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PHOTOSYNTHESIS STUDIES WITH TRITIATED WATER#*
V.MOSES** and M.CALVIN
Radiation Laboratory and Department of Chemistiry, University of

Californis, Berkeley, California.

INTRODUCTION
Pbotosyhthesis involves two main processes: the phétolytic splitting of
water, and tﬁe utilization of the "active" hydrogen so produced to reduce the
incoming'cgrbdn dioxide to carbohydrate, with the concomitant release of molecular
oxygen. Detailed studies have been mede of the primary quantum conversion processl

2, and. some progress has also been made in the study of the

and of the path of.carbon
pathway of oxygen evolutionB’h.' The present communication reports experiments designe
ed to follow the uptske of hydrogen from water by Chlorella under conditions of

light and dark, and in various media. |

4In en eailiér programne it was proposed to obtain completely deuterated algal

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

then to gSe ordinary vater as a tracer. The incorporated hydrogen was to have been
measured with & ngclear megnetic resonahce spectrometers, which can detect hydrogen
(protons) in ihe_presenée of deuterons. This programme was abandoned when it was
found that such deuteratedvéells showed distinct pathological characteristicss, and
that the quantities of material required for the subsequent analysis would involve
the use of very large amounts of cell material, and would necessitate the isolation

* , . 1
of intermediates on a large scale. In addition, deuterium and protium ( H) are

both stable speciles, and the techniques which had been used so0 successfully to

# The work 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, Californisa.

*% Present address:
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follow the path of carbon by msking use of the radioactivity of lhc 2 could not
be applied in 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 redioactive water by cells
actively carrying out photosynthesis; ultimstely all the hydrOgeh required for
photosynthetic and other purposes by these célls must come from water. Many
difficulties had to be overcome, not the leaét of which was the very low energy

of the P-particles emitted by tritium, and the large dilution of the radioactive

- tracer by the relatively encormous amounts of vater which are inevitably present

. in eny biological system. The maximum energy of the Beparticles emitted by tritium

is sbout 18 KeV, as compared with about 150 KeV for those emitted by lhc. This
meens that the penetrating pover of the pérticleS'is very much diminished compared
with those from carbon, and their abilityﬁtd pass througﬁ paper and afféct photo=-
graphic film is correspondingly reduced.

Detection of the radioaétive materials on paper chromatogrems would become

considerably more difftcult for this remson, and to compensate in part for the

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

which the cells are supplied with radiosctive carbon dioxide, the system can be

50 arrénged that the supply of unlabelled carbon dioxide available to the cells is

reduced to a ﬁinimum, keeping the specific activity of the added tracer high. This
i8 not poésible with water; the best sélution of this aspect of the problem wes to

use cell suspensions muéh more concentrated than those used for carbon studies; in

order to achieve a more favourable substrate-to-cell ratio. This, in turn, presented
new difficulties: as the cell concentration in the suspension was increased, the

optical density of the suspension rose considerably, and the amount of light passing
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through 1t'waslgorrespondingly reduced.

These probiems have now been overcome to a considerable extent, and a sat-
isfactory picture of ﬁhe incbrporation'batterns'of'3H from 3320 by algese under
several.experimental-cOn&ifions has}been obtained.

Other photosynthesis studies with water containing heavy isotopes of hydrogen
have been concerned mainlyAwith the role of chlorophyll as a hydrogen carrier.
Studies by NORRIS, RUBEN ARD ALLEN?, with tritium oxide, and by CALVIN AND ARONOFFB,
using deuterium oxide, falled toidemonstrate.any excess 1ncofporation of hydrogen

from water into chlorophyll during photosynthesis. Recent work by VISHNIAC g,how-

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

into chlorophyll in the light as in the dark.

METHODS

Ceils of Chlorella pyrenoidosg were grown in the continuous culture apparstus

described by HOLM-HANSEN, et 2;,10 The experimental techniques used in earlier work
for the exposure of cells to labelled substrates while carrying on photosyrnthesis
in "flattened test-tubes"ﬁ, or in the conventional "1oilipop"2, were discarded in
favour of & new apparatus, designed to achieve a satisfactory degree of illumination
of the very dense algal suspeﬁsion used.

The apparatus provided for the continuous shaking of 8 glass vessels vwhile
they were simultaneously illuminated from below. After harvesting of the cells,
washiﬁg with distilled water, and resuspension in distilled water 6r other medium,
0.7-0.8 ml of the cell suspension (containing 0.15 ml of wet-packed cells)was pi~
petted into each of the vessels. These were consﬁructed from glass tubing of about

3.5 cm internsl dismeter end 7 cm long, to which an optically flat circle of glass

" was sealed to form a bottom. One ml of liguid in such a vessel forms & layer 1 mm
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deep, apart from meniscus effecté. A léose—fitting 1id was provided with an oute
let and an inlet tuﬁe; the latter reached nearly to the bottom of the vessel (Fig. 1).
During the "pre-adsptation” éeriod béfore the experiment, in which the cells were
allowed to come to a steady metabolic state, the cell guspension was shaeken in the
ligﬁt for 30 min, while air containing 1% (v/v) €O, was blown over the surface of
the cell susgpension. The gas ﬁixture vas pre-wetted by bubbling through water to
minimize eVaporétion from the cell suspension and to serve as & control measure for
the rate of aeration (Fig. 2). |

A rectangular glass water bath; fitted with inlet and outlet tubes to permit a
constant st;eam of cooling'watér to pass througg i¢, was arranged over & bank of

eight 6-watt fluorescent 1ights..\ At the top of‘the water bath two rails were fitted

“along which ran a small carriage consisting essentially of four wheels fixed to a

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

~could be placed_(?ig. 3); The vessels were suspended partly below the plate 80

that the hottoms of the ?eéseié_reéched nearly to the bottom of the water bath. The
vessels were preveﬁted ffom‘fallihg through the plate by three glass &ears" on eaéh
vessel arranged near the top. A second plate fitted to the carriage about 2 cm
below the first, and also containing six holes corresponding with those on the upper
pléte, prevented too much rattling of the glass vessels; the latter were also taped
with collars of adhesive paper to obtain e fairly tight fit’. The whole carriage
was made to run back snd forth along its raells by means of a conmecting rod attached
t0 an eccentric on the drive shaft of a stirrer motor. The carriage oscillated about
3 cm at spproximately 250 cyc/min; The light intensity at the bottom of the glass
vessel was about 2000 ft c¢andles. .

As the wvhole apparatus needed to be as small as possible for use in a sealed
box, the fluorescent tubes were of limited length, and while illuminétion was_fairly

constant to each vessel, there was some variation between different positions on the
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shaker. For this reason the samples were supplied with rediocactive substrate one
at a time in & serisl manner, each flask being moved to one particulat position on
the shakexr for the period of incubation with labelled substrate.

Before the addition of labelled substrates any other additions, such as
mineral salts, were made, resulting in a totsl liquid volume of 0.8 ml. At the start
of the experimental period, 0.2 ml of 3H20 (specific activity, 5 C/ml, prepared by
Whittemore and lLehman by oxidation of tritium gas ll)was added to the cell suspension,
and after a definite incubation period 4 ml of absolute ethanol was added to kill
the cells. The shaker was kept in motion while both additions were made to ensure
3 was also used as a substrate, the vessels were kept
flushed with the gas mixture during the incubsation 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 paésed two hypodermic needles, a long one
reaching to the bottom of the tube a@d a shorter oné serving as a gas cutlet tube.
Once the tubes were capped all additions (substraté, and eth#nol for killing) and -
gas flushing were performed via the longer hypodermic needle.

For experiments to study the effec£ of the radlstion from tritium on carbon
metabolism, the labelled carbon dioxide was edded as 0.1 ml of 0(P6 g_NathCO3(hO uc).

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 extrscted with 2 ml of 20% (v/v) ethanol for 1 hgr, end with 2 ml of water
overnight; The extracts vere pooled and the cell residues discarded. The extracts
vere evaporated to dryness in vacuo below %°, The dry residue after eveporation
was redissolved in 5 ml of 20% ethanol and again evapprated to dryness; this was

repeated twice more, and the residue finally dissolved in less than 1 ml of 20%

ethanol; solution being aled by placing one or two small glass beads in the flask
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and usiﬁg these to loosen material from the walls. The purpose of the repeated
evaporations wvas to remove tritium present in compounds in erhaxgeable positions,

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

it is likely that almost every compound in the celle would have been labelled(see.

DISCUSSION).

The water and ethanol releaéeddduring the evaporations were caught in a trap

- surrounded by liquid Na. When each trap became full it was filled with a mixture

of vermiculite ond cement, stoppered, sealed into e plastic bag, and encased in a

- iead,pipa with & scrfew cap in preparation for ocean burial.

Owing to the large quantities of rediosctivity used, sll the operations deseribd-

- ed above, from the time the vessel containing lobelled substratse was first opened

" -until the finul evaporation was completed, were performed within a sealed “glove

1

A repid draught of air was maintained through the box by a suction fen

-which was vented through the roof of the building, and the vacuum pump used for

Ithé evéporaﬁiops, even though outside the box, was exhmusted back into the main

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

fully mbnitémed to ensure that no rediosctive substances escaped from the confines

. of the box and the venting system.

The finel solution of compounds from each semple was chromatographed in toto
on a sheet of cxaiic acid-washed Whatman Ro. 4 filter paper. The chromatograms

veére developed in the first dimension with phenol-water {10 hr) and in the second

dimeneion with n-butancl-propionic acid-water (8 hr)ld. Redioautograms were obe

‘tained by exposing the developed chrommtograms to Dupont blue~sensitive single-~

) : . 1%
cocted X-ray film 507E for about 2 months 3. Very faint film images were in-

tensified by blue.toning lh. After location of the spots on the paper the activity

in each one was determined by counting with a windowless Scoti~type ujger-Milller

!



-7~ UCR1.-8379

tube placed on the paperlB. The Scott tube was flushed continucusly with a gas
mixture consisting of 99.05% (v/v) He and 0.95% (v/v) isobutane. The counter
vas operated at 150C V. After being pleced on a particular position on the chro-
matogram, the counting tube was flushed for 5 min before a count (5 min) was taken.
Adjecent spots were shielded with e sheet of paper. Compounds containing 1l‘C were
counted with similar tubes having a thin "Mylar” window (thickness about 1 mg/cm?).
8pots on chromatograms were identified by elution, treatment with human seminal
acid phosphatese in in 0.02 M-acetate buffer (pH 5) when appropriate; end rechrom-
atographed with authentic markers. Substances containing very litde activity-were
presumptively identified by their chromatographic positions ohly, comperison being

L

mede with chromatograms of cell extracts labelled with 1% run at the same time,

the compounds in which had already been identified.

RESULTS

Efficiency of tritium counting. -7

A spot of tritium-labelled glutamic acid oﬁ & chromatogram, of which the
counting rate from‘filter paper with the windowless Scott tube.was knovn, was eluted
and aliquots of the eluate dried onto aluminum pianchettes. These were counted
with the windowless counter. .Fu;ther aliquots were assayed using a scintillation
counter which was known to count 30% of all disiﬁtegrations from tritium. The

1“C compounds counted with a Scott

results are shown in Taeble I. For comparison,
tube having a thin "Mylar" window, sbout 6% of all disintegrations were counted
vhen the compounds were adsorbed onto filter paper, and about 20% when the com=

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

Radiation effects.

A necessary preliminary to further study was to establish that the flux of
rediation due to tritium of the specific activity and for the incubation period

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

of their onhotosvnthetic canabilities. The radistion dossoce 1n t+he rondi+innag 11aad
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was T60 reps for the 1 ml sample. Equal aliquots of cells were allowed to carry
on photosynthesis in the presence of Né,thCO3 (40 uC) for 3 min in the presence
and absence of 3H20 (1 ¢). Chromatograms of the cell extracﬁs were prepared and
exposed to X-ray film, a layer of "Mylar” being placed between the paper and the
film. The "Mylar” vas sufficient to absorb the P-particles from tritium but not
those from 1&0. A number of compounds were counted for th with & thin-window
Scott tube and the results are presented in Table II. These compounds normally
contain 80-90% of the totel soluble lyC fixed by cells supplied with labelled
bicarbonate for 3 min 1in the light. Apart from the changes in glycollic acid, as-’
partic acid, glutemic acid, and sucrose, no very significanf alteration of the

photosynthetic incorporation pattern resulted from the presence of tritiated water.

Identity of substences incorporating tritium in the light.
The following substances have been shown by cochromatography with suthentic

markers to incorporate BE from 3

H,O in the light ‘(phosphates were treated with
phosphatase before being chromatographed with markers): sugar monophosphstes (cone
taining the monophosphates of glucose, fructose, and possibly other sugers); sugar
diphosphates (containing, after treatment with phosphatase, label in ribulose, and
a trace in glucose or fruectose); phosphoglyceric acid (probably mixed with a little
phosphoglycollic acid); uridine-diphosphoglucose (label only in the glucose moiety
after 3 min); fumeric acid, mallc acid, citrle acid, aspartic acid, glutamic ecid,
alanine, glutamine and a mixed spot of sefine and glycine (lsbel mainly in serine).
Other substances contained too little activity to permit cochromatography and their
identity was ;nferred‘frbm their chromatographic positions, and by comparison with
chréﬁatograﬁs'of'cell extracts labelled with luC in which these compounds had esrlier
' beeﬁ identified. These substances were: phosphoenclpyruvic acid, phosPhoglycollié

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

phosphates with phosphatase), end sucrose. The identity of glycollic acid was rend-

ered virtually certain by its highxyéigtiiiﬁy,taken together with its chromatographic



~9- UCR1.-8379

parameters.

Incorporation of tritium from water,iﬂ the light and dark.

The distribu%ion of tritium 1ncorporated during 3 min incuhation pericds in

the light and dark sre shown in‘Table IiI. The compounds in which tritium appeared
were similar in both éoﬁditions éfvlighting,'except for the sugar diphosphates, phos-
phoenolpyrivate, 6itrate, glutamine, and one unidentified substance, all of which ine-
éorporated no.agt;vity.in-theidark; The total quantity of tritium fixed in the dark,
» hoﬁever, was oniy about one'half that fixed in the light. The main differences in
dietribution were the relatively lesser amounts of tracer incorporated into the-{
sugar f%phOSPhates énd”organic'acids, particularly malic acid, in the dark, and the
relatively greater qpantities iricorporated into the émino acids, especially aspartic
acid and alanine in the dark. Rsdioautograms demonstfating these differences are
shown in Figs. b and 5. |

_ One important diffgrence, difficult to messure, was concerned with glycollic
acid. This substance 1s quite volatile, as evidenced by the fat that even though
the film blackening due to this compound was greater than for any other (Fig.h),°®
the activity remaining on the paper when it was counted was only sbout 4% of that
in glutamic acid, the next strongest spot. TOLBERT/AND ZILLls have reported that
¥ ¥ 10% of ﬁhe glycollic acid was lost from paper chromatograms during two weeks'
ekposure to'X-ray'film, together with another 1-8% lost during development of the
chromatograms. A triel experiﬁent in which glycollie acid-th wes aedded to sn ex-

n

tract of Chlorelle cells not‘labelled with 1 C, and the mixture evaoprated to dry;

" ness four times (see METHODS sectione), 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 chromatograms, on the other hand;. having been developed
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in the second dimension with an acidic solvent, would lose glycollic acid more

readily. In the‘pregent work, there wes presumably a further loss of glycollic

‘acid in the variéble'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 glycollie
acid with any degree of accuracy, en attempt was made to find the relative amounts

of tritium incofporated into this gompound in the 1light and in the dark by densito-

‘metric messurements of the amount of f£ilm blackening due to this compound. Since

‘both 1light and dark cell extracts were prepared and chromatographed under identical

conditions, such densitometric measurements should have some validity. As a com~
parison, aspartic acid from each chrométogram was also determined 1n.this manner,
and the ratio obtalned compared with that derivea from direct counting. Table v
shows that on thie basis some 6.6 times as much activity wvas incorporated into
glycollic acid in the light as in the dark, although the total activity in 211 the
other compounds was only threé times as high as in the light.

Uéing the comparative film blackeﬁing of glycollic acid and sspartic acid,
and knowing the activity ofvthe 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 28% in the dark, for 3 min exposure

time in both cases.

Effects of ammonia and nitrate on patterns of tritium incorporation.

16 - 1h
HOLM-HANSEN et al , have shown that the pattern of kg incorporation from 002
in the light by Chlorella is markedly affected by the presence in the medium of
ammonia, and, to a lesser extent, hy nitrate. When ammonia was present & much greater
14

fixation of lhc 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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gugar phosphstes and sucrose. Nitrate had a similar, though less marked, effect.
Cells supplied with 3H§° in the presence of C.OOl M ammonium chloride or 0.001 M
potassium nitrate added 2 min before the labelled substrate, showed only smell differ-

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

fixed and in its distribution (Teble III).

Kinetic studies on the light and dark.

Studies were made to determine the 1nc6rboration patternm of tritium in the
light snd 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 incubétion period (5 éec), the largest quantities of label by counting appear=
ed in the sugar monophosphates, phosphoglyceric acid, malic acld, aspartic acid, and
glutamic acid. élycollic aéid produced the most. film.blackening even at this short
time. The percentages of the total fixed tritium present in the sugar monophosphates,
phosphoglycerie acid, and aspartie acid, decreased with time from the shortest to
the longest incubation periods,ipdicating that these substances are earl& intermediates
on the pathways of tritium incorporation (Table V).

In the dark, the earliest substances to become labélled (6.8 sec) were essentially
the same as those in the light, though relatively much more activity was éresent in
the amino &ci@s at the earliest periods, and less in the sugar pheephates and organic
aéids. The sugar monophosphates and aspartic acld were the only substances to show
a relative decline in incorporebed 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 erise with other elements, except possibily oxygen. This
results from the ease with which hydfogen in water may exchenge with many of the hydroge:

atoms in organic molecules, particularly those attached to oxygen and nitrogen atoms.
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There are at least six ways in 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 evaporated to dryness and redissolved
in unlabelled water, no tritium would remsin fixed in three of these six possible
instances. Tritium might enter a molecule by an enzymatic reduction process (per-
haps involving & reduced coenzyme), be placed in an exchangeable position (attached
to oxygen or nitrogen), and subseguently be relocated to a nonexchangeable position
(attached to carbon) end hence remain if situ after repeated dilution with un-
lsbelled water. A similar enzymatic incorporation into a nonexchangeeble position,
‘'perhaps with subsequent relocation into another nonexchangeable position, would
have a similar result. On the other hand, after eniyﬁatic incorporation into either
an exchangeable or a nonexchangeable position, the tritium may be removed by further
enzymetic reactions to an exchangeasble position and be lost during evaporation.
Further possibilities result from an iﬁitial incorporation bﬁ nonenzymétic exchange
between tritium in water and exchangeable hydrogen in the organic-molecules. if
such tritium is then removel biochemically to a nonexchasngeable position it will be
retained during evaporation, but if it is moved to another exchangeable position
it will be lost.

In addition to these possibilities involving reduction reactions; water 1t-
self may be incorporated as & complete molecule, as in ‘the reaction producing malic
écid from fumsric acid. Buch a complex gefies 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 tracer. In the latter case, non-
specific exchange is limited to a small number of possibilities, such as with the
carboxyl groups of acids, and such exchange is{much slower than that involving hydrogen.
Biochemical exéhange could elso take place in reversible decarboxylatidn reactions.

It is possible to appreciate a gumber 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, suceinate, ealanine, isocitrate,
malate, and lactate by reducticn reactions, the tritium being sited in the first
instance in at least one non-exchangeable position. The formation of 3—phosphog1§ceric
acid, citrate, isocitrate, and malate by the appropriate reactions invoives the up-
take of a complete water molecule, with {ixation of tritium into at léast one non=-
exchangeable posititm. Tritium will be incorporated into any moleculs wh}ch obtains
its hydrogen in & reaction involving a transfer from an exchangesble position.

The reactions mentioned are but a few of many incorporating hydrogen or water, and
there is obviously a wilde range of possibilities for the interpretation of results.
In practice the problem 1sisomewhat simplified because of many of the compounds
mentioned asbove are present in such smaillamounts that they do not incorporate de-
tectable quantities of tracer in short~term experiments. The incorporation patterns
of;tritigm in the light and dark can thus be related to the known patiterns of carbon
diéiide incorporation under similer conditions. 1In }he light, sugar monophosphates
aﬁd phosphoglyceric acid are labelled with tritium at an early stage (Table V). The
§ther substénces incorporate tritium rapidly (malic, glutemic, and aspartic acids)
éan Sé accoﬁnted for on the basis of the sdditicn of water to fumaric acid to form
malic acid, and the production of glutamic and aspartic acids by reductive emination
of their respective keto acids. Although malic and aspartic acides also rapidly in-
corporate th from lkCO2 in thé light, this is not the case with glutamic acid, and
this has led to the suggestionl7 that the passage of carbon from the photosynthétic
carbon reduction cycle to the tricarboxylic acid cycle is impaired in some way in

the light. The present results with tritium, however, have shown that even though
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- newly 1ncorpor§ted carbon may not énter glutamic acid, this amino acid is nevertheless
Being formed in thé 1ight, as must be the case when the cells grow under conditions
of continuoﬁs lightihg. This lends support to the conclusion that separate metaebolic
pools of'iAéntical substances which are not in a state of rapid equilibrium with each
other, may exist in the algaeld, |

In the dérk,‘the early incorporation of tritium 1is mainly into substances
":éssociaﬁéd with the fricarboxylic.acid cycle and with pyruvate (alanine, maliec,

;acid, aspartic aéid, and glutamic acid) as has also been found with the dark fixe
_étiéA of carhon dioxidél9, and less appears in sugar phosphates (Table VI). Less
total tritiun is incorporated in the derk, and different incorporation patterns are
seen, demonstrating thét some, at least, of the tritium taken up in the light must
be specifically associatéd with new synthesis,

The large amounts of activity observed in glycollic ecid, particularly iﬁ the
light, may also be interpreted in terms of comparaﬁive biochemistry. The fact that
£0 much tracer was present in this compound suggests that it arose by reduction ,
possidbly of glyoxylic acid, and that glycollic acid 1s.not merely an excess product
originating in transketolase reactions as.proposed by WILSON AND CALVINEO. Further,
these authors found that the incorporation of l&c into glycellic acid increased
when the cells were placed in a low carbon dioxide environment, and 1t is possible
that in spite of flushing the cell. suspension with 1% carbon dioxide during the ex-
periment, the cells were relatively short of 1t owing to the dense cell suspensions
 (15%) used. Neveftheless, the relative amounts of glycollic acid in these studies
were far greater than those observed when the carbon dioxide céncentrationwas low~
‘ered to 0.003% 20, and the very heavy labelling with tritium indicates that glycollic
acia plays a more significaht role in hydrogen metabolism than that resulting from
carbon dioxide deficiéncyj In addition, the rapid appearance of label in glycollie

acid ( 5 sec) suggests that its role in photosynthesis is an early one. Evidence
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has been obtained that photosynthetic reductions take place through phosphopyridine
nucleotidesal; It thus seems l1likely that glycollic and glyoxylic acids may play
a ;ole in the transpért of hydrogen from photochemically reduced pyridine nucleotides

_ : 22
posgibly to phesphozlyceris acid, as esrlier proposed by ZELITCH . The initial

: 2
supply of glmealiic acid covld oxizinnite from the transketolase reaction , by re-

3

duatinn of gZlyoxylis ecld formed in the glyoxylic cycle 2 , or be produced by de-

anination of glycineah. Thelatter 18 kmown to appear quite early when algae are in-

, 1k 25 ’
cubated in the light with 002 .

Labelled glyoxylic acid has not been observed. However, 1f such a hydrogen

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

ressonsble to suppose that the (labelled) hydrogen atom which would be added to gly=-
oxylic acid to form glycollic acid would also be the same one as was later passed on
to other substances. Hence, label need never have appeared in glycxylate, even though

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

i almost ceteinly much less than that of glycollic aecid, since the ramainimg un-

known spots in thOZ incorporation chromatogréms are all very wesk, and glyoxylic
acid has not been identified in such experimats.

TOLBERT26

has recently made the interesting observation that when chloroplaste
were supplied with l“cog, glycollic acid was the only labelled compound to be secreted
into the medium; no phosphorylated compounde appeered. It seems reasonable that if

no phosphorylated sugars were able to pass through the chloroplast»membrance, pyridine
nucleotides would be similarly restricted, and Tolbert has suggested that glycollie
acid may act as a hydrogen carrier between chloroplgﬁ£§; in which photosyntheﬁic

reduction takes place, and other parts of the cell.
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VISHNIAC'S observation9 of a light-induced appearance of tritium from water
ir c¢hlorophyll is not 1ncompa£ible with/zzzults here reported. He describes his
incorporated isotope as “relatively labile” to exchangeyizzer and suggests that 1t
is the enolizable hydrogen on the isocyclie ring. Such label would have been lost
by back exchange in the present procedure. An examination of the chromstograms in
the lipid areé revealed a level of tritium activity lower than anything observed
in the phosphates and amino acids eported. This suggests that the compounds in =
| this area (chloroPhyll} carotenoids, and 1lipids) do not rapidly acquire tritium:
in nonexchangesble poeitionswéther by a cycling process or by new synthesis,

In spite of the ﬁany'difficulties of manipulation and interpretation, it seems
likely that the use of tritium will eventually ensble us to learn something of the
path of hydrogen; though not with the ease or completeness which studies with'luc
haveApermitped investigation of the path of carbon in photosynthesis.

SUMMARY

A sfudy has been hade of the incorporation patterms of tritium from tritium
oxide By-Chlorélla cells under conditions of light and dark. A new apparatus has
been designed for use in photésynthesis experiments which necessitate the employ~
ment of denee cell suspensione and substrates of high epecific acttvity (L C/ml).
The incorporation patterns of thOE in the‘presence sand absehce of tritiated water
showed little evidence of physiological dsmage due to radiation.

. The substances incorporating tritium were essentially the same as those in-
corporating lhC from lh002. However, the percentage distridbution of the tracer
among the labelled compounds showed considerable differences from the carbon pattern.
At the shbrtest incubation periods in the light, tritium appeared meinly in the

sugar monophosphates, phosphoglyceric ecid, aspartic acid, glutamic acid, and malic

acid. These substences also incorporated label most rapidly in the dark,‘though in
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this case a greater percentage 6f the activity fixed eppeared in the amino acids.
About three times as much tracer was fixed in the light as in the dark. The total
activity fixed, and its distribution, was affected to some extent by the presence
of emmonium or nitrate ions in the medium.

Glytpllic acid was lahellfd very early, and was/;gzt active compound present.
A scheme for hydrogen transport in photosynthesis involving an alternate oxidation
and reduction of glycollie and glyoxylic écids is proposed. The diffiéulties of
interﬁreting the results of bioéhemical studies with hydrogen isotopes dué to ﬁOn-

specific exchange reéctions are discussed.
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TABLE I

EFFICIENCY OF TRITIUM COUNTING

UCRL-8379

A sample of tritium-labelled glutemic acld of known counting rate was
eluted from a chromatogram and eliquots of the eluate were counted with
8 vindowless Scott tube after being dried onto aluminum planchettes.
Further aliquots were counted in & scintillation counter of known effi-

clency (30% for tritium).

Means of counting : - ' counts/min  efficiency  relative
% , . (%) counting
rate
On paper, before elution, with 7,900 0.26 1.0
. vindovless Scott tube
O aluminum planchette, after
elution, with windowless - ’ '
Scott tube - 104,000 3,48 13.2
: Scintillation coﬁnter,-after' _ ' : .
elution (reference point) . . 896,000 - (30.0) 113.%
Absolute disintegration rate 2,987,000 - 100.0 378.1
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’ EFFECT OF HIGH SPECIFIC ACTIVITY TRITIATED WATER ON THE

INCORPORATION OF LABELLED CARBON DIOXIDE INTO SEVERAL
' BUBSTANCES

‘Cells were exposed in the light for 3 min o NaHM’COS (404C/ml) with or

- without 2,0 (1:£/ml). Vslues are given as counts/min for the substances
in & . itandard aliquot of the cell extracts (containing 83 Wl of wet.packed

cells :

Substrates - Moo 1400, plus 2H,0

Dose of radiation received in

3 min (reps) 0.48 760.48
fuger diphosphates ‘ 31,400 34,200
- Bugar monophosphates 189,000 181,000
Phosphoglyceric acid 105,000 84,600
Uridinediphosphoglucose - 28,100 21,400
Aspartic acid _ 13,500 7,700
Glutamic acid 3,230 2,100
Alanine ' 19,800 14,900
Malic acid 25,700 21,200
Fuparic acid : 3,980 5,570
Glycollic acid 24,900 38,000

Sucrose g,750 %.050

Total ¥5%,000 412,000
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TABLE IT1I

INCORPGRATION OF TRITIUM FROM TRITIATED WATER IN THE LIGHET AND DARK;
EFFECT OF THE PRESENCE OF AMMONIUM CHLORIDE AND POTASSIUM NITRATE ON
THE UPTAKE OF TRITIUM FROM TRITIATED WATER IN THE LIGHT

Cells suspended in O 002 M KHpPO, buifer, pH 7.05. Concentrations of
NHeCl and KNOs, 0.00L M. ~Cells incubated with ®Hp0 (1 C/ml) in the pre-
sence of unlabelled carbon dioxide for 3 min in the light or dark. The
velues given are the percentages of the total tritium fixed which appeared
in each compound. .

Light conditions - Light  Dark’  Light  Ligit
Additioﬁs of salts none none WHCL KNOa
Sugar diphosphates 2.3 0.0 2.4 1.6
Suger monophosphstes 16.1 1.1 12.6 12.3
Phosphoglyceric acid plus '
phosphoglycollie acid 5.4 8.4 5.1 5.3
" Phosphoenolpyruvic ecid” 0.5 0.0 0.4 0.4
Uridinediphosphoglucose 2.6 2.9 1.2 3.7
Fumaric acid 1.6 i 1.9 0.9
. Malic acid 18.4 5.6 22.2 7.8
. Citric acid 0.7 0.0 1.5 1.1
Suceinic acid™ 1.9 1.5 1.2 1.5
(Glycollic acid’) (1.%) (=) {0.3) (0.3)
Aspartic acid 8.1 26.5 9.4 14.8
Glutamic acid R.5 33,2 29.8 31 .k
Serine plus glycine 3.8 1.1 2.6 2.1
Alanine h.1 12.0 7.1 2.1
Glutamine 0.8 0.0 1.3 3.2
Unidentified substance 1 0.0 0.0 1.3 1.1
Unidentified substance 2 0.2 0.0 0.0 0.0
Unidentified substance 3 0.0 0.0 0.0 0.6
Totel in sugar phosphetes 27.9 2.4 al.g 23.3
Total in orgsnic acids 22.6 4.9 26. 11.3
Total in amino acids 49.3 72.8 50.2 635.6
Totel in unidentified substances. 0.2 0.0 1.3 1.7
Totel setivity fixed (ggéml'of ' .
wet—packea cells) R4 17.1 %35.8 34.2
*® Identity not confirmed by cochromatOgraphy Vith authentic merkexr

B Trace of blackening on film.

e A#Eivity mainly in sérine.

4% Excluding glycollic acid; determined by summation of the activities of
' all the spots on the chromatograms
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TABLE IV

ACTIVITY INCORPORATED INTO GLYCOLLIC ACID IN THE LIGHT AND DARK

The relotive densities of film blackening due to glycollic zcid in the light end dark
88 determined by densitometric measurements are given. The blackening due to as-
-partic acid is given for comparison, together with the actual counting rete for
aspertic acid from the two chromatograms. All film densities were referred to

the density of sspartic acid in the light. For experimentel detm ils, see

Table III. .

. _ Film Densities Counting rate
Sample Glycollic ecid Aspartic acid Aspartic acid
- ‘ : (counts /min)
Incubated in the light 16.5 (1.0) 1951
' (reference point)
Incubated in the dark 2.5 _ 1.5 Y
Retio: light sample 6.6 0.67 0.58

dark sample
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TABLE V

KINETIC STUDY OF THE INCORPORATION OF TRITIUM FROM TRITIATED WATER IN THE LIGHT

The cells, suspended in distilled water, were incubeted in the
light with 28,0 (1 €/ml) in the presence of unlsbelled carbon
dioxide for the periode shown below. The values given are the
percentages of the totel tritium fixed which appesred in each

- compound. -
'Inzubatign period~(seé) 5 - 10 30 _' 60 180
."Sugar diphosphates ’ SR 8.1 T 12.4 9.4 4.7
Suger monophosphates . | 3L.k 2L.7 o 16.2 16.4 2.6
Phosphoglyceric acid plue : ' ' :
phosphoglycollic scid 10.3 8.3 . 5.2 5.2 3.1
Uridinediphosphoglucose : 2.1
Fumaric seid ' - 1.0
Citric acid , ' : 0.7
Malic acld - 15.5 13.6 26.3 19.0 15.2
(Glycollic scid¥) (##) (**) (1.1) (1.4) (3.1)
Aspartic acld 15.¢ 13.1 11.5 9.1 6.5
Glutamic ecid 26. 19.7 22.8 23.6 2.1
Alanine 5.5 5.5 7.4 6.7
Serine plus glycine™**® 5.7 : 6.9 8.1
Sucrose™ 1.3 3.0 7.2
Totel in sugar phosphates 41.7 h1.1 33.8 31.0 22.5
Total in organic acids = 15.5 15.6 26.3 19.0 16.9
Total in amino acids 2.7 4.0 29.8 47.0 534
Total in sugays. L 0.0 1.3 0.0 3.0 7.2
Total activity fixed M/m
wet-packed cells) 1

.3 2.5 5.5 8.4 2k.1

* Identity not confirmed by ceochromatography with authentic marker

= Blackening on film but no apprecisble count. v

&%  pctivity meinly in serine. -

*¥#%%  Excluding glycollic acid; detemined by summation of the activities of
all the spots on the chromatograums.
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TARLE VI

KINETIC STUDY OF THE INCORPORATION (F TRITIUM FROM TRITIATED WATER IN THE DARK. |

The cells, suspended in distilled water, were incubasted in the
dark with ®H,O (1 C/ml) in the presence of unlebelled carbon
dioxide for the periods shown below. The values given are the
percentages of the total tritium fixed which appesred, in each

conpound .
Incubstion period (sec)’ 6.8 30 60 180
Sugar diphospheates 1.9 0.6
Sugar monophosphates C1hk.h 11.5 9.4 7.7
Phosphoglyceric acid 7.9 10.6 L.7 8.1
Phosphoenolpyruvic acid* 0.6 0.1 0.1
Phosphoglycollic acid® 2.1 k.9 0.3
Uridinediphosphoglucose 2.5 2.4
Malic scid. v Y X 4.0. 6.0 2.5
Citric acid . ' 1.2 1.5 1.6 0.3
- {Glycollic acid”) (0.4) (0.4) (0.1) (0.1)
Aspartic scid 48.3 b1.7 31.5 30.9
Glutemic acid : 16.5 19.9 - 25.9 2.4
Alanine 5.7 7.9 13.1 13.8
Glutamine : 0.6
Unidentified substance 1 0k 0.3 0.1
Unidentified substance 2 S 0.k
Total in suger phosphates 24.2 24.8 £1.6 19.2
Total in organic acida ‘ 5.3 5.5 7.6 2.8
Total in amino acids - 710.5 69.5 70.5 57
Total in unidentified substances 0.4 3 0.5
Totel activity fixedﬁ&uC/ml '
Wt’Paclﬁed cel.ls ’ loh’ l‘-oB . 701 V 1302

* Identity not confirmed by cochxomatbgraphy with aeuthentic marker.
*E Excluding glyc¢ollic ascid; determined by summation of the activities of
all the spots on the chromatograms.
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ZN-1867

Fig. 1. 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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ZN-2008

Fig. 4. Radioautogram of extract from Chlorella exposed to
tritiated water for 3 min in the light. Key to abbreviations:
Sugar mono-P, sugar monophosphates; PEP, phosphoenolpyruvic
acid; PGA, phosphoglyceric acid; UDPG, uridinediphosphoglucose;
Sugar di-P, sugar diphosphates.
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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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ZN-2007

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





