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?'rlOTOSYNTHESIS STUDIES wrm TRITIATED WATER* 

V .MOSES** and M.CALVIN 

Radiation Laboratory and Department of Chemistry, University of 

California, Berkeley, California. 

INTRODUCTION 

Photosynthesis involves two main processes: the photolytic splitting of 

water, and the utilization of the "active" hydrogen so produced to reduce the 

incoming ·carbon dioxide to carbohydrate, \lith the concomitant release of molecular 

'!, oxygen. Det~iled studies have been made of the primary quantum converrdon process1 
.,:/ 
li 

/ I 

,./ ~ 
and of the path of carbon2, and some progreas has also been made in the study of the 

pathway of oxygen evolution3' 4. The present communication reports experiments design-

!. ed to follow the uptake of hydrogen from water by Chlorella under conditions of 

light and dark, and in various media. 

In an earlier programme 1 t was proposed to obtain completely deuterated algal 
. ' 2 

.. cells, in which all the cellular hydrogen was replaced with deuterium ( H), and 

then to use ordinary water as a tracer. The incorporated hydrogen was to hcwe been 

measured with a nuclear magnetic resonance spectrometer5, which can detect hydrogen 

(protons) in the presence of deuterons. This programme wa.s abandoned when it was 

found that such deuterated cells showed distinct pathological characteristics 6 , and 

that the quantities of material required for the subsequent analysis would involve 

the use of very large amo'lint·s of cell material, and would necessitate the isolation 

of intermediates on a la.rge scale. In addition, deuterium and protium (
1

H) are 

both stable species, and the techniques which had been used so successfully to 

* The lTOrk described in this paper was sponsored in part by the U.S. Atomic Energy 
Commission, and in. part by the Department of Chemistry, University of California, 
Berkeley, California. 

** Present address: 



,,, 

.;• 
UCRL-8379 

14 2 follow the path of carbon by making use of the radioactivity of C could not 

be applied 1n studies utilizing these hydrogen isotopes. 

There remained the possibility of, using the radioactive isotope of hydrogen, 

tritium (3H), to follow the uptake of hydrogen from radioactive water by cells 

act1 vely carrying out photosynthesis; u1 tima.tely all the eydrogen required. for 

photosynthetic and other purposes by these cells must come from w~ter. Many 

difficulties had to be overcome, not the least of which was the very low energy 

of the ~particles emitted by tritium, and the large dilution of the radioactive 

tracer by the relatively enormous amounts of water which are inevitably present 

. 1n any biological eystem. The maximum energy of the ~-particles emitted by tritium 

14 
is about 18 KeV, as COl!l.Pared w1 th about 150 KeV for those em1 tted by C. This 

means that the penetrating power of the particles is very much diminished compared 

with those from carbon, and their ability tO pass through paper and affect photo

graphic film is correspondingly reduced. 

Detection of the radioactive materials on paper chromatograms would become 

considerably more d.ifftcul t for this reason, and to compensate in part for the 

weaker radiation, larger amounts of isotope became necessary. In systems in 

which the cells are supplied With radioactive carbon dioxide, the system can be 

so arranged that the supply of unlabelled carbon dioxide available to the cells is 

reduced to a minimum, keeping the specific activity of the added tracer high. '!'his 

is not possible with water; the best solution of· this aspect of the problem was to 

use cell suspensions much more concentrated. than those ueed for carbon studies1 in 
,..__,.~ 

order to achieve a more favourable BUbstrate-to•cell ratio. This 1 1n turn, presented 
.., .. new difficulties: as the cell concentration 1n the suspension was increased, the 

optical density of the suspension rose considerably, and the amount of light passing 

', 
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through it was correspondingly reduced. 

These problems have now been .overcame to a considerable extent, and a sat

isfactory picture of the incorporation patterns of 3H from 3n2o by algae under 

several experimental conditions has been obtained. 

Other photosyn~heais.studies With water containing heavy isotopes of hydrogen 

have been concerned mainly with the role of chlorophyll as a hydrogen carrier. 

. 7 8 
Studies by NORRIS, RtfBEN AND .ALLEN 1 With tritium oxide, and by CALVIN AND ARONOFF , . . 

using deuterium oxide, failed to demonstrate any excess incorporation of hydrogen 

from water into chlorophyll during photosynthesis. Recent work by VISHNIAC ~,how
four 

ever, has shown that some/to five times as much tritium is incorporated from water 

into chlorophyll in the light as in the dark.. 

METHODS 

Cells of Chlorella pYJ::enoidosa were grown in the continuous cuJ. ture apparatus 

10 
described by HOLM-HANSEN, et al. The experimental techniques used in earlier work --
for the exposure of cells to labelled substrates while carrying on photosynthesis 

1n ''flattened test-tubes'i6
, or in the conventional. "lollipop"2, were discarded in 

favour of a new apparatus, designed to achieve a satisfactory degree of illumination 

of the very dense algal suspension used. 

The apparatus provided for the continuous shaking of 6 glass vessels while 

they were simultaneously illuminated from belowo After harvesting of the cells, 

washing with distilled water, and resuspension 1n distilled water or other medium, 

~~ 0.7•0.8 ml of the cell suspension (containing 0.15 ml of wet-packed celle)was pi• 

petted into each of the vessels. These were constructed from glass tubing of abou~ 

3·5 em internal. diameter and 7 em long, to which an optically flat circle of glass 

was sealed to ·form a bottom. One ml of liquid in such a. vessel forms a layer 1 mm 
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deep, apart from meniscus effects. A loose-fitting lid .was provided with an out· 

let and an inlet tube; the latter reached nearly to the bottom of the vessel (Fig. 1). 

During the "pre-adaptation" period before th~ experiment, 1n which the cells were 

allowed to come to a steady metabolic state; the cell suspension was shaken 1n the 

light for 30 min, while air containing 1% {v/v) C02 was blown over the surface of 

the cell' suspension. The gas mixture was pre-wetted by bubbling through water to 

minimize evaporation from the cell suspension and to serve as a control measure for 

the rate of aeration {Fig. 2). 

A rectangular glass water bat~, fitted with inlet and outlet tubes to permit a 

constant stream of cooling water to pass througij 1 t, was arranged over a bank of 

eight 6-wa.tt fluorescent lights •. 1 At the top of the water bath two rails were fitted 

along which ran a smal.1 carriage consisting essentially of four wheels :fixed to a 

plate having six holes punched in 1 t, in which six of the glass incubation vessels 

·. coul.d be placed (Fig. 3) • The vessels were suspended- partly below the plate so 

that the bottoms of the vessels reached nearly to the bottom of the_ water bath. The 

vessels were prevented from falling through the plate by three glass 11 ears'' on each 

vessel arranged near the topo A second plate fitted to the carriage about 2 em 

below the first, and also containing six holes corresponding With those on the upper 

plate, prevented too much rattling-of the glass veeselsj the latter were also taped 

w1 th collars of adhesive paper to obtain a fairly tight f4•. The whole carriage 

'4as made to run back and forth along its rails by means of a connecting rod attached 

to an eccentric on the drive shaft of a stirrer motor. The carriage oscUlated about 

3 em at approximately 250 eye/~: The light intensity at the bottom of the glass 

vessel was about 2000 ft candles. 

As the whole apparatus needed to be as small as possible for use in a sealed 

box, the fluorescent tubes were of limited length, and while illumination wae fairly 

, ... ~ const:mt to each vessel, there was some variation between different positions on the 
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~ shaker. For this reason the samples were supplied w1 th rad.ioacti ve substrate one 

at a time in a serial. manner, ea.ch flask being moved to one particulax position on 

the shaker for the period of incubation with labelled substrate. 

Before the addition of labelled substrates any other additions, such as 

mineral salts, ·were mlade, resulting 1n a total liquid volume of o.B ml. At the start 

of the experimental period, 0.2 ml of 3~0 (specific activity, 5 C/ml, prepared by 

Whittemore and Lebman by oxidation of tritium gas 11)yras added to the cell suspension, 

and after a def1n1 te incubation period 4 m.l of absolute ethanol '\-Tas added to kill 

the cells. The sllaker was kept in motion while both additions were made to ensure 

. 4 .. 
rapid miXing. Unless N~ co

3 
was also used as a substrate, the vessels were kept 

flushed 'With the gas mixture during the incubation period. 

For experiments on the uptake of labelled water in the dark, the cell suspension 

was placed in small test tubes bound with black adhesive tape. The tubes were capped 

with rubber serum stoppers through which pe,ssed two hypodermic needles, a long one 

reachiug to the bottom of the tube ~ a slwrter one serving as a gas outlet tube. 

Once the tubes were capped all additions (substrate, and ethanol for killing) and 

gas flushing were performed via the longer ecypodermic needle. 

For experiments to study the effect of the radiation from tritium on carbon 

metaboli&'lll1 the labelled carbon dioxide was added as 0.1 ml of 0 £:26 !:! I'lrurl-4co3 ( 4o !£) • 

The suspension of cells in 80% ethanol at the end of the incubation period was 

allowed to stand at room temperature for 2 hrs, and then was centrifuged. The resi• 

dues were extracted with 2 m1 of 'i5J1, (v/v) ethanol for l .hor, and with 2 m1 of water 

overnight. The extracts were pooled and the cell residues discarded. The extracts 

. 400 were evaporated to dryness !!!, ~ below • The dry residue after evappration 

was redissolved in 5 ml.. Of 20~ ethallOl and again evapp;rated to dryness; this was 

repeated twice more, and the residue f1nally dissolved in less than l m1 of 20rf, 

ethanol, solution being aaed by placing one or two small glass beads in the flask 
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and using these to loosen material from the walls. The purpose of the repeated 

evaporations was to remove tritium present in c_ompounds 1n enh:et.:gea.ble :poei tions 1 

leaving the isotope present only in .nonexChangeable locations. Were this not done 

. ;tt is likely that almost every compound in the cells would have been labelled(see 

DISCUSSION) • 

The -m1.ter and ethanol released, du.r~ the evaporationo -were caught in a trap 

surrounded by liquid Ii2 • \>'1hen each trap became full it was filled with a mixture 

·of vermiculite and cement, stoppered, sealed into a. plastic bag, and encased 1n a 

].ead. pipe 'ttl th e. screw cap tit preparation for ocean burial. 

Owing. t.o the large quantities ·or radios.ctivity used, aJ.l the operations describ• 

- ed above, from the time the vessel containing lC'..belled substrate vas first opened 

·until the firui.l evaporation vas completed., were performed llithin a. sealed "glove 

_. 'box." A :capid draught of air wan maintaineid through the box by a suction fen 

whfch _waa vented. throwr_)l the roof of the building, and the vacuum pump used for 

the evaporations, even though outside the box, was exhausted back into the main 

vent: The whole. system inside the box, in addition to the room air, wa.s very care-

fUlly monitamed to ensure that no radioactive subotances escaped from the eonfines 

. of the box and the venting system. 

The final solution of compounds from each sample was chromatographed !.!! ~ 

on a sheet of oxalic &'I.Cid-.washed Whatman No. 4 filter paper. The chromatogrruna 

lvere develoPed in the_~first dimension W'lth phenol-water (10 hr) and in the second 

12 dimension vi.th !!_-butrulol-prop1onic a.cid•water (8 tu~) • Redioautogram.s were ob-

tained by exposing the developed chromHtograms to Du.pont blue-sema1 ti ve eingle

coe.ted X·ro..y film 507E for about 2 months
13

• Very faint film images were in-

. 14 
tens1fied by blue , toning • After location o:f' the spots on the paper the activity 

in each one was determined by counting with a windowless· Scott ... type G~iger-MU.ller 
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tube placed on the paper13. The Scott tube was flushed continuously with a gas 

mixture consisting of 99.05~ (v/v) He and 0.95~ (v/v) isobutane. The .counter 

wae operated at 1500 V. After being placed on a particular position on the chro

matogram, the counting tube was flushed for 5 min before a. count (5 min) was taken. 

14 
Adjacent spots were shielded w1 th a sheet of paper. Compounds containing C were 

. 2 
counted with similar tubes having a. thin "Mylar'1 window (thickness .about l mg/cm ) • 

Spots on chromatograms were identified by elution, treatment w1 th human seminal 

acid phosphatase in in 0.02 ~-acetate buffer (pH 5) when appropriate, and rechrom

atographed with authentic markers. Substances containing very litile activity were 

presumptively identified by their chromatographic positions only, comparison being 

14 
made With chromatograms of cell extracts labelled. with C run at the same time, 

the compounds in which had already been identified. 

RESULTS 

Efficiency ~f tritium counting. 

A spot of tritium-labelled glutamic a.c1d on a chromatogram, of which the 

counting rate from filter paper with the windowless Scott tube was known, was eluted. 

and aliquots of the eluate dried onto aluminum planchettes. These were counted 

with the windowless counter. Further aliquots were assayed using a scintillation 

counter which was known to count 30~ of all disintegrations from tritium. The 

results are shown in Table I. For comparison, 14c compounds counted with a Scott 
I 

tube having a thin 11Mylarn window, about s;, of all disintegrations were counted 

when the compounds were adsorbed onto filter paper, and about 2.\Yfo when the com-

pounds were dried as "infinitely thin" films onto aluminum planehettes. 

Radiation effects. 

A necessary preliminary to further study wa~ to establish that the flux of 

radiation due to tritium of the specific activity and for the incubation period 

used (1 C/ml for 3 min) was not liable to damage the cells or cause derangement 

of their "Dhotos:vnthetic ca.nabili ties. The radiation d.osa,g:e 1n the condi tiona used 
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was 760 reps for the 1 ml sample. Equal aliquots of cells ~rere al.lowed to carry 

. 14 
on photosynthesis in the presence of NaH co

3 
(4o ~C) for 3 min in the presence 

and absence of 3a2o (1 C). Chromatograms of the cell extracts were prepared and 

exposed to X-ray film, a layer of "Mylar'' being placed between the paper and the 

film. The "Mylar" was sufficient to absorb the ~-particles from tritium but not 

those from 14c. A number of compounds 'o1ere counted for l4c with a thin-window 

Scott tube and the results are presented in Table II. These compounds normally 

SO~ 14 ' ll contain -jv70 of the total soluble . C fixed by ce s supplied with labelled 

bicarbonate for 3 min in the light. Apart from the changes in glycollic acid, as-

partie acid, glutamic acid, and sucrose, no very significant alteration of the 

photosynthetic incorporation pattern resulted from the presence of tritiated water. 

Identity of substances inco!POrating tritium 1n the light. 

The following substances have been shown by cochromatography w1 th authentic 

markers to incorporate 3n fl~ 3n2o in the light (phosphates were treated w1 th 

phosphatase before being chromatographed. with markers): sugar monophosphates (eon-

taining the monophospha.tes of glucGse, fructose, and possibly other sugars); sugar 

diphosphates (containing, after treatment with phosphatase, label in ribulose, and 

u trace in glucose or fructose); phosphoglyceric acid (probably mixed with a little 

phosphogl.ycollic acid); uridine-d.iphosphoglucose (label only in the glucose moiety 

after 3 min); fumaric acid, malic acid, citric acid, aspartic acid, glutamic acid, 

alanine, glutamine and a mixed spot of serine and glycine (label mainly in serine). 

Other suhstan~es contained too little activity to permit cochrOmatography and their 

identity was inferred tr6m their chromatographic positions, and by comparison with 

. . 14 
chromatograms of cell extracts labelled w1 th C in which these compounds had earlier 

been identifiedo These substances were: phosphoenolpyruvic acid, phosphoglycollic 

acid, succinic acid, glycollic acid (also present after treatment of the sugar di

phoaphates with phosphatase), and sucrose. The identity of glycollic acid was ren~-

ered virtually certain by 1 ts high \vOi:aillity, taken together w1 th 1 ts chromatographic 
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parameters • 

. : 

Inco!Poration of tritium from water in the light and dark. 

The distribution of tritium incorporated during 3 min incubation periods in 

the light and dark are shown in Table III. The compounds in which tritium appeared 

were similar in both conditions of lighting, except for the sugar diphosphates, phos

phoenolpyrivate·, citrate, glutamine, and one unidentified substance, all of which in-

corporated no_ activity- in· the_ dark. The tota.l quantity of tritium fixed in the dark, 

however, was only !'l"out one ·half that fixed in the light. The main differences in 

distribution ~re the relatively lesser amounts of tracer incorporated into the 

sugar ' ;.phosphates and.'organic acids, particularly malic acid, in the dark, and the 

relatively greater quantities incorporated into the amino acida, especially aspartic 

acid and alanine in the dark. Radioautograms demonstrating these differences are 

shown in Figs. 4 and 5. 

_ One important difference, difficult to measure, was concerned with glycollic 

acid. This substance is quite volatile, as evidenced by the f~ that even though 

the film blackening due to this compound was greater than for any other (Fig.4), 4 

the activity remaining on the paper when it was counted w'a.s only about 4~ of that 

in glutamic acid, the next strongest spot. TOLBE.Rl'JAND zn.t.15 have reported that 

40 t 10% of the glycollic acid was lost from paper ehromatograms during .two weeks' 

exposure to x-ray film, together With another 1-8% lost during development of the 

. 14 
chromatograms. A trial experiment in which glycollic acid- C was added to an ex-

14 tract of Chlorella cells not labelled with C, and the.mixture evaoprated to dry-

ness four times (see METHODS sections), showed no loss of glycollic acid by vol-

atlization under these conditions, probably due to the relatively high pH of the 

cell extract (pH 5.7). The cbromatogrruns, on the other han~;. bavi.ng been developed 
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~ in the second dimension With an acidic solvent, would lose glycollic acid more 

readily. In the pre.sent work, there was presumably a further loss of glycollic 

acid il'.l the variable' period (1-3 weeks) which elapsed between removing the chro-

matograms from the X-ray film, and counting the spots on them. 

Although it Was not possible to measure the amount of activity in glycollic 

acid with e.ny degree of accuracy, en attempt was made to find the relative amounts 

of tritium incorporated into this compound in the light and in the dark by densito-

metric measurements of the amount of film blackening due to this compound. Since 

both light and clark cell extracts were prepared and chromatographed under identical 

conditions, such densitometric measurements should have some validity. As a com-

parison, aspartic acid from each chromatogram was also devmined ill this manner, 

and the ratio obtained compared with that derived from direct counting. Table IV 

shows that on this basis some 6.6 times as much activity was incorporated into 

glycollic acid in the light as in the dark, although the total activity in all the 

other compounds was only three times as high as in the light. 

Using the comparative film blackening of glycollic acid and aspartic acid, 

and knowing the activity of the aspartic acid on the chromatograms, it is possible 

to calculate roughly that the percentages of the total tritium fixed which appeared 

in glycollic acid were 57% in the light, and 28i in the dark, for 3 min exposure 

time in both cases. 

Effects of ammonia and nitrate on patterns of tritium incorporation. 

~ ~ . . ~ 
HOLM-HANSEN !:! a.l , have shown that the pattern of C incorporation from co2 

in the light by Chlorella is markedly affected by the presence in the medium of 

ammonia, and, to a lesser extent, by nitrate. When ammonia was present a much greater 

. 14 14 
fixation of C was frequently observed, and the C was distributed to a much greater 

extent among emino acids and organic acids, with a corresponding decrease in the 
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sugar phosphates and sucrose. Nitrate had a similar, though less marked, effect. 

Cells supplied with 3R20 in the presence of 0.001 M ammonium chloride or 0.001 M 

potassium nitrate added 2 min before the labelled substrate, showed only umall differ

ences from cells incubated in the absence of a nitrogen source, both in total tritium 

fixed and in its distribution (Table III). 

Kinetic studies on the light and. dark. 

Studies were made to determine the incorporation patterna of tritium in the 

light und dark after various incubation periods with tracer ranging from 5 sec to 

3 min. The results are presented in Tables V and VI. In the light after the short

est incubation period ( 5 sec), the largest quanti ties of label by counting appear-

ed in the sugar mortophospha.tes, phosphoglyceric acid, malic acid, aspartic acid, and 

glutamic acid. Glycollic acid produced .the .. most.-film.blackening even at this short 

time. The percentages of the total fixed tritium present 1n the sugar monophosph...."Ltes, 

phosphoglyceric acid, and aapartie acid, decreased with time from the shortest to 

the longest incubation periods,ibdicating that theBe substances are early intermediates 

on the :pathways of tritium incorporation (Table V). 

In the dark, the earliest substances to become labelled (6.8 sec) were essential1y 

the same as those in the light, though relatively much more activity was present in 

the amino acids at the earliest periods, and less in the sugar pheephates and organic 

acids. The sugar monophospb.ates and aspartic acid were the only substances to show 

a relative decline in li1corporated tritium with increasing incubation periods in 

the dark (Table VI) • 

DISCUSSION 

EXperiments with hydrogen isotopes are bound to present certain problems of 

interpretation which do not arise with other elements, except possibily oxygen. This 

resuJ. ts from the ease with which hydrogen in water may exchange with many of the hydrogei 

a. toms in organic molecul.es, particularly those attached to oxygen and nitrogen atoms. 
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There are at least six ways 1n which tritium may be incorporated from water 

into organic molecules in living tissues. In the present experimental arrangement, 

in which the cell extracts were repeatedly ev~rated to dryness and redissolved 

1n unlabelled water, no tri t1um would remain fixed in three of these six possible 

instances. Tritium might enter a molecule by an enzymatic reduction process (per

haps involving a. reduced coenzyme), be placed in an exchangeable position (attached 

to oxygen or nitrogen), and subsequently be relocated to a nonexchangeable position 

(attached to carbon) and hence remain 14 situ after repeated dilution with un• --
labelled. water. A similar enzymatic incorporation into a nonexchangeable position, 

·perhaps w1 th subsequent relocation into another nonexchangeable pos! tion, would 

have a similar result. On the other b.and, after enzymatic incorporation into either 

an exchangeable or a nonexchangeable position, the tritium may be removed by fUrther 

enzymatic reactions to an exchangeable position and be lost during evaporation. 

Further possibilities result f'rOJn an initial incorporation by nonenzymatic exc]lange 

between tritium 1n water and exchangeable hydrogen in the organic molecules. If 

such tritium is then removedbiochemically to a nonexchangeable position it will be 

retained during evaporation, but if' it is moved to another exchangeable position 

1 t Will be lost. 

In addition to these possibilities involving reduction reactions, water it-

self may be incorporated as a complete molecule, as in . the reaction producing malic 

acid from fu.m.a.r1c acid. Such a complex ·~eties of possibilities is certain to lead 

to difficulties when interpreting the results, compared, for example, with studies 

in which labelled carbon dioXide is the added tr~er. In the latter case, non• 

•. specific exchange is limited to a small number of possibil1 ties, such as with the 

carboxyl groups of acids, and such exchange is much slower than that involving hydrogen. 

Biochemical exchange could also take place in reversible decarboxylation reactions. 

It is possible to appreciate a number of places in known sequences of biochemical 
' 

pathways ( carbon reduction cycle, glycolysis, oXidative respiratory pathway, and 
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tricarboxylic acid cycle) through which tritium could enter biological compounds, 

either by reduction reactions or by the incorporation of water as a complete molecUle. 

Thus, tritium could rapidly enter glucose-6-phosphate, 3 .. phosphoglyceraldehyde, 

glycerol phosphate, glutamic acid, aspartic acid, succinate, alanine, isocitrate, 

malate, and lactate by reduction reactions, the tritium being sited in the first 

instance in at ~east one non-exchangeable position. The formation of 3-phosphoglyceric 

acid1 citrate, iaocitrate, and malate by the appropriate reactions involves the up-

take of a complete water molecule, with fixation of tritium into at least one non-

excb.a.ngeable positiOn. Tritium Will be incorporated into any molecule which obtains 

its hydrogen in a reaction involving a transfer from an exchangeable position. 

The reactions mentioned are but a few of many incorporating hydrogen or water, and 

there is obviously a wide range of possibilities for the interpretation of results. 

In practice the problem is' somewhat simplified because of many of the compounds 

mentioned above are present in such small amounts that they do not incorporate de-

,tectable quanti ties of tracer in short-term experiments. The incorporation patterns 

of tritium in the light and dark can thus be related to the known patterns of carbon 
' ' 

., 

dioxide incorporation under similar cond1 tions. In the light, sugar monophosphatea 
' 

a.ild phosphoglyceric acid are .labelled with tritium at an early stage (Table V). The 

other substances incorporate tritium rapidly (malic, glutamic, and aspartic acids) 

can be accounted for on the basis of the addition of water to fUmaric acid to form 

ina.lic acid, and the produetion of glutamic and aspartic acids by reductive amination 

of their respective keto acids. Although malic and aspartic acids also rapidly in

corporate 14c from 14co2 in the light, this is not the case with glutamic acid, and 

17 . ' 
this has led to the suggestion that U1e passage of carbon from the photosynthetic 

carbon reduction cycle to the tricarboxylic acid cycle is impaired in some way in 

the light. The present resul.ts with tritium, however, have shown thAt even though 
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new~y incorporated carbon may not enter glutamic acid, this amino acid is nevertheless 

being formed in the light, as must be the case when the cells grow under conditions 

of continuous lighting. This lends support to the conclusion that separate metabolic 

pools of identic~ substances which are not 1n a state of rapid equilibrium w1 th each 

other, may exist in the algae18• 

In the dark, ·the earliY incorporation of tritium is mainly into substances 

· .. a.eeo.ciated with the tricarboxylic acid cycle and with pyruvate (alanine, malic, 

. acid·, aspartic acid, aild glutamic acid) a.s has also been found with the dark fix-
. . ' 19 

f;!.tion of carbon dioxide , and less appears in sugar phosphates (Table VI) • Less 

tota.l tritium is incorporated .in the dark, and different incorporation patterns are 

seen, demonstrating that some, at least, of the tritium taken up in the light must 

be specifically associated with new synthesis. 

The large amounts of activity observed 1n glycollic acid, particularly in the 

light, may also be interpreted in terms of comparative biochemistry. The fact that 

eo much tracer was present in this compound suggests that it arose by reduct.ion , 

possibly of glyoxylic acid, and that glycollic acid is not merely an excess product 

20 
originating in transketolase reactions as proposed by WILSON AND CALVIN Further, 

. 14 
these authors found that the incorporation of C into glycollic acid increased 

when the cells were placed in a. low carbon dioxide environment, and it is possible 

that in spite of flushing the cell suspension with l~ carbon dioxide during the ex-

periment, the cells were relatively short of it owing to the dense cell suspensions 

(l5%) used. Nevertheless, the relative amounts of glycollic acid in these studies 

were far greater than those observed when the carbon dioxide concentrationwas low-

20 
·' ered to O.OOJ1, , and the very heavy labelling with tritium indicates that glycollic 

acid plays a more significant role in hydrogen metabolism than that resulting from 

carbon dioxide deficiencyJ In addition, the rapid appearance of label in glycollic 

acid ( 5 sec) suggests that its role in photosynthesis is an early one. Evidence 



-15- UCRL-8379 

has been obtained that photosynthetic reductions take place through phosphopyridine 

21 
nucleotides It thus seems likely that glycollic and glyoxylic acids may play 

,- a role in the transport of hydrogen from photochemically reduced. pyridine nucleotides 

. 22 
possibly to },'l~)~·~'<p!-.:.c-!lYce:::•:i~ act.!, at;; es.rlier proposed by ZELrrcH The initial. 

20 
t~l.l.p.ply ·:)f .glj,...~)llic ~·"!id cor.ld. O::'i:;tn0.tG f1:v;n the tra.nsketolase reaction , by re-

.:l!.,,.+..;,.,., ,...41' ··:r,, • ..,.,. .. ,i ... "'""·'~ t',..,·...,.ea.· in the glyoYV11c cycle 23 or. be produced by de-\,4.~~-- ..... !. ""......... ~ j. t'Y··J <o,..l ht~y.!. 'l.. a. ...... ,.J,.'.,f, - v .. .w J. ... ., ' - , 

aminat1on of glycine24• Thelatter ~s known to appear quite early wl1en algae are in-

14 25 
cubated in the light with co2 • 

Labelled glyoxylic acid has not been observed. However, if such a hydrogen 

transport system between glycollic and glyoxylic acids were to functbn, it is 

reasonable to suppose that the (labelled) hydrogen atom which would be added to gly

oxylic acid to form glycollic. acid 'rould also be the same one as was later passed on 

to vther substances. Hence, label need never have appeared in glyoxylate, even though 

its .reduction product was highly active. The relative pool size of glyoxylic acid 

is almost cette.inl.y much less than that of glycollic acid, .since the remainimg un· 

14 . 
known spots in co2 incorporation chromatograms are all very weak, and glyoxylic 

acid has not been identified in such eXperimets. 

26 . 
TOLBERT hac recently made the interesting observation that when chloroplasts 

were supplied with 14co2, glycollic acid was the only labelled compolll."ld to be secreted 

into .the medium; no phosphorylated compounds appeared. It seems reasonable tt~t if 

no phosphorylated sugars were able to pass through the chloroplast msmbrance, pyridine 

nucleotides ~uld be similarly restricted, and Tolbert has suggested that glycollic 

,, acid may act ar; a hydrogen carrier between chloropl¥t~, in >mieh photosynthetic 

reduction takes place, and other parts of the cell. 
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VISHNIAC 1 S observation9 of a light-induced appearance of tritium from water 
the 

in chlorophyll is not incompatible with/results here reported. He describes his 
with 

incorporated isotope as '''relatively· labile" to excha.ngejwater and suggests that it 

is the enolizable hydrogen on the isocyclic ring. Such label would have been lost 

by hack exchange in the present procedure. An examination of the chromatograms in 

the lipid area revealed a level of tritium activity lower than anything observed 

in the phosphates and. amino acids 1eported.. This suggests that the compounds in · 

this area (chlorophyll) carotenoids, and lipids) do not rapidly acquire tritium 

in nonexchangeable positionslRe.ther by a cycling process or by new synthesis. 

In spite of the niany difficulties of manipulation and interpretation, it seems 

likely that the use of tritium vdll eventually enable us to learn something of the 
14 

path of hydrogen, though not With the ease or completeness which studies "ri tb · C 

have permitted investigatio~ of the path of carbon in photosynthesis. 

SUMMARY 

A study has been made of the incorporation patterns of tritium from tritium 

oxide by Chlorella cells under conditions of light and. dark. A ne'\-T apparatus has 

been designed for use in photosynthesis experiments which necessitate the employ

ment of dense cell suspensions and substrates of high specific acttv1ty (1 C/ml). 

The incorporation patterns of 14co2 in the .presence and absebce of tritiated we.ter 

showed little evidence of physiological damage due to radiation. 

The .substance·s incorporating tritium were essentially the SaJlle as those in-

14 14 
corporating C from co2 • Ho\rever, the percentage distribution of the tracer 

a~ng the labelled compounds showed considerable differences from the carbon pattern. 

At the shortest incubation periods in the light, tritium appeared mainly in the 

Bugar mono:phosphates, phosphoglyceric acid, aspartic acid, glutamic a,cid, and malic 

acid. These substances also incorporated label most rapidly in the dark, though in 
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this case a greater percentage of the a.cti vi ty fixed appeared in the amino acids. 

About three times as much tracer was fixed 1n the light as .in the dark. The total 

activity fixed, and its distribution, was affected to some extent by the presence 

of ammonium or nitrate ions in the medium. 
the 

Glycollic acid was labelled very early, and was/most active compound present. 
) 

A scheme for hydrogen transport in photosynthesis involving an alternate oxidation 

and reduction of glycollic and glyoxylic acids is proposed. The difficulties of 

interpreting the results of biochemicaJ. studies lrl th hydrogen isotopes due to non-

specific exchange r~ctions are discussed. 
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TABLE I 

EFFICIENCY OF TRITIUM COt.i'NriNG 

A sample of tri tium-le.belled gl.utamic acid of known counting rate was 
eluted from a chromatogram and sliquots of the eluate were counted w1 th 
a windowle$s Scott tube after being dried onto aluminum plenchettes. 
Further aliquote \>~ere counted in a. scintillation counter of knovm effi
ciency (~ tor tritium). 

Means of counting 

an paper, pe:t'ore elution; with 
·windowless Scott tube 

On a.luminum plallchette, after 
· elution, with wind.Ol>tless 

scott. tube . 

Scintillation counter, after 
elUtion (reference point) 

AQsolute disintegration rate . . .. . . 

counts/ni1n 

1,900 

104,000 

896;000 

2,987,000 .. 

efficiency 
(~) 

0.26 

100~0 

relative 
counting 
rate 

1.0 

ll3.4 

378.1 
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EFFECT OF ·HIGH SPECIFIC ACTrlm TRITIA~ WATER ON THE . . ' 

·mCORPORATION OF LABEIJ•ED CARBON DIOXlDE nTO SEvERAL 

SUBSTAI~C:m 

. Cella were e:xpOsed in the light for 3 min to NaHl.4co3 (!~o~/nil) with or 
without ~0 (1~£/ml). Values are given e.s counts/min for the substances 
·1n ·a standard e.liquot of the cell extracts (containing 83 ~ of wet-paclted 
·cells)~ 

Substrates lAc~ 14caa plus ~0 

Dose of radiation received .in 
5 min (reps) o.48 760.48 

Sugar diphosphates 3].,400 ;4,200 

Sugar monophosphates 189,000 181,000 

Phosphoglyceric acid 105,000 84,600 

Uridinediphospboglucose 28,100 21,400 

Aspartic acid JJ\,500 1,100 

Glutamic acid },2~ 2,100 

Alanine l9,8oO 14,900 

Malic acid 25,700 21,200 

Fwpa.ric acid 3,98o 3,570 

Glycollic e.cid 24,900 ;8,000 

Sucrose 9,750 4.()50 

Total 453,000 412,000 
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TABLE II I 

INCORPORATION OF TRITIUM FROM TRITIATED \'lATER IN THE LIG!ft' AND DARK; 
EFFECT OF .THE PRESENCE OF AMMONIUM CHLORIDE AND Par.ASSIUM NITRATE ON 

THE UPTAKE OF TRn'IUM FROM TRITIATED WATER IN THE LIGin' 

Cells suspended 1n 0 .• 002 M KHeP04 buffer, pH 7. 05. Concentrations of 
NJ4Cl and KN03 , 0.001 M. Cells inCubated \iith. ~0 (1 C/Tiil.) in the pre-

- f sence of unlabelled carbon dio:xide for 3 min in the ligbt or dark. The 
values given are the percentages Of the total tritium fixed which appeared 
1n eech compound. 

Light cond.itiol)s 

Additions of salts 

Sugar diphosphates 
Sugar monophosphstes 
Phosphoglyceric acid plus 

phos:phoglycollic acid . . * .Phosphoenolpyruvic acid 
Uridinediphosphoglucose 

Fumaric acid 
Malic acid 

. Ci tri.c acid 
· Succinic ac.id~ . '" * (Glycollic acid ) 

Aspartic acid 
Glutamic acid *** 
Serine plus glycine . 
Alanine 
Glutamine 

Ultidentif'ied substance 1 
Unidentified substance 2 
Unidenti:t'ied substance 3 

Tote.l in sugar phosphates 
Total in organic acids 
Total in amino acids 
Total in unidentified substances·. 

TOtal ~ctivity fiXed (~ of 
wet-paclted cells) 

Light 

none 

3·3 
16.1 

5·4 
0.5 
2.6 

1.6 
18.4 
'0 ·7 
1·9 

(1.4) 

8.1 
:;:2 ·5 
;.8 
4.1 
o.e 

o.o 
0.2 
o.o 

27·9 
22.6 
49-3 
0.2 

Dark· 

none 

o.o 
U.l 

8.4 
o.o 
2.9 

** ;.6 
o.o 
1.5 

(**) 

26.5 
;;.2 
1.1 

12.0 
o.o 

o.o 
o.o 
o.o 

22.4 
!~ ·9 

72·8 
o.o 

Light. 

~Cl 

2.4 
12.6 

5·1 
0.4 
1.2 

1.9 
22.2 
1.5 
1.2 

(0.3) 

9·4 
29.8 
2.6 
7·1 
1.3 

1.3. 
o.o 
o.o 

21.7 
26.8 
50.2 
1.3 

Light 

KNOs 

5·3 
0.4 
3·7 

0.9 
7.8 
1.1 
1.5 

(0.}) 

14.8 
3J..4 
2.1 

12.1 
,;.2 

1.1 
o.o 
0.6 

23·3 u.; 
6:;.6 
1.7 

* ICI.enti ty.- not confirmed by cochrennatogre.pby w1 th a u.thentic marker 
· **.. Trace of blackening on film. 
*** · A1!'ti vi tY mainly in serine • . 
**** E:xcluding glycollic acid; determined by s'UII!lllation of the. activities of 

all the spots on the chromatogrei.ms • 
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TABLE IV 

ACTIVm INCORPORATED nTO GLYCOLLIC ACID IN THE LIGHT AND DARK 

The rela.tive densities of film blackening due to glycollic acid in the light a.nd dark 
as determined by densitometric measurements are given. The blackening due to as-
·partic acid is given for comparison, together with the actual counting rate for 
aspartic. acid from the two cl1romatograms. All film densities were referred to 
the. density of aspartic acid in the light. For experimental de1B Us, see 
Table III~ 

Sample 

Incubated .in the light 

Incubated in the dark 

Ratio: light sa~le 
dark sample 

Film Densities 
Glycollic acid Aspartic acid 

16.5 

6.6 

(1.0) 
(reference point) 

1.5 

o.67 

Counting rate 
Aspartic acid 
{counts/min) 

1951. 

3347 
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KINETIC STUDY <lF THE INCORPORATION OF TRITIUM FROM TRITIATED WATER IN THE LIGHT 

The cells, suspended in distilled water, were incubated in the 
light with ~0 (1 C/ml) in the presence of unlabelled carbon 
dioxide for the periods shown below. The values given are the 
percentages of the total tritium fixed which appeared in each 
compound • 

., 

Incubation period .. (sec) 5 10 30 60 180 

Sugar diphoaphates 8.1 12.4 9·4 it. ·1 
Sugar monophosphates 31..4 24.7 ];6.2 16.4 12.6 
Phosphoglyceric acid plus 

phosphoglycollic acid 10.) 8.3 5·2 5·2 :;.1 
Ur1dinediphosphoglueose 2.1 

Fumaric acid 1.0 
Citric acid 0.7 
Malic acid · 15·5 1;.6 26.3 19.0 15.2 
(Glycollic acid*) (**) (**) (1.1) (1.4) (;.1) 

ASpartic acid 15·~ 13.1 11·5 9·l 6.5 
Glutamic acid 26. 19·7 22.8 2;.6 .)2.1 
Alanine 5·5 5·5 7·4 6.7 
Serine plus glycine*** 5·7 6.9 8.1 

Sucrose* 1.3 ;.o 7·2 

Total in sugar phosphates 41.7 41.1 33·8 3J..O 22.5 
Total in organic acids 15·5 13.6 26.; 19.0 16.9 
Total in aminO acids 42~7 44.0 39·8 47.0 53·4 
Total in sugars. o.o 1.3 o.o ;.o 7.2 

Total activity fixed ~/ml 
wet-packed cells) 1.3 2.5 5·5 8.4 24.1 

* Identity not confirmed by cochromatography w1 th authentic marker 
** Blackening on film but no apprecim'b1e cOl.Ult~ 

*** Activity .mainly in serine. 
**** Excluding glycollic acid; de~ined by summation of the activities of 

ail the spots on the chromatograms. 
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KINETIC STUDY OF THE n~ORPORATION tF TRITIUM FROM TREIATED HATER n~ THE DARK., 

The cells, suspended in distilled vater, w~re incubated in the 
dark with ~0 (1 C/ml) in the presence of unlebelled carbon 
dioxide :for the JjJeriods shown below. The values g1 ven are the 
percentages of the total tritium fixed which appeared~in each 
compound. 

Incubation period (see)' 6.8 jO 60 18o 

Sugar diphosphates 1.9 0.6 
Sugar monophosphe.tes 14.4 11.5 9·4 1·1 
Phosphoglyceric acid 1·9 10.6 4.7 8.1 
Phosphoenolpyruvic acid* o.6 0.1 0.1 
Phosphoglycollie acid* 2.1 4.9 o.; 
Uridinediphosphoglucoae 2.5 2.4 

Mslic acid. 4.1 4.0 6.0 2.5 
Citric acid 1.2 1.5 1.6 0 . .) 

· (Glycollic acid*) (0.4) (0.4) . (0.1) (0.1) 

Aspartic acid 48., 41.7 }1.5 30·9 
Glutamic acid 16~5 19·9. 25·9 32.4 
Alanine 5·7 1·9 l;.l 1;.8 
Glutamine 0.6 

Unidentified substance l 0.4 o.; 0.1 
Unidentified substance 2 0.4 

Total in sugar phosphates 24.2 24.8 21.6 19.2 
Total in organic acids 5·3 5·5 1·6 2.8 
Total in amino acids 7~:5 69·5 70·5 77~'7 
Total in unidentified substances 0.4 o.; 0.5 

Total activity fixedJ~/ml 
vet-packed cells) 1.4 4.; 7·1 13.2 

* Ident1 ty not confirmed by cochrOmatography w1 th authentic marker. 

** Excluding glycollic acid; dete:tinined by summation of the activities of 
ell the .spots on .the chromatogr6UDS. · 

·, 
f 

·~. 
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ZN -186 7 

Fig. I. Close-up of glass vessels for incubation of algae, show
ing details of lids. 
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ZN -1868 

Fig. 2. General view of apparatus, showing shaker, motor and 
bubbling assembly. 
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ZN -1869 

Fig. 3. Close-up of shaker and glass incubation vessels from the 
top. 
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tRITIUM OX.!DE 
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ALANINE 

J 

t 
GUJTAMJNE 

PHENOL -WATER 

SUCCINIC ACID 

• 

GLYCOLLIC 
.ACID 

GLUTAMIC ACID 
• 

UCRL-8379 

· BUTANOL
PROPIONIC ACID- t 

. WATER Jl 

t 
FUMARIC ActO 

MALIC ACID 
+ 

' CITRIC 
ACID 

ASPARTIC ACID 

+ 
SERINE AND GLYCINE 

SUGAR MONO-P -

/' 
UDPG 

ZN-2008 

Fig. 4. Radioautogram of extract from Chlorella exposed to 
tritiated water for 3 min in the light. Key to abbreviations: 
Sugar mano-P, sugar monophosphates; PEP, phosphoenolpyruvic 
acid; PGA, phosphoglyceric acid; UDPG, uridinediphosphoglucose; 
Sugar di-P, sugar diphosphates. 
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1' SUCCINIC, ACID 

.. 
SERINE AND GLYCINE 

PHENOL WATE~ 

SUGAR 
MONO-P-

""""~ 1' WATER 

' , II 
MAt.:IC. 
ACID 

ASPARTIC ACID 
' ri 

UDPG 

ZN-2006 

Fig. 5. Radioautogram of extract from Chlorella exposed to 
tritiated water for 3 min in the dark. Key to abbreviations: 
see caption to Fig. 4 . 
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ALANINE 

SERINE AND GLYCINE-

+ 
SUCROSE 

PHENOL-WATER 
( I 

GLYCOLLIC 
ACID 

MALIC 
ACID 

GLUTAMIC ACID 

UCRL-8379 

ASPARTIC ACID 

SuGAR ~0-P'\. 

. SUGAR DI-P~ 

ZN-2007 

Fig. 6. Radioautogram of extract from Ch1orella exposed to 
tritiated water for 1 min in the light. Key to abbreviations: 
see caption to Fig. 4. 




