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c14 
IN PHOTOSYNTHESIS 

by 

A. A. Benson, M. Calvin, V. Li.. Haa:s, s. Aro 

UCRL 120 
Chpmistry•Gerteral 

A. G. Hall, J. A. Bassham and J. w. i~igl 

May 28, 1948 

Abstract 

The general methods for using c14o2 in studying the mechanism of 

photosynthesis are described. The results tabulated give relative distribu.-

tions of radioactive carbon in the photosynthetic intermediates which have 

been isolatod and characterized. This paper is a compilation of the essen-

"tial results, f•lOSt of VJhich have bE:len published in Separate papers vhich have 

been found in this laboratory. 

* Th.is paper is based on work performed under Contract No. W,..?405-Eng-48 
with the atomic Lnergy Commission in connection with the Radiation Labora­
tory, University of California, Berkeley, California. 

To be declassified for publication in A.A.A.S. Symposium on Photosynthesis. 
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cl4 IN PHOTOSYNTHESIS 

by 

A. A. Benson, M. Calvin, V. A. Haas, S. Aronoff 
A. G. Hall, J. A. Bassham and J. w. ~eigl 

Radiation Laboratory and Departm€nt of 
Chemistry, University of California, 
Berkeley, California.* 

28 May 1948 

INTRODUCTION 

UCRL ... l20 

A number of tracer elements have already been used in an attack on the 
\ 

problem of photosynthesis. These include oxygen 18 (1), tritium (2), deuterium, 

(1) Ruben, s., Randall, M., Kamen, M., Hyde, .. J. L., J. rl.m. Chern. Soc., 2J., 
877 (1941) 
Vinogradov, A. P. and Teis, R. B., Compt, rend. acad. Sci. U .R.S.S., ;ll, 
490 (1941) 
Vinogradov., A. P., Bull. acad. Sci. U.R.S.S. Ser, Biol. 1947 
French, c. s. and Holt, i ... S., Reported at A.A.A.S, Symposium on Radio,.. 
activ8 Iostopes in Plant Physiology Research, December, 1947 · 

(2) Norris, T. H., Ruben, S., f->.llen, M. B., J, ,\m. Chern. Soc., fu, 3037 (1942) 

phosphorus 32 (3) ·,and carbon 11 (4). The importance of the carbon isotopes for 

(3) Aronoff,. S., and Calvin, M., Plant Physiol. (1948) 

(4). Ruben, S.; Hassid, Vi. z., Kamen, M., J. Am. Chern. Soc., .§l, 661 (1939) 

* This paper is based on work performed under Contract No. W-7405-Eng-48 
v•ith the :.tomic Energy Commission in connection with the Radiation Labora• 
tory, University of California, Berkeley, California. 
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such a study is, of course, obvious anc1 with the ready availability of the 

long-lived carbon 14 since 1945, the study of the path of carbon in photosyn­

thesis has been undertaken in a large number of labor~tories in this country, 

The method of attack is a straightforw3rd one, First, the plants 

must be fed labeled carbon dioxide under as wide a variety of conditions as 

seems feasible, ranging from dark feeding after suitable pre-treatments to 

itlcreasingly long periods of photosynthesis in the presence of radioactive 

carbon, Included also should be a variation in the dark time follo·wing the 

sdminsitration of labeled carbon dioxide in the light. During the course 

of the:;se experiments, the kinet.J..cs of the total ).ncorporation of the radio­

active c&rbon dioxide should be studied under each set of conditions, follow­

ing vrhich an analysis of the plant substance is made in order to identify 

the compounds or substances into which the radioactive carbon has been 

incorporatE:d, AftE>r these have been identified, the distribution of the 

radioactive atoms within each compound is to be determined, 

Vlith these data at hand, it becomes possible to m::>ke hypotheses describ­

ing the sequence of intermediates through 1Jilhich the carbon passes on 1. ts v•ay 

from corbon dioxide t(, the various plnnt constituents. From the effect of 

the se;vcral variables on the nature. of the compounds into vrhich the tracer is 

incorporated and the rate at which they appear, it should be possible to deter­

mine the relative iwportance of the proposed steps. It should then be possible 

to tE>st these hypotheses by the usual methods of biochemistry, such as the 

administration of synthetically propared labeled intormediates, the use of 

various poisons, and, finally, the attompted isolation of the enzymatic and 

photochemical units from the organized plant cells, leading ultimately, per­

haps, to the possibility of thE, reconstruction of the Vl'hole sequence of 
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r~actions, each scpnratcd from the other. 

The bare results of the beginnings of such an investigation have already 

been reported (5, 6). It is the purpose of this paper to describe the 

experimental methods that were used to achieve these results, together with 

a discussion of them. In viev., of the fact that the preparation of the biola-

(5). Benson, A. A., and Calvin, M., Science,!Q?, 648 (1947} 

(6). Calvin, M, and Benson, .A. A., Scie.nce, 1Q29 476 (1948) 

----~--~·--------

gical materials (algae) , the radioactive material and its measurement and 

the chemical isolations, identifications, and degradations were very much 

the same for each experiment in which the method of administration and the 

immec.ie te pre-tl'E-a tment of the al[;ae were varied. These i terns will be dis­

cussed firs.t in general terms. Thea specific results for f:ach type of experi­

ment will then be pro;:,ented, followed by a hypothesis based upon these results. 

/ 
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EXPERIMENTAL 

Continuous Cultivation of Chlorella pyrenoidosa and Scenedesmus D3 (*).-The 

(*) Obtained through the courtesy of Professor H. Gaffron, Department of 
Chemistry, University of Chicago. 

algae were grown in continuous culture flasks as pictured in Figure 1, The 

flasks were mechanically shaken and a stream of air (1700 m./min.) and C02 

(190 ml/min.) drawn through t}+e flasks. The flasks were illuminated from 

below by two 100 v1att white (4500°K) fluorescent lights (intensity approxi­

mately 5000 lux) • The temperature varied from 20-27° c. The culture solu-

\ 

tion using doubly-distilled (glass) water, had the following composition. 

KNO 
3 

o.oosM o. 506 g/liter 

KH2Po
4 O.OOlivl 0.136 g/liter 

MgS04 • 7 H20 0.002Ivl 0.493 g/litGr 

Ca(No3)2 o.ouo25M 0.041 g/liter 

H3Bo3 o.oooo28M 1.43 mg/li ter 

MnSo4 • H2o 4,5 X 10-6M 1.05 mg/liter 

ZnC12 3.7 X 1o-7M 0,05 mg/liter 

Cuso4 • 5 H2o 1.6 X 10-7M 0.04 mg/liter 

H2Mo0
4 

• H20 '5.6 X 10-8M o.ol mg/liter 

Fe(NH
4

) 2so4 • 6 H20 1.38 X 10-5M 6.2 mg/liter 
/ 

pH 4.5 

All constituents except the Fe(NH
4

) 2so4 were mixed (designated as 

solution A) and autoclaved for 20 minutes at 16 lbs, The Fe(NH4)2S04 solution 
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(designated as solution B) was prepared by adding 5.6 g.· of Fe(NH
4

) 2so
4 

to 

one liter of boiling wc.ter fJT(Viously acidified to pH 2 with 6N H2so4 a~d 

autoclaved immediately. The acid pH and removal of oxygen prevented the 

oxidation of ferrous ion during autoclaving. One cc. of this solution vras 

added to 899 cc. of solution A each day to make the final culture solution. 

Stock cultures of Chlore1la pyrenoidosa and Scenedesmus n
3 

were kept 

on 2% agar slants of so1ution A and B plus 0.2% glucose. After grov,th, the 

slants v.rerE:J stored at 5°0 until used. 

Chlorella pyrenoidosa were hF:~rvested every 24 ho1U's by withdrawing 

900 cc. of culturt.~ from the flask. Approximately 1. 5 cc~ of packed cells 

(20 minutes at 530 G) were obtained at each harvesting. A refrigerated 

cEintrifuge was used to prevent heating of the cells during the centrifuga-

tion. VJhE:Jn centrifuged ·without co.oling the cells were 1-:cated enough to 

greatly impair their rate of photosynthesis. Scenede;smus D
3 

were harvested 

every 48 hours, and approximately 1 cc. of packed cel~s v,'as obtained per 

C.OO cc. of medium. The growth of the culturt>s may be determined by placing 

a calibrated photronic c€:11 in series v;ith a microammeter at the surface of 

tbhB culture flask to me~sure the light absorbed by the organisms. 

After harv6sting, one cc. of solution B and 899 cc. of solution A were 

added to the culture flask. The 100 cc. of culture m6dium remaining in the 

flask served as an inoculum for .this solution. 

'The average rate of y;hotosynthesis ,of cells grown under these conditions 

was 0.47 mm3o2/min/mm3 for Chlorella pyrenoidosa and 0.43 02/min/mm3 for 

. Scenedesmus D3• 
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0ne cc. of pac~ed Chlorella cells contained 4.4 mg. of chlorophyll and 

0.155 gms. of dry matter. One cc. of packed Scenedesmus cells contained 

5.5 mg. of chlorophyll and 0.127 gms. of dry matt~r, 

Continuous cultures of Chlor€lla pyrcnoidosa have been grown for 2~ 

months before the production of mucilaginous materiai by the organisms CB.used 

the cells to adhe;re to one another and to the surface of the cul turr; flask. 

These cells settled rapidly and showed a decr8ased rate of carbon dioxide 

fixation. Therefore, the culture was abandoneCI and a new continuous culture 

started with a fresh inoculum of Chlorella pyrenoidosa. Scenedesmus n3 cul­

tures started to clump after about one month-of continuous culture. At this 

time, a nt:w culture was st.:.rted using as an inoculum Scenedesmus D3 from 

an agar slant. 

When the cells 't"tere centrifuged a thin layer of white material appeared 

on the surface of the packed ceUs. This material, when examined micro-

. scopically, appeart:d to be debris from dead cells and no bacteria were seen 

in this white layl;r. 

When solution A ,Nas uSfJd to prepare the culture mc~dhm, the initial 

rH vras 4. 5. At the time of harvesting, the culture of Chlorella pyrenoidosa 

has a pH of 7.3 and the cul turc of Scenedesmus had a pH of 6. 5. v:hen (NH4) 2so
4 

VE;placed KN03 in Solution A and CaC12 was used lnstead of Ca (NOJ) 2 no gro·wth 

of Chlorella pyrenoidosa t~·as obtain~d. However, when the pH of this medium 

was changed from the initial value of 4.5 to 'pH 8;7-9.0 with 1 N"NaOH, growth 

was as rapid as in the corresponding nitrate medium at pH 4. 5. During growth -

inan.ammonium medium the pH decreased so that in 24 hours the ~H of thG 
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culture was between 6~ 5-7 .o. Aft{:jr 48 hours the pH ~nas 3.0 and growth had 

ceased. Cells trcnsferrcd from the culture medium at pH 3 to fresh medium 

at pH 8.7 were unable to grov!. ~Jhen grov'ing continuous cultures of ChJ.orella 

l'Jrrenoidosa in an ammonium medium the pH of the culture was determl.ned by 

draviing r.t portion of thEl liquid into a chamber attached to the culture flask 

v:hich cont.:.ined micro pH c.lectJVodcs (sr;;e Figure 2). The culture was kept 

betv.1een pH 9.0-7.0 by adding l N NaOH at approximately 12 hour intervals. 

~ley ~2§.2J:.;];gg,§~ - Barley seE:Jd1ings, grown in the green house in Hoagland's 

nutrient solution, v.rere freshly cut for experiments when three inches long(*). 

VJEJ are indebted to the Division of Plant Nutrition for the culture of 
barley seedlings usod in these experiments • 

Preparat~on of Na?pl4o~~ .. B.n·ium Ct;rbonate containing aprroximately 4% c14 

was converted to carbon dioxide by add.1.ng concentrated sulfuric acid from a 

by-passEJd dropping funnel to the dry powder in va£g.Q. 'fhe evolved gas was 

collected in a glass spiral trap of 20-60 ml. volume, immersed in liquid 

nitrogen, through which the co2 generating apparatus is connected to the 

high-vacuum line. At pressures of 10-4 mm. Hg the quantitative t~ansfer 

of co2 is practically instantan&ou.s. 'I'he co2 generat::tng assembly was then 

rer.lovecl from the spiral trc:.p and rcplacf;d by a 10 ml. volumetric fJ.ask 

containing 1-2% excess <.:arbonate-fr('e sodium hydroxide (*) dissolved in a 

-------------------
(*) Pr~pared by filtering 20.5 N NaOH with Celite filter aid. 

fevr ml. of watGr. The alkali solution was frozen in liquid nitrogen and the 

flask evacuated, whereupon the C02 contained in the spiral (a by-passed 



-13-
UCRL-120 

spiral is most convenient) v..•as transferred to the flask.· After melting, 
i 

the alkali solution vras diluted with water tv the given volume. It was found 

convt:nient to prepare one to two millicuries of sodium carbonate per 10 ml. 

solution. For determination of dark fixation ratE.s, the stock solution was 

diluted 1:25. 

Determination of Rad~oactiv~t~. - In all chemical work radioactivity was 

0ett:rminf:,cJ. using large diamEJter (65 mm•) helium-filled atmosphE.ric pressure 

Scott Geig-::r--MLUler tubes operation at approximately 2000 volts. The mica 

v1indow ·thi~kness v,,ried from 0. 79 to. 1.3 mg/cm2. The efficiency of such 

tubes is 5·-7 disinteg:r·ations pt:'r count. V<;;ry vwak samrles, 0-20 c,p.m. 

( ctmnts per minute)' were measure~ using an automatic background-sample 

alternator developed in this laboratory which served to reduce_errors due 

to background fluctuations (35-1~5 Cop.m3). In this way,' ssmples could be 

com}-Jan:d v.rith background in 8 t!'linute cycles as long as necessary. The 

usc of a windowless methane·-filled cnub.ter such as the Nucleometer will f·ur-

ther. simplify the counting of woak samples, 
\ 

Samples of 11.5 cm2 arEa V'•ere mounted on aluminum· and glass (1/32 

) 

inch thick) disks described elsewhere (?). C.ubonate was 1J.Sually counted as 

{7). Gelvin, Heidelberger, Reid, 'l'olbE>rt, and Y.snkwich, 11 Isotopic Carbon" 
John 'Jiley and Sons, 1948, in press. 

-----------------
Baeo

3 
and gavt: reproducible and rsliable results. Orgsnic samples were 

counted on both types of plates depending on acidity and surface tension 

properties involved. It has been found that self-absorption corrEctions are 

negligible ,for sample thickness8s less than 0.2 mg/cm2 ; and such corrections 
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are unreliable for thicker layers. Hence, in all quantitative vmrk, sample 

thicknesses were restr.icted to 0.2 mg./cm2 for uniform]J smoothc. laytrS;;of 

non-crystalline substancE-s. Samples .of crystalline substances must be very 

thin since the thickness of the individual crystals'will determine the self­

absorption of the sample. Such samples give reproducible ( t: 3%) activities, 

end the rt.;sults with widely differing materials may be safely and accurately · 

compcr0d as shovm by the activity balances involved in Table II of this paper. 

In dcgradntions and co-crystallizations, specific activities must be 

accur!ltely determined. Pure crystalJine compounds are; weighed on the alumi-

num disks after which the sample (0.50 to 2.50 mg.) is dissolved on the disk 

in an appropriate solvEmt and spread on a rotating turntable under a hot 

. c.ir dryer to give a uniform circular film. 

~££~ of Preillumination gn Dark Fixation Rates. The illumination vessel 

(Figure 3) ~ras a water-jacketed ·circuJ a.r vessel one cE:ntimeter thick of 50 ml .. 

~olume, Algal suspensions of 1.0 ... 1. 5 cc. packed cells in 50 ml. fresh 

nutrient solution were prepa,z'Gd from fresh, day-old cultures of Chlorella · 

and two-day old Scenedesmus cultur&s. Illumination from both sides of the 
' 

illumination vessel vl'ith 300 watt reflector spot lights using adequate· 

wate:r-cooled glass infra-red absorbing filtres was found satisfactory for 

such cell concE:ntrati.ons (Figure 4). By means of an ~liquot bulb equipped 

v.rith arrropri~te stopcocks at tho bottom of the illumination vessel, a 

/ 

reproducible samplEJ of 1.8 ml. could ra}idly be withdrawn and transferred 

to an e;vacuated 30 ml. blackened flask containing 0.100 ml. of Na2cl4o3 

solution (0.8 . ..uc.). 'l'h& stopcock attacht:d to the black fl3sk v.·as closed 
/ 

and the sample removed from the illumination vessel. For five-minute 
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dark fixations, shaking "''as done mechanically while thE. ·one-minute fixations 

were shaken manually. The algae were killed rapidly by add.,~.ng 0.500 ml. 

of acetic acid-concentrated hydrochloric acid solution (4:1) to the ground 

joint above the stopcock and turning the stopcock at the desired killing time. 

Th8 algal aliquot had been flushed into the black flask with less than one 

atmosphere of nitrogen pressure leaving suff~cient vacuum to accommodate 

the acetic .:.cid solution. The fixed non ... vobtile radioaqtivity was deter-

mined on sam1les prepr~red by evaporating 200 /Al~ of the suspension on glass 

cisks. 

Curve A, Figure 5, was obtained by prepar~ng ~ series of samples from 

<?cenedesmus suspension which had bee.;n in the dark in 4% C02 in nitrogen for 

one hour followed by rapid.flushing with helium for 20 minuti':.s, The samples 

vrere killed after appropriate times of shaking with the labeled carbonate. 

Curve: B w~s obtained by taking a SE;ries of preilluminated samples from the 

same Scenedesmus suspens1.on after illumination(constant helium flushing) for 

10 minutes. The initial slope co.aesponds to a dark fixation rate of 0.1 

mm3co2/mm,3 cells/min. at a co2 partial pressure of 0.18 mm, (8). 

(8). Effect of C02 pressure on the rate of dark fixation by algae. C~lvin, 

M. and Benson, A. A., to be published. 

Effect of Preillumin: .. tion upon co2-Reducing Power. - Chlorella and Scenedesmus 

~mltures used for the.;se experiments are those dE.scribed· above:. Fresh cells 

were rapidly centrifuged and resu~pended in fresh nutrient and plo~d in the 

li:llumins.tion vessel as 'l!rith dark fixation rate experiments. 
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In order to obtain a reliable starting point for the experiments, the 

· illumination vessel was darkerled, and 4% C02 in nitrogen was bubbled through 

the c~ll suspension for one hour after which it was removed with a vigorous 

helium stream fur 20 min1.1te..s. To a Jarge number of black 30 mo. flasks equipped 

\'!ith stopcocks and ground joints was added 100 )Al• (0.82 _.).Jc.) of the diluted 

Na
2
c14o

3 
solution. To each of these flasks was added an aliquot (1,68 ml,) 

of the algal suspension at suitable times during the experiment. The opera­

tion of filling the aliquot bulb and flushing the sample into the black flask 

with 0.8 atm. of nitrogen pressute required less than two seconds, during 
- • ' ' ! 

which time the sample was in the aliquot 'bulb. Several dark samples were 

always taken to escertain th::.t the CO~fixing p6vl'er of the algae was constant. 

These results give the initial straight line in Figures 6 and 1. 

Two 300 vratt rcfle,ctor spot lights were th€n turned on the illumination 

vessel using appropriate water-cooled glass infra-red absorbing filters. 

Circulation of tap water through the water-jacket of the illumin3tion vessel 

maintained a temperatur·e 'in the algae suspension at 20°C. The curve shown 

in Figure 6 sho~s the r,esults ~ith Chlorella in which the aliquot of algae 

is shak~n for 5,0 minutes in the dark with c14o2• The curves in Figures 

5 and 7 were obtained \l!Tith Dark c14o2-fixation times of one minute. 

Experiments in which co2-free air was used instead of helium during 

preillumination gave· similar cvrvE::s. The rate of growth of reducing power 

V!as unaff(lcted~ but the maximum attained and its, stability with time appeared 

to be diminished ap:rreciably. 

Effect of Replacing Nitrate in the Nutrient b;y Ammonium Ion on Preillumina• 

tion eurves~ - Chlorella cells grown in nutrient containing nit~ate ion as 
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the source of nitrogen were centrifuged and washed with a nutrient solution 

cont:.hing only ammonium ion (pH 4.5) as a nitrogen source. The cells were 

resuspended in this nutrd.ent and t-heir ability to store •co2 -reducing power' 

v;as measured :21s described above. The experiment was performed in a different 
I 

manner in that the algae were preilluminated 30 minutes until a maximum was 

reE;:ched. The lights vrere turned off and the decay rate che?ked. The 1 growth' 

rate following this decay was very sim.ll:.r to that shown in Figure 6 for 
f ,-- ---, 

normal ! NOf" i -grown Chlorella. 
I ' , 
L.- .... .:. 

As a check on the validity of this conclusion, a Chlorella culture 

vras reinoculated three times in NH4+ medium and shown to give a 'growth' curve 

identicalwith that for normal Chlorella and for celis merely suspended in 

(NH
4

--+·) medium. 

Photosynthetic c14o2 Fixation by Algae. ~ The illumination arrangement des­

, cribed for preilluminating algal suspensions was adapted to illuminate a 

130 ml. circular vessel with flat sides 20 mm. apart. One cc. of p1cked 

ce-lls suspended in 100 ml. of nutrient solution was allowed to photosynthesize 

4% co
2 

in air in the ve?sel for one hour. The gas wa::. then changed to air 

for '5 minutes, after which the inlet tube was rapidly removed from the vessel 

and 500 ;\__ (0,10 me.) of Na2cl4o
3 

stock solution was rapidly injec'ted into 

the solution. The vessel was &toppered and sh2ken vigorously in the light 

beams for the required time, Simultaneously with cessation of illumination, 

20 ml. of acetic acid-hydrochloric acid solution is rapidly injected into 

the body of the solution. After standing 10 minutes in the dark, the products 

were isol::ited as described for dark cl4o2 fixations. In an experiment with 
-,.---

similar cells kiled by rapidly pouring the solution into boiling ethanol, the 

activity fixed was the same. 
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Isolation of Radioact:j.ve Products_from Al_g~. ~ The isolation process des­

cribed below was developed to separate co2-fixation products of d"'r k fixa-

tions and short photosynthetic f.;xat4ons .1· n·~o f h · "- ... v groups o c em.1cally similar 

compounds which could be further separated b'r r 1· d d ., mo e spec.1a .1ze proce ures, 

Any fractions discarded or not mentioned were not found to possess signifi­

cant radioactivity. 

The algae suspension, ~aving been rapidly killed by an addition of a 

fifth its volume of acetic acid-hydrochloric acid solution, ~ras allowed to 

stand for 10 minutes during which unused cl4o2 was recivered by aspiration 

through sodium hydroxide. The suspension was filtered with Celite into a 

graduated cylinder. In the case of dark fixat.1.ons and short photosynt~e~ic 

fixations, no radioactive products remain insoluble. After determining the 

activity of a suitably sized aliquot (10 to 500 _/~1.), the solution was sub-
1 

jcctod to a rapid continuous ether extraction for 15 hours. The ether ex~ 

tract was evaporated to dryness at reduced pressure and taken up in glacial 

acetic acid for determinution of radioactivity. The aqueous phase vms 

evaporated to dryness ~££2 below 20°C, redissolved in 20 ml. H20 for 

determination of activity, and successively pa·ssed through 25 cc. columns of 

Duol~te C-3 cation exchange resin and Duolite A-3 anion resin, The effluent 

sugar solution was rendered acid to phenolphthalein, if necessary, by addition 

of a drop of dilute hydrochloric acid. The resins 'V'.rere. washed with 250 ml. 

of v1atE:Jr, and the total effluate was evaporated at reduced pressure to a con­

venient small volutne for determination of radioactivity (Fraction IV) • 

Fraction II wq,s obtained upon elution of the cJtion exchange resin 

with 100 ml. of 7% hydrochloric acid during one hour., Separation. of alanine 
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from this fraction is described belov.', Further identification of the amino 

ocids synthesized vrill be dbscribed in future publications (9). 

(9) • Sterka, ti,, Benson, A. A. and Calvin, M .. Science. 

Elution of the anion exchange resin was first done vl'i th 100 ml, of 

1.5 N ammonium hydroxide during one hour or more after v.;hich the column was 

washed with 250 ml. of water, Evaporation at reduced pressu.re to a conveniient 

volume gave :F'raction III-A. Further elution with ammonia removed no ,more 

radioactivity. The resin was then eluted with 30 ml.of 1,5 N sodium hydro­

xide during one hour. The elunte and the succeeding 250 ml. of water wash 

vres directly passed through a 50 cc. cation resin column (Duolite c ... 3) which 

removed the sodium hydroxide, The effluate (Fraction I-II-B) was E.Vaporsted 
) 

. to a convenient volume for determination of radioactivity. 

Photosynthesis by Barle;L_Seedling~ • .,. Gaseous cl4o2 "''as fed to the leaves in 

the apparatus described previously (10), The leaves.were stored in liquid 

nitrog0n after th8 experiments until extraction, . In experiment III, the 

{10). Aronoff, s., Benson~ A, A., Hassid, 1i.f, z., and Calvin; M,, Science 

1Q.2, 66~ (1947) 

·products were separated by ether and BO% ethanol extractions of lyophilized 

leaves. In experJments IV and V, the leaves were subjected to repeated 

extractions with aqueous acetic acid solution •. The combined extracts were 

evaporated to dryness or to a convl$n~ent volume and subjected to continuous 

ether extraction. Succeeding fractionations 1JI:ere similar to those used 
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v:rith algal extra· cts. Th r lt f th e esu s o ese experiments are tabU19ted in Table 

III. 

Identification of Rad~oactive Products 

Fractionation of Ether-Soluble Carboxylic Acids (I). - The continuous ether 

extract v·as evaporated to dryness in Va.£1:.2 and taken up in 0.2 ml, of n­

butanol. The solution was diluted ·with nine volumes of chloroform and the 

seapration carried out according to the met':-1od of Isherwood (11). For the 

separation of lll&1ic and succinic acid, 5 mg. amount::> of each were added as 

------------~.·~ 

(11). Isherw<;>od, F. A., Biochem. J., if2, 688 (1946) 

carriers to produce the detectable indicator color as each emerged from the 

column. The &ctivities so separated were diluted with added carrier for 

degradation experiments (12). 

(12). Benson, A., and Bassham, J. A., J. Am. Chern. Soc., in press. 

Isolatiop of P~dioactive Succinic Acid from Chlorella. - Chlorella cultures 

10-14 clays old wer& harvested in a refrigerated Sharples super-centrifuge 

and resuspt::nded in distilled water, To a co2-free suspension of 469 g. of 

. 14 h . t . 
packed cells in one liter of water was added 100 ./..(jC. of C 02, t e ml.x ure 

shaken vigorously for 30 minutes in the dork after which 100 ml. of acetic-

hydrochloric acid solutionwas added to rapidly kill the cells. 
The radio-

active products were separated from the. cells by filtration and subjected 
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to an ether extraction at pH 6.0 which removed very little radioactivity. 

Continuous ethbr extraction at pH 1,0 removed 80% of the activity (400,000 

c.p.me) • Evaporation of the ether extract g.::.ve 50 mg. of crystalline succi­

nic acid cont~ining a small amount of radioactive fumaric acid. The radio-

activ0 product was identified as succinic acid by determination of equivalent 

~eight, melting point, distribution coefficient between water and ether at 

pH ,LQ and betv•een water and ethyl acetate, dependence of distribution coeffi.· 

cient on pH of aqueous phase, titrationcurve, molecular '!;',:eight, elementary 

ar_1alysis and by x-ray powder diffraction pattern, 

Alanine Determination. • To a suitable aliquot of the c:;.tion eluate was added/ 

100 mg. of dl-alanine and excess 3 M KHC03 solution. N-Benzoyl alanine was 

prcparEld in the usual manner by stirring with excess benzoyl chloride. After 

removing the benzoic acid with ligroin the product was extracted with chloro­

form and crystaJ.lized from acetic acid-petroleum etheir solution (yield, 

100-200 mg,). The specific activi:lly of the product was usually constant 

after one crystallization. The alanine activity of the original aliquot is 

then calculated from the theoretical yield and the specific activity. 

Qualitative Identification £( Radioactive Amino Acids. - The identification - - ' 

of amino ac.id constituents of plants as well as identification of radioactive 

amino acids has been performed using filter r.aper chromatograr-hy-radioauto­

graph tachnique (13). The results of th(;se expaiments will be reported in 

future publications (14)~~ 

(13). Fink, Robert and Fink, Kay, Science, 1Q1, 253 (1948) 

(14). Stepka, 1r;., Benson, A, A., and Calvin, M., to be published. 

--~--------·--------
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ldJJn:tJJ:.iG~t.J.on. .. 9f.J~Pho_s.pho.gly.c_e_rjJLitcid. - To a 200 )11. aliquot of the 

fraction III-B (30-second photosynthetic Scenedesmus) containing 9250 c.p.m. 

of c
14 

vras added 5.4 mg. of barium J-phosphoglycer1te. The specific activity 

of the crystalline salt after two recrystallizations from v'~ter was found to 

be 1650 c.p.m./mg. for 0.40 mg. sample. A third recrystallizations gave a 

specific activit~ of 1600 c.p.m./mg. for a 0.29 mg. sample, while a fourth 

recrystallization was 1600 c.p.m./mg. for a 0,49 mg. sample. This assay 

indicates that 94% of III-A is 3·phospP,oglyceric acid but does not represent 

unoquivocal proof since s~milcr compounds may "carry" the radioactivity as 

v:ell. 

Hydrblysis of 3-phosphoglyceric acid was carried out in th~ following 

typical manner. To a 141,000 c.p.ml. aliquot of III-B (from pre-illuminated 

Sceneidesmus) in 10 rill. of 1.0 N hydrochloric acid was added 3 mg. of barium 

3-photphoglycerate and 15 mg. of sucrose. The solution was heated at 100° 

in an evacuated Sualed tube for 8 days, The hydrolysate WaS evaponted to 

dryness in vacug, taken ~p in water, and was found to have 115,000 c.p,m. 

It was adsorbed on a 25 cc. Duolite A-J column and thoroughly washed with 

water. Upon elution with 200 ml. of 1.5 N ammonium hydroixde, 82,000 c.p.m. 

was found in the ~vaporated eluate. In separate experiments it was found 

that 3-phosphoglyceric acid is not eluted from Du.olite A-3 by ammonia while 

glyceric acid. is readily elutable with ammonia. 

p-Bro~1ophenacylglycerate was prepared from 112 mg. (0.67 mmols.) of 

glycer~c acid syrup together with t~e above 82,000 c.p.m. hydrolysate. It 

ViaS fonnd advisablE.: to use on1y 100 mg. (O.J6 m~ols.) p-bromophenacyl brodide 

in order to obtain a purer product~ The specific activity of the crystalline 

·· 455 +50 /mg 111rhich indicates that the hydroly ... product was found to be· · - c.p.m. • 
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sate activity is all glyc6ric acid. 

Solvent distribution constants for the hydrolysate activity were com­

pared with that of authentic glyceric acid and found to be identical within 

the errors involved. Distribution of p ... bromophenacylglycerate (from fraction 

III-B of 30-second photosynthetic Scenedesmus) between phases in a mixture. 

of 0.50 ml. toluene, 0.20 ml. acetic acid, and 0.07 ml. water was carried out 

using 5.69 mg. (310 c.p.m./mg.) of the ester. The specific activity of an 

aliquot of the lower phase was 275 c.p.m./mg. for a 0.030 ml. (0.90 mg~) 

aliquot. The organic phase had a specific activity of 308 Cl.p.m./mg. The . / 

apparent discrepancy between the radioactive estf~r and the carrier ester was 

clarified whf.m it was found that 12% or more of the product from the lower 

phase v;as vrater wLich caused the lovv original activity. Evaporation of 

toluene in preparing a plate of the organic fhase had thoroughly dried the 

sample. Elementary analysis indicated 2-3 moles of water in undried samples 

of the ester. 

Identification Tests on Compounds Appf_·aring in Fraction III-A. - Since carr£er 

triose phosphates are not presently available to us an unequivocal identifi· 

cation of triose phosph~te is not possible. The following chemical properties 

of the radioactive compounds in ammonia-eluates (III-A) have been observed. 

The ammonia-eluate was evaporated at reduced pressure and readsorbed 

on Duolite A-3 resin. A small Fraction (8-15%) of the activity was found 

in the e;ffluate and may be hexoses, trioses or pyruvaldehyde derived from 

materials in !II-A. Ammonia re-elution removed only 15-20% of the adsorbed 

radioactivity. The major fraction of the activity was found in the sodium 

hydroxide eluate (after ammonia elution) and v,,as identified as phosphoglyceric 

acid. 
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In a separate 30 second photosynthetic e·xperiment with Scenedesmus, 

tests \'Jere performed to identify triose phosphate. Since Fraction III-A 

was readily converted to a different substance, phosphog:).yceric acid, after 

the first elution from the resin, it was necessary to use the whole algal · 

EJxtract for identification experiments. To a'?- aliquot 11'ias added hydrochloric 

acid to make the solution 1.0 N HCl. C.:lrrh::r dihydroxyacetone v.'as added, 

and the solution was steam distilled. Pyruvaldehyde dinitrophenylosazone 

vras prepared from the distillate. Recrystallization of the product reduced 

the specific activity ·considerably to a specific activity corresponding to 

10% of that expected if III-A v;ere triose phosphate. This did not change 

upon successive recrystallization. Acetaldehyde dinitrophenylhydrazone was. 

isolatE;d from the steam distillate using carn .. er. This may be a break-down 

product of pyruvaldehyde or phospho-enol pyruvic acid, 4 small amount of 

acetic acid was identified in a simihr way but no evidence for formic. acid 

or formaldchyde ras found. 

Identification of N~lli...§~tances. -Fraction IV, the effluate from the 

exchange resins, was evaporated to a small volume, and aliquote were co­

crystallized VJith glucose and fructose to constant specific activities~ 

Although glucose and fructose may not have approximately equal activities as 

indicatEJd by this method, incomplete informati~n obtained using paper chroma­

tography indicates the formation of both hexoses in dark fixation as well 

as in short photosynthetic eXp8riments. Glucose phenylosazone was prepared 

using carrier glucose seedlings and fructose from sugars synthesized by photo­

synthesizing barley seedlings. The total activity in fructose and glucose 

calculated from the specific activity of,the purified osazone was determined 
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and compar~d vrith activities in each of the sugars as determined by co-crystal­

lization. Since the sum of the apparent .activities in glucose and fructose 

'Jras 120% of thE:; activity in glucose phenylosazone, it is obyious that one 

or both of the radioactive sugars had co-crystallized to a certain extent 

with the other carrier. For degradation experiments 'glucose was co-crystal­

lized with suitable amounts of radioactJ.ve sugars and gave good yields of 

radioactive lactic acid with Lactobacillus casei. 

Degradation of Products 

Suc£1ni£.~ .... ·Samples of labeled succinic acid obtained from sepsrations 

vrith the silica gel columns were diluted with carrier and subjected to a 

CUl'tius df,gradation procedure (12). Tho carboxyl activity is separated as 

barium carbonate V.rhile the m0thylene cnrbon gtoms are isolated as the hydro­

chloride of ethylene diamine from the Curtius reaction. 

~}.£.11:.£19• - SamplE..s of malic acid obtained from the siliqa gel columns 

were oxidized with chromic acid (12) to give co2 from the carboxyl groups 

end acetic acid from the ~ and p carbon atoms. The 00
2 

is counted as 

barium carbonate and the act;tic acid is counted as barium acetate. 

Alanine. - N-Bcnzoyl alanine, of known specific act:Lv~ ty, V''as hydrolyzed 

overnight in refluxing 48% hydro}:!Jromic acido The soCLution v:as Gvaporated to 

dryness and the residue 'l'"ashed with ether. The alanine was taken up in 
.I 

vrater a'.nd its activity checked. 

The decarbo~Jlation of aliquots containing 10-15 mg. of radioactive 

alanine VIith ninhydrin v.'aS performed using the evacuClte..d U-tube method of 

van Slyke. AcetaldEJhyde activity was detE;rmined by dissolving the theoreti-

, cal amount of 2 ,4 ... dinitrophenylhydrazine in glacial acetic acid into which 
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the products could b~ distilled. The acetaldenyde, 2,4-dinitrophenylhydra­

zone was recrystallized to constant specific activity from which total acti­

vity in th&al and jJ carbon atoms of alanine may be C3lculated. In a sepa­

rate experiment, the acetaldehyde V'as oxidized to 'iodoform, the specific acti­

vity of wr,ich gives the (3 -carbom activity alone. For determination of 

carboxyl group activity it was found necessary to dec:Jrboxylate an alanine 

aliquot in an evacuated small flask _euqipped with a brge bore stopcock, 

through which the carbon dioxide could later be distilled into dilute car-

bon~ te-:free sodium hydroxide~ The usual procedure which involved heating 

the alkali in the receiver causes excessive polymerization of acetaldehyde 

and contaminates the barium carbonate obtained. 

A.spC~rtic fl.cid ... Aspartic acid purified by co-crystallization of carrier with 

an aliquot of the cation exchange resin eluate is subjected to the same 

o:xid:.tion procedure ·as was malic acid. 

~~~ .. The degrad:1tion of hexose samples v..•as performed using LactobacillUJ! 

~ei according to the me~hod of 1\ronoff, Barker, and Cslvin (15). The 

validity of thiS me.thod W3S confirmed_by degradation Of synthetic isotopiC 

acetic and lactic acids (16). 

(15). Aronoff, S., Barker, H. Jl... andCelvin, M,, J. Biol. Chern., 169,459 
(1947) 

(16). Aronoff, s .. , Haas, V. A., and Fries, B. 

Results 

,\ 
.;."".\..' to be publ~shed. 

The results obtained by the foregoing mE::thods on several preparations 

of algae and barley are given in the following tables. 
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Radioautographs of paper chromatograms of amino acid frac~ion II and of 

~he total cell extract for photosynthesizing Scenedesmus (30-second) demon .. 

strated the predominance of alanine and aspartic acid among the radioactive 

amino acids as well as the: total absence of any detectable glutamic acid. 

Eimilar cxamin::.tion of the amino acid fractions of preid.lumimted algae gave 

a similcr distribution of radioactivity. i';ith prcillumin.1ted Chlorella the 

predominant anLino acid is alanine while aspartic acid is predominant in pre-

illumin.: tt-;d ,scer1edesmus. 

From an examination of Talbe II it v:ould appear thet the most pronounced 

difference betv.reen preilluminated algae and the. phbtosynthesizing algae 

'• \· . ; 
(3d-second) is the lsrg0 rise in the fraction of radioactivity found in 

fraction II!.;A• 
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Tible 1 
' . 

OARK C02LFIXATION ~RbbTJCTS bF' CHLOREtua 

Dar.k Tlineiii~ffi~e Minutesb 

i ---·--·---------·-;------ ····--- ~-,--. ···---·-·---- ' .. - -- ~-- ------ .. ---·--·--- ·-- ·····-· -- ~ --- -····· ------·--------..., 

I I'R11LLUMINATIONC lNOr-.lE ; 5 MINUTE I 60 MINUTE I 120 MINUTE I 
I i I l ' ·i ------------------------------- + ------ --? --- --- . -·-r - - - -- ------- ·-·------- --- ---- _____________ \ 

; 'l'otal fixed : 1 ; ,-•./ 10 ! ,-'-" 10 ! .. .-.J 10 ! 

!--· --- ______ !'_§.l~.t i Y.~~Afu. _____ t---"----t--------·--·--·:····- .. ----~----------- .......... . ___ -·-------~ ________ -----·- ----·-·-· .. .. 
l ! I I I I' 

I I l l ! 

I CARBOXYLIC ACIDS ; 52% ·' 21% 1 14% j 11% ' 
in Elther extracted~- I ! 

MALIC ACIDe 16% 11.5% 
SUCCINIC ACIDe 5.2% 3.1% 

II AMINO ACIDS£ 
t:ldsorbed on 
cation resin 

III ANIONIC SUBST),NCESg 
adsorbed on 
anion resin 

IV SUGffiS 

non-ionized 
compoundsh 

I 

31% 41% 

16% 

0.45% 
I 
I 

i 
I 
I 

7.4% 
0.5~ 

64% 

21% 

0.96% 

74% 

! 
I 

I 
I 
I' 
I 

1-------- .. ------ ... _____ .. ___________ .. --·------ ·----- --- -- _____________ ,. _____________ L.. _______ _,_ ... _, ____________ j ___________________________ ! 

(a) One ,day old cultu-res of Chlorella pyrenoidosa. (b) The cells were killed 
rapidly by adding 20% by volume of galcial acetic acid-hydrochloric (4:1), 
All radioactive :r.;roduc:ts were in aqueoua phase within .5minutes. Cells'removed 
by filtration.. (c) One co. packed cells per 60 ml. of m!ltrient solution was 
illuminated (infra-red r-emoved) using 17,000 lux beams from both sides. A 
rapid stream of helium p3ssed through the suspensions during the experiments. 
The maxlmum fixation v1as not d:j_minished by illumination periods as long as 
17 ho<rrs. (d) Hapid continuous 15 hour extractions. (e) Separated by par­
tition cbrcm8tography on silica gel column. (f) Eluted from Duolite C-3 resin 
using 2o5 N hydrochloric acid. (g) Eluted from Duolite A-3 resin using 1.5 N 
sodium hydroxide. ~h) Eff1uate from both exchange resins. 

/ 

(' 
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TABD& II 

DISTRIBUTION OF C~ IN ALGAE 

~----------·-----.--·· -------···--~----- -----··------·-·: ----···---··---,- . ·----~-------··----··---·-· ------

1 Alga fhlorella8 l Scenedesmusb j Chlorella I Scenedesmus 

Pre-Illumination Time 160 MinUtes I 10 Minutes I Photosynthesizing I Fhotosynthesiz 

, 1 I . 

-. 

Fixation TiJlle ·11 Minute Dark!l Minute Dark I 30 Seconds Lightc +- 30 Seconds Lig 

. . ·------------------r-1---~--~---------t·----- -- -r· ----------·-----------I --------

1 Total ~ Fixed cpm x 10-6-. 1· 
1 

100% t. I 100% i 3.1 I 100% I 6.2 I 100% 
1 

I r;ther extractable ac~ds 
1

.13 
1!. 13% ; .12 ~ 12% I .• 078 2. 5% . I .64 I 10% I 

l I I 
II Cationic (ami?O acids~ r51 r 53% ~ .38 I 39% i .44 

III-A Anionic. Ammonia elutabled !.023 I 2.4%i .041 l 4.2% 1: 1.19 
. I l 

III-B Anionic. Not ammonia elutableJ
1

.30 II 31% j .41 I 42% \ 1.13 

' ' : I I 
IV Neutral Substances (sugars) i•0033j 0.3%: .0013 II 0.1% 1 .14 

'- I ' ' l 
------------ _______ _t_ ___ _L _____ • -----~---·-- ---'-------'-------4-----

14% ! • 68 11% . 
' 

38% 2.75 44% 

36% I 1.61 27% . 
I 

I 

4.5% .29 
I 

4.7% l I 

I ro . 
\0 
t 

(a) Chlorella pyr~noidosa, one day old cultures. {b) Scenedesmus D
3

, two day old cultures. {c) Cells 
rapidly photosynthesizing were given radioactive carbonate and shaken until removed from the light beams 

and instantly
1

k>illed. (d) Adsorbed on Duolite A-3 and eluted with 1.5 N ammonium hydroxide. {e) Eluted c:::: 
vrith sodium hydroxide follo·wing the previous ammonia elution. @ 

t-t 

\ 

1-' 
ro 
0 
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TABLE III 

PHOTOSYNTHETIC PRODUCTS OF BARLEY 

i 

----------------···---· j 
Age 

Pretreatment 

Time photosynthesizing 

I 
I 
I 
I 

Dark respiration time before i 

freezing I 
Total cl4 fixed I 
Insol. in 80% ale. 

Ether ext. pH, 7 

I Ether ext. pH 1 

II Cation resin eluate 

III Anion resin eluate 

IV Neutral substances in 
resin eluate 

-i 

EX!"rlment r1Experiment IV JE~r~m:_n~_v ___ l 
10 ilays i 7 day + 14 daylll days I 

I ' I 

15 min. dark II, 15 min. dark 52 ~in. dark ~~ 

75 min. 47 min. 44 min_ 
i I I 
j 6 hours . !15 min. 

I I' 

94 x 106 (100%) i 22 x 106 (100%)i 98 x 106 (100%) 

I 9% I 12% 

\ I 
i 0.2% 

I 3% 

5 min. 

25% 

1% 3% 

3.3% 4% l 3.4% 

2.9% ' 1.2% 2.5% 

58% I 88% 
1

52% , 

• ' I i I 
.J------~·----·----~- ··-·· ------------------------------· ----------·---·-··· ______ .; _______________ t...·------------------------·--------· --------
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TABI.£ IV 

DLGRAD.f,TION OF PHOTOSYNTHETIC PRODUCTS 

UCRL-120 

Figures Represent Percentage of cl4 in the Various Carbon Atoms 

"'""""" ___ _ 
·Compound 
Degraded 

I : I .___,._-------! 
j60' Pre .. illum.l601 Pre-illum.l60 1

i Pre-illum,i- .30" P.S. ~0 Min 7P5.~i.ni 
1 
I Chlorel+a Chlorella 1

1 

Chlorella : Scencdesmus1 P~S. ~ 
.30' Dark Fix. 30' Dark Fix• 51 Dark Fix. i Barley Barley I 

I C02 CH.3to2H eo2 : I II I II 

:-=·- _ ·--+---------------------- i - i. _I 

: SucCcHinic Acid 
2 5 

i J 1 
37 - :z- • ! l I 

97 ~-- ------ _____ J ________ i- ----1~1 6~ 
l M~~~-. ~~-~~~ .. --r------- 1 0.86 : 6.5 1 1 

! ~ I 99 ll 93 .·5 II !I 

; -C0
2
H- . 

j· Alanine 89 66 98.1 : ·---++ 26a -
-C02H I i ! 

I I 49 I -CHNH2- 10 i 
1 _ I 

1
i,. 

l -CH
3 

0,5 .34 2 ~~-~ ! j 25 

1-~------+--.;._- ---1-----------':-t----~--+--~-----+--+-----! 
1 Aspartic Acid 4 j I 

I 96 I l 
~---· -+ 
I G lu3c4ose 76 , I ------ - j ---;; j61 ~-~----

' i I I l 

17_ ' II 6, 5 124 I 37 
: 2,5 I i I 
i 1,6 7 - 1 6. 5 ! 15 i 21 

: _________ ~ ..... : __ , _________________ --- ------~----------'--------------_j ---- ______ L_ __ L ___ _ 

(a) The low c14 ~content of the carboxyl group is pr~bably due to the low specific 
activity of cl4o

2 
photosynthesized by the plants dur~ng the last part of the experi-

ment. · 

I 
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DISCUSSION 

The deductive arguments leading to the following proposed scheme of 

the path of carbon in photosynthesis have already been presented (6). Our 

point of view here will be not to try end demonstrate that it is the only 

scteme capable of accounting for the rt.;sults but rather to show that it can 

account for pi'E.:sontly available experimental dJta. 

Hexose 

-.cycle A-

An examination of Cycle A, running in a clockwise direction, shows that 

its net result is the. reduction of tv"'O molecules of carbon dioxide to one 

molecule of acetic ~cid. The energy required to accomplish this is obtained 

in the form of reducing equivalents, designated [ H J , from the photo-chemical 

apparatus involving chlorophyll and other substances. We do not say that all 

or these reducing equivalents have their immediate or~gin in the photochemical 

apparatus, c.nd we cannot say, as yet, vrhich one:s do. 

It is clear from an examination of the cyclf; that if it is running 
' 

v:ith tracer CJrbon dioxide, the tracer V'ill apt:,ec~r first in the carboxyl groups 

of.the ~hree- and four-carbon acids, then, in the C<.:!rboxyl group of the acetic 

acid and thQ:::--< -c.s.rbon atoms of the three .. and four-carbon acids, and, finally, 

in the methyl group of the acetic acid and of the /_?-carbon atoms of the pyruvic 
I 
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acid. If the cycle should be otopped (the plant killed) after a relatively 

short period of operation, the specific activity of the carbon in each of the' 

above named posj,tions will be found to decrease in the, order named. This is 

in accord vii th the :::vaila ble de. ta shm'.n in Tab1e III. 

There are at least four positions at which the products accumulated in 

this cycle A may be. drained off to produce the normal constituents required by 

the plant for its 'life, grov1th, and storage. Thus, the pyruvic acid may be 

drained off through glyceric acid and glyceraldehyde to hexose by the direct 

reversal of the usual glycolytic mechrmism, This would produce a .hexose in 

?rhich the specific radioa cti vi ty would be highest in the center pair of carbon 

atoms, c~ecreasing toward each end. The earliest amino acids which are formed, 

nan.ely alanine (serine) and aspertic acid, probsbly have their ori.gin in the 

pyruvic acid etnd the oxalacEJtic acid, respec'..;ively. Finally, the tvvo-carbon 

fragment corresponding to ccetic acid may undergoj?-condens~tion to aceto-

acetic e.cid and form fats. 

It shouilld be pointed out that the compounds as given in the above scheme 

merely represEJnt the nature of the chemical trensform0tions, and they are not 

intended to specify the precise chemical form through v.'hich the transformations 

take plece. These are ell al~ost certqinly-enz~~atic transformations. Lach 
I 

of the abbve listed compounds in the cycle may undergo the whole scheme of trans­

formations v:ithout ever becoming free molecules unattached to their correspond­

ing enzymes, or they may be passed from enzyme· to enzyme in some specially 

activated form; for example, the' acetic acid may be passed_ around only as an 

acE>tyl group attached, p€-rhc:~ps, to phosph<:, te or in some other special form. 

Our method of isolation V'O\lld not allo'!!'r the detection of any labile form of. these 

intermediE:tEis, since all such forms would h:we h3d ample opport'Unity to hydrolyze· 

down to the simple compounds as shown. 
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* For Harvesting 

Figure l ~ Apparatus for .continuous Cult~e of Algae 



, . 

.. 

,. 
r, 

•,, 

\ 

J 

-35 ... 

Figure 2 • Micro-pH electrode atta~hment 
for Continuous Culture Flask 

UCRL 120 
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Figure 3 - Vessel for Pre-illumination of Algal 
· Suspensions 

Dark fixation i$ carried out in the small (30 ml.) 
blackened flaskwhich is dEOtached after receiving 
~n aliquot of algal suspensions. 
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Eigurc 4 - Apparatus for Pre-illumination of Algal 
Suspensions 

UCRL 120 

The dark fixation flask is protected from the light beams 
by being located under a sh~lf. Helium or 4% co2 is ad­
mitted to the vessel through the upper tube inserted in 
the illumination vessel. 

'· 
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RATE OF DARK FIXATION (SCENE.DESivlUS) 

UCRL 120 

Figure 5 - Curve A reJ?resents dai"k C02 fixation by one 
day old Sccnedesmus cultures after being in darkness one 
hour in the presc!'.ce of ~% CO?. :!.n nitrogen~ Curve B 
represents the,dark fixation of C02 by the same cells 
immediately after 10 minutes pre-illumination, 
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Figure 6 - Effect of Pre-illumination on Dark cl4o2 
Fixation by Chlorella 

r 

The ·curve represents ~0 2 fixed by equal aliquots of 
algae during 5 minutes in the dark as a function of 
the pretreatment described by the abcissa. 
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Effect of Pre-illumination upon 1 minute Dark Fixation 
(Scene de smus) 

Figure 7. 
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