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Chemistry-General

THE PATH OF CARBON IN PHOTOSYNTHESIS

by
M. Calvin and A. A. Benson
Radiation Laboratory and Department
of Chemistry, University of California
Berkeley, California.
March 3, 1948

ABSTRACT

The dark fixation of carbon dioxide by green algae has been
investigated and found to be closely related to photosynthesis fixation.
By illumination in the absence of carbon dioxide followed by treatment with
radioactive carbon dioxide in the dark, the amount fixed has been increased
ten to twenty fold. This rate of maximum fixation approaches photosynthesis

maximum rates. The majority of the radioactive products formed under these

conditions have been identified and isolated and the distribution of labeled
carhon determined. From these results a tentative scheme for the mechanism

of photosynthesis is set forth.

This paper is based on work performed under Contract No, W-7405-eng-48
with the Atomic Energy Commission in Connection with the Radiation
Laboratory, University of California, Berkeley, California

For publication in Science appearing about the May issue.
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THE, PATH OF CARBOF IN PMOTOSYNTVESTS- .
By
M, Calvin ard A, A. Renson
Department of Chemistry and *the
Radiation I=boratory, University
of California, Berkeley.

8 March 1948

In a previous note we described the effect of prior illumination on the
dark reduction of ca bon dioxide by srecn algae (Chlorella (1). The essertial
experimental factor noted then was a large increase in the amount of carbon
dioxide reduced in the dark by the aligae which hiad been just previously iliuminated
in the absence of any carbon dioxide. Furthermore, some of this reduced radiocar-
bon was found in positions other than carboxyl groups or the number 3 and 4 carbon
atoms of the hexose molecule., T'is eviderce seesmed to preclude the nossibililty
that the dark reactions there observed could rave been die orly to the reversibi-
13ty of the only two carbrxylatinn reactions yet knowr to be reversible, ramely
the beta carboxylatirn of nyrivic acid and the beta carboxylat on of ketoglutaric
acid (2-4). These ohservatiors rerc therefore ta%en to ird’cate the ability
of the Ireen algae to accumilate a certa’ - amoun® of rediecing rower durin; illu-
mination in the absence of carbon dfoxide which co1id later be used for the reduc-

tion of carbom dioxide. The observation by McAlister and Meyers (5) of a con-

(*) This paper is based on work performed under contract No. W-7405-lng.-48 with
the Atomic Ernergy Commission in connection with the Radiation Laborstory,
University of California, Berkeley.

(1). 4. A. Benson and I. Calfin, Science 105, o048 (1947)

(2). H, G. Wood, Fhysiol. Rev., 205, 198 (1946)

(3). S. Ochoa, A. ilehler, and A. Kornberg, J. Biol. Ciem., 1067, 271 (1947)

(4). B. Vennesland, J. Ceithmal, M. C. Gollub, J. Biol. Chen., 171, 445 (1947)

(5). E. D. HcaAlister and J. lleyers, Smithsonian In:t. Pub. ;isc. Collections,

99, Xo. 6 (1940)
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tinued uptake of CO2 after the cessatior of i1llaminatiorn in cascs of h"izh light
intensity and low 002 partial pressure mizht well be the direct manifestation of

this situation. 1In the ohservations of Will and Scarisbrick (6-9) it was

demonstrated that isolated grren wortiors of the cell (chlororlasts and grana)

can produce oxygen from water uron iilumination in the presence of 2 snitable

oxidizing agent other than carhon dioxide. It ~om appears clear that the path

from carbon dioxide to reduced compoiinds, such as carbohydrates, fats, proteins,

and amino acids, does mot include the primary photochemical act itself,

The present note represents a more extens’ve study of the factors in-
flucencing the dark recuction including another organism (Scenedesmus) as well
as the beginning of the next stage of this :nvestisatior, namely the products
formed during a very short period (30 seconds) of photosynthesis. The dark np-
take of C1402 by Chlorella into non-volatile products as a function of time was
first investigated by Ruben and coworkers. (10). Thesc authors felt that the
amount of carbon dioxide ta%en up reached a maximum a’ter some 00 to 80 m’uautes
of contact. 'fore recently Gaffron, Tazer, ard Brown (11) have shown that this
is not the case. By cont’nnirg the ohservations for very longz periods, p to 12
or 15 hours, they showad a co ti»uonsl; jrcreasirg ar urt of dark 01402 uptake.
The present investigation stowsm (Tigure 1) that this uontake curve actnally con-
sists of two distinct portjons; the relative importance of which is very sharply
dependent upon the prehistory of tha almae. Crve A in Tigure 1 reprose-ts the
dark fixation of 01402 by Scenedesmus which had been pretreated in the dark with
carbon dioxide. Curve B, Figure 1, represents the behavior of the identical

cells after they had becn pre-illuminated for ten minutes in the absence of carbon

(6). R. Hill, and Ri.Séarisbrick, Dature, 146, 61 (1940)

(7). 0. Warburg, and @. LWLtzens, Naturwissenschalten, 32, 161, 301 (1944)

(8). 5. aronoff, Plant Physiol., 21, 393 (1943) o

(9). 4. 5. Holt, and C. S. French, arch. Biochem., 9, 25 (1946)

(10}. 5. Huben, M. D. Kamen, and W. Z. Massid, J. .m. Chem. Soc., 62, 3443 (1940)

(11). H. Gaffron, L. W. Fager, and 4. Brown, Reportcd at Isotope,s§aéosium,
University of Wisconsin, Madison 1947.
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dioxide. The slow terminal rise in both curves might well bo due to Termentas
tive fixation analagous to that obsocrved in a variety of a~imal tissues during
respiration (12,13). Yowever, the initial extrenely rauid fixation observed
in Curve B (after pre-illumiration) is guite obvinusly closely connected with the
effect of the light, and its *nitial slore 3s anproaching that of steady state
photosynthesis. In our view, the initial rapid rise (Curve 3, Tigure 1) cor-
responds to the stora:c by the plant of reducing -ower jencrated during the ro-
illumi-ation period. %/e have examined the rate of jurneration of this rcducing
power as a function of the pre-illumination time by observing the amount of 01402
fixed during a one-minute dark time. The results arc shown in Figure 2. Although,
in the particular set of data given in Figure 2, thirty seconds pre-iliumination
brings the reducing power to over 80% of its maximum valuc, we have observed
cases in which the full maximum value is recached in the same time. It is clicar
that t™Is maximum valuc is simply a steady state coicentration of reducing power
resnit’ng from a balance between the rate of its vhotochemical production and the
ratc of its natural decay, rcepresunted by that rortion of the curve in Tigzure 2
beyord the point at which the light is turncd off. Similar carves showing the
growth and decay of roducing power have been obtained with one day old chlorella
cultures. Wowever, when older (four day) ceulturcs of Chlorclla arc uscd, the
apparent rate of growt™ was somcwhat slover, with a correspondingly more rapid
rate of decay.

The maximum amonnt of carbon dioxide fixed is usually ten to fifteen
times that fixed by the cells without pre-illumination. After complete dccay,
the reducing power could be repeatedly restored by illumination on the same cui=-

ture.

(12), J. 1%. Buchanan and A. Baird Tastings, Physiol. iev., 26, 120 (1949)
(13). L. A. Evans, Jr., A Symposium on R« spiratory inzymes, 197, Madison 1942.

—B~
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Our examination of the compo niis into which the radiocarbon is fixed
under a variety of conditions has beon cxtonded. This fncludes not only a
greater variation in the fixation conditions, but also a more com~lete idertifica=-
tion of the products for each dondition. In Table T are shown the results of
an analysis of the nroducts obtained durin+ a five mirute dark fixation tine
fallowinz pre-illumiration periods up to two ho-rs.

Table I
DARK CO,-FIXATION TRODUCTS OF CHLORIILA®

Dark timec--Tive Iinutesb

. PRE-ILLUMIN.TION® NONE 5 {TINUTE 60 MINUTE 120 MINUTE
Total Fixed 1 ~-10 ~10 ~10

reclative units

I CARBOXY.LIC ACIDS 529, 21% 14% 11%
in ether extract
MALIC ACID® 16% 11.5% 7 4%
SUCCINIC 4CID® 5.2% 3.1% 0.5%

1T aino acinsf 31% 417 645 4%
adsorbed on
cation reein

III ANIONIC SUBSTANCESE 16% 29% 21%
adsorbed on
anion resin

IV SUGARS 0.45% 1.0% 0.95% 1.09
non=-ionized
comnounds

a) One day old culturcs of Chlor-lla pyrcnoidosa. b) The cells were killed
rapidly by adding 20% by volumz of glacial acatic acid-hydrochloric acid (4:1).
All radioactive products wecre in agunous phase within £ivs minutes. Cells re-
moved by filtration. c¢) One cc. packed cells por 60 ml. of nutricnt solution
was illuminated (infra-red removed) using 17,000 lux beams from both sides. A
rapid strcam of helium passcd through the solutions durin; the experiments. The
maximum fixation was not diminished by i.ilumination neriods as long as 17 hours.
d) Rapid continuous 15 hour extractions. e) Separated by partition chromato-
graphy on silica gel column. f) ELluted from Duolite G-3 resin using 2.5 N
hydrochloric acid. g} Eluted from Duolite 4=3 res ' n using 1.5 N sodium hydroxide.,
h) Effluate from both exchange resing,




UCRL 65

Since all of the carbon dioxile fixationw;nduced‘by prefillgmination is
;omplete in less thaﬁ twé minutes (see Curve b, Figure 1), a péir of experiments
of the same type described in Table 1 were performed in which the dark fixation
time was reduced to one minute, Pre-illuminstion times were chosen to insure max-
imum fixation rates, The results of these experiments are shown in the first two
colunns of Table II., In addition, two very short (30 seconds) normal photosyn-
thetic experiments vere performed with the two algae, Fractionation proceded as
indicated in Ta .le 1 and the results are shown in columns three and four of Table
11,

Fraction I in uoth the one minute dark fixations and the photosynthetic
fixations was shown to wve 75% malic acid., Fraction II is over 95% alanine in the
dark fixations by Chlorella. Dark fixation by Scenedesmus and photosynthetic
fixations by both algae produced less than 15% alanine in this fraction, Selective
elution of the anion exchange resin gave two fractions. The fact that III-A
(ammonium hydroxide eluate) was readily rendered resistant to ammonia elution by
evaporation of the eluate in the presence of air suggested that this radioactive
product was a reduced form of that obtained in III-B (sodium hydroxide eluate) .-
The radioactive substance in fraction III-B of the ten minute pre-illuminated
Scenedesmus was identified as phosphoglyceric acid, Hydrolysis by boiling 1 N
hydrochloric acid gave rad.oactive glyceric acid which was adsorbed on the anion
exchange resin and eluted with ammonium hydroxide. The glyceric acid was ddenti-
fied by preparing p-bromophenacylglycerate which was crystallized to constant
specific activiby, Solvent distribution of the derivative as well as the free
acid gave disiribution coeflicicnts identical with those of authentic specimens,
The radioactive substances in Fraction I1I-B formed during the thirty second
photosynthesis in Scenedesmus were likewise shown to be more than 80% phospho-
glyceric acid, Fraction III-A, after zir oxidution in ommonia was fourd to

contain over 90% phosphoglyceric acid and approximately four per cent sugar

-8~
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Table I1

DISTRIBUTION OF G4 IN ALGAE

Alga Chlorella? Sconcdesmusb Chlorella Scenedesmus
Ire-illumination time 60 minutes 10 minute Photosynthesizing Photosynthesizing
Fixation time 1 minute dark 1 minute dark 30 seconds light® 30 seconds light®
Totsl G4 Fixed, c.p.m. x 1076 .96 100% .97 100% 3.1 100% 6.2 106%

I Dther extractable acids A3 13% 12 12% .078 2.5% .64 10%

11 Cationic (Amino acids) «51 53% 38 39% oLd 14% .68 11%

III A Anionic, ammonia elutable® 023 2.4% 041 L.2% 1.19  38% 2.75  L4%

IIT B, inionic, Not ammonia elutable® ,30 31% Al 42% 1,13 36% 1.67 27%

Iv NMeutral Substances (Sugars) .0053 0.3% 0013  0,1% 14 4.5% .29 4%

a) Chlorella pyrencideosa, one day old cultures, b) Scenedesmus D-3, two day old cultures. c¢) Cells rapidly
photosynthesizing were given radioactive curbonute sznd shaken until removed from the light beams and instantly
killed, ~d) adsorbed on Duolite A-3 and eluted with 1.5 N ammonium hydroxide. e) Eluted with sodium hydroxide
_ following the previous ammonia elution, ‘

G9 TON
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phosphate, It thus appeared that the major origiral companent of Fraction IIIsA
vhich gave rise to the phosphoglyceric acid was 3-phosphoglyceraldehyde, A sub-
sequent experiment with Scenedesmus (photosynthesizing for 30 seconds) demonstrate
ed that such is actually the case, The 3-phosthoglyceraldehyde was converted to
methylglyox:1l by the method of Baer and Fischer (14). The methylélyoxal 2 4
dinitrophenylosazone was found to posses 53% of the total fixed ClA. In separate
experinents, fraction IV has been shovn to be glucose and fructose in almost equal
amounts,

In addition to the above described identification work, a certain amount
of degrodation has been performed on scveral of the identified coﬁpounds; Perhaps
the most illuminating of thece results is the distribution of cl4 found in the
hexose fraction for a number of different preparations (15). In the glucose
obtained from the dark fixation in pre-illuminated Chlorella and from the 30 secénd
photosynthesis of Scenedesmus, there vas contained from 75-90% of the radioactive
carbon in the 3 and 4 positions, the recmainder being found in the 1,2 apd 5,6
positions, In glucose obtained from barley shoots which had been photosynthesiz=-
ing for one hour in 01402, the distribution was 61% in the 3,4 position, 24% in
the 2,5 position and 15% in the 1,6, In glucose obtained from barley which had
been photosynthesizing for twe hours, the distribution was 37% in 3,4, 36% in’
2,5 and 27% in 1,6, 1In view of the presence of such large amounts of radioactive
triose phosplate and rhosphoglyceric acid in the very short photosynthetic experi-
ments (30 seconds) as well as in the durk fix.tion, it can be taken as fairly
certain that the hexose synthesis proceeds by a reversal of the usual glycolytic
split of fructose diphosphate and thercfore some path must be found by which the
radiocactivity apbcars first in the number 1 carbon atoms of the 3 carbon compounds
and gradually spreads into the number 2 and then the number 3 carbon atom of the

t:riose phosphate and the phosphogiyceric acid., 4 similar variation of the distri-

214)} L. Baer and H. O, L. Fischer, J. Biol, Chem:, 150, 223 (1943).
(15). S. Aronoff, H. A, Barker, and M, Calvin, J. Biol. Chem., 169, 459 (1947).

-

~10-
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bution of radiocarbon in alanine cpreading from the nuuber 1 carboéKf%bm into the
other two has also been found., It is reasonuble to supyose that the alanine distri-

bution is an index of the distribution in pyruvic acid and the problem therefore
becomes thut of determining the path from carbon dioxide to pyruvic acid which
would give this characteristic distribution. So far we have been able to account
for the major fraction of the radiocactive d;rboxylic acids formed in terms of only
the 4 carbon acids, If there is any aconitic or ketoglutaric acid at all, it is -
small in amount. Ve are, therefore, led to the supyosition that the threc carbon
gompounids are yroduced thirough the four carbon dicarboxylic acids, Furthermorc,
the acceptors for the one or more carboxylation reactions which take place mmst not
only be continuously regeherated, but they must be regenerated in such a manner

as to éontain a gradually iicreasing amount of isotopic carbon, relatively rapidly
ayproaching the isotoypic concentration of the carbon dioxide itself. All this can
be achieved, with currently uscd reactions, only by the presence of vwhat is effec-

tively a 02 -C, addition, Ui are therefore led to the reiteration of a scheme al-

1

reacy proposed to describe the path of the cirbon atoms.

+C0, 1) ¥ -Py-H,0
CH 00 H -~ * &CHB-CO COLH + CHy=CH~C0,H— ——>CH,~CHOH-CO,H
+2: F; 2) +H,0 OH OP P
I : o o |
+ 2111 L +CO oo
! |E] +60 5
| v 1 2/H
H0,C-0Hy-CHy=00, K HO,C-Cl-C0-00,H \
PG 7R 2 Ck,-CHOH-CH = 0
| 5 i i
D | 0P !
L +20H] -2 H .
; ; : Hexose
’ SH0 |

HOzC—HC -CH~002H<"——11—~HOqC-CH ~HCOH- CO

It should be realized that these are all enzymatic reactions and the precise form
of the reuaction species is not specified. For example the reductive earboxylation
of acetate through pyruvate to phosphoglyceric acid could conceivably proceed by

the following steps,

“1l=
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) , ,"Co, 7CH, = C-COH
o 0 ! Ol PR 277
P ;i 2[H) -H,0 s e
CH3-002H R 3 CH3- -0-P - CHB-S—O—P —— CHZ;:CH_OPé i,.HZO
n ¢ NE
\_HCO; _>?H2-2H~coz
OH P

Tith tlis as a working hypothesis, specific tests are already under way,
Thus, vhen carboxyl-labeled acetate is fed to pre-illuminated: Chlorella for a
5 minute period in the dark, the isolated alanine contains about 35% of its
radioactivity not in the carboxyl group. The presence of cl4 in the carboxyl

group of the alanine could be due to the oxidative metabolism of some of the

. acetate through the tricarboxylic cycle in the manner already familiar in animal

tissues and yeasts (16-18) or by thodircct oxidative coupling of two acetates to
succinzte, Also the su¢cinic scid isolated from pre-illuminated Chlorella after - .
dark fixation of ClAOz'shbwed 2,5% of the radioactivity in the mecthylene grougs,
vhile the ‘succinic acid from the aforementioned 2 hour rhotosynthesizing barley
experiment had 37% in the methylene groups.z*

The amount of radioactivity found in any compound or carbon atom in a
specific compound will depend upon the size of its actively functioning reservoir
and the relative rates of all the reacfions leading to and from that reservoir
under any specific set of experimental conditdaons,

The precise nature of the reducing agent or agents cannot yet be stated,
nor can ve say vhich of the reducing equivilents required by the operation of the
cycle had their origin in the photosynthetic rcaction. It remains for future
work to deny, modify, confirm, or extend the proposed scheme which at present

appears to us the most likely pzath of carbon in photosynthesis.

(16). V. Lorber, N. Lifson, H, G. "ood, J. Biol. Chem., 161, 411 (1945).
(17). S. “einhouse and R. H. Millington, J. Am, Chem. Soc., 69, 3089 (1947).
(18), K. Bloch, Physl, Rev, 27, 574 (1947).
(1) The method of succinic acid degradation is thit of Benson, Bassham, and Calvin,
To be published,

(*) The analysis of algae given in column I of T:ble I, Ref, 1, corresponds to fixe
ation under the conditions represented by a 30 minute point on Curve 4, Figurce 1 of
the present note, It is entirely possible th.t the succinic scid found therein,
vhich vas entirely carboxyl labeled, may have been formed in large part by reversi-
bility of the Viood-Ferkman reaction.

-188%-
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Figure 1

Dark Fixation Rate of 01402 by <2-day old Scenedesmus

Curve A - Cells kept in the d.rk for 1 hour in 4% CO5-N5 and then flushed

with helium for 20 minutes,
Curve B - Sume cells as for curve a following a 10 minute exposure to

light (2 x 17,000 lux) continuing the rupid flushing with helium,
Both curves vere obtained by tzking aliquots from the main batch of cells
and exposing them to CH40, in the dark for the time period indicated.
The concentration of cells in the large vessel was 1 cc, of packed cells
in 60 cc, of nutrient solution pH 6.,2. The volume of the dark fixation
vessels and the amount of 01402 in them vas such thzt the partial pres-

sure of ¢l 0, was less than .2 um.Hg.
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Figure 2

BEffect of Pre-illumination upon 1 Minute dark Fixation (Scenedesmus)

The abscissa represents the time which the cells spent in the various
conditions of light and dark as indicated, prior to the removal of =an
aliquot to be tested for d=rk fixing ability by 2 one minute exposure

to radioactive CO, in the dark, 7The time interval betveen the removal

of the ali%uot from the illumination vessel and its coming into contact
Wi}h the €140, was never more than 3 scconds, The ordinate regrresents the
C 0, fixed by an aliquot of the cells during a 1 minute exposure to
01402 in the dark zfter the pretrcatment shown on the abscissa,
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