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ABSTRACT
THE PATH OF CARBON IN PHOTOSYNTHESIS. VII RESPIRATION
LND PHOTOSYNTHESIS
by
AA, Benson and M, Calvin

Radiation Laborestory, Depsrtment of Chemistry, University of Celifornia,
Berkeley, California
ABSTRACT

The relationship of respiration to photosyhthesis in barley
seedling leaves and the algae, Chlorelle and Scenedesmus, has been investi-
gated using radiocactive carbon dioxide and the techniques of paper chro-
matography and radioautography.

The plaents are allowed to photosynthesize normally for thirty
seconds in 01402 after which tﬂey are allowed to respire in air or helium
in the light or d-rk,

Respirntion of photosynthetic intermedictes as evidenced by the
appearence of labeled glutamie, isocitric, fumaric and succinic acids is
slower in the light than in the derk.

Lzbeled glycolic acid is observed in barley and algae, It dis=-
appears rapidly in the dark ahd is mainteined and increesed in quantity in
the light in COz-free air,

¥*
This work was sponsored by the United States Atomic Energy Commission.
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ABSTRACTs Cont, - -

14 was

Radiograms of algal and barley extracts in which the C
reduced in the d~rk by preilluminated plants show the same compounds as
produced in normael photosynthesis, This includes a considerable amount of

sucrose,

For publication in "Nature".
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THE PLTH OF C..RBON IN PHOTOSYNTHESIS., VII
RESPIRATION AND PHOTOSYNTHESIS
L. L, Benson and M. Calvin
July 21, 1949
Rediation Laboratory and Department of Chemistry
University of California, Berkeley, California
Previous work (1,2) has shown thot illumination of an algal suspension
in the absoncc of carbon dioxide greatly enhances its ability to fix carbon
dioxide in an immcdiately following dark pericd, The kinetics of the gener-
ation and decay of this ability hoave been determinced, and it was shown that
lcss than one minute of illumination was sufficient to bring this fixing
ability olmest to its saturation valuc, Other experiments (3) which deter-
mincd the dependence of dark fixation rote on carbon dioxide pressure showing
it to be very similar if not identical with thc dependunce of steady state
photosynthesis upon carbon diocxide prcssurc were uscd as a partial argument

in support of the suggestion that the cnhoanced dark fixation immediately

* This work was sponsorcd by the United States stomic Energy Commission.

(1) M. Celvin and L.4. Benson, "The Path of Carbon in Photosynthesis IV,
Sciencc, 107, 476, (1948),

(2) A.&. Bonson, M, Calvin ¢t al. Chapter 19, "Photosgnthesis in Plants",
Iown State Colluge Press, (1949).

(3) 4.4, Bonson and M, Calvin, "Cold Spring Harbor Symposia on Quanti-

tative Biology", 13, 6, (1948).
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following illuminstion in the absence of carbon dioxide wss indeed the
process of carbon dioxide reduction taking place in photosynthesis.

Nevertheless, kinetic arguments involving unknown chemicsl reactions
being what they are, it was still conceiveably possible that this enhanced
dark fixation was due only to the reversibility of the respiratory and
fermentetive decarboxylations, The photosynthesis occurring during pre-
illumination presumably reduced the carbon dioxide partial pressure by
rcactions as yet unknown thus shifting the fermentative and respiratory
reaction equilibria in the direction of decarboxylation., Upon the intro-
duction of carbon dioxide in the dark, the equilibria are shifted in the
opposite direction thus giving the enhanced fixation but by processes
presumed to be quite different from those taking place in the light.

(Figure 1,)

0, acceptors + CO, H",_Efim‘);(CHzo)n
(pyruvic and { :
a~ketoglutaric acids)
N :
g :
o O :
~ i
~ .+ .
T
Q. b
i@ -
A A |
Y i
N/ N
Tricarboxylic &’ ...—--- respiration
acid cycle * and
fermentation
Figure 1.

If this be the case then the products formed in derk fixstion of carbon

dioxide should be the seme following preillumination in the absence of
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carbon dioxide as they are following a dark saturation with carbon dioxide,
and quite different from those formed in the light, If the preilluminated
dark fixation were the same process that takes place in ordinary photo-
synthesis, the products formed should be the same as thosz found in an equi-
valent period in the light and different from those formed in the dark with-
out preillumination., If some of the compounds or closely rslated substances
which apﬁear in respiration and fermentation are also intermedistes in photo-
synthesis, they should be formed in all three cases.,

Figure 2 is a set of radiograms showing the products formed in
each of the three cases for algae and for barley leaves, (See 30s. Ps.t.,
2m,D.PIC,, 45m.D.C,, 30s,PS.B., 2m.D.PIB., 50m.D,B. in Table I,) It is
apperent thet the products formed in derk fixation followimg preillumination
in the absence of carbon dioxide eorrespond very closely to those formed in
direct photosynthesis and not to all of those formed in derk fixation fol-
lowing derk saturation with carbon dioxide, These lattur are indeed the sub-
stances expected from the simple reversibility of respiratory and fermenta=-
tive reactions, We can thus confirm the suggestion, at first made on the
basis of kinetic‘studies (3), that all of the reactions lying between car-
bon dioxide and sucrose are dark reactions. The reducing energy required
to ashieve this transformation is supplied by the photochemical reaction
involving the photolysis of water., Furthsrmore the reducing power so pro-
vided is in the form of a definite chemical species rather than in the form
of some excited electronic state of a molecule, This concluséion has been

reached previously as a result of
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TABLE I Cont, = =~
Percentages were determined by direct counting of areas on the papzr

chromatogram defined by the radiogram,

S.-seconds, m,=-minutes, PS.,-photosynthesis with ClA

02, C.-Chlorella pyren-
oidosa, Sc.=-Scenedesmus D~3, L,-light, D,-dark, B.-barley seedling leaves,

PI,~5~10 min. prelllumination in helium, He,-helium,

All treatments subsequent to photosynthesis were done in COy-free air un-

less specified as in He,

% In these experiments less than 5% of the total radioactivity fixed was
insoluble in alcohol-water. P 2,5% insol., ¢ 25% insol, d 6% insol, © 30%
insol. T 30% insol, & 45% insol. B 10% insol, 1 6% insol. J 3,2% in-
sol, k 4.5% insol. 3 includes - Phosphoglyceric acid 24 (PGA), Hexose mono-
phosphates 60 (HMP), Hexose diphosphates 3.9 (HDP), Triose-phosphates 0.5
(TrP)., ™ includes free plyceric acid 10. I includes free glyceric ~cid 2,
P includes PGA 1.3, HMP 14, HDP 4, P-Pyruvic 1.8.% includes PGA 6, HMP 35,
HDP 7, P-Pyruvic 1.8, T includes PGA 3.2, HMP 13, HDP 7. & includes

PGA 25, HMP 11, HDP 18, P-Pyruvic 2.2, °© includes PGA 26, HMP snd HDP 39,
PwPyruvic 0.6, 2 includes free glyceric acid 0.7. V includes free glyceric
acid 15. © includes free glyceric acid 9. * includes free glyceric acid 6.

7 includes free glyceric acid 0.6. 2 includes asparagine 2,
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studies of fluorescence (4) and of the comparative biochemistry of certain
bacteria. (5) The continued carbon dioxide absorption in the derk im-
mediately following a strong illumination (6,7) constitutes the direct
observation of the effect. It is of interest to note ttat the successful
separation of the photochemical apparatus for the splittiﬁg of water ond
the evolution of oxygen (8) from the carbon dioxide reducing system has
been accomplished.

| P/ gure 2 shows that a number of radioactive compounds are common
to all three of the radiograms. These are.particularly alanine, serine,
aspertic acid and melic acid, Trey may be taken as indicators for the
presence of the corresponding keto-scids, pyruvic and oxsloacetic acids
under all three circumstances., It is thus npparent that some compounds
are involved as intermedistes in both the photosynthetic and the respira-
tory cycles., Whether the common reservoirs of the two cycles are identical

or are physically separate in the orgenism remains to be determined.

(4) E. Katz and E.C, Wessink, Enzymologia, 6, 152 (1939).

-—

(5) Van Niel, C.B., Adv. Enz. 1, 263 (1941)

(6) E.D. McAllister and J. Myers, Smithsonian Ipstn, Publ. (Misc. Coll.),
29, No. 6 (1940),

(7) R. Emcrson and C.M. Lewis, Am. J, Botany, 28, 789, (1941).

(8) R. H{11, Natare, 139, 881 (1937).

R. Hill and R, Scarisbrick, Nature, 146, 61, (1940).
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4 number of experiments have been done in an attempt to dster-
mine something about the relationship between the photosynthetic and res-
piratory paths. A simple design for sush an experiment would be to intro-
duce the label into some of the photosynthetic intermediates by a short
period of photosynthesis in radioasctive c~rbon dioxide (9) and follow this
by a suitable period of respiration in either dark or light. The result
of such an experiment on algae is shown in Figure 2, One effect is im-
mediately apparent, In those cases in which the algae have not been given
e dark period either durlng or after exposure to 0*02 there is little or
no labeled glutamic and citric (iso) acid formed, (see 30s,PS.C., 30s.PS.~
150s.L.(He)C. and 5m,PS.C., Table I,) If, however, they sre given as little
as 150 sec., of dark time fcllowing 30 sec., of photosynthesis in C*Oz, rel-
atively large smounts of labeled glwtamic and citric (iso) acids appear.
(See 308.,PS.~150s.D,(He)C, Table I), If the drrk period is aerobic the
amounts of these compounds which appesr rre somewh~t larger than under
anaeroblc conditfons., It is thus clear that the light not only initiates
a series of reactions constituting the photosynthetic reductlon of carbon
dioxide but also in some way inhibits certéin other reactions, Although

the nrture of the inhibitlon is as y«t unknown, it is clear that light

(9) The experimental methods heve been described previously., M. Calvin
and A,A. Benson, Seience, 109, 140, (1949); "The Path of Cerbon in
Photosynthesis V, Paper Chromatography and Radioautography of the

Prodwets," A,A, Benson et, al, J.Am, 6aem, Soc. in press,
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prevents some of the newly formed photosynthetic intermediates from
participating in the tricarboxylic acid cycle as represented by glutamic
and (iso) citric acids, In the barley leaves the formatlon of labeled
glutamic acid is so slight even after relatively long dark periods that
we carnot et szy whether the same phenomenon occurs or not, It is 1ndi-
cated by a comparison of the iso-citric contents of 30s.PS.B., 5m,PS.B,,
30s.PS.-2m,L.B. and 30s.P3.-2m.D.B. in which the last contains more of
this acid than any of the first three, In the barley experiments another
effect con be seen, which involves the conditions under which labeled
glycine and glycolic acid sre found., Glycine and glycolic acid, formed
in the light from rediocarbon dioxide, disappear in as little as two min-
utes in the derk. They appear in detectable amounts in as short a period
as flve seqpnds of photosynthesis in radiocarbon dioxide and are maintained
in the light in the absence of carbon dioxide with the glycolic acid
increasing. (see 30s.PS.B., 30s.PS,-2m,D.B,, and 30s,-2m,L.B,) The same
effect has been observed with algae., Additional experiments with algae
showed that the presence of oxygen dyring the subsequent illumination
enhanced the formation of labeled glycine and glycolic nacid. Ip the
case of glvcine for which the total amount present may be estimated from
the amount of the ninhydrin color produced on the paper, it appears thos
the short drork periods reducerot only the amount of labeled glycine but
the total glycine as well, This would seem to indicnte that the size of
the reservoifs of free glycine and presumably of glycolic acid vary con-
giderably with illuminrtion and may possibly be related to the photosyn=-

- thetic path of carbon. Degradation studies now under way should lead to

a detalled exposition of the #%equence of compounds involved.
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