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ABSTRACT
Using radioactive carbon dioxide, an attempt has been made to distinguish
the various pools of intermediary metabolism which may be physically or chem -
ically separate within the cell. Some correlation between the structural elements
of the cells and these pools appears possible.
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THE RELATICONSHIP EEIVEERS THE METABOLIC POGLS OF
PHOTOSYRTEBRTIC ARD RESPIRATORY INTERMEDIATES

V. Mones,** 0. Holmn-Hansen, J. A. Bassham and M. Calvin

Redigtion Leborastory and Pspartwment of Chemistry
University of Californie, Berkeley, California, U. B, A.

The question of .the interrelations at a biochemical level of the processes
going on in respiration ana.phoeaaynthesis has long been of interest. Almost
every compound lying in the pathways of the carbon reduction cycle elso plays a
part in one of the two main routes of respiratory breakdown of sugars: glycolysis
and the pentose phosphate cycle. Indesed, part of the carbon reduction cycle
involves reections which are the reverse of those taking place in glycolysis,
vhile the transketolase reactione in the pentose phosphate cycle are the same as
those operating in the photosynthetic cycle in the opposite directionm.

Once the detailled biochemical reactions included in these cyelic operations
became known, the question immediately arose as to vhat influence these processes
had upon each other, and whether identical metabolic reservoirs of the inter-
mediates in the same cell were involved in reactions epparently proceeding to a

iThe work reported in this paper was sponsored in part by the U. 8., Atomic Energy
‘Commission, and in part by the Department of Chemistry, University of California,
Berkeley, California.

#HPresent Address:



physiologleally significant extent in both directions. Brown®

that respiration as measured by oxysgen sbsorption could proceed iminterruptedly
in green plents in the light, together with photosynthesis. Benson and Calvin®

1“6 fixed during shart periods of continuous photosynthesis by aslgae

was able to show

found that

fyom 1“002 entered many of the phosphorylated intermediates slso common to res-

piration, but was not found in certain compounds of the tricarboxylic aecid cycle,

such a8 citrlc and glutemic acids. Ryther,d using a marine flagellate uniformly

14

labelled with © ¢, measured the lose of labelled carbon from the cells when they

ware placed in e °¢ environment {n the light and dark. After 2% hours, cells

in the dark had lost about 20§ of their 1¥C, but cells in the light had lost mone.

He concluded that recpiratory carbon was used in preference to external carbon
dioxtde for photosynthesis, but was unable to come to sny conclusions as to the

form in vhich the carbon is returned to the photosynthetic cycle.

Heigl, Werrington and C:a.lw.n,l'L approaching cioser %o the problem of single

or separate reservoirs, found that ”‘c recently incorporated photosynthetically

414 not serve as a substrate for respiration in the light, but was evolved as
lueeawhenthelightmtmedoffaﬁeraslmrtpeﬂodofphotosynthzau (4o
min.). After a sufficiently long period in the light (sbout 2 hours), there was

no evolution of lkcea in the subsequent period of derkness. They concluded that

1“m2mmamkmaahmn@tpmedmauetoms-

the evolution of
piration of labelled photosynthetic intermediestes, a process in some way inhib-
ited in the light., However, after longer periods in the light, the cells having
exhausted the external supply of carbon dioxide long before the light was extin-
guished, the incorporated 1'C wowld be found in etable storage materials. Reo-
piration used other (unlabelled) Btorage moterials as substrates, but vhether

these differed from photosynthetically formed reserve substances in chemical



composition, or solely in physical locetion, could not be deeided.

Direct information as to the identity of reservoirs is difficult Yo obtain,
and in the present commmnication work, is descrided using several indirect
approaches, HNome of these alone is conclusive, but taken together they provide
evidence strongly suggestive of a physical separation of metebolic pools of
chemically identicsl substances participating in both respiration and photosynthesis
in the Chlorella.

The green alga, Chlorella pyrenpidose, wes grown for experimentsl purposes as
described earlier.’ Por feeding experiments with lebelled glucose or scetste, 1 ml.

aliquots of cell suspension in distilled water (containing 50 ul. of wet-packed
cells) were pre-sdapted for 30 min. in the light or dark with & streem of air cone

tainingl‘ﬁcaa,mdthenmcubatedfor3m. in the light or dark with one or

more of the following substrates: H‘aﬂlk'(:% (20 uC.; 1.35 pmoles); glmose-lhc
(33 ¥C.; 0.75 umoles), or an equal quantity of unlabelled glucose; ”‘eu3.cemza

(43 uC.; 21 umoles), or an egual quantity of unlabelled acetate. Except wvhen
Ea}!"kcca wes used as a substrate, the cell suspensions were flushed during the
incubation period with air containing 1% 002. At the end of the incubatlion period
the cells were killed by the addition of % vols. of ethanol st room temperature.
Por experiments on the feeding of labelled acetate, the cells were starved dbefore
use by maintaining them for 24 hr. in the dark in mutrient solution while they
were flushed with air eontaining%cea. The techniques used for the exposure of
Chlorella to labelled substrates, both in the light and in the dark, are descrided

by Moses and @alvin.é
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In "steady state" experiments, 50 ml. of cell suspension in a modified
nutrient solution (containing 250 ul. of wet-packed cells) were placed in an
spparatus modified from that described by Bassham et al.! snd by Wilsen and
Gexlv:ln.8 This was a closed system in vwhich the atmosphere was recirculated and
bubbled through the algal suspension which wae exposed to light from two R8-P-2
spotlights on either side of a "lollipop"; the light intensity was Just sufficient
to saturate photosynthesis. Continuous automatic measurements were made of the

0, end CQ, concentrations and the radioactivity level in the circulating atmos-

2 2
phere, as well as of the pH and temperature of the algal suspensipn. The medium
contained (g./1.): KNO,, 0.75; MgSOy.TH,0, 0.10; KH,PO), 0.05; plus the neces-
sary trace elements; pH 6.6-6.9. After flushing the cell suspension with air
containing 1.5% €0, for 30 min., the system was closed and ]'h(:()2 released into
the gas space (6 mC.; final specific activity, 2 uC./umole). Medium was added
pericdically to keep the cell suspension at & constant density as measured photo-
electrically and a volume of cell suspension equal to that of the edded medium
was vithdravn. The rates of gas exchange during photosynthesis were 36-39 umoles
of 0, evolved/min./ml. of wet-packed cells, and 34-39 umoles of Co, utilized/min. /
ml. of wete-packed cells, Samples (1.5 ml.) of the suspension were teken 1.5 hr.
and 3 br. after the addition of 1'CO,, the cells killed with methenol at room
temperature, and suboequently snalyzed.

The procedures for the extraction of the cells, chromatography, rad!.omrbegraphy,
spot identifications, end radioactivity determinstions, have been deseribed else-

vhere, 5,10

RESULTS

Feeding experiments with labelled glucose and acetate.

Chlorella was exposed, both in the light and dark, to three substrate
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combinations: (1) glucose-1'C plus %00 ; (11) glucose-'%c pius “coa; (111)
14 18 a4stribution in most of the compounds in each

cea alone, The patterns of

extract are shown in Table I. A8 the fixation of 1"602 in the dark, with and

without glucose, was very low, and label sppeamred only in substances of the tri-
carvoxylic acid cyele, > these values have not been included in Teble I.

With acetate feeding, the following substrate combinations and light con-

ditions were employed: (1) lhcn L£0Na plus 200 in the derk; (i1) same ss

3 2
14

(1), but in the light; (1ii) Lew_.cooma plus ~ CO, in the light; .(iv) 1“602

3
in the light. Table II shows the distribution of activity in various substances

from each of these combinations.

Steedy-state experiment,
From a knowledge of the specific activity of the external ll‘coa supplied
to the cells, it is possible to determine the pool nizes of various compounds

in the cells by assuming that these substances have the sane specific redio-

activity in their carbon etous as the input l"coe. It 1o mown that the photo-

synthetic intermediates repidly acquire the same specific ectivity as the sube

strate carbon dioud.de.m Thus, in the first sample, taken after 1.5 hr., the

sizes of the photosynthetic reservoirs (and of any other pools ropidly incoer-

14

porating labelled carbon) can be determined from the amownte of © C in them. If

the cells contain any other pools of these substances, not in rapid equilibrium
with the photosynthetic pools, it would be expected that 1°C would enter these
other reservoirs more slowly than those of the photosynthetic intermediates.
Por this reason, the total pools of any such substences measured on the basis

of their 1&0 content, should show a rise in absolute concentration until all the



pools have the same specific activities as the incoming ”‘cez. Teble IIT shovs
the epperent concentrations of seversl substances in the cells, oo determined by
the quantities of >'C incorporated imto them after 1.5 hr. and 3 hr., respectively.
As alrecdy mentioned, & known volumez of medium was added from time to time to the
algal suspension, bringing the density (as messured by light absorption) back to
the starting level, and an equal volums of cell suspension was removed, thus main-
taining the suspension volums at a constent level. Howvever, calculstion of the
ﬂ@lmmmmm&mmtmmmteaofmamwe
indicsted thet, on an incrcase in weight basis, there was a net inerease in algal
cell volume. A correction vas made for this growth in calculating the apparent
concentrations of photosynthetic pools. In calculeting the increase in cell
volume it was assumed that, (1) specific gravity of the average cell remained
constant, (ii) each miilimole of 0, incorporated resulted in en increase ia dry
weight of 30 mg. (eq. to CHQQ) and (111) wet welght equoled five times dry weight.
The validity of this calculation is indicated by the fact that rates of CO, uptake
end 02 evolution per unit volume of algal cells as determined by this calculation
remained constant within 10% during the course of the experiment. It will be noted
that without such & correction for growth, the increase in calculated spparent
concentrations of metabolic pools would have been greater than the increases shown
in Toble IXI.

DISCUSSION
Glucose I N
The puttern of 1°¢ incorporation from labelled glucose in the dark indicabes
that glucose is metabolized via glycelysis, since label sppeared in seversl glycolytic
intermediates (glucose and fructose monophosphates, phosphoglyceric ecid, and
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fructose diphosphate), and probebly also by the pentose phosphate cycle ms witnessed
by the presence of lx‘c in sedoheptulose and pentose phosphates. The one coupound
which plays & role in the photosynthetic carbon cycle but bas no part in respira-
tion, ribulose diphosphate, incorporated no redioccerbon from glucose in the dark.
Previous studies! showed that the concentration of ribulose diphosphate in the
photosynthetic pool goes to zerv in the dark in Scenedesmus. Tricarboxylic acid
eycle activity wee also indicated by the presence of 11‘?3 in malic and glutemie acids.

If the pools of photosynthetic snd respiratory intermediates were not in equil-
ibrium, no label should have been incorporated into ribulose diphosphate in the light
unless weoﬁ produced by oxldation of glucose were refixed photosynthetically, or
unless some glucose itself can reach and be incorporated into the photosynthetic
pocl. Experimentally, it wae found thet ribulose diphosphate was lsbelled in the
light vhen glueorse-lhc wvas the substrate (Table I), but it must be borne in xnind
thet respiratory carbon is used in preference to an external source of this sube
staneeB.

A more definite conclusion regarding the separation of the pools may be de-

rived from a consideration of the dilstridution patterns of 1“0 from glueese-mc

in the light and dark, compared with that from ”‘e% in the light. The Qq, for
oxygen evolved during photosyntheesis Le ebout 255 (36-39 wmoles of oxyfen evolved/
min./ml. of wete-packed cells; 1 ml. of wet-packed cells contained about 200 mg.

of dry cell material). mi&bankl3 has shown that the %2 for the aerobic oxidation

of glucose by Chlorelle vulgaris is 12-13; hence photosynthesis proceeded about

20«21 times faster than respirstion.

- There was an increase in the percentage 1“0 fixed from glucose*l’*e into the
sum of the diphosphates in the light compared with the dark, and although label

appeared in ribulose diphosphate, the percent activity in fructose diphosphate also
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increased some twenty times. That freetion of l“c in the diphosphates which appeared

in ribulese diphosphate was much lower when glucoseoll*c was the substrate in the
1light (37%), than the typical values for photosynthesis (64-88%). Prom all these
censiderations it appears that the lhe found in ribulose diphosphate srrived there
by refization of respiratory 1%C0,. Thus it is eastly possible to account for the
amount of labelled ribuloee diphoephate (0.4/10 = 1/25) from labslled glucose come
pared with the ribulose diphosphate derived from labelled carbon dioxide, in terms
of the reincorporation of labelled carbon dioxtde dertied from labhelled carbon die
oxlide, in terms of the reincorporation of labelled carbon dioxide derived from glue
cose. One would expect that were the photosynthetic and respirstory pools in equie

0 anould

1ibrium, in the light, virtuslly the whole of the distridution pattern of
have been typiecal of photosynthesis. Examination of the data in Tedble I, however,
chows that only & few compounds were affected by switching on the light when glucosee
1% vas the substrate. The most outstanding effect of light was the rise of the
percent of 11*(:," in the sugar monophosphetes and the fall of that in sucrose. This
may be accounted for by a relative lack of edenosine triphosphate necessary for the
conversion of the sugar monophosphates to sucrose (via uridinediphosphoglucose), be-
cause of the rapid utilization of the mucleotide in photosynthesis. This aight elso
explain the reduced total utilization of glucose~’C in the light, ae the initial
step of glueose incorporation also involves a phosphorylation. Although the per~
centage of 1“& found in uridinediphosphoglucose was the same in the light and dark
(Table I), the absolute emount was smaller by a factor of about 3.3 in the light
in accordance with a c¢orresponding reduction in the totsl :bhc incorporated in the
light compared with the dark.

Perhaps most significantly, 14

C was found in glutamic acid from glucose-uc

even in the light, but not from 1‘*0(32. Thus, glucose carbon, even though 1t passed



through either glycolysis or the pentose phosphate cycle, and hence through coms

pounds slso present in the carbon refuction cycle, was able to enter glutamic scid
in three minutes, whereas carbon fixed from ‘U‘coa into these same intermediates by
photosynthesis was not sble to pass into glutamic scid. With photosynthesis pro-

ceeding some twenty times faster than respiration, the addition of unlabelled glue

4

cose to cells carrying on photosynthesis with i cog had, as nay be expected, no

significant influence on the lhc uptake and distribution.

Acetatez feeding. The pileture of events obtained from the experiment with the feed.

ing of labelled acetate is in some ways simpler to interpret. Very little label
appeared in the phosphorylated compounts from acetate~2--'C in the 1ight, and none
in the dark. It therefore seems likely that-only a little of the methylecarbon of
acetate was oxidigzed to carbon dioxide, and that the amall labelliig in phosphorye
lated corpounds which was actually seen in the light was due to the refimation of
this respiratory 1%00,. In the tricarhoxylic seid cycle, the methyl-carbon of
acetate 45 not released as carbop dioxide during the first turn of the eycle., The
pattern of labelling in the intermediates and amino acids of this cycle from acetate-
2-'-1“'0 in both light and dark indicates that very little acetate carbon travels all
the way round the cycvle as little or no activity wes detected in fumaric and malic acids
(Table II).

The resulte with acetate confim some of the econclusionz from glucose astudles.

1% entered glutamic acld in the light from both suwbstrates (but not

In particular,
14 _ . ;

from Caa), demonstrating that the formstion of this compound may procesd in the

ijght. Other studies on the photogymthetic incorporation of tritium from tritium

MCOZ in the presence of ammialh, have also sfiown

axides, and the 4letribution of
the formation of glutamic acid in the light, yet cells suepended in distilied water

a8 in the present investigation formed none from mcog in three minutes, as was earller
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found by Benson end Calvin®, Hence, carbon from photosynthetic intermediates is
inhibited from entering triearboxylic acid cycle substances by light in the abe
sence of ammonia although other carbon in the same chemical compounds is not ree
stricted in this way.

1h

The incorporation of luc into aspa&tie acid from acetate«2+" ¢ in the presence

1z
of COp was supressed in the light as compared with the dark. The incorporation of
14 1h

C 1ato aspartic acid from COE in the light was supressed by the presence of

unlabelled acetate, These two effects suggest that a precursor of aspartic acid, _
malate or oxalacetate, may be synthesized both from acetate (via tbe glyoxalate cyclals)
end from photosynthetically incorporated CO, (via carboxylation of pyruvate or phos-
phoenclpyruvate) {Fig. I). In each case, the specific activity of the four-carbon
acid would be reduced due to the synthesis from the unlabelled substrate. Con~
sequently, aspartic acid derived from the four-carbon precursor, would have a lower
specific activity and conseguently & lower total activity, provided that its rate of
formation were not increased due to an increased councemtration of 1ts four-carbon
acid precursor. The reasgon that the four-carbon acid precursor foes not msrked-

1y inorease in concentration in any case where scetate is present is that the rate

of the condensation remction between four-carbon acid and acetate is accelerated

by acetate, as is seen in the increased labelling of~e1trie acid and glutsmic acild

in light and lhceg (in the presence of acetete.). Further indication of the synthesis
of malate from acetate via the glyoxylate cycle is to be seen in the labelling of
glycollic scid when acetate-e-lhc vas present.

Steady~-State experiments.

The evidence presented above for the existence of separate metabolic pools
is further fonfirmed by the estimate of the pool sizes of three photosynthetic

intermediates, and particulafly phosphoglyceric acid, made on the basis



ollu

of the rapidity with which they incorporate 1hc photosynthetically from l’*(:02.

Calvin end Maesinila showed that in steady-state conditions the quantity of 1&0

in phosphoglyceric acid rose rapidly for the first £ive minutes after the intro-
duction of 1“002, and thereafter inecreased very slowly. This suggested that within
five minutes photosynthetic phosphoglycerate had acquired the seme spedific activity
ag the exsernal lhcea. The distribution of lsbel in phosphoglyceric acid is known
to be uniform after five minutes. However, the sige of the lebelled pool of this
substance in algal cells iucremsed two~fold between 1.5 hburs and three hours after
labelled carbon diexide was added (Table III). Thus, there sppears to be one or
more other reservoirs of phosphoglycerate not in rapld equilibrium with the pool
involved in the carbon reduction cycle, and one of these other reservoirs may well
be on a resplirstory pathuny.

Recent work by Tolbert'” has shown that phosphorylated intermediates are not
released from chlorcplssts (the site of photosynthetic activity) in the light. In-
vestigations sre currently in progress to see whether these various enzymatic active

i1ties are separately localieed in different subcellular fractions.
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TABLE I
Distribution of activity 1n various compounds after feeding Chlorells labelled glucose
« For experimentsl de-

end carbon dioxide in different combinations in

tails see text. Three min. exposure period to labelled substrates. The values given
represent the percentege of the activities of the sum of all substances, which appesr-
ed in each compound. About 92% of the total soluble ectivity is mccounted for.

Substrates Glucose-the Glucose-ihc lhcoe l"coa
+ + N
mcaa mcog Glucose-mc
Light conditions dark 1izht light 1ignt
Sugar diphesphates:
glucosge and sedo-
hems@ 0.2 1.1 108 108
fructose 0.0k 0.6 : 1.0 0.6
ribulose 0.0 2.0 9.5 8.0
glyearic acld 0.0 0.2 0.8 0.8
glycollic edd 0.0 0.1 0.1 0.1
2~carboxy-i-keto~
pentitiol# 0.3 1.2 1.0 , 1.3
Bugar menophosphates:
glncose 1503 2397 1703 13.3
fructose 7.8 12.5 8.7 8.0
Eea.ohemu.lOBe 207 605 1005 1-103
Fhosphoglyceric acid 6.7 6. 7 18.9 m.l
Uridinediphosphoglucose 8.3 8.1 ' 3.9 . 4.3
Malic acid 0.3 0.0 1.1 1.1
Glyceric acid 1.5 3.0 1.5 2.8
(Aspartic acig)s® (5.4) (19.2) (%.7) (5.2)
Glutamic acid . 1.8 309 0.0 0.0
Alanine 10.0 G.6 17.8 17.0
Buerose by, 2 19.2 5e2 2.4
Percent of ribulose in
diphosphates 0.0 36.9 68.0 8h.b

Total *¥¢ fixed into soluble
materials (dis./min./ml. cells

x 10°8) 68.58 20.17 129.1 127.7
¥ Tdentity oot definitely estabiished,




-11- (continued)
TABLE I
t#Aspartic acld chrommtographed together with s radioactive contaminant in the

- labelled glucose, and is thus not included in the total; 4t is also omitted
from the total in celuams 3 and 4 to provide data comparable with columns 1 and 2.
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TABLE IX.
Distribution of activity in various compounds after feeding sterved Chlorella lsbelled

acetate and carbon dioxide in different combinations in the light and dark. For ex-

perimental details see text. Three minutes exposure period to lebelled substrates.

: 4
The values given represent the percentages of the total soluble fixed 1 C which appear=

e& in each compound.

Substrates Acetate-2- 4 Acetate-a-tie g, Moo,
+ + +
12"00@ 12co,, Acetate-22¢
Light conditions dark light light light
Bugar diphosphates 0.0 0.0 21.5 25,0
Bugar monophosphates 0.0 1.2 13.0 16.0
Phosphoglyeceric acid 0.0 0.0 2.9 .3
Prosphoenolpyruvie acid0.0 0.0 0.5 0.6
Uridinediphospho.
glucose 0.0 0.0 2.1 b
Phﬂﬁpmglyc@m@ acld 0.0 0.0 1.5 1.k
Mie acid 2.2 3.5 hoa 700
Citric acid 12.1 22.5 3.9 . Qel
Fumaxric acid 0.0 0.0 1.2 1.1
Sucecinic acid 11.7 11.7 0.0 0.0
Glyceric secid 4.9 4.8 2.1 0.9
I‘etie acig¥® 3.0 loh 000 0.0
Glmnic acid N1 5.5 0.0 0.0
Bucrose 0.0 3.0 21.9 10.8
Flutamic acid 50.4 ho,l 3.0 0.3
Serine plus glycine 0.0 0.8 1l.8 13.8
Alanine 0.5 1.2 5.9 8.0
Glutemine 0.0 0.7 0.0 0.0
LY
Total = ¢ fixed into
soluble materials (dis./

min./ml. cells x 1078) 21.56 23.36 390.3 26649

# Identity not coufirmed by cochromatography
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TABLE IIX.

Pool sizes of thres compoundp in Chiorella. Fool sizes given after continuous ex-

14

posure of the alga to 'eoa. in the light. Regervolr sizes determmined on the basis

of the incorporated 1"6 into each compound; for explantion see text, Concentrations

of emch substance expressed ae umoles/ml. of wet-packed cells,

Bxposure pericd to 1“002 Substance
“Phosphoglyceric Hexose and Pentose
asid heptose monophosphates
monophosphates
1-5 br. 300 9.5 0.8
3.0 htr. 6eh 1.4 0.7
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Fig. 1. Relationship between photosynthetic cycle, gloxylate
cycle and tricarboxylic cycle. _





