oxygen evolved per four guanta
absorbed.

This proposel presumes that there is a répid equilibrium between the
measured oxygen gas and the oxygen within the cell wall; otherwise, the
slopes of the curves of oxygen evolved versus iime during the one-minute
intervals, upon which the conclusions are based, are meaningless.

If these proposazls and assumptions are correct and if the gaseous
oxygen in contact with the cell suspension is labeled with 0183 then the

ol8

rate of entry of into the water and into the organic compounds within

the cell should be greatly enhanced in the light as compared with this raie
in the darke’ Brown, Nier and Van Norman8 have performed just such an

experiment and found no light-enhanced increase in the rate of disappearance

of 018 from the gas phase.
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The above experiments provide information regarding the origin of the
evolved oxygen but tell us little of the intermediates involved in the trans-
formation of water to oxygen and hydrogen. Dorough and Calvin? have inves=-
tigated the possible increase in O18 (in the form of epoxides) in xaenthophyll
pigments during photosynthesis. Chlorella were suspended in water containing
L% 0& enriched oXygen. Bicarbonate was added to the suspension which was
divided into two equal portions. One portion was allowed to pholosynthesize
in the light while the other portion was kept in the dark. Gas exchange was
followed with a Werburg apparatus. After five hours the algae were centri-
fuged and killed. The xanthophylls were partially purified by extraction
and chromatography, their oxygen was converted to CO and the latter was
analyzed with a mass spectrograph. The results are shown in Table II

Table II7
ISOTOPIC RATIO IN OXIGEN FOUND IN XANTHOPHYLL
FROM CHLORELLA EXPOSED 10 H,01°

(4fter Dorcugh and Calvin)

Sample ' , 0182 %
1. Original H0 4oO
2. Water in equilibrium with algass 1light run 3,01
3. Water in equilibrium with &igas: dark run 3,06

Lo GO sample from xanthophyll fraction of photo=
synthesized (5 hr.) algae (50% carotenoid) 00245

5. 00 sample from xanthophyll fraction of algae
kxept in the dark {(40% carctencid) 0.233

6 ° Normal H20 O 0204
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The investigators were limited by the fact that they had only 50 ml. of
labeled water and the O18 concentration was only 4%. Isolation of the
furan and epoxide carotenoids gave about 5 mg. of these compounds together
with an equal amount of steroids. Further purification would have reduced
the amount of material to a point where enough would not be left for mass
spectrographic analysis. Therefore, the impure sample had to be used which
resulted in an estimated tenfold dilution of the olf so that the expected
increase of ol8 content of the carotenoids in the light would be at mos?
0.4% as compared with a normal content of 0.2%. The accuracy of the mass=-
spectrographic method is Sufficient to allow one to say that the analyzed
sample from the light exposed algae actually contained more O18 than that
from the "dark" slgae in this one experiment but no further conclusions are
justified at present. The results do suggest that the experiment would be

\

worth repeating with higher O18 enrichment of the water and a larger quantity
of algaeo
Hydrogen

Another way in which one might study the decomposition of water during
photosynthesis and perhaps the transfer of hydrogen to other molecules is
found in the use of isotopic hydrogen. Two such isotopes are availables
deuterium, Hg, a stable isotope; and tritium, H39 an emitter of low energy
P particles. Since these isotopes differ in mass from nl by a factor of
2 and 3 respectively, there is a possibility for a much greater difference
in the reaction and diffusion rates among these isotopes than would be
expected among isotopes of higher atomic weight {such as 016 ang 018 or P31
end P2,

In 1942 Norris, Ruben and Allent® studied the photosynthesis of

Chlorella in water containing tritium. These workers found no incorporation
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of tritium into chlorophyll during photosynthesis. In 1948, Calvin and
Aronoffll performed similar experiments with deuterium but again the results
were negative. Although these results may mean that chlorophyll does not
serve as a reversible hydrogen donor, they could be explained in a number
of other ways. For exeample, the chlorophyll hydrogen involved in photo=
synthesis might be an enoclizable hydrogen which would exchange with water
hydrogen thus giving the same result in the dark as in the light.

Another possibility is that the chlorophyll extracted from plants is
the oxidized form of the redox couple involved in the photochemical hydrogen
transfer so that no labeling would be observed even if the reduced form in
the plant does become labeled. Since one reduced form of chlorophyll, 3,4=-
dihydrochlorophyll g, or bacteriochloroph,yll12 can be isclated from photo=-
synthetic bacteria, it might be profitable to repeat the labeled hydrogen
experiments with these organsims.

Carbon
By fer the greater part of the tracer studies of photosynthesis have
been carried out with isotopic ecarbon. In 1939 Ruben and co-workers™>
reported the results of dark fixation of carbon dioxide labeled with C11.
Evidence was found for the incorporation of carbon dioxide via carboxylation
reactions. This type of carbon fixation is now known to be characteristic
of the incorporation of carbon dioxide by certain reversible reactions of
respiration which are gquite similar for both photosynthetic and non-
photosynthetic tissue. The short helflife of CL4 placed a severe limitation
on the type of experiments that could be carried out with this isotope. The
increased availability of cl4 after 1945 made possible more elaborate experi-

mentse
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In the early experiments with ClA, the dark fixation of radiocactive
carbon dioxide by algae was studied. It soon became apparent that the incor=-
poration of carbon dioxide in the dark by algae was greatly dependent on the
previous condition of light or dark, the uptake of carbon dioxide being
twenty times as much in the dark immediately after illumination as in the
dark without preilluminationol4

The processes of photosynthesis are indicated schematically in Figure 1.
The left half of this diagram represents the absorption of light by chloro-
phyll and the transfer of this energy, resulting in the photolysis of water
and the formation of oxygen and hydrogen, the latter in the form of some

unknown reducing agent which acts as either a hydrogen carrier or an electron

donor. The overall reaction for this process may be wriiten

2H0 + light > 4 [H) + 0
chlorophyll

The éight portion of the diagram represents the reduction of carbon
dioxide to carbohydrate or other organic end products of photosynthesis
through a number of unspecified intermediates. The net reaction for this
process can be written

coy + 4[H ————> {GHQC} + H0

The separation of the process of photolysis of water from the reduction
of carbon dioxide is based on severzl kinds of evidence inecluding the result
of studies of the origin of the evolved oxygen already discussed. Further
evidence for this separation was found in the enhanced carbon dioxide dark
fixation following pre-illumination. In order to show that the latter effect
was similar to the reduction of carbon during photosynthesis, it was neces=
sary to compare the intermediate products formed in the two cases and this

in turn involves labeling, analysis and identification of compounds 4, B, C,
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etg, in Figure 1015 When this comparison was made, using the techniques
that will be described later, the products formed were found to be quite
similar for photosynthesis and preilluminated dark fixation and very dif-
ferent for non-preilluminated dark fixation.

It soon became clear that for the many experiments which would be
required, it would be necessary to have available in the laboratory a
constant source of plant material with properties which would vary as
little as possible from time to time. For this purpose, the conditions
of growth would have to be easily reproducible. These requirements are
best satisfied by the unicellular slgae, such as Chlorella and Scenedesmus.
In our laboratory, these algae are grown in flasks mounted on a shaker and
immersed in a thermostated bath and illuminated from below. The suspension
of algae is withdrawn every other day, 10% of the vclume being left in the
flask as an inocculum to which fresh inorganic nutrient solution is added.
The growing algae are aerated with carbon dioxide-enriched air. We have, in
effect, continuous cultures which have been maintained for four months or
more. The harvested algae are centrifuged, washed and resuspended in a flat
illumination vessel, shown in Figure 2. A stream of carbon dioxide-enriched
air is bubbled through the suspension during illumination until the algae
reach a steady state of photosynthesis. At the start of a normal photo-
synthesis experiment, a suitable amount of Cl4-1abeled sodium bicerbonate is
injected into the suspension and photosynthesis is allowed to proceed for a
predetermined number of seconds, after which the large stopcock at the bottom
of the flask is opened and the algae run rapidly inte boiling ethanol to stop
enzymatic reactions.

In the case of preillumination experiments, the procedure is the same
except that at the moment of injecting the radiocarbon, the suspension is

placed in the darke.
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If a study of carbon reduction as a function of time is being made (in
either light or dark) aliquots of the suspension are allowed to run from the
flask into the alcohol at measured time intervals. In some experiments,
leaves of higher plants, such as soy bean or barley, are used, in which case
a flat illumination vessel with a detachable face is used. At the start of
the experiment, labeled carbon dioxide is admitted to the chamber and after
the exposure the reaction is stopped by removing the face of the vessel and
plunging the leaf into aleohol.

After the plants have been killed and extracted by 80% alecohol in
water and then by 20% alcohol in water, the radioactivity incorporated into
non=volatile compounds is determined by removing a small aliquot of the
extracted material and mounting on an aluminum plate for counting with a
Geiger-Muller counter. Ine insoluble material is resuspended and similarly
counted., It was féund that in short periods of photosynthesis nearly all
the fixed radiocarbon is in the soluble extract as is seen in Figure 3.

The analysis of the radioactive compounds can then be carried out.
Preliminary fractionation of the products of carbon dioxide fixation indi=
cated a very complex pattern even in rather short periods of photosynthesis .
Fortunately, a method which had been developed by Consden, Gordon and Martinl6
for the analysis of amino acids proved applicable to the analysis of the
products of carbon dioxide fixation. This method, two-dimensional paper
chromatography, was combined with radiocautography to give a relatively simple
and complete method of separating and detecting the Clé-1abeled products.
The extracts are combined and concentrated to a small volume. An aliquot
of this material is then run onto a small area in the corner of a large

square sheet of filter paper and dried with an air streem. The chromatogram
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is then developed in the usual wayl7 giving a two-dimensional distribution
of all the extractable, soluble compounds from the plant except for those
which were volatile or unstable under the conditions of analysis.

A sheet of X-ray film is then placed in contact with the chromatogram.
The 614 in the labeled compounds emits beta particles which expose'the film
at the positions of the compounds. In this way we are able to locate pre-
cisely those compounds in which we are interested. A radicautograph of
the carbon fixation products of sixty seconds photosynthesis by Chlorella
is shown in Figure 4. This photographic film corresponds to a chromatogram
on which the origin is near the lower right corner. The first solvent
used to develop the chromatogram was phenol-water, running from right te
left, and the second solvent was butancl-propionic acid-water, running
from bottom to top.

After the analysis of the extract by papser chromatography ana detec—
tion of the radicactive compounds by the radiocautograph, the next major
problem is the identification of these compounds.

The first step in identifying the compounds ccrrespond;ng to darkened
areas of the X-ray film (Yspots") is to establish the position of & num-
ber of known compounds in the pSrticular chromatographic system used.

This is usually accomplished by chromatographing known unlabeled compounds
on the paper chromatogram by means of suitable chemical spray tests. These
chemical sprays (which are sometimes followed by heating of the paper or
cther development methods) cause a color to develop with the compound, thus
allowing it to be seen. Usually, different classes of compounds require

different spray tests. For example, amino acids are detected with ninhydrin

& Q
spray,+° 18,19
20

phosphates with ammonium molybdate, ketoses with naphthorecor-

¢in012C and aldoses with aniline hydrogen phthlate.~- Carboxylic acids
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often can be located by means of a pH indicator spray022 Occasionally,
when synthetically labeled radioactive compounds are available, they are
chromatographed and detected by means of their radicactivity.

After the positions of & number of compounds have been determined in
a given solvent system, a map is prepared of these positions.

The second step in identifying a new compound is to compare its
chromatographic position with that of the compounds on the map. Such a
comparison often provides an excellent clue as to the nature of the com=
pound. Further identification depends on a number of observations in
which the compound is eluted from the paper, treated chemically and the
resulting material chromatographed a second time to determine whether or
not the supposed chemical transformation has taken place in the radio-
active compound.

For final identification, the unknown radiocactive material is chro-
matographed together with an authentic sample of the suspected substance
and complete coincidence of the radioactivity, as defined by the spot on
the Z-ray film, with the known material, as defined by some colored or
otherwise visible product, is observed. This type of co-chromatogram, when
carefully interpreted, provides an unequivocal identification since not
only the positions of the radiocactive and colored spots must coincide but
the fine irregularities around the edge of the spot caused by the structure
of the paper must exactly coincide also. The latler provide almost as
unique an identification as a fingerprint.

Through the use of these methods of identification, a number of the
early compounds formed during photosynthesis have beer identified as shown

in Figure 4. The radiocactivity incorporated in a given compound can then
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be measured by cutting out the area of paper containing that perticular com-
pound, as indicated by the spot on the X-ray film, eluting the compound from
the paper and mounting on a plate for counting,

A faster but slightly less accurate method of determining radioactivity
consists of counting the spot directly on the paper by placing a thin=window
Geiger tube directly on the spot. The fraction of the total radicactivity of
fhe spot registered by the counter in this case is about one third that
obtained from a plate of the same material and is feirly constant for all 014;
labeled organic compounds.

When this was done, it was found that in very short times the radio-
activity is incorporated in only a few compounds. The result of 10 seconds
incorpofation of ¢ 4=1abeled bicarbonate ﬁy Scenedesmug is shown in Figure 5.
A considerable part of what is known about the path of carbon reduction dur-
ing photosynthesis is indicated by this one chromatogram. First of all, it
is seen that nearly all the radiocarbon is found in phosphorylated compounds.
This is indicative of the important role phosphorus plays in carbon reduction
in photosynthesis.

Secondly, over half the radioactivity is found in one compound--phospho-
glyceric acid. At 5 seconds exposure, more than 80% of the radicactivity
is found in PGA, If the percentage of total radicactivity found in FGA is
given as a function of time of exposure, we find that in a series of experi-
ments with different exposure times; this function approaches 100% at zero
time. Thus, FGA appears to be the first product of carbon dioxide reduction
that we can see by this method of analysis, under these conditions of photo-
synthesis.

If we look at the other compounds that are labeled in this short time,

we £ind among them a triose phosphate, hexose monophosphates and hexose
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diphosphates. These compounds suggest the formation of hexoses from phospho-
glyceric acid via the well=known reversible reactions of glycclysis.

Finally we should note for later reference, the early appearance of pentose
and heptose phosphates.

Having devised a means for following the incorporation of carbon dioxide
into different compounds, it becomes equally important to find a way of observ-
ing the rate of labeling of individual carbon atoms of each compound. Thus, if
phosphoglyceric acid is formed by a carboxylation reaction, we would hardly
expect that the radiocarbon would be uniformly distributed emong the three car-
bon atoms of this molecule after short exposures to labeled carbon dioxide.
When a chemical degradation of glyceric acid, obtained from hydrolysis of phos-
phoglyceric acid, is carried out, nearly all the radiocarbon is found in the
carboxyl position when the period of photosynthesis with radiocarbon has been
only 5 seconds. After longer periods, more of the total radiocactivity is found
in the other two positions.

In Table III, several examples of these degradations are shown. From
these results we find support for severel proposals regarding the specific
steps in carbon dioxide reduction.

It appears that PGA is formed by a carboxylation of a two carbon compound
and that this carbon dioxide acceptor is labeled at an equal rate between the
two positions. Furthermore, this rate is quite slow compared with the rate of
the primary carboxylation which indicates that the two-carbon compound is not
formed by a direct coupling and reduction of two molecules of carbon dioxide,
especially in view of the fact that no large reservoirs of labeled twe=-carbon
compounds have been found after short periods of photosynthesis with radiocarbon.<o
The possible relationship of glycolic acid to the two=carbon 602 acceptor is

indicated by the degradation data.
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The agreement of the degradation for sucrcse and for phosphoglyceric acid,
provides further evidence for the formation of hexoses by the reversible reac-
tions of glycolysis. If two molecules of PGA were reduced and condensed to
hexose, we would expect carbons 3 and 4 of the hexose to correspond in label=~
ing to the carboxyl of the PGA and carbons 1, 2, 5 and 6 of the hexose to cor—
respond to the G and P carbon atoms of PGA, as indeed they do.

These conclusions are summarized in Figure 6, in which the path of carbon
from carbon dioxide to hexose is indicated.

There remains the problem of the regeneration of the two-cerbon 002 accep=
tor. The reasons for not believing it to be formed by direct coupling and
reduction of carbon dioxide have been indicated. DMoreover, in short exposures
of the plant to radioactivity (30 sec. or less), it is possible to account for
virtually all the carbon fixed (95% or more) in the form of soluble compounds
which can be chromatographed and detected by radicautography. Since the G and
B carbon atoms of PGA (and hence of the 2-carbon €O, acceptor) are appreciably
labeled in these short times, this means that the CO, acceptor is probably
derived from some of the labeled compounds that are seen in these experiments,

In order to.appraise this possibility, a more detailed study of the phos=
phates seen in Figure 4 is necessary. If one takes each of these compounds or
groups of compounds and subjects it to a phqsphatase enzyme and then chromato-
graphs the resulting ccmpounds, one obtains chromatograms of the phosphate-
free compounds which often are more easily separated and identified than the
original phosphates.

Figures 7, 8, 9 and 10 show such chromatograms. The hexose and heptose
monophosphate areas from a chromatogrem similar to that seen in Figure 4 have

been treated with phosphatase end the resulting free sugars chromatographed.
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When this is done for all the phosphate esters on the chromatogram, there are
found, in addition to those compounds already mentioned, two sugars which do

not have any known connection with the glycclysis scheme. These are sedohep~
tulose and ribulose, seven and five carbon ketoses respectively. Since each

of these sugars, in the form of phosphates, becomes labeled in very short times,
one is tempted to assign to them a role in the regeneration of Z2-carbon com-

2y

pounds. One such scheme which has been proposed™ is seen in Figure 1l.

In this scheme, for each twoc mclecules of the 03 compound (PGA), formed
by carboxylations of two Uy compounds, one is used in hexose synthesis and one is
further carboxylated to give a four carbon compound. This 04 compound is reduced
and condensed with a U3 to give a 07 suger which then splits to C; and a 05
sugar. The latter splits to 03 end C,, completing the cycle. The net reaction
is the reduction of three carbon dicxide molecules to one half a hexose mole-=
cule for each turn of the cycle., The driving forece which turns this cycle
would be, of course, the reducing agent, formed by the photolysis of water,
which reduces carboxylic acids to aldebydes and aleohols at appropriaté‘pointse

The missing link in this scheme is the lack of appearance of four carbon
acide and sugars in experiments thus far. However, some malic and aspartie
acids have been found labeled in fairly short times and while these acids are
not believed to be intermediat98323 they may well be indicators of actual inter-
mediates. Perhaps the actual four carbon intermediates, if there are any, are
pregent in such small concentrations that they are not seen even by the sensi-
tive tracer method.

One experiment which indicates that this msy be the case was a ten-second
exposure of soy bean leaves to GlA@go The distribution of radiocarbon in the
soluble compounds was as followss PGA=32%, sedoheptulose monophosphate-24%b,

fructose monophosphate=18%, glucose monophosphate-&k, triose phosphate=8%,
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pentose diphosphate and monophosphate-9%, phosphoenol pyruvic acid-3%. This
result may indicate that the four carbon carboxylation product is so rapidly
reduced and condensed with a three carbon compound that the compound which
actually indicates this carboxylation is sedoheptulose monophosphate.

Other explanations of the early appearance of sedoheptulose are quite
conceivable. One such possibility is that the four carbon fragment arises
from splitting of hexose to a 02 fragment and a 04 fragment. In any event,
further experiments in which constantly improving chromatographic methods are
combined with more degradations and more accurate kinetic experiments, should
help answer the question of the actual mechanism of carbon reduction in plants.
Fhosphorus

The importance of phosphorus in the processes of carbon reduction during
photosynthesis is apparent from the foregoing discussion. While most of the
tracer investigations of phosphorylated intermediates in carbon reduction
employed 0149 p32 has served as a veluable auxiliary tool for this purpose.
In some experimentsg both C14 and P32 vere administered in the same experiment.
The radioautographs of the chromatographed products of such an experiment are
shown in Figures 12 and 13. In this case Scenedesmus were suspended in a solu~
tion containing radiocactive phosphate for 20 hours and then were azllowed to
photosynthesize for five minutes with Cl4-labeled bicarbonate before killing.
Since the radiophosphorus emits a beta particle with a much higher energy than
does radiocarbon, one can place two sheets of Z~ray film on the developed chro-
matogram with the result that the film next to the paper will be exposed by the
beta particles from both the phosphorus and carbon while the top film will be
exposed by radiation from the phosphorus only, the carbon betas having been

entirely absorbed by the first film. Then if one waits until a number of half
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lives of PR (14 days) have expired and places a fresh film on the chromatogram,
a radioautograph of the carbon only is obtained. By superimposing the two films
we can see at once which compounds have become labeled with both tracers and
this in turn indicates which carbon compounds are phosphorylated.

If an experiment is carried out in which the plants are expoéed to radio-
carbon and radiophosphorus sufficiently long to saturate the soluble compounds
in the plant with both tracers and if the usual chromatographic analysis is
carried out, on® can then count the carbon activity and phosphorus activity in

a known compound, using suitable absorbers. By comparing this ratio (P32/C14)

with the known ratio of PBI/G12 for phosphoglyceric acid, Benson®?

was able to
calculate the PBI/C]'2 ratio for other unknown compounds appearing on the chro-
matogram by measuring the P32/614 ratio for these compounds,

The use of tracer phosphorus is alsc applicable to phosphate compounds
which are not labeled by carbon during photosynthesis. OSeversl studies with
radiophosphorus and photosynthetic organisms have been performed. In most
cases, the fractionation of the products has been accomplished by means of

26

extractions. Aronoff and Calvin®° found no direct connection between gross
formations of organic phosphorus ccmpounds and photosynthesis or photochemical
reductions when they exposed Chlorells to a solution of radiophosphate in the
light and in the darke. Kamen927 and Simonis and Grube,QS working with various
organisms and conditions of exposure and extraction found some differences
between the P°< content of certain fractions after exposure to tracer phos-
phorus in the light and that of these fractions in the dark.

Just as in the case of the studies with radiocarbon, & much more satis-

factory method of studying the labeling of compounds with tracer phosphorus

during photosynthesis in the light end in the dark is to be found in the use
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of chromatography and radiocautography as methods of analysis and detection.
Such experiments are now underway in the Berkeley 1aboratory*** and only pre-
liminary results can be reported at this time. In Figure 14 we see the radio-
autographs of the products of one-minute fixation by Scenedesmus of P32 in the
dark and in the light. The intensities of the spots are not comparable in
these experiments but the rapid conversion of inorganic to organic phosphate
is worth noting. In the one-minute photosynthesis experiment, 70% of the soluble
compounds is in the form of organic phosphates. In this experiment the algae
were waphed three times with distilled water before killing (requiring about
15 seconds) and then killed and extracted with 80% ethanol in water, 20%
ethanol in water and water. The combined extracts contained 80% of the total
fixed activity. It is hoped that thfough such experiments the path of phos-

phorus in photosynthesis may be traced.

(¥#%) Private commmnication from M. Goodmsn and D. Bradley.
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Captions to Figures

Figure 1 -

aN]
i

Figure Apparstus for cxpesing a suspension of algae to 01402 during photo-

synthesis., This experimental srrangement includes flat illumination

vessel, fluorescent lights, gas circulating system and continuous

recording system for meesuring radioactivity of 014020

Figure 3 = Comparison of cl4 incorporated into 21l plant constifuents during
photosynthesis with that incorporated into soluble compounds. The
soluble compounds are those extracted by 80% ethanol in water and
20% ethanol in water.

Figure 4 = Radiogram of soluble compounds formed during 60 seconds photo-

synthesis with Chlorella. Cells killed at end of experiment by

8% ethanol in water at room temperature. Light intensity was
5,000 foot candles from each side of the illumination vessel.

Figure 5 = Radiogram of scluble compounds formed during 10 seconds photo=
synthesis with Scgenedesmus. Other experimental conditions are
the same as the experiment in Figure 4.

Figure 6 =

Figure 7 - Radiogram of sugars obtained by phosphatase hydrolysis of the
Yhexose monophosphate" area from a chromatogram of soluble com-
pounds formed in 4,minutes photosynthesis with Scenedeémuso

Figure & = Co-chromatography of unlsbeled authentic sugers with labeled
sugars cbtained by phosphatase hydrolysis of the "ribose phosphate'
shown in Figure 4.

Figure 9 - Co=chromatography of unlabeled authentic sugars with labeled

| sugars obtained by phosphatase hydrolysis of the "ribulose phos—

phate” ghown in Figure L.



Figure 10 =

Figure 11 -

Figure 12 -

Figure 13 =
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Co-chromatography of unlabeled authentic sugars with labeled
sugars obtained by phosphatase hydrolysis of the "dihydroxyacetone

phosphate" shown in Figure 4.

Clé-1abeled compounds formed during 5 minutes photosynthesis with
clé-1abeled bicarbonate with Scenedesmus which had been exposed
to P3R for 20 hours. This radiogram was obtained by exposing
X-rgy film to the chromatogrem after essentially all the P32 had
decayed.

PP2-1abeled compounds found in the same experiment as that des-
cribed in Figure 12. This radiogrém.was obtained by exposing a
sheet of X-ray film to the same chromatogram as in Figure 12
shortly after the experiment was performed and using a sheet of

exposed film to filter out the low-energy cl4 beta particles,

Figure 14 = Radiogram of P32=labeled compounds formed by 1 minute exposure

of Scenedesmis to P32-labeled phosphate in the light and in the
dark. In each case, the Scenedesmus had been adapted to photo=-
synthesis in the light previous to the experiment. The exposures
in the two radiograms shown cannot be compared as to intensity,
due to differences in experimental conditions and film exposure

times.
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