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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 pocols appears possible.



THE RELATICRSHIP EETWEES THE METABOLIC POOLS OF
PHOTOSYRTHETIC AND RESPIRATORY INTERMEDIATESH

V. Moses,** 0. Holm-Hansen, J. A. Bassham and M. Calvin

Rediation Leborstory and Department of Chemistry
Dniversity of California, Berkeley, California, U. 3, A.

DITRGDUCTICH

The question of the interrelstions at a biochemical level of the processes
going on in respiration and photosynthesis has long been of interest. Almost
every compound lying in the pathways of the carbon reduction cycls elso plays a
part in one of the two main routes of respiratory breskdown of sugars: glycolysis
and the pentose phosphate cycle. Indeed, part of the carbon reduction cycle
involves reactioms which are the reverse of those tsking plece in glyecolysis,
while the transketolase reactions in the pentose phosphate cycle are the same as
those operating in the photosynthetic cycle in the opposite direction.

Once the detalled bilochemical reactions included in these cyelic operations
became known, the gquestion immediately srose as to vwhat influence these processes
had upon each other, and whether identical metabolic reservoirs of the inter-
mediates in the same cell were involved in reactions apparently proceeding to a

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

*Present Address:



physiologieslly significant extent in both directions. Arown® was able o show

that reepiration as measured by oxygen sbsorption could proceed wninterruptedly

in green plamts in the iight, together vith photosynthesis. Bensom and Calvin®

found that }.ke fixed during short periods of continuous photosynthesis by algse

from 0, entered many of the phosphorylsted internedistes also commm to res-
piration, but was not found in certain compounds of the tricarboxylic acid cycle,
such as citrle and glutemic acids. Ryther,> using a marine flagellate uniformly
labelled with 1%, measured the loss of lebelled carbon from the cells when they
were placed in a *5C enviroument in the light and dark. After 24 hours, cells

mc,buteensintheliglrehadhntm.

in the dark had lost about 20% of thedr
He coneluded thet respirstory carbon was used in preference to external carbon
dioxide for photosynthesis, but was unable to come to any conclusions as to the
form in which the carbvon is retwrned to the photosynthetic cycle.

Weigl, Warrington end Calvin," spproaching closer to the problem of single
or separate reservoirs, fmw%mmiwmmmmly
d1d not serve as & substrste for respiration in the light, but was evolved as
lb’cezmmengmmtmmaﬁuammodarpmmsu(m
min.), After a sufficiently long period in the light (sbout 2 hours), there was

no evolution of 1"602 in the subsequent period of darkness. They concluded that

l"coammwkmammugmpmaammtoms-

the ewvolution of
piration of labelled photosynthetic intermediates, s process in some way inhibe
ited in the light. However, after longer periods in the light, the cells having
exhavsted the external supply of carbon dioxide long before the light weas extin.
guished, the incorporated -C would be found in stable storage materials. Res-
piration used other (unlabelled) storage materials as substrates, but whether

these differed from photosynthetically formad reserve substances in chemical



composition, or solely in physiecal locsbdon, could not be decided.

Direct information as to the identity of reservoirs is di{fficult do obiain,
and in the present commmication work, is described using several indirect
approaches. Nome of these alone is ecaonclusive, but taken together they provide
evidence strongly suggestive of a physical separation of metabolic pools of
chemically identical substances participating in both respiration and photosynthesis
in the Chlorella.

MRTEODS
The green alga, Chlorells pyremoidosa, was grown for experimental purposes as
described esrlier.’ For feeding experiments with labelled glucose or acetste, 1 ml.

aliquots of cell suspensiocn in distilled water (containing 50 ul. of wet-packed
cells) were pre-sdapted for 30 min. in the light or dark with 2 streem of air con-

taining 1% €O, and then incubated for 3 min. in the light or dark with one or
more of the following substrates: zzax'“‘caB (20 4C.; 1.35 ymoles); glucose- '
(33 pC.; 0.75 umoles), or an equal quentity of unlabelled glucose; u%.ewa
{43 uC.; 21 umoles), or an egqual quantity of unlabelled acetate. Except when
Bﬁlhcoam\medasasubmm,thecell suspensions were flushed during the
mmmmdwithmmmlﬁcoa. At the end of the ineubation period
the cells were killed by the addition of 4 vols. of ethanol at room temperature.
Por experiments on the feeding of labellad acetate, the cells were starved before
use by maintaining them for 2i hr. in the dark in nutrient solution while they
menmhcdwithaireontaining%coa. The technigues used for the exposure of
Chlorella to labelled substrates, both in the light and in the dark, are described

by Moses and C&lﬂn.é
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In "steady state” experiments, 50 ml. of cell suspension in a modified
nutrient solution (econtaining 250 pl. of wet-packed cells) were placed in an
apparatus modified from that described by Bassham et al.! and by Wilson and
Oiz‘tcl.v:l.n.8 This was a closed system in which the atmosphere was recirculated and
bubbled through the algal suspension which was exposed to light from two R8-P-2
spotlights on either side of a "lollipop"; the light intensity wes Just sufficient
to saturate photosynthesis., Continuous automatic measurements were made of the
(2]

2
phere, as well as of the pH and temperature of the algel suspension. The medium

and 002 concentrations and the radioactivity level in the circulating atmos-

contained (g./1.): KNO,, 0.75; Mgh0, . TH,0, 0.10; KB PO, 0.05; plus the neces-
sary trace elements; pH 6.6-6.9. After flushing the cell suspension with air
containing 1.5% CO, for 30 ain., the system was closed and lhcoa released into
the gas space (6 mC.; final specific activity, 2 pC./pmole). Medium was added
periodically to keep the cell suspension at a constant density as measured photo-
electrically and a volume of cell suspension equal to that of the added medlium
was withdravn. The rates of gas exchange duwring pbotosynthesis were 36-39 pmoles
of 0, evolved/min./ml. of wet-packed cells, and 34-39 umoles of CO, utilized/min./
ml. of wet-pecked cells. Samples (1.9 ml.) of the suspension were teken 1.5 hr.
and 3 hr, after the addition of thO,._‘, , the cells killed with methenol at room
tenperature, and subsequently analyzed.

The procedures for the extraction of the cells, chromatogrsphy, radicauwtography,
spot 1dentifications, and radiosctivity determinations, have been deseribed else-

where, 2?3

RESULTS

Feeding experiments with lsbelled glucoge and scetate.

Chlorells was exposed, both in the light and dark, to three subsirate
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combinations: (1) glucsse-lhc plus 12662 5 (i1) glucose-mc plus luCOE s (1i1)
a9 alome. The patterns of *'C distribution in most of the compounds in eseh

2
extract are shown in Table I. Astheﬁzauonaf“cuz in the dark, with sad

without glucose, was very low, and label appeared only in substances of the tri-
carbvoxylic acid cycla,n thege values hreve not been included in Table I.

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

ditions were amployed: (i) thEES.COWa plus 12602 in the dark; (ii) same as
1k ) lltc

(1), but in the Mght; (111) 2cH,.cooma plus *'C0, in the lignt; (iv 0,

3
in the light. Table II shows the dlstribution of activity in vericus substances

from each of these combinations.

Steady-state experiment.
Prom e knowledge of the specific activity of the external 3‘1‘602 supplied
to the cells, it is possible to determine the pool sizes of various compounds

in the cells by assuming that these substances have the same specific radio-
activity in their earbonatemuehempuz“coz. It is kmown thet the photo-
synthetic intermediates repidly acquire the same specific sctivity as the sube-

strate carbon dlcxide.® Thus, in the first sample, taken after 1.5 hr., the

sizes of the photosynthetic reservoirs (and of any other pools rapidly incor-

14

porating labelled carbon) can be determined from the amounts of = C in them. If

the cells contain any other pools of these substances, not in rapid equilibrium

with the photosynthetlic pools, it would be expected that 'C would emter these

othsr reservoirs more slowly than those of the photosynthetic intermediates.
Por this reason, the total pools of any such substances measured on the basis

of their lkc content, should show a rise in absolute concentration until all the



pools have the same specific activities as the incoming 1“3&2. Table III shows
the apparent concentrations of several substances in the cells, as determined by
the quantities of 1'C incorperated imto them after 1.5 hr. and 3 hr., respectively.
As already mentiocned, s known volume of medium was added from time to time to the
algal suspension, bringing the density (as measured by light sbserption) back to
the starting level, and an equal volume of cell suspension was removed, thus main-
taining the suspension volume st a constant level. However, calculstion of the
d@mwth&ming%wuﬁmmmtmmrnaofc%mue
indicsted that, on an increase in weight basis, there was a net inerease in algal
cell volume. A correction was made for this growth in calculating the apparent
concentrations of photosynthetic pools. In calculsting the increase in cell
volume it was assumed that, (1) specific gravity of the average cell remeined
canstant, (ii)eanhmillmﬂeotﬁﬂammrporatednaultadinmimrmcindry
weight of 30 mg. (eq. to CH,0) and (1ii) wet weight equaled five times dry weight.
Thev'didityofthisealtmlstiemisMutedbythefuttb&tmtesofcoaw
moamlMMthmdﬂmgmlwmmeMimmaﬂon
remained constant within 10% during the course of the experiment. It will be noted
that without such a correction for growth, the inerease in calculated apparent
concentrations of metabolic pocls would have been greater than the increases shown
in Teble IXI.

DISCUBBION
Glueose Feeding.

mmmotucwmmmnﬁ@mmmaakmms
that glucose is metabolized via glycolysis, since label appeared in several glycolytic
intermedistes (glucase and fructose monophosphstes, phosphoglyceric acid, and
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fructose diphosphate), and probebly also by the pentose phosphate cycle as wiitnessed
by the presence of Y'¢ in sedcheptulose and pentose phosphates. The one compound
which plays a role in the photosynthetic carbon cycle but bhas no purt in respira-
tion, ribulcse diphosphate, lncorporated no radioccerbon from glucose in the dark,
Previous studies! showed that the comcentration of ribulese diphosphate in the
photosynthetic pool goes to zerc in the dark in Scenedesmus. Tricarboxylic acid
cyele activity vms alsoc indicated by the presence of 1°C in malic and glutamie scids.

If the pools of photosynthetic and respiratory intermediates vers not in equil-
ibrium, no label should have heen incorporated into ribulose diphosphate in the light
unless lkc% produced by oxldation of zlucose were refixed photosynthetically, or
unless scme glucose liself canr resch and be incorporated into the photosynthetic
pool. Experimentally, it was found that ribulose diphosphate wes labelled in the
light when gl‘ueﬁs&-lkc was the substrate (Table I), but it must be borne in mind
that respiratory carbon is used in yreference to an external source of this sube
stance3 .

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

rived from & considermtion of the distribution patierns of ﬁ‘c from @wse-l‘kc

in the light and dark, compared with that from lke% in the light. The %2 for
oxygen evolved during photosynthesis is sbout 255 (36«39 wmoles of oxygen evolved/
min./ml. of wet-pscked cells; 1 ml. of wet-pacied cells contained about 200 mg.

of dry cell material). Milibankl3 hms shown that the Qg,, for the aerobic oxidstion

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

20-21 times faster than respirstion.
. There was an inerease in the percentags l&'c fixed from glumse-lhﬁ.’ into the
sum of the diphosphates in the light comparsd with the dark, and although label

appeared in ribulese diphesphete, the parcent activity in fructose diphosphate also
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increased some Lwenty times. That frsetiom of mc in the diphosphates which appeared

in ribdulose diphosphate was much lower when glmse—lhe was the substrate in the
light (37%), than the typieal values for photosynthesis (84-88%). Prom all these
considerations it appears that the Y¥C found in ribulose diphosphate srrived there
by refimatien of respiratory PO, Thus 1t is eastly possible to scecunt for the
amount of labelled ribulose diphosphate (0.4/10 = 1/25) from labelled glucose come-
pared with the ribulose diphosphate derived from labelled carbon dioxide, in terms
of the reincorporation of lsbelled carbon diocxide derifed from labelled carbon di-
oxide, in terms of the reincorporation of labelled cerbon dioxide derived from glu=-
cose. One would expect that were the photosymthetic and respliratory pools in equie
1ibrium, in the light, virtuslly the whole of the distridution pattern of 1'¢ should
have been typical of photosynthesis. Examination of the data in Table I, bowevar,
shows that only a few compounds were affocted by switehing on the light when glucose-
14 s the substrate. The most outetanding effeet of light was the rise of the
percent of %0 in the sugar monophosphetes and the fall of that in sucrose, This
nay be accounted for by a relative lack of edenosine tﬂpmsphate necessary for the
converaion of the sugar monophosphates to sucrose (via uridinediphosphoglucocse), be-
ecause of the rapid utilization of the muclectide in photosynthesiz. This might slso
explain the reduced total wiilization of glucose=t'C in the light, as the initial
step of glucose incorporation alsc involves a phosphorylation. Although the per-
centage of 1&6 found in uridinediphosphoglucose was the same in the light and dark
(Table I), the sbsolute amount was smaller by a factor of about 3.3 in the light

in accordance with a corresponding reduction in the totsl lhc inecorporated in the
light compered with the dark.

Perhsps most signifieantly, 1k,

¢ was found in glutemie acid from glucose—lhc

even in the light, but not from lhﬁﬁ}g. Thus, glucose carbon, even though it passed



through either glycolysis or the pemtose phosphate cycle, and henee through com-

pounds slso present in the carbon reduction cyele, was sble to enter glutamic acid
in three minutes, whereas carbon fixed from lkcea into these same intermediates by
photosynthesis was not able to pass into glutamic scid. With photosynthesis proe

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

cose to cells carrying on photosynthesis with l"ceg had, as may be expected, no

sigpnificant influence on the lhc uptake and diatribution.

Acetate feeding. The picture 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 compounds from acetate~2- *C in the light, and none
in the dark, It therefore seems likely that only a little of the methylecarbon of
scetate was oxidized to carbon dloxide, and that the smell labelli in phosphory-
lated compounds which was actuslly seen in the light was due to the refizstion of
this respiratory 1“002. In the tricarboxylic asid cyele, the methyl-carbon of
acetate iz not released as carbon dioxide during the first turn of the cycle., The
pattern of labelling in the intermediates and amino acids of this cyele from acetate-
2% 10 both 11ght end dark indicates that very little scetate carbon travels all
the wvay round the cycle as little or no activity was detected in fumaric and mslic acids
(Table II).

The results with acetate confire some of the eonclusions from gluccse studies.

1h

In particular, =~ ¢ entered glutamic acid in the light from both substrates (but not

1k
from cae) s demonstrating thet the formation of this compound msy proceed in the

lignt. Other studies on the photosynthetic locorporation of tritium from triitium

1k 1k

Qxidee » 8nd the dlstribution of 382 in the presence of ammonia™ , Bave also sfown

the formation of glutamic acid in the light, yet cells suspended in distilied water

as in the present investisation formed none from u’caa in three minutes, as was earlier



10w

found by Benson and Calvin®, Zemce, carbon from photosynthetic intermediates is
inhibited from entering triearboxylic acld cyele substances by light in the ab-
sgnce of ammonia although other carbon in the same chemical compounds is not ree
stricted in this way.

1k 14

The incorporation of ~ € into aspartic acid from acetate-2-" 'C in the presence

1z
of (O, was supressed in the light as compared with the dark. The incorporation of
1h l‘ee

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

2

unlabelled acetate., These two effacts suggest that a precursor of aspartic acid,

malate or oxalacetate, may be syntheslzed both from acetate (via the gzlyoxalate c:ycl&ls)

and from photosynthetically incorporated COy (via carboxylation of pyruvate or phos-

phoenclpyruvate) (Fig. I). 1In each case, the specific activity of the four~carbon

acid would be reduced due to the synthesis from the unlaebelled substrate. Con-
sequently, aspartic acid derived from the four-carbon precursor, would have a lower
specific actlvity and comsequently a lower total activity, provided that its rate of
formaticn were not increased due to an increased concemtration of 1ts @our-earben

acid precursor. The reason that the fourecarbon acid precursor foes not marked-

ly inerease in concentration in any cmse where scetate 1ls present is that the rate

of the condensation remction between fourecarbon acid and acetate is accelerated

by acstate, as is seen in the increased labelling of eitrie ameld and glutamie acid

in 11ght and 19O, (in the presence of acetate.). Purther indication of the synthesis
L malate from acetate via the glyoxylate eycle i3 to be seen in the labelling of

glyvollic scid when aeetatao-e-mc was present.

Steady~State experiments.

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

intermediates, and particulai'ly phosphoglyceric acid, made on the basis
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of the rapidity with which they Incorperate th photosynthetically from l');"{::::,2.
Calvin end Ma.ssi.nilg showed that Iin steady-state conditions the quantity of lhc
in phosphoglyceric acid rose rapldly for the first five minutes alter the intro-

duction of *

"092, and thereafter incremsed very slowly. Thils suggested that within
f1ve minutes photosynthetic phosphoglycerate had acquired the same speg€ific activity
as the exbernal lhcga. The distrivution of label in phosphoglyceric acid is kmown
to be uniform after five minutes. However, the size of the lebelled pool of thils
substance in algal cells incremsed two-fold between 1.5 E:burs and tharee hours after
labelled ecarbon diexide was added (Table III). Thus, there appears to be cne or
mere other reservoirs of phosphoxlycerate not in rapid equilibrium wiih the pool
imvolved in the carbon reduction cycle, and one of these other reservolrs may well
be on a respiratory patinay.

Recent work by ‘I‘elbertis hes shown that phosphorylated intermediates are not
released from chlorcplasts (the site of photosyntbetic activity) in the light. In-

vestigations sre currently in progress to see whether these various enzymatie active

ities are separataly locallized in different subcellular fractions.
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TABLE I
Distribution of astivity in various compounds after feeding Chiorella labelled glucose

and carbon dioxide in different combinations in light and darik. For experimental de-

tails see text. Three min. exposure period to labelled substrates. The values given

represent the percentage of the activities of the sum of all substances, vhich appear-

ed in each compound. About 92% of the total soluble activiiy is accomnted for.

Subatrates Glucose-1Y¢ Glucose-l4¢ 1“002 J.kc%
+ + + :
12co, 12co, Glucose-2C
Light conditions dark light light 1ignt

Sugar diphosphates:
glucose and sedo-

mt“laﬂe Q.2 1.1 103 l.B
fructose 0.0k 0.8 1.0 0.8
ribulose 0.0 2.0 9.5 8.0
glyceric acid 0.0 0.2 0.8 0.6
glycellic add 0.0 0.1 0.1 0.1
Becarboxy-h-keto-
pentitioi® 0.3 1.2 1.0 , 1.3
Bugar monophosphates;
Slne@“ 1503 2307 1703 1303
fructoase 7.8 12.5 5.7 8.0
gedoheptulose 2.7 8.5 10.5 11.3
Pantose phosphate 0.7 1.9 1.1 1.5
Phosphoglyceric aeid 8.7 8.7 18.9 26.1
MWWWM 303 8.1 3-9 z3'03
Malile acid G.3 Q.0 1.1 1.1
glycmc acld los 300 105 2.8
{Aspartic acid)e* (5.4) (19.2) (&.7) (5.2)
Glutamic acid 1.8 3.0 0.0 0.0
Alanine 10.0 9.8 17.8 17.0
Suerose M.Q 19.2 Ke@ 2.&
Percent of ribulose in
diphosphates 0.0 36.9 58.0 Bhob

Total lkﬂ fixed Into soluble

meterials (dis./min./ml. cells
x 1078) 86.58 20.17 129.1 127.7

¥ Tdentity not definitely estabiished.



-11~ (continued)

TABLE I

HeAspartle acld chrommtographed together with a radioactive conteminant In the
lsbelled glucose, and is thus not included in the total; it iz alsc omlitted
from the total in columms 3 and 4 to provide data comparsble with columns 1 and 2.
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TABLE 1I.

Distribution of activity in various compounds after feeding starved Chiorella labelled

acatate apd carbon dicxide in different ecmbinations in the 1ight and dark. For ex~

perimental detslls see text. fThree minutes exposure period to lebelled substrates.
4
The values given represent the percentages of the total soluble fixed . C which appear-

ed in each compound.

Substrates Acetate-2-%¢  acetate-z-tit Mg Yo,
4 +* +
2o, 12co,, Acetate-13¢
Light conditions dark light 1light light
sm dipmsphﬂteﬁ 0.0 0.0 21-5 2*%0
Bugar mphﬂ&ph&t&s 0.0 l.2 13.0 16,0
Phosphoglyceric acid 0.0 0.0 2.9 k.3
Phosphoenolpyruvic acid0.0 0.0 0.5 0.8
Uridinediphospho-
glucose 0.0 Q.0 2.1 .4
Phosphoglycollie acid 0.0 0.0 1.5 l.h
Malie acid 2.2 3.5 k.8 7.0
Citric acid 1z.1 22.% 3.9 . Gl
Pumsxic acid 0.0 0.0 102 1.1
Suecinic aeid 1l.7 11.7 0.0 0.0
mwic scid lh? kos 2.1 0.9
Lactic aciaw g.ﬁ 1.k 0.0 0.0
Glmmc scid 8 5.5 0.0 0.0
Suerose 0.0 3.0 21.9 10.8
Wie acid 10.8 1.7 k.0 7.3
Glutamic acid 0.4 ool 3.0 0.3
Serine plus glycine 0.0 0.8 11.8 13.8
Alanine 0 181 1.2 5.9 8.0
Glutamine 0.0 C.7T 0.0 0.0
. 1%
Total = ¢ fixed into
soluble materials (dis./
min./ml. cells x 10™8) 21.56 23.36 390.3 266.9

* Identity not confirmed by eochromatography
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TABLE III.
Pool sizes of three compounds in Chlorella. Poel sizes given after continuous ex-

1
posure of the alga to #662 in the light. BRepervoir sizes determined on the basis

of the incorporated 1‘*6 into each compound; for explantion see text. Coneentraiions

of each substance expressed as umoles/ml, of wet-pecked cells.

BExposure pericd to lhc% Bubstance
“Phosphoglyceric Hexpse and Pentose
acid heaptose monephospbates
monophosphates
1.5 br. 3.0 9.5 | 0.8

3-0 hr. 66& ll.h Qo?
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Fig. 1. Relationship between photosynthetic cycle, gloxylate

cycle and tricarboxylic cycle.





