
Photosynthesis 

Experiments at the Max Planck Institute for Cell 

Physiology, Berlin-Dahlem, 1950-57, are described. 

Otto Warburg 

Ever since Chlorella has been an ob- 

ject of photosynthetic study, it has been 
known that there are cells that use light 
efficiently and cells that use light ineffi- 

ciently. In recent years we have sought 
to discover and control the conditions 
that give rise to efficient cells. It has been 
found that one of the most important 
conditions is the light intensity at which 
the cells are cultured. If one employs 
artificial light sources without interrup- 
tion, as has been the almost universal 

practice, the Chlorella are then too far 
removed from their natural living condi- 
tions of the past half billion years. The 
cells are forced to produce organic mat- 
ter continuously, and more material than 

they need for their own synthesis. As a 

consequence, the energy yield of the cells 
is reduced to a small fraction of the opti- 
mum yield. 

Cells that use light efficiently result, 
on the other hand, when one allows the 

intensity of the light to fluctuate so as to 
imitate day and night, with dimming late 

evening and early morning (1). We at- 
tain this by varying the operating voltage 
automatically from 50 up to 220 volts 
and back to 50 volts again over a period 
of 24 hours. The relative quantum inten- 
sities of radiation were measured with 
the chemical quantum actinometer (2), 
with results indicated by the ordinate 
values in Fig. 1. Cells so cultured use the 

light best when they are placed in the 
manometric vessels in the morning and 
their photosynthetic efficiency is meas- 
ured thereafter during the artificial day. 

Equally as important as the culturing 
of the cells are the conditions under 
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which the utilization of the light is meas- 
ured. For example, it was found with 
monochromatic light that the utilization 
of light in the green or yellow or red was 
the poorer the purer the spectral com- 

position. However, good utilization was 

immediately restored when a relatively 
small amount of blue-green light was 
added to the main beam of very pure 
monochromatic light. One can thus ob- 
tain good or poor yields at will, simply 
by adding or removing the blue-green 
light during the measurements of effi- 

ciency. If each such test period is made 
30 minutes long, one can observe in an 

experimental day of 8 hours, with one 
and the same suspension, good yields 
eight times and poor yields eight times! 

The different parts of the blue-green 
spectrum are not equally effective. The 
action spectrum of the blue-green light 
shows a sharp maximum in the region 
of 460 miLt, as is shown in Fig. 2. This 
action spectrum is probably a carotinoid 

spectrum. An inactive carotinoid proen- 
zyme is probably converted by the blue- 

green light into an active lumino enzyme. 
As possible analogs, there may be men- 
tioned light-sensitive visual purple, and 

ooverdin, a carotinoid protein discovered 

by Richard Kuhn. 
Both examples-the fluctuating light 

during culture and the blue-green light 
during yield measurement-suffice to 
make it understandable why, in the last 
40 years, in different institutes through- 
out the world, very different photosyn- 
thetic yields have been found-different 
not in percentages, but in hundreds of 

percent. Even if the manometry and the 

light measurements had been correct 

everywhere, not even approximate agree- 
ment would have been possible, owing 
to ignorance of the essential conditions 
of culture and measurement. Thus, in 
the United States, during the years 1938 
to 1948, an average quantum require- 
ment of 16 per molecule of oxygen gas 
produced was found, corresponding to 

an energy yield of 18 percent in red light. 
This value is removed from the optimal 
value (1) by several hundred percent. 

If one maintains the now-established 
conditions of good yield, one will obtain 

good yields from now on, everywhere and 

always. Figure 3 shows an example of 

oxygen evolution during constant illumi- 
nation in a 5-hour experiment in which 
the quantum requirement per molecule 
of 09 produced was approximately 3 for 
the entire period. Any deviation from 

linearity with time was within the ex- 

perimental error. Figure 4 shows oxygen 
development in a 6-hour experiment in 
which the quantum requirement per 
molecule of 02 produced was approxi- 
mately 4. Table 1 contains the results 
of 23 six-hour experiments conducted on 
23 days of the months March to May, 
1957, in which only a single instance of 
a poor yield, namely a quantum require- 
ment of 7.5, was obtained (3). 

The quantum requirement of 3 per 
molecule of 02 signifies that in red light 
about 90 percent of the incident light 
energy can be converted into chemical 

energy. Since light energy is freely trans- 
formable energy, this energy efficiency is 

completely compatible with both the first 
and second laws of thermodynamics. 
Thermodynamically incompatible with 

good yields were only those theories con- 

cerning the chemical mechanism of pho- 
tosynthesis that are today at long last 

recognized as incorrect. 
In summary, one can say that, with 

the fixing of the conditions of culture 
and measurement, the dispute concern- 

ing the efficiency of utilization of sun- 

light is finally decided. It is a decision 
in favor of nature. The reaction by which 
nature transforms the energy of sunlight 
into chemical energy, and upon which 
the existence of the organic world is 

based, is not so imperfect that the greater 
part of the applied light energy is lost; 
on the contrary, the reaction is, like the 
world itself, nearly perfect. 

The Multiquanta Problem 

But how is it possible that carbonic 
acid can be split by the light quanta of 
visible light, which are so deficient in 

energy that several quanta are necessary? 
In the photochemistry of the inanimate 

world, no reactions are known in which 
several quanta react with one molecule at 
one time, and, moreover, several-quanta 
reactions are theoretically scarcely con- 
ceivable. 

The problem was solved several years 
ago at Dahlem by Dean Burk and us (4). 
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Fig. 1. Fluctuating light intensity in the 
culturing of Chlorella. 
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Fig. 3. Oxygen gas produced at constant 
illumination with green light with a small 
quantity of blue-green light added (five- 
hour experiment). 

I 

1 2 3 4 5 6 
HOURS ILLUMINATED 

Fig. 4. Oxygen gas produced at constant 
illumination with green light with a small 
quantity of blue-green light added (six- 
hour experiment). 
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By measuring photosynthesis under spe- 
cial conditions, a splitting of photosyn- 
thesis into two reactions was observed: a 

light reaction and a dark reaction. Nor- 

mally these two reactions overlap each 
other so that one cannot observe each 
one separately. 

In the light reaction, one molecule of 
02 will develop per molecule of chloro- 
phyll, with, however, a quantum require- 
ment, not of 3, but of 1. This at first 

appears to contradict the laws of energy. 
However, during the dark period follow- 

ing the end of illumination it can be 
observed manometrically, under suitable 
conditions, that two-thirds of the oxygen 
gas developed during the light period 
undergoes a back reaction, with restora- 
tion of the original condition wherein 

light can again produce 02 as before 

(5). Thus, if the light reaction is not 
considered by itself, but together with 
the dark reaction, all is in order ener- 

getically. 
Closer study showed that in the dark 

reaction the oxygen of carbonic acid was 
so loosened that, with the help of the 

energy of respiration, one quantum then 
sufficed to produce one molecule of 02. 
The carbonic acid derivative with the 
loosened oxygen is probably a peroxide. 
In order not to go beyond the facts, we 
may call it the "photolyte" of photosyn- 
thesis. 

If we write the light and dark reac- 
tions of photosynthesis one after the 
other, we obtain (Chl, chlorophyll): 

(Light) 3(ChlCO2*) + 3Nohv + 3C02 - 
3(ChlCOa) +3C +302 (1) 

(Dark) 2C + 202 - 
2CO2+ 200,000 cal (2) 

(Dark) 3(ChlC02) -> 
3(ChlCOs*) - 200,000 cal (3) 

(Balance) 1CO2 + 3Nohv -> 1C + 102 

The photolyte derivative of carbonic 
acid is designated by an asterisk, in order. 
to distinguish it from the untransformed 
carbonic acid. Nothing in this reaction 
sequence is theory. All has been found 

experimentally and measured in living 
Chlorella. Reaction 1, the light reaction, 
is measured by the 02 development and 
CO2 consumption in the light. Reaction 
2 is measured by the 02 consumption 
and CO2 production in the dark. Reac- 
tion 3, in which the bound, inactive car- 
bonic acid is transformed into the photo- 
lyte, is measured by the time that elapses 
until the light is again able to develop 
as much 02 as in reaction 1. In our ex- 

perimental arrangement this recovery pe- 
riod for full light action lasted about 20 

Table 1. Quantum requirement in 23 con- 
secutive experiments (mole quanta ab- 
sorbed by chlorophyll/mole 02 devel- 
oped). 

Date Quantum 
(1957) requirement 

Mar. 1 4.10 
3 3.68 
5 3.65 
6 3.58 
7 4.30 

14 3.65 
21 4.10 
22 3.22 
25 4.61 
27 3.90 
29 3.56 

Apr. 1 3.49 
3 4.75 
9 4.26 

10 4.65 
11 4.30 
15 7.51* 
17 3.92 
23 3.54 
24 2.92 
25 3.20 
26 4.62 

May 1 3.90 
* This was the single instance of a poor yield. 

minutes, and could therefore be followed 
very accurately in its time course. 

The photolyte is written as a chloro- 
phyll compound because the quantity of 
02 that the light can develop from the 
photolyte is equivalent to the chlorophyll 
content of the cells (6). This is impor- 
tant. We now no longer have any need 
to wonder how it is possible that the light 
energy is transferred without loss from 
the chlorophyll molecule to the photo- 
lyte molecule, since we now know that 
the light acts within the same molecule 
that absorbs it. The light reaction of pho- 
tosynthesis is thus nothing else than the 
photodissociation of a pigment, compar- 
able to the photodissociation of carbon 
monoxide-hemin compounds, and the 
quantum yield of 1 is almost self-evident. 

Upon adding the three equations of 
the reaction sequence, the photolyte is 
eliminated, and the net result is the split- 
ting of carbonic acid by 3 quanta of light, 
which is what one finds experimentally 
in the balance of photosynthesis. 

Nothing seems to be simpler than this 
solution of the quantum problem. Of the 
110,000 calories that are necessary for 
the splitting of 1 mole of carbonic acid, 
70,000 are provided by a respiratory 
process. The remaining 40,000 calories 
that the light provides is exactly the 
amount of energy of 1 mole quanta of 
red light. All quantum difficulties are 
thus eliminated. 

In order fully to appreciate this solu- 
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tion, one must reflect that in photosyn- 
thesis no energy would be gained, but 
rather lost, if the energy of the respira- 
tory process were taken from the energy 
store of the cells. Only because the res- 
piratory energy of reaction 2 is directly 
supplied by light is a net gain of energy 
attained. All detail is simple physics and 
chemistry. But the whole is a higher kind 
of physics and chemistry, devised by the 
genius of living nature. 

To conclude the discussion of ener- 
getics, I would like to describe an ex- 

periment that ought to be demonstrated 
to all students of biochemistry, because 
it confirms in the simplest possible way 
the requirement of our equations that 
there is no photosynthesis without res- 
piration. 

Figure 5 shows the experimental vessel 
that is to be attached to a manometer. 
The vessel contains Chlorella suspended 
in a carbonate-bicarbonate mixture that 
maintains the CO2 pressure constant, so 
that pressure changes registered by the 
manometer can only be changes in O2 

pressure. The gas space contains argon 
and a very little oxygen. 

Fig. 5. Vessel for demonstration of the 
necessity of respiration for photosynthesis. 
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The essence of our experimental ar- 
rangement is that we employ the cells 
themselves to attain the desired low 02 

pressures. When we darken the cells the 
02 pressure sinks at once on account of 
the respiration; and when we illuminate 
the cells the 02 pressure rises at once on 
account of the photosynthesis. This cycle 
can be repeated as often as desired with- 
out opening the vessel. The manometer 
shows us at any time the prevailing 02 
pressure, and the change in manometer 
fluid level shows us for any time period 
of pressure change the respective respi- 
ration or photosynthesis. We thus learn 
whether, and in what manner, respira- 
tion or photosynthesis changes as a func- 
tion of 02 pressure. 

The result is shown graphically in Fig. 
6, in which the changes of respiration 
and photosynthesis are plotted against O2 
pressure. As one sees, both respiration 
and photosynthesis change with 02 pres- 
sure, and indeed identically. An 02 pres- 
sure of 3 mm of water is the half-satura- 
tion value for both processes, and 20 mm 
yields virtual saturation for both proc- 
esses. Below an 02 pressure of 1 mm of 
water, respiration and photosynthesis are 
both very small. 

The experiment shows much more 
than that oxygen gas is necessary for 
photosynthesis. It shows that not merely 
traces of oxygen are necessary, but defi- 
nite and easily measurable pressures of 

oxygen, and that these pressures are nec- 
essary because they are necessary for the 
respiration. All is precisely as our equa- 
tions demand. Without respiration, no 
photosynthesis! 

Chemistry of Photosynthesis 

We now leave energetics and turn to 
the chemistry of photosynthesis. The 
problems posed here are clearly given by 
the results of the energetics. What hap- 
pens chemically to carbonic acid in the 
dark reaction of photosynthesis? Or, ex- 

pressed otherwise, what is the photolyte 
chemically? The gates to this field were 
opened by the following experiment (7). 

The main compartment of a conical 
manometric vessel (Fig. 7) contains a 
suspension of Chlorella, the side arm con- 
tains fluoride, and the gas space contains 

argon free of CO2 and 02. The pH of 
the suspension and of the fluoride is 3.8. 
Upon tipping the fluoride from the side- 
arm into the main compartment, a vig- 
orous evolution of CO2 from the cells 
takes place. From 100 mm3 of Chlorella 
cells, 30 to 40 mm3 of CO2 will be devel- 
oped in a few minutes. The content of 

Fig. 7. Vessel for measuring labile CO2. 

this labile CO2 in Chlorella is thus very 
great-greater, for example, than the 
content of oxyhemoglobin-O2 in red 
blood cells. A trace of cyanide dimin- 
ishes the development of the CO2, from 
which one must conclude that it is an 
enzymic reaction that is activated by the 
fluoride. 

There are two facts of special interest 
about the fluoride reaction. First, if one 
expels the CO2 with N/1000 fluoride 
anaerobically, and then passes 02 into 
the suspension, the expelled CO2 will for 
the most part be taken up again. The 
energy of the respiration induced by the 
added 02 is necessary for this rebinding 
of CO2. Obviously, the analogy here to 
the dark reaction in photosynthesis is 
very far-reaching. 

Second, and equally important: if one 
expels the labile CO2 from the Chlorella 
with low concentrations of fluoride, and 
then illuminates, photosynthesis is found 
to be inhibited; but if one removes the 
fluoride from the cells by washing, and 
waits until the CO2 is again aerobically 
bound, the photosynthetic capacity is 
found to be restored. Labile CO2 and 
photosynthesis are thus mutually de- 
pendent. 

We have spared no pains to discover 
what the chemical source of the labile 
CO2 is. We have found that it is L-glu- 
tamic acid (8), which occurs in Chlorella 
in loosely bound form to the extent of 
0.5 to 1 percent of the dry weight. This 
glutamic acid goes into the external 
medium when a Chlorella suspension is 
heated at 90?C for several minutes. If 
one determines the glutamic acid content 
of the centrifuged external medium be- 
fore and after a treatment with fluoride, 
one finds that as much glutamic acid has 

disappeared as CO2 has been developed 
by the fluoride! 

SCIENCE, VOL. 128 

x PHOTOSYNTHESIS 
0 RESPIRATION 

Fig. 6. Respiration and photosynthesis at 
low pressures of 02. 

70 

11 , 



y-Aminobutyric acid is formed along 
with the CO2 in the fluoride reaction. 
Aerobically, y-aminobutyric acid and 
CO2 react in the cells to yield glutamic 
acid again, so that aerobically a station- 
ary state is set up between decomposition 
and resynthesis of glutamic acid: 

L-Glutamic acid = 
y-aminobutyric acid + CO2 

The a-decarboxylation of glutamic 
acid was discovered in bacteria in 1910 
by Ackermann and in green plant cells 
in 1937 by the Japanese Okonuki. Both 
the decomposition and resynthesis of 

glutamic acid can be demonstrated when 
one transfers the heated extracts of 
Chlorella onto chromatograph filter pa- 
per, develops with phenol-citrate solu- 
tion, and sprays with ninhydrin in the 
standard way. 

As known test substances for the 

chromatogram, we have employed as- 

partic acid, glutamic acid, alanine, and 

y-aminobutyric acid. The experimental 

Fig. 8. Action of N/80 fluoride: no dif- 
ference aerobically and anaerobically 
(phenol-citrate-phosphate; Whatman fil- 
ter No. 1 unidimensional). 

Fig. 9. Action of N/1000 fluoride; large 
difference aerobically and anaerobically 
(phenol-citrate-phosphate; Whatman fil- 
ter No. 1 unidimensional). 
11 JULY 1958 

runs in Fig. 8 show that under its nor- 
mal living conditions Chlorella contains 
little aspartic acid, much glutamic acid, 
much alanine, and no y-aminobutyric 
acid. We presume that the glutamic acid 
is combined with the chlorophyll, since 
normally cultured cells contain one to 
two molecules of glutamic acid per mole- 
cule of chlorophyll. In N/80 fluoride the 
glutamic acid decreases and appears as 
y-aminobutyric acid. This result is ob- 
tained both anaerobically and aerobi- 
cally, since at this high concentration of 
fluoride no glutamic acid will be resyn- 
thesized. 

In the experiment of Fig. 9 the fluo- 
ride concentration was only N/1000, and 
here one sees a great difference anaero- 
bically and aerobically. Anaerobically the 
decomposition is very extensive, but aero- 

bically it is small. 
The more the glutamic acid is de- 

stroyed, just so much the more is the 
photosynthesis inhibited. For example, 
two different concentrations of fluoride 
were added to aliquot Chlorella suspen- 
sions under aerobic conditions, and the 
glutamic acid content and photosynthesis 
measured. Table 2 shows how closely de- 
composition of glutamic acid and inhi- 
bition of photosynthesis parallel each 
other. 

Continuation of these experiments 
brought forth a further connection be- 
tween glutamic acid and CO2. A study 
of the binding of CO2 by Chlorella at 
different pressures of CO2 showed that 
the labile CO2 is not only bound as the 
ce-carboxyl of glutamic acid but in addi- 
tion an equal quantity of CO2 is disso- 
ciably bound under aerobic conditions. 
This dissociable CO2 is also given off 
when the glutamic acid in the cells is de- 
composed. The saturation value of the 
dissociating CO2 is very nearly equal to 
the glutamic acid content of the cells. 
The formation of carbamino-glutamic 
acid is perhaps involved in the dissoci- 
able complex. 

In conclusion I may mention further 
that we have begun to study the be- 
havior of amino acids in photosynthesis 
with the help of radioactive CO2. The 
main compartment of a manometric ves- 
sel (Fig. 10) is filled with a suspension 
of Chlorella, the Siamese side arm in one 

part with C'4-carbonate and the other 

part with excess lactic acid. Upon tip- 
ping the acid onto the carbonate, a pres- 
sure of radioactive CO2 is obtained in 
the gas phase. Vessels so prepared were 
illuminated /2, 1, or 5 minutes and then, 
along with dark control vessels, im- 
imersed in hot water in order to stop all 

enzymatic reactions and at the same time 

Fig. 10. Manometric vessel for experi- 
ments with radioactive CO2. 

extract the soluble materials from the 
cells. After centrifugation, the heated ex- 
tracts were chromatographed in two di- 
mensions, and measurements were made 
with a Geiger counter. 

It can be seen from Table 3, first, that 
the amino acids, alanine and aspartic 
acid, rapidly became radioactive-in- 
deed, more rapidly than the phosphory- 
lated glyceric acid, contrary to previous 
reports in the literature for experiments 
of this general type. Second, the table 
shows that aspartic acid and alanine be- 
come radioactive more quickly than glu- 
tamic acid, so that one can think that an 
alanine-aspartic acid system enters be- 
fore the glutamic acid system. Mano- 
metric experiments alone have not as yet 
given any such indication, and one must 
wait until combined radiometry, manom- 
etry, and bolometry have become so far 

developed quantitatively that one can 
draw more certain conclusions. Radiom- 

etry alone has already led to a multi- 

plicity of errors. 

Summary 

With the establishment of conditions 
for optimum culturing and measurement, 
there is now final proof that in photo- 

Table 2. Comparative action of fluoride 
on decomposition of glutamic acid and 
on inhibition of photosynthesis. 

Decom- .. rDecom- 
Inhibition Fluoride position of Inhb 

concen- glutamic ofphot 
tration acid synthesis 

(%) (%) 
N/640 21 18 
N/320 64 64 
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Table 3. Geiger counter impulses per minute by chromatographed heated extracts of 10 
mm3 of Chlorella cells. 

Geiger counter impulses per minute 

Amino acid or 10 min 10 min 5 m in 5 min 5 min 5 min 
other material dark, dark, dark, dark, dark, dark, 

0.5 min 0.5 min 1 min 1 min 5 min 5 min 
dark light dark light dark light 

Aspartic acid 8520 18750 9320 14205 8000 30100 
Glutamic acid 1136 1614 1096 1900 3350 17000 
Alanine 710 6950 940 19000 817 37500 

Phosphorylated sugar 
and glyceric acid 95 3451 147 9800 523 23800 

Nonphosphorylated sugar Not determined 143 113 857 2726 

synthesis at high as well as low light in- 
tensities the light energy can be almost 

completely converted into chemical en- 

ergy. There is thus drawn to a close an 

investigation that was initiated many 
years ago in Berlin in the Imperial In- 
stitute of Physics (9). 

The second result is the establishment 
of a general physical mechanism of pho- 
tosynthesis, involving an interplay be- 
tween light energy and respiratory en- 

ergy, and therewith the solution of the 

quantum problem in photosynthesis. 
The third result is the establishment 

of the function of chlorophyll as a 

stoichiometric, chemically reacting com- 

ponent in photosynthesis. 
There remains the special chemistry 

of photosynthesis. In this still-unfinished 
field of investigation, the latest discovery 
is the labile carbon dioxide of Chlorella, 
connected with the decomposition and 

resynthesis of glutamic acid in living 
Chlorella, and connected with the pos- 
sible function of the amino acids, aspar- 
tic and glutamic, in the binding and re- 
duction of carbonic acid. The dissocia- 

ting CO, is bound by Chlorella only in 
the presence of 0, and of cellular glu- 
tamic acid. This CO2 is released if the 

oxygen pressure is lowered below 2 mm 
of water or if-in the presence of oxy- 
gen-the glutamic acid is split in the 

living Chlorella, for example, by N/10,- 
000 benzoquinone. This is the CO2 that 
is used in light and taken up in the 
dark (8). 

Remarks 

1) Quantum requirement in the 
United States. In the years 1938 to 1948 
the quantum requirement of photosyn- 
thesis. was measured in. various institutes 
in the United States with the result that 
12 to 20 quanta were found to be re- 

quired by Chlorella for the development 
of one molecule of 0,. The average 
value was 16. The value of 12 was re- 
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garded as the optimum value. A few, 
including Dean Burk and van Niel, dis- 

sented, but the interpreters and advo- 
cates of the high quantum numbers, 
James Franck and Eugene Rabinowitch, 
maintained the upper hand. In 1941 
Franck and Gaffron (10) wrote, "We 
know now that the high efficiency is 

only apparent and that the true efficiency 
is probably only a third of it, namely 12 

quanta per molecule CO, reduced" (ital- 
ics added). The "photosynthetic unit" 
in Urbana, Emerson and Rabinowitch, 
stayed with the high quantum numbers 
until at least 1952 (11). Later, under the 
influence of the Dahlem investigations, 
the quantum numbers reported in the 
United States sank, and today approach 
the Dahlem number of 4 to 3 (12). 

2) Light reaction and dark reaction. 

According to the equations of the light 
and dark reactions, which can be sepa- 
rated in point of time, CO2 is taken up 
anew in the light reaction, so that the 
ratio CO,/O2 is about- 1 in the light 
reaction per se (although the CO2 from 
which the oxygen is developed may not 
be the CO2 that is taken up). However, 
this holds only for optimally cultured 
cells whose quantum requirement in the 
balance is 3 to 4. Other cells, for ex- 

ample those grown at a south window 
with added constant artificial illumina- 

tion, may take up CO2 more slowly, so 
that the ratio CO,/O2 in the light reac- 
tion is not - 1 but lies between - 1 and 0. 

In the latter extreme the new CO. is 
first taken up in the dark reaction fol- 

lowing cessation of illumination. Thus 
there are two reactions of CO2 to be dis- 

tinguished: the binding of CO2, and the 
transformation of bound CO2 into the 

photolyte. In the case of optimally cul- 
tured cells, these two reactions of CO, 
may be completely separated, whereas 
the 02 development and the binding of 

CO, take place simultaneously and 

equally. In the less active cells the two 
reactions of CO2 are not separated in 

time, whereas O, development and CO2- 

binding are separated. The unraveling of 
these relations has cost many experi- 
ments. 

3) The unit of 2500 chlorophyll mole- 
cules. In 1932 Emerson and Arnold (13) 
attempted to apply our methods of inter- 
mittent illumination (14) to photosyn- 
thesis. For example, with very short, very 
bright light flashes and relatively long 
dark periods, they determined the maxi- 
mum quantity of 0, that appeared to be 

developed in one light flash. Comparison 
of this quantity of O2 with the chloro- 
phyll content of the cells showed that 
2500 molecules of chlorophyll could de- 

velop one molecule of 02. In contrast, 
we find, without intermittent light, and 
with direct measurement of the light re- 
action during inhibition of the dark reac- 
tion, that one molecule of chlorophyll 
can develop one molecule of O2. There 
is thus a discrepancy of three powers of 
10, depending upon whether the ratio 
chlorophyll/oxygen is measured with in- 
termittent light or directly. As Dean 
Burk (15, 16) has shown, however, the 
intensity of the light flash in the experi- 
ments of Emerson and Arnold was sev- 
eral orders of magnitude too low-that 
is, entirely insufficient-to decompose all 
the photolyte in the very short time of 
the light flash (- 10-5 second). 

4) Burst of carbon dioxide. Accord- 

ing to Emerson and Lewis (17), pho- 
tosynthesis begins with a burst of CO, 
evolution. This phenomenon was dis- 
covered manometrically with the two- 
vessel method, without, however, main- 

taining the essential requirement of the 
method. Instead of both vessels being 
illuminated simultaneously, an interval 
of 8 to 24 hours took place between illu- 
mination of one vessel and the other. 
This procedure removed the essential 
condition of the two-vessel method, 
namely, that in the two unequal vessels 
the same chemical change must occur. 
If one properly measures, as nowadays 
prescribed, the 02 development in both 
vessels simultaneously with a divided 
light beam, one never finds at the be- 

ginning of the illumination a burst of 

CO, out of the living cells, but always 
and only a burst of 0,, corresponding to 
true photosynthesis. 

5) The experiments of Ruben and 
Kamen. When Chlorella were illumi- 
nated in a bicarbonate solution in 
which the oxygen of the water, but not 
that of the carbon dioxide, was isotopi- 
cally marked, the 0, developed was 
marked. Ruben and Kamen (18) con- 
cluded that the light decomposed pri- 
marily the H20 but not the CO,. Ob- 
viously this conclusion would have been 
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correct only if one could have brought 
forth the improbable argument that in 

light not the hydrate but only the anhy- 
dride of carbon dioxide reacted. 

6) "Hill" reactions. If one suspends 
Chlorella cells in nitrate-nitric acid mix- 
ture, the cells develop 02 for many hours 
when illuminated in the absence of CO2, 
according to the equation 

HNO, + H,O = NH3 + 202, 
a reaction that was discovered in 1920 
(19). The mechanism of this reaction 
has been clarified as follows: the nitric 
acid oxidizes in a dark reaction the car- 
bon of cell organic matter to carbon 
dioxide, and then, in light, splitting of 
the carbon dioxide into C and 02 occurs, 
as in ordinary photosynthesis: 

(Dark) HNO + 2C + H20 =NH + 2CO2 
(Light) 2CO2 = 2C + 202 
(Balance) HNO, + HO = NH3 + 20,. 

In 1955 we found (20) that one can 
replace the nitric acid by ferricyanide: 
(Dark) 4Fe3+ + C + 2H20 = 4Fe2+ + 4H+ + CO2 
(Light) CO2= C + O2 
(Balance) 4Fe3+ + 2H20 = 4Fe2+ + 4H+ + 0,. 

Both reactions, with living Chlorella, 
appear in the balance as though water 
were decomposed by light, and as though 
the oxidizing agent acted only as a hy- 
drogen acceptor, whereas in reality the 
light reaction is ordinary photosynthesis. 

If, in the experiments with living 
Chlorella, one substitutes quinone for the 
nitric acid or the ferricyanide, CO2 can- 
not participate in the development of 

2,, since quinone completely inhibits the 
splitting of CO2. Likewise, with green 
grana, CO2 cannot participate in the de- 
velopment of 02 since illuminated green 
grana are unable to reduce CO2. 

One must therefore either postulate 
two different mechanisms of photochem- 
ical 02 development in green grana and 
in intact cells, which is improbable, or 
one must attempt to find a common ex- 
planation for the two phenomena: for 
water decomposition with intermediate 
photosynthesis, and for water decompo- 
sition without intermediate photosynthe- 
sis (6). 

7) The experiments of F. W. Allen. 
In order to test whether photosynthesis 
without O2 is possible, Allen (21), at the 
suggestion of James Franck, made use of 
the fact that the phosphorescence of 
many dyes is diminished by traces of 02. 
A stream of nitrogen containing CO2 was 
conducted over glowing copper, from 
there over water, then over a suspension 
of Chlorella, over liquid nitrogen, and 
finally over the dye acriflavin adsorbed 
on silica gel. Allen still found detectable 
photosynthesis at an O2 pressure of 10-6 
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mm-Hg; whereas our manometry in 
closed vessels showed, without possibility 
of error, that below 10-1 mm-Hg photo- 
synthesis in Chlorella is very small. What 
is the meaning of this discrepancy of five 

powers of 10? 
The method of James Franck must be 

calibrated empirically-that is, each O2 
pressure yielding a given phosphores- 
cence must be analytically determined. 
Furthermore, 02 pressures of the order 
of magnitude of 10-6 mm-Hg must be 

produced, maintained, and analytically 
measured in a rapidly flowing gas. Any- 
one who is accustomed to performing ex- 

periments himself knows that this is an 
almost insoluble task. In any event, the 

analytical determination of traces of 02 
is the key aspect of the Franck method, 
and since Allen himself remained silent 
about this point, one must seek the mis- 
take here. The calibration was obviously 
false by five powers of 10. 

On the other hand, experiments of 
Hill and Whittingham (22) agree very 
well with our results. These workers 
added reduced hemoglobin to a suspen- 
sion of Chlorella and determined the 02- 

development upon illumination by opti- 
cal measurements of the resulting oxy- 
hemoglobin. They found that photosyn- 
thesis already began to fall off at an O0 
pressure of about 2 mm-Hg. 

8) The experiments of Allan Brown on 

"light-respiration." When the light reac- 
tion and the dark reaction overlap in 

photosynthesis under normal conditions, 
two-thirds of the 0, developing in the 

light will be reabsorbed so rapidly that 
one can think of the oxygen as oscil- 

lating between the free state and a 

binding with carbon. If the molecular 
O0 provided the Chlorella is isotopically 
marked, whereas the CO2 provided is 
not marked, one cannot expect that 
more marked 02 will be consumed in 
light than in darkness, since in light, 
on spatial grounds, the unmarked 02 

photosynthetically produced within the 
cells will be consumed more rapidly 
than the externally available marked 0, 
that must diffuse into the cells. Brown 
(23) found, in fact, that in light there 
was no increase in marked respiration, 
but often even a decrease of marked 
respiration; that is, not only the light 
respiration but also the dark respiration 
favored the unmarked oxygen produced 
within the cells photosynthetically from 
unmarked photolyte. This is a beautiful 
example of "isotopic discrimination." 

The light respiration during illumina- 
tion has also been the object of at- 
tempted measurement elsewhere, for ex- 
ample by Weigl, Warrington and Calvin 

(24), who illuminated green cells in 
marked CO2 and expected that in light 
unmarked CO2 would be given off in in- 

creasing quantity. They found, however, 
no increase in unmarked CO2, quite in 
agreement with our equations, from 
which it follows that the light respira- 
tion must be marked when the CO, is 
marked. 

In fact, the light respiration can only 
be measured as it was first discovered 
(4): when it is separated in time from 
02 development (25, 26). 
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