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TRITIUM INCORPORATION AND RETENTION IN PHOTOSYNTHESIZiNG ALGAE
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Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory,

University of California, Berkeley, California 94720 (U.S.A.)

SUMMARY

The ratios of incorporation and retention of tritium compared to

protium into metabolites in Chlorella pyrenoidosa and in Anacystis nidulans

growing in water labeled with tritium have been determined. The algae were

continuously supplied during growth with CO, labeled with ]4602, and the

]4C content of metabolites were used to determine their concentrations.

The tritium/protium ratios (R) of metabo]ftes in Chlorella were determined
following growth at 10°C, 20°C and 25°C. |

- As previously feported, variations in R in thgﬁgllg, range from 0.5-0.
for most metabolites, to values of R arouﬁd 1 for metavolites of the tri-
carboxylic écid (TCA) pathway. The R value for fumarate has now been
measured. The increased R values for TCA cycle intermediates and related
amino agids can be accounted for in terms of specific isotope effects of
several ehzymeamediated steps. Very different R values for certain metabo-

lites were found in Anacystis nidulans--for example, R for citrate was 1.81

(the highest value observed in these studies) while aspartate was only 0.59,
comparable to other metabolites in both organisms not related to the TCA
cycle. This lower value for aspartate is explainable in terms of the

incomplete TCA cycle in Anacystis nidulans.
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No significaht differences in R values for Chlorella pyrendidosa-

groWh at 20°C. and 25°C were observed, but in cells grown at 10°C, there
was a small but significant increase in R for TCA Cyc]é metabolites.

| If thé increase in R from sugar phosphates to TCA éyc}e intermediates
seen in these two types of algae may be taken as an 1ndicatf6n of likely
discriminatoryvretention of tritium in organisms hignher in the food chain,
it would apbear that no serious concentration of trftfum due to isotopic
discriminatibn_shou]d Qccuf in the biosphere. However, research workers
using compounds labeled with hydrogen isotopes for studieé of in vivo
__metabo]ism 5hou]d take into account the ]ike]ihoodiof such discriminatory

uptake,and retention during specific metabolic steps.

INTRODUCTION

Given the release of large amounts of radioactive hydrogen (tritium,
3H) dur{ng nuc]ear weapon testing, the low-level release of tritium from.
an increasing number of nuclear reactors, and the continual production of
"natural™ tritium by cosmic radiation in the atmosphera, it 15 necessary
to know the fate of tritium in the biosphere. Thé way in which tritium
is taken up from the environment by plants, especié]]y algae, is particularly
important, since these orgaﬁfsmsvake at the start of'the food chain. - Fur- |
thermore, 1dhg-term growth of algae in tritiated water is useful for the
biochemical preparation of tritium-labeled compounds, like carbohydrates,
fatty'acids and amino acids1. For this purpose, a detailed knowledge of
tritium iéotope effects is needed.

14

When high levels of DZO’ together with CO2 were. administered to algae

and other organisms, severe alteration in cell size as well as in cell com-

2-4

ponents was observed These effects have not been found with HTO, if
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the radioact{vity does not exceed 20_mc/m15. Theffirsf studiés on discrimi-
nation betweeh hydrogen isotopes taken up from the médium'dﬁringvphotOSyn-'
thesis have béén described by Reitz and BonhoefferG, who Eeported that the
intracellular déuterium content of Scenedesmus was only 36 to.70%'of that |
of the cuTture medfum. Early tritium éxperiments with photosynthesizing
a]gae.were mostly short-term studies. Moseé and Calvin showed that T from
HTO was seen first in the same compounds as'thdse‘in»which 8¢ was séen
after feed}ngv]4C02 7. The incorporation.of tfifium into carbohydrates

}ahd its 1ntfamo1ecu1arvdistribution in sugars wére détermined by Simon

»gi gl;s after a few minutes of photosynthésis. fheir_resdlts indicated
that the incofporatioh of tritium into the products of photosynthesis is
'mostly due to highly reversible reactions such as isomerization reaétions. '
Isotopic discrimination during such incorporation led to different intra-

molecular tritium content in the different sugars and'theirxderivateSB.

The first long-term experiments, done by weinbergéfléhd<P0rtérg,

showed that Chlorella pyrenoidosa discriminates againsf tritidm duking
the incorporation of hydrogen from tritiated water§ however;‘they did not
‘look for the incorporation into the individual compouhds." KéhazaWa:ahd.

10 carried out long-term experiments usingAthé~doub1é 1sbtopé tech-

Bassham
‘nique (T and ]4C), which enabled them to measure exactly the concentration
“of the metabolic intermediates, and So to determine the noh-éxéhangedb]e

tritium incorporation into the different compbﬁnds. ‘Their results sHowed

that tritium.incorporation_comparea with brotium incofporation into the

‘metabolftes is highly variable, with the higﬂest ratios“of tritium to

protium (R) found in compounds related to_thé tricarboxy]fc'acid (TCA)

cycle, and low values of R in 1ipids and some amino acids.
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The objectives of the present study were: (1) To obtain additional
information about the R values of TCA cycle interhediates and to determine
thé mechanismé leading to these ratios; (2) to determine the dependence
(if any) of the R values on thé temperature at which'the'a]gae were growh
in water 16be1ed with T; and (3) to compare R va]ues;for metabolites in

Chlorella pyrenoidosa with those found in metabolites from the photosynthetic,

autotrophic blue-green algae, Anacystis nidulans. The metabolic pathways,

~especially those involving TCA cycle intérmediates, appear to be different
in blue-green a]gaé from the pathways in the eucaryotic, green algae, such

as Chlorella (see DISCUSSION).

METHODS
10

As described earlier ~, Chlorella erenoidosa Was grown for several’

_ generationsvin a closed system containing about 4%.]4C02 of known specific
'radioactivity and tritiated water (1 curie in 50 m]); A pump recirculated
the gas fkom avreservoir through the a1gae‘susbensi6n} Four S-Qatt fluores-
cent lhmps{i]Tumfnated the algae continubus1y for 4-§'déys, a watér jacket
held the grdwing temperature at 10°,-20° or 25°C. The entire appératus

was ‘placed fh_a 1arge.glove_box with negative pressure to handle safely the
HTO. At the end of the experiments the algae hadjdoub]ed 5-6 times, so
that more than 97% of the mass of cells were formed from ]4002 and HTO.

~ To harvest the cells, they were filtered, killed in 80% methanol, and then
extracted for 15 min-in 100% methanol.

The blue-green algae, Anacystis nidulans, were illuminated for 8 days

~with two 6-watt fluorescent lamps. During this time they doubled 4-5 times,
so that more than 94% of the cells were newly grown from the radioactive

substrates. The growing temperature was 20°C.
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The extracts of C. pyrenoidosa and A;fnidu]ané wefé analyzed .by paper
chromatography in:two dimensions'(pheno1-watef-acetic aéid and butanol-
propionié acid-water) for 24 ahd 48 h. For}analysis of pyruvate, a portion
of the sample with added authentic keto-acid Was reacted with 2,4~dinitro-
fpheny}-hydkazine, extfacted, and the hydrazoné‘Chromatographed‘in‘tﬁe dark
using n-butanol-ethanol-0.5 M NH4+,-as deséfibed.ear]fer]]. Radioautograpny
revealed fhejlocétion of radioactive‘spots on the papér chromatogram. After
| identifiéétibh, fhe compounds were cut out and combusted in a "Packard |
| Automatic Combustion Apparatus” to give €0, and water. The tritium and

]4c contentlof these produ;ts were détermjned separately in a."Packard
Scintillation Counter". This procedure made it possible for us to use
relatively Tow specific radioactivity in the tritiated water.

Since the isdtopé effecté of &

]2’ the 14

C can be neg]éctéd under these con-
f ditions C content of the spots was‘used as a megsure'of the
ahount’of each compouhd. In a previous study using these téchniques]o
'_it'was found that the amounts of free amino aéids'meaéured:in this way
‘agreed well with the ahounts measured by co]orimetffc determinatfon.

KnoWing the concentration and the non-exchangéab]e tritihm content of
“the compounds allowed us to calculate the sbecific tritium }adfoactivity
| of the intermediates. This specific tritium radioaétivity per hydrogen
positibﬁ ofveach ?ompound was compared with the specific fadioactivity of
the hydrogen atom in HTO. This ratio gives the R value, or the relative
i incdfporation of tritium compared with protium. For-ekample, an R value
of 0.5 indicates that the average tritiuh radioactivity of the non-exchange-
able hydrogen positions of a compound is half that of the specific tritium

radioactivity of the hydrogen atom in HTO. This in turn means that tritium

is incorporated in those positions to only one-half the extent that protium

is incorpdrated.



e
RESULTS

| The ratio R (specific tritium rédioactivity»of non-exchangeable |
hydrogen_poéitions, divided by the specific.radioéétivity of the hydrogen
atom in'tritiated water) is shown for different metabb]ifes of Chlorella
pyrenoidosa at different growing temperatures (Table I). Each R value

in TabTe I is an average value of 4-6 different paper}chromatograms, The
maximal error (if not otherwise indicated) is 20.05. The values of pyru-
vate show an error of abbut %o.1, since their cohtentration in the extract

is not high enough to give sufficient yields in the hydrazone formation.

TABLE I

R-Values in Chlorella pyrendiddsa

Exp. I Exp. II ) Exp. III

(10°¢) (20°C) (25°¢C)
Threonine | . | 0.54 0.49 | - 0.55
Alanine --- 0.66 0.68,
Serine 059 0.79 0.60
‘Dihydroxyacetone Phosp-ate 0.48 0.47 ' 0.49
3-Phosphoglycerate  0.55-0.65 0.64 0.65
Sucrose | 0.76 0.71 0.72

Uridine Diphosphoglucose - 0.83 ' -—-

Citrate 0.99 0.94 0.9

Malate - | | | 1,05‘ 0.98 0.95
Fumarate - 1.16 1.08 1.04
Glutamate , 1.00 0.87 10.88
 Glutamine 1.03 0.0 0.9
Aspartate | 0.99 0.89 0.93

Pyruvate : 0.5-0.7 0.6-0.7 0.5-0.7
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Tab]é'II showthhevaverage ratio R for different metabolites of Anacystis
nidulans for six different paper chromatograms of the same experiment.
Several intérmediates were lacking, as malate aﬁd'fumarate could not be
detected and the concentration of citrate was rather small. Thus, there

were larger experimental errors (t0.10) during the determination of the

tritium radioactivity in'metabo1ites in Anacystis nidu]ané.

TABLE II

R-values in Anacystis nidulans .

| 'average‘R
Threonine | 0.50
Manine | o 0.62
Serine - . ,‘ 0;72
Dihydroxyacetone Phosphate 0.56
3-Phosphoglycerate _ 0.84
Sucroée - o - : 0.59
:Uridine DiphoSphog]ucose | 0.85
Citrate : | 1.81
Glutamate 0.7
Aspartate : 0.59

Pyruvate _, , 0.6

DISCUSSION
During the uptake of hydrogen as -protons from-the medium into the
different compounds of the metabolic pathways, a much smaller amount of

the higher hydrogen isotope is usua]ly‘found in the produtts than in water.
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This w%de]y known effect is a result of isotope discrimination in the

cleavage of the‘O-H bond]3; These isotope effects may result in as much

as a six-fold greater incorporation of H than T from HTO with isolated

14,15

enzyme systems According to the results of our in vivo experiments

with Chlorella pyrenoidosa (Table I), the ratio in reactions involving

uptake of H from the medium may be about two, since in dihydroxyacetone
phosphate and threonine there is about half as mUCh tritium in non-exchangeable
positions as in HTO..

During the subsequent steps of the metabolism there must be several
~reactions which discriminate for retention of the:tritium radioactivity in
the metabolic compounds. Such discriminations in uptake and retention lead

to R values of 0.47 to 1.16 in Chlorella pyrenoidosa. We can attribute

the discrimination and retention to certain steps in the metabolism.

Looking at experiment Il and experiment 111 of Table I, we see that we
can separate two groups of R values. Threonine, alanine, serine, dihydroxy-
acetone phosphate, 3-phosphoglycerate, sucrose and pyruvate show R values
of about 0.7 or lower, while citrate, malate, g]utamate, glutamine and
aspartate Show values of about 0.9 or higher. Citrate and malate are
metabolites of the tricarboxylic acid cycle, while glutamate, glutamine
and aspartate derive directly from the tricarboxylic.acid cycle.

These'results indicate that one or more steps in this cycle, or just
preceding it, are responsible for the increased specific radioactivity of
these compounds. Primary isotope effects may occur in all reactions involving
fhe breakage of a C-T bondage. Secondary isotope.effects can occur when
tritium atoms are present in the molecule near fhé reaction center but not

13

involved in the broken bond ~. Such secondary effects are small. Primary
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isotope effects may increase the tritium radioactivity either in the sub-

strate or in the product of a discrimination step, depénding on whether the

discrimination is within the molecule (intramolecular) or between molecules

(intermolecular). If a hydrogen is removed from a methyl group (intra-

molecular case), there is a competition between the different hydrogen
| isotopes,‘and if E$-> 1, there will be an increased'radioactivity in the
_product.

When thevhydrogen atom is removed from a unique’oositioh (inter-- -
molecular case), there is a competition between labeled and non—iabeied
:molecules; woen ;%-> 1, the unlabeled molecule réacts faotéf than the
1abeied mo]ecule, so that the radioactivity in the'substrate increases.
When this case occurs, the tritium content wi]i increase in fhe pool
ngggg_the‘discriminating step until toe inflow of iSotope'eqoaTs'thé’out-
flow. A steady state is then established. If‘wevaééume an isotope effect
of 2, theftritium content in the substrate will be twice that of a'éub—
straie without an isotooe effect16.

With these principles in mind, let us consider the sfereospecific
pathways of the hydrogens of the different'comoounds in the tficarboxy]ic
acid cycle. Pyruvate has a Tow R va]ue,.and since oxidatiVe decarboxylation
of pyruvate to give acetyl CoA involves no breakage of C-H bonds of_pyruvate;
we may aosume a low R vo]ue for acetyl CoA. The first stép in which iSotope
discrimination seems likely to occur is the citrate-synthase enzyme reaction
(condensing enzyme). During this steo one»hydrogén of the'méfhyi group is
removed, while the two others are retained at the C-5 position in cifrate
‘and stay in the molecules of isocitrate, 2-ketog1utaréte, soccinate, glutamate
and glutamine without being exchanged with fhe protons of the medium]7. An
isofope effect of this reaction may therefore give a common;upartial explana-

tion for labeling of all TCA substrates.
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Eggerer et ].18 investigated the citrate-synthase reaction in vitro

with tritiated acetate and showed that 82% of the acetate radioactivity
was retained in citrate instead of 66.7% as.expectéd (due to an intramolecular
isotope effect). Such an effect may contribute to the high R values found
in the present studies, but, as the results of the jg_gjﬁzg_experiment show,
it is not 1§rgelenough to account for an.R value of 0.94 for citrafe. Since
pyruvate has_An évérage radioactivity of 0.6 and sinéé in the iﬂ_xiiﬁg
expérimenés 82% of the methyl group radioactivity was‘fetained in citrate,
we would expect a value of 3 X 0.6 x‘0.82_= 1.48_fpr the two C-5 hydrogen
of citrate--that is, 0.74 per hydrogen. | o : '

~ Thus Qe have to look for further reactidns'whigh‘céh.exp]ain.the
observed High’tritium incorporation values. From ig_xiggg-expér{ments
it is known that oxidoreductases show isotope effects if the transforma-
- tion of the‘ternary complex is.the rate-determining‘step in the reaction
sequencelng]. In the tricarboxy]i; acid-cycle thehe are three dehydro-
genasereactiohs in which a hydrogen‘in a C-H bond:is fransferred fo a
coenzyme (isOcitrate dehydrogenase, succinatevdehydrcienase, malate dehydro-
genase).; Iﬁ jg_xj;gg experiments with isolated ehzymés from different
sources for all three reactions, primary isotope éffects have been

reported22"24.

Since discrimination ddring a dehydrogenase reaction
" results in intermolecular isotope effects, we expéct_an increased tritium
radioactivity in the pools before the réaction.

We dfd.not find a chromatographic spot for isocitrate, probably
because the aconitase-citrate equilibrium is far in the direction of

citrate (about 90%). Looking at the hydrogens of citrate we find an

increase from about 0.6 in 3-PGA and pyruvate to about 0.95 in citrate,
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though,this‘is not thé jnmediate substrate of theidéhydrogenation_(Tab]é
'1). An expTaﬁation for this fact may be found in 1ooking at the fate‘df
the hydrogehé in the aconitase and isocitrate dehydrogenase reactions]7.
'An assumed discriminatibn in thg isocitrate dehydrogenasé reaction éhou]d
increase the tritium content in the C-2 position of'jsocitrate ((E),'Fig. 1).
As there is a rapid equilibrium, the isocitrate sHou}d'equi1ibrate (via cis-
atonitate, or directly) with citrate, and in this reacﬁion the tritfum—
 enriched hydrogen position does not exchange withlthé protons of the
mediumzs’T7.'.Thus we find an increased tritium radioactivity in citrate.

It is not possible to calculate precisely the magnitude of the kinetic

isotope effect from our in vivo results. Palm g;_gl;?z, who investigated

the isotopeﬁeffects of isocitrate dehydrogenase from yeast, found § value

of about 4 (for low substrate concentrations). An effe¢t of thié range

| would bellarge’enough to increase the tritium radioactivity of citrate to

the va]ués‘we found. The tritium content of the pkoducté of féocitrate

.dehydrogenase should not be enhanced by this isotopic discrimfnation. 0f

- course, part of the enhanced R value in citrate cou]d.be due to the citrate

synthase step, as already discussed. Such enhanéement could be carriéd

vthrough to the products. v o :w
The high tritium specific radioactivity of malate (0.95-0.98) could

result from a discrimination in the malate dehydrbgenase reaction, where

- the hydrogen on C-2 is transferred to NAD. Thus, the ma]éte p001 would

- have an increased number of molecules with a tritium on C-2. Sinbe thére o

is a rapid equilibrium between malate and fumarate and the critita] hydro-

gen doés not exchange with the water (Fig. 2), we also find an increased

tritium radioactivity in fumarate (1.04-1.08). The fumarase reaction
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ftseif seems'to show no primary isotope effect; sinée the malate and
fumarate t}itium contents are not so different. For the isolated enzyme,
no primary'isotope effect could have been shown26, whi]e‘sma1] secondary
isotope effects have been reporfed27..

Several explanations are possible to account for the increased radio-

activity in glutamate'and glutamine (both are made in Chlorella pyrenoidosa

by reductive amination of 2-ketoglutarate). Glutamate contains 5 hydrogens,
two of which come into the TCA cycle from the methyl group of pyruvate.

Two are taken up from7the:medjum'dufing hydrations, and the fifth comes

from the redu@ed coenzyme'of fhe glutamate dehydrogenase reaction. A
reverse reaction could increase the radioactivity_at the C-2'bouhd hydrogen

position of glutamate. However, Palm gg 1.30

———————

deteéted only small secondary
isotope effects for the isolated enzynie from beef liver. |

Giutamate and a-ketoglutarate are linked by é sééond reaction, the
glutamate-oxaloacetate transaminase reaction. Thié pathway is used to
make aspaftate from oxaloacetate. The transaminase reaction may discrimi-
nate against tritium, as discriminaticn against deuterium was proved for
the reacti6n between glutamate and oxaloacetate tb make aspartate and
a-ketoglutarate, catalyzed by the isolated transéminasezg.

The reason for the high R values of aspartate appears to relate back
to the T-levels in fumarate and malate (see Fig. 2). The two hydrogens in
fumarate are stereochemically similar. MaIate may have an}increased tritium
content due to discrimination during the malate dehydrogenase reaction. If
malate edui1ibrates with fumarate, the higher specific radioactivity would

be transmitted into C-2 hydrogen of fumarate, where it is symmetrical with

the C-3 hydrogen. So there would be an increased tritium content in both
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‘.carbon—bovund'hydfogens of fumarate (_@ a‘nd'). Only one of these
.hydrogehs‘(<:>) is transferred to NAD during the malate dehydrogenase
'réaction; while the second one (|H!) remains bdnded to carbon in oxalo-
acetate and from there is transmitted to aspartdte Thus there,cou]d‘be

an 1ncreased tr1t1um radioactivity in aspartate.

Temperature dependence of tritium retention
Theoretical considerations predict a linear decrease of log isotope
—l—-30’3]. Lowering the temperature should increase the isotope

| 7% o ’
effect, and this has been found for a number of isolated enZymesz2

effect wvs.
. " There-
“fore it was interesting to see how the R values might vary in vivo with
‘growfng teméerature. Table I shows that there is novsignificant differencev’
‘between. 20° and 25°C,‘bht that Towering the growing temperature to 10°C
ichanged thé R values. While all substrates not re]ated to the tr1carboxy11c
acid cycle showed no change wwthln the experimental error, the R values of
' c1trate ‘malate, g]utamate glutamine and aspartate increased about 10%,
showing that the 1sotope discrimination is s1gn1f1cqnt]y larger at low
- temperatures. The fact that the R values of the intermediates not related
| to the TCA cycle do not cﬁange with lower growing temperatﬁres Suggests.
that the tritium 1n¢orporation is not temperature dependent, whereas the

tritium retention is.

Retention of tritium in Anacystis nidulans

The feSu]ts of studies with the procaryotic, blue-green algae, }

Anacystis nidulans (Table II), were expected to be dissimilar from those -

. with Chlorella pyrenoidosa, since these two organisms, though both photo-

synthetic, have important differences in metabolism and subcellular struc-

ture. ‘When_Anaqystis nidulans was fed with ]4C-acetate, incorporation of
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]4C was found into only four amino acids (g]ﬁtamate; proline, arginine,
'1euc1ne)33;' No 1n¢ofporati0n:intd aspartate was observed. Incorporation
studies with<14C-pyru9ate‘gave a simi]ar_incorporationvpattern34, which
.suggested that the 2-ketoglutarate oxidation is blocked. Enzymatic analyses

35

confirmed the absence of 2-ketog]utarate dehydrogenase™™ and extremely low

]eve]s of malate dehydrogenase and succinate dehydrcgenase, vihile ischtric
dehydrogenase was found to be present at high jeve134¢
Furthermore, glutamate dehydrogenase could not be detected in A.

33

nidulans”’. This is somewhat disturbing, since this enzyme is responsidle

for the nitrogen assimilation in mos t photosynthetic organisms. The trans-

33

aminase enzyme‘connecting 2-ketoglutarate and glutamate was detected””. The

absence of 2-ketoglutarate dehydrogenase prevents cyclic flow of carbon in

the tricarboky]ic acid cycle, exp]éining.the entry of>]4

C-acetate into only
a limited number of amino acids. The synthesis of oka]oacetate and aspartate
(and the amino acids connected with aspartate) could occur via carboxylation |

of phosphoenolpyruvate (Figw 3). | R

The moﬁt’striking result of the present study}(fab]e II) is the high
R value of citrate (average 1.81). This must resu]t from a rather hign
discriminatfbn against-tritium during the isoc{trate dehydrogenase reaction.

An isqtope effect between 7 and 9 for the hydrogen transfer might fit.our'
results. |

.The fact that we find a much lower isotope effect for Chlorella is
not entirely unexpected. Studies with enzymes isq]ated from different
sources buﬁ catalyzing a given reaction have shown different isotope

~effects. For example, a low secondary isotope effect was found for the

reaction mediated by isocitrate dehydrogenase from beef heart32, whereas
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the samevreaCtion mediated by'thé enzyme from yeést shows large primary
isotope effectszz. Such differences can be attributed to differénces in
reaétion meéhaniﬁm and kinetic constants of the enzymes invo]ved;v

The hfgh'tritium incorporation in citrafe‘in Anacystis suggests thét

it would be worthwhile to try to isolate the isocitrate dehydrogenase

frbm>the'b]ue§green algae and to measure it§ isotope effect in vitro wit

tritiétgd citrate’as substrate. | . |
Those'éompounds not related to thé-tfiéarboxy]ic'acid cycle have

about the‘same.R values in Anacystis as injCh1ore]ia.(ekcept'3-pho$pho-

g]ycerate). This ihdicates that the discrimination against tritium during

the uptake from HTO is about the same as in Chlorella. Considerable varia-

tions in R values for 3¥pho;phog1yéerate have been noted in earlier studies

]O; These may be due to the fact that 3-phosphoglycerate is

with Chlorella
- involved ih both photosynthetic and respiratory metabolism, and may have
rather different expeéted R ratios, dependfng on whether it is formed by
carboxylation of ribulose-1,5-diphosphate or by oxidation of glyceraldehyde-
3-phosphate. Small vériations in illumination of cél]s-during killing ch]d
produce relatively Iarger effects on the R value of 3-phosphoglycerate.
. The .average R va]ue‘of 0.59 for aspartate is'a clear result of the

incomplete TCA cycle (Fig. 3). In Anacystis, oxaloacetate is not formed

via fumarate and malate, and therefofe does not Carry a tritium-enriched
hydrogen (derived from the malate dehydrogenase reaction), which éeemed |

to be the reason for the higher R values in Chlorella. Aspartate is made
~via oxaloacetate, which results from a carboxy]ation'reaction of either
pyruvate or PEP33.f |

Glutamate, the second amino acid closely related to the tricarboxylic
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acid cycle, shows low tritium incorporation too (R = 0.77). In Chlorella
the glutamate dehydrogenase reaction seemed to be responsible for the

retention of tritium in the C-2 hydrogen position of glutamate. From our

results it seems possible that in Anacystis nidulans, glutamate dehydrogenase

is lacking, since the glutamate radioactivity is low. Since glutamate

dehydrogehase could not be detected in Anacystis nidu]ans33, perhaps 2-keto-
g]utarate'and glutamate are connécted_on]y via the transaminase reaction,
wnile the: nitrogen assimilation in this blue-green algae occurs via reduc-

tive amination of pyruvate leading to alanine.

CONCLUSIONS

1. .The'resulfs of these studies suggest that there is no danger of
high.tritidm levels occurring in specific compounds in algae as a conse-
queﬁce of accumulation and retention by reactions of known biochemical
pathwayslﬂ Even;in the case of iﬁtermediates of the tricarboxylic acid
cycle and related amino acids, where the highest'retention ha§ been observed,
the Igve1$ of tritidm wound are not mdch highér'théﬁ‘in the water from whi ch
| they are fbrmed. The highest value found (1.8 for_citraté in b]ue—greén.
algae) répresents about a threefold increase over the average ratio of
tritium in non-exchangeable positions of primary'products of photosynthesis'
to tritium in water. Citrate represents only a miniscule part of the organic
carbon in algae which could be eaten byvorganisms higher_in the food chain.'

It does éppear from the earlier studies of Kanazawa g;_gl;)o

and the
present studies that the tritium level of primary products.of photosynthesis
is about 0.6 that of the water, and that the level rises to about 1.0 in

amino acids derived from the tricarboxylic acid cycle (in Chlorella).

\
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Even if one made'the_dnrealistica]]y pessimistic assumption that these.
compounds alone were assimilated and metabolized with the same discrimi-
natory rétehtion in drganisms higher in the food chain, the tritium énrich~
ment through five trophib levels could be 6n]y (1/0.6)5 =_13; _Cdnsidering
that most of fhe organic material transmftted from one organism to another
will bé made up of other compounds (fats,}carbohydrates,jand proteins con-
taining aminb acids with low R ratios), even that tfﬁtium increase 1S
un]ike]y to occuf. |
| 2. It is clear that if tritium-labeled compounas were manufactured
by growth of algae in tritium-labeled water, the resu]ting compounds would
hot be equally labeled in all positioﬁs, nor would the labeling be the same -
for different compounds. This inequality of labelfng would have to be - |
taken into cdnSideration when these compounds are used in research.

The evidence for discriminatory retention of T in vivo in several

oxidative stéps involving dehydrogenases and transaminases makes clear the
necessity for taking such effects into account in studies of metabolism,
transport, compartmentation, etc. when substrates labeled with hydrogen

isotopes are employed.

3. The high tritium 1abe]ing of citrate in Anacystis nidulans sug-
gests that isocitrate dehydrogenase isolated from the Qrganism_might exhibit
an unusually high isotopic retention of tritium and would be of interest for

further study of isotope effects in enzymatica]]y-cétalyzed reactions.
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