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) LIGHT-DARK TRANSIENTS IN LEVELS OF INTERMEDIATE COMPOUNDS DURING
l PHOTOSYNTHLSIS IN AIR-ADAPTED CHLORELLA 5

. : By

tiyf | T. A Pedersen, Martha Kirk, and J. A. Bassham

Chemical Biodynamics Division, Lawrence Radiation Laboratory,‘

University of California, Berkeley, California

1. -Introduction

Early studies of the kineties of incorporation of radioactive
“carbon into the intermediate compounds of photosynthesis, such as
those performed by Benson et al (1952), Calvin and Massini (1952)
i and Wilson and Calvin (1955), employed unicellular algae, elther Chlorella ‘
| ‘or.Scenedesmus, which had been grown under high levels of carbon dioxide
(typically l-ﬂ% C02 in air) Difficulties-in obtaining uniform samples

- of homogeneous blologlcal material at very short Intervals of time have
f ~ penerally precluded detailed kinetic studies of labeling rates and light-l
dark transient changesfin leaves, which normally would-have been grown 1n'fi.

cadr. More recent kinetic studles of the incorporation of radiocarbon:

~"'during photosynthesis, during which greater attentlon has been paid to

. ;maintenance'of steady-state condltions, have been reported by Bassham
and Kirk (1960), Smith et al. (1961) and Gould and Bassham (1965); but -
. ] ‘

' these studies have also employed Chlorella pyrenoidosa, grown in 2-4%

. €0, in alr.

2 .
Whittingham (1952) has shown that Chlorella pvrenoidosa are capable ’

"]._ of high rates: bf photosynthesis in alr, However, Chlorella grown in 2-“%

“.;.CO2 in air, wnen placed in alr, glve very poor rates of photosynthesis

_,‘_

- for a long tine Thus it appears that there is some mechanism of adaption.
with algae grdwn in high levels .of CO2 which results ina temporary loss ‘f



D
in abllity to photosynthesize efficiently in air, Beoause of the
" possible implications oﬁ this adaption to the mechanisms‘of the reactions
fesponsible.for carboncxmpoundphotosynthesis, it seemed desirable to.
conduct kinetic steady-state and light-dark transient studles with air-
"adapted algae photosynthesizing io'air. The availatility of'verj hiéhf
.specific activity 1&0’ and improvement in oﬁr methods of COnddcting
- steady-state experiments, made such studies feasible._ In addition; 32?-
‘labeled phosphate'has been Included as a second tracer In some of these
studies in order to provide additional informatioﬁ about the levels of |
phosphorus—-containing cofactors involved‘in,the carbon reduction cycle
of photosynthesie.' !
| 2. Material and Methods

In the first of the two experiments descrioed; Chlorella pyrenoidosa

" were grown in continuous culture tubeﬂflasks, as described by Bassham and
“ Calvin (1957). These algae were harvested, removed from old medium by

. centrifugation, and resuspended in fresh medium identical with that in
which they were grown. The algel suspension, made up to 1% v/v, was placed
in the steady-state apparatus which has been described in detail (Bassham
and Kirk l96ﬂ) The ohotosynthesis chamber of thié apparatus is a thin,
;transparent plastic vessel equipped with a water jacket inlet and outlet |

valves for gas, a samplino valve, pH electrodes a densitometer, and in-

- |

"vlet valves for the automatic addition of nutrient solution and of a
solution of O l N -ammondium hydroxide. 1 (N

‘ A mixture of carbon dioxide in alr is clrculated by means of a small ‘
_ diaphragm oump through the algae suspension and then through various

instruments=which monitor the levels of COZ’ 05, and l&

C, all of which
are automaﬁically recorded acainst time on a Leeds & Northrup multipoint
.regorder. The gas handling syotem can be made to have‘large or small .

ll

{
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volumes by means of gas reservolrs and stopcocks.

For the ourposes of these experiments with alr levels of CO,, it

2’

was found desirable to Introduce into the algalvesoel a secondary bubbler

in order to achleve better equilibration between gas and liquid phases.

: This bubbler consisted of a sintered glass cylinder about 1 cm long by
'1/2 em in diameter, hollowed out and joined to the end of a plece of glass
" tubing. The bubbler was inserted into the suspension of algae. Gas was
.,taken from the outlet side of the vessel containing the suspension,
N passed through an auxiliary diaphragm pump similar to the one used in
-the main.gas handling system of the. apparatus and then re-entered the
- vessel through the bubbler. The rate of flow of this secondary gas re-
' circulation was about'l liter/min, and the rate of.photosynthesis at air E
' ﬂ'levels of 002 was significantly greater with this secondary bubbler in - ﬂl
" operation than without 1t. |

- After the suspension of algae had heen photosynthesizing in air,withf

" density control and automatic addition of medium for U hours, the light.»
" was tured off for 8 hours, and then turned on again for another 4 hours
- of photosynthesis. The algae were then removed‘from'the vessel, centri-

_fuged, and resuspended'in a medium consisting only of 10™3 M KH5PO,. The

suspension was adjusted by the addition of a small quantity of 0.1 N HCl

| to a pH of ahout 4.8, The pH control mechanism was ‘then turned on and
.VO.l E.NHMOH flowed into the suspension, oringing the pH to 5, where 1t
" was automatically maintained throughout the duration of the experiment.
The algae wére permitted to photosynthesize in ailr in this medium for an

. additional 5 hours, at which time the tracer experiment was commenced.

At the beginning of the tracer experiment,:the gas handling system ,t

umole)
was closed,yénd lL‘CO (0. 06% 50 uC/‘ﬂ‘ was added to the system. . This

. gas was contained in a 5-liter reservoir, so that the total amount of €Oy

il

=
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at the start of the experiment was 120 umoles, : The ratetof carbon dioxide
_ uotake during the course of the experiment which lasted for 13 min in
.‘the.light, was subsequently found to be 3.16 umoles/min/cm3'algae, _
. After 13 min of photosynthesis with 14C, the light was turned off
1'for the remainder of the experiment. Durinp the entire course of the
'experinent samples of the algal suspension of approximately 1ml volume
-were ‘taken Into welghed test tubes containint b m of methanol for kill-
iing. These tubes.were subsequently weighed to determine sample size.
Samples were taken at 1l0-sec intervals Just'after‘the introduction of
- ll‘co and just after the lignt was tumed off.
‘ For analysls of the radioactive comoounds formed by the algae, 1/5
allquot samples of;the killed algae-methanol mixture were dried on the
::origin of‘Whatman No. 1 chromatographic paper, EThese chromatograms were
developed in two»directionsf The first solvent was made up of 8H0vml'
"11quified" phenol (Malinckrodt, about 88% phenol, 12% H,0), 160 ml water,

10 ml glacial acetic'acid, and 1 ml 1.0 M ethylenediamine tetraacetlc acld..

The second solvent.wasvmade up of equal volumes of n-butanol-water

‘(370-25 v/v) and of propionic acld-water (180:220.v/v), as described by

".x Benson et al. (1950) In'experiments containing only g as a tracer,

j . the chromatograms were developed for 2& hours in each direction. . After .
| radioautography to deternine the position of the radioactive compounds
‘on the paper the caroon lu content of each compound was measured by -
"neans of the "automatic spot-counter" developed by Moses et al, (1963).

‘Experiment@yith ¢ ang 32p as tracers o 'f

P

‘

.{ In the other experiment Chlorella pyrenoidosa were grown in a low<..

ifbrm culture flask shaken on 2 water bath (Bassham and Calvin 1957) and
fharvested.at approximately 2-day intervals. In this batch orocess,
' the rate of flow of the mixture of 4% 002 in air through the culture

EIONY .+ S
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KH,PO, adjusted to pH of 4.8 with 0.1 N HCL. The pH control was set at 5.

‘l SRV S 5

|

flask was made 50 slow that carbon dioxide suoply limited growth. The

effect of this limitation was to reproduce roudhly the condition of
Chlorella grown in air. After harvesting and removal from the old medium ‘

by centrifugation, tnese Chlorella were resuspended (to 1% v/v) in lO'u M

- and enough 0.1 N NHyOH was added'to bring the pH to 5, after which 1t was

maintained automatically. 'sn'u.i'ulf, %ﬂ;ﬁﬁ. A solution of essen-

- tially carrierhfree phosphoric acld, containing 10 mC of 32? was brought

. to pH 5 by titration with 0.1 N NaOH,.,  Thils solutlion was added to the algae

suspensions by injection through a rubber plug in the algae vessel. Steady-

':state photosynthesis in air was continued for 30 min orior to the addition

of 1“002 " At that time the eas system was closed and l“c’o (0.07%,

umoles) -
32 uC/v.j: was added to the system from the large reservoir. No samples

o were taken until 10 min after addition of luCO2. Then samples were taken

. .. at intervals indicated In the figures for the duration of the experiment. . -

After 13 min with 2400,, the light was tumed off and the algae were kept

in darimess until 30 min, at which point the 1ight was turned on and re-

‘nained on for the duration of the experiment.

Killing of the algae samples ‘and analysis of the radioactive comnounds i

by two-dinensional paper - chromatography was perforned as described for the

first experinent, except that two-dimensional paper- chromatograohJ was

o carried out with one set of chromatograms for 48 hours in each dimension

in order to. obtain better separation of the phosohateulabeled compounds.

' In order tospreclude fogging .of the' radloautograph by the high levels of

32P labeled inorganic phospnate, a preliminary radioautograohy for 1/2

hour was performed. This radioautograph was used as a_guide for cutting o

4

'out,the-cenﬁral part of theiinorganic'phosphate spot:. The paoer chromatgé
L' : ” o



| compounds were cut out and their radioactivity determined. The sugar -
- phosphates and diphosphates were dephosphorylated by treatment with a
. ’phosphatase. After rechromatograohy of the free sugars the individual

‘ counting. ‘In.this case O.3,ml-or less of aqueous eiuate from the paper
‘\1 was placed in i8 ml of.waterbmiscible'scintillation counting liquid, as : y :
o descrihed by Kinard (1957). ‘ihe sample uials'were counted automatically.

', by the scintillation counter (Packard Instruments, Series 3000). Other

into vials, and their content of both

counting in the automatic liquid scintillation counter.
: of the suspected radioactive spot from the paner chromatogram and co-

_:: chromatography with authentic samples fo110wed by spraying with the
o : %
‘;Hanes-Isherwood (19&9) phosphate spray° ATP ADP UTP, UDPa, *and PPi.

‘v?v‘treatment with pnosohatase.'

' ribulose—S-phosphate, RSP, ribose-S—phosphate, FDP, fructose-l,6- &

. .
i diphosphatL

.

. . h . . . . - . ' . . .
° i . A . R . . . R . . i

" grams were then placed back on fresh X-ray film and a new radioautograph

was orepared by exposure of the film to the paper for 1-1/2 days. With

the radioautograph as a gulde, areas of the paper containing the labeled

]

sugars were eluted. from the paper chromatogram into samnle vials for -

R 1 TRV VU P WU S S

. phosphate-iabeled compounds were eluted from the original chromatogram.

. luc and 3°P was determined by

The identities of the following compounds were verified by elution 3

f;fOther compounds of the .carbon reduction cycle and related compounds were

identified by their positions or co-chromatography either before or. after

*

Abbreviations. UDPG uridine diphosphoglucose- PPi, pyrophosphate'

. PGA, 3-phosphoglyceric acid; RuDP, ribulose-1 S-diphosphate, RuSP,

wo
EWE
Fin

F6P, fructose—G-phosphate° SDP, sedoheptulose-1,7-diphosphate;”

' S7P, sedoheptulose—?—phosphate' DHAP, dihydrokyacetonephosphate; 'PEPA,j

phosphoenolpyruvic acid' GMP, glucose monophosphate. ‘ ', v
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3. Resul ts and Discussion~
The levels of lL'C found in various intermediate compounds of the

‘i carbon reduction cycle as a result of the first exoerinent can be ob- ._
"_tained from the saturation levels seen in Flgures 1 throuch b, The total
'radioactivity per cm3 of algae found in each compound has been divided by
the specific radioactivity of the Lico,, which is measured continuously,
'to obtain the concentration of labeled carbon found in the intermediate
comoounds. ‘When the level of 1L’C in a given compound no loncer increaseS'
. with time, it‘is assumed that'as much luC is entering the metabollc pool
of molecules of the internediate'compound as is'lea?inga After this time

14

. (8 min in this experiment), the ~'C in each compound- 1s a measure of the

size of the'actively—turning—over metabolic bool (Bassham and Kirk 1960),
‘orovided biosynthesis of molecules in the pool utilizes only fully-labeled

precursors. Durin° active photosynthesis, the rate of photosynthetlc for-

1u A
2

is. 0 much greater than the rate of svnthesis of these compounds from other

mation of internediate compounds of the carbon reduction cycle from

'i(unlabeled) precursors, tnat this condition 1s met. However, when the lightd
is turned off syntheses of photosynthetic carbon reduction cycle Inter-
; mediate compounds from precursors which are not fully laoeled may alter
B both pool sizes and specific radioactivities. An example of this condition
,willlbe seen 4n Figure g. ‘ 2 | |
_ The pool sizes obtained from this exoeriment are compared in lable I
| with: oreviously published pool sizes fbr algae photosynthesizinv wder o
steady-state Eonditions with 1-2% CO,. The pool size of the carbon dioxide

acceptor, ri ose-l 5—diphosphate (RuDP), is greatly increased, whereas

| the pool sizes of other internediates in the cycle are much smaller in thé
- air-adapted alcae as compared with the algae grown and photosynthesizino
. with high levels of coz, |

~E
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mhis greatly increased RuDP nool size with the air-adaoted algae
| might suggest that the mechanism of adaptation is simply an increase in
the concentration of the carboxylation substrate. That this 1s not the
case was seen in preliminary experiments in which Chlorella grown and
photosynthesizing in 1=2% Co, in’ alr-were suddenly ‘glven only air (.oug -
1-002). Althouuh the’ level of . RuDP rose as high as 2 umoles of carbon per
' cm3 of algae, the photosynthesis rate was less than O 8 umoles 002 per .
‘ndn per. em3 of algae.

 The initial labeling rates, satUration, and 1ght-dark transient
changes in the levels of intermediates of the photosynthetlc carhon're-
-,duction cycle in the first experiment are shown in Pioures 1 through 5

‘ "‘Although the levels of RuDP and of 3-phosohovlyceric acid (PGA), (Pigure 1), |
',gare quite different tnan in exoeriments previously reported with algae in.

L1 COZ, the genéral shape of" thejtransient changes Is the same. The level
'eof PGA rises very rapldly when the light is turned off and then declines -
'v'more'slowly.' The level of RuDP drops very ranidly However, in this eéx-

- periment, in contrast to.all previous light-dark transient studies with

T'_higher levels of carbon dioxlde, the level of RuDP (does not fall to zero
but instead remains from 4 to 8 min after the light at a nearly constant

‘ and easily measurable level. That the RuDP under these conditions of .04z

-,002 does not decline to zero in the dark may be of considerable significance

,with respect.to the possible mechanism of the carboxylation reactlon ig.vivo

- at low-CO levels. It suggests that » contrary to previous indlcatlons, the :

| ‘carboxylation reaction in vivo with low levels of CO2 may depend upon some

form. of lighi‘activation. Otherwise the RuDP would be used up beyond the

llimits of de ection. The free energy change of the carboxylation reactiOﬁ

w»:\ \

in. photosynthesis as calculated by. Bassham (1963) 1s.50. nepative that no ?

: 1
'!
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measurable_amount of RuDP could be expected‘to be seen when the reaction

. has gone to equilibrium. | . | .

In Figure 2 it can be seen tnat the levels of sugar diohosohate fall
.rapidly towards zZero wnen the light 1is turmed off In the dark, reduced |
NADP 1s no longer avallable for the reduction of PGA to triose ohosphate
‘with subsequent formation of hexose and‘heptose diphosphates. Following
the initial drop to_éero there is a very pronounced rise in the levels of
.'ﬁructosesl;G-diphosphate (FbP) and sedoheptulose—l;74diphosphate_(SbP)

: which pass through a maximum about 3 min”after the light is turned'off.
This transient rise in the levels of these diohosohates indicates a device’-

. of the regulatory mechanism in adjustment of the metabolism to the dark con—

o dition, It appears that there may be a dark Inhibition of the diphOSphatase

lli reaction which converts FDP and SDP to their corresponding monophosphates.,

l; fWithout such a diphospnatase inhibition these diphOSphates should be bro&en

- down as rapidly as they are formed for one must presume that their for- R

-nntion‘cannot'be as fast in the dark as, during photosynthesis;

Secondly, the translent peak in levels of these ‘diphosphates implies '

a dark-activated mechanism or the release from a light—innibited step '

. leading to the formation of these compounds. Such a reaction might be the'
:phosphofructokinase reaction. From the results of the second exoerimen“”d
reoorted later, it is clear that after one min of darimess the level of
ATP which fell-initially due to. the cessation of photophosphorylation and

~ the tenporary continued demand for ATP by the photosynthetic carbon reduction

: cycle, rises aoain due to respinatory reactions. ‘

| During photosynthesis FDP and SDP are continuously and raoidly con=-

; \averted to thﬁir respective monophosphates. A high level of diphosphatase -

'activity is :%quired. At the. same time there must not be any kinase activﬂtv
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' which wouid convert hexose and heptose monophosphates to diphosphates}
dfhe oniy kinase permissible during photosynthesis is.the kinase which
d;forms the carboxylation precursor, RuDP. A hexokinase would waste ATP
1-§§y utlllzing it for the conversion of F6P to FDP, which would be imme-

‘fdiately broken down again by the phosphatase.

If both photosynthesis and glycolysis proceed at the same slte in - .

‘;the light and in the dark respectively, it is essential that there be a
;elight-dark switcnlng mechanism which (when the light 1s turned off) in-

: j?aotivates the diphospnatase and activates the kinase. Figure 3 shows the
fievel br,l“c'in various sugar_nonOphosphates, and it 1s of interest to
-'lﬁnote that following the initial transients,the levels o% luC in these. ‘
f:sugars continually decline in the dark despite the fact that no further

':ucarboxylation of RuDP is occurring Thls may be a further Indication of

fwglycolysis.

. Filgure 4 shows that the level of dihydroxyacetone vhosphate (DHAP)

f@parallels that of FDP, wnile the 1evel of phosphoenolpyruvic acid (PEPA)
'iﬂparallels that of PGA, “ivure 5, the levels of. pentose monoohosohate, eﬁtrjj
"!gshows that these levels do not change much when the light is turned off,
v.:an indication that both their formation and utilization are effectively

H;blocked in the dark.

There ls a relatively rapid drop in the labeled glycolic acid level

n when the light is twrned off, Possibly this drop is related to a cessation

>‘of O2 production- in the chloroplast since the fonnation of glycolic acld
“1has been fod%d to be very dependent upon O2 tension (Bassham et al 19 )

© Many exolanations for the dark decline and subsequent rise in malle acid

S
label are posslble. For example, reduced cofactors required for reductive

.carboxylation of PEPA may be qulokly exhausted when the livht is turned

‘ ‘off and then may be regenerated when glycolysis rate increases after 2-4 -
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minutes of darkness.-'

duction of

| -11-
"

Vo
i

Fleure 7 shows the transient changes.in levels of several amino acids.

' ‘ The most pronounced light-darx cffects are the rapid synthesis of alanine

and of serine immediately follow1ng turning off the lioht and the repid
|

: synthesis of aspartic acid and glutamic acid after about a minute of dark—

- ness. The syntneses ‘of these acids no doubt accounts for the major part

\

of the droo in level of PGA follow1ng its initial rise in the dariness.

‘The delayed dark—enhanced syntheses of aspartic acid’ and glutamic acid are

probably a reflection of the time taken for the‘reestablishment of ATP level
by respiratory reactions as seen in later results.

. , !
 Figure 8 shows the levels of ATP, ADP, UTP and PP, observed In the

' second.described experiment. When the lightiis first turned off, the level
- of ATP.declines'rapidlyvdue to'cessation of photophdsphorylation and cOntinned |
'1:ATP requirenent for the reduction of PGA to Sdgar phosphate.- After one
‘iminute.of darkness the ATP begins'to rise aéain rapldly and is soon re-

established to the previous leyel. Further transltory fluctuations follow
and then the ATP level rises steadlly in the dark. When the light is again

‘turned on the ATP_level.rises sharply due to photophosphorylation and then .
- falls perhaps as a result of increased demand by the’ ooeration of the |

"_ photosynthetic carbon reduction cycle.

“In general, the behavior of the ADP level 1s inverse to that of the

ATP, while the level of UTP parallels the changes in the levels of ATP.

The changes 1n the level of PPi are striking The PPi spot which we
observe on our chromatograms may well reflect a decomoosition product. of

some more laﬁile high energy phosphate present in the living cell. The

level of PPi has been observed to undergo rapid changes upon the intro~ -

whibitors which also affect photophosphorylation. (Pedersen a2

a;,,:In the press). The results of those'studiescled to the conclusion .



“. darkness. These results indicate netabolism of

=12 |

: that the P?i, or lts biochemical precursor, probably was formed from or
 parallel to ATP and vas utilized in some way by the carbon reduction
cycle. | ‘ ‘ .

Santarius and Heber (1965) have reported that the level of AP 1n
vchloroplasts of sone leaves underéoes substantial liébt-dark'changes.
They'suggest the possibility that there might be a'reaction activating
COziin vivo which could generate ATP. From our results which indicate .
ja liJht activation of the carboxylation reaction, and from the rapld ‘

light-dark transient changes in the level of PPi, 1t 1s tempting to specu-

vy .late that PPi may be the decomposition product of some cofactor involved

in the activation of a 002 for in vivo pbotosynthesis. ?Thus far,‘however,‘

we have not succeeded in sufficlently labeling AMP to permit us to observe
| ,possible changes in its level. o

.' Tne levels of ll‘C and 32P in PGA during the second experiment are -

" shown in Figure 9. The change in 32 ang o during the first part of
hvthe light-dark transients are the‘same—-that is, both increase rapidly
land then begin to decline. Fron that;point‘on; however, there 1s an-

14 32

bt.interesting and significant difference between the ~'C and ~ P level of

luC leVel of PGA declines

’fthe PGA pool. As observed previously, the
li rapldly and steadily in the dark reaching a very low level after some
minutes 'of darkness. However, the level of 32 P after an Initial small
'decline stays virtually uncnanged for the duration of the period of

g and 32P—labeled PGA

_and synthesis of PGA fron unlabeled carbon and labeled phosohate. This

' neﬂ synthesis of PGA in the dark from an unlabeled carbon source may be -

‘ E expected if,shgar reserves which have not bhecome aopreciablj labeled

w\{

14

during the- few minutes of pnotosynthesis wilth CO2 are broken down by »

‘glycolysis to make PGA as rapidly as. the PGA 1s utilized for subsequent

.

S . —o- i =
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bioeynthetic feacfions such as those 1eadihg to the synthesis of amino o
acids and respiratory combustion to carbon dloxide.
The pool of PGA fonned in thils way could be separate. from the photo-
| synthetic oool of PGA However, when the light 1s turned on avain the

32

level of P-labeled PGA drops very raoidly without a concommitant drop -

in the level of 14

C—labeliné. Such behavior suggests that the PGA labeled
,with 32? only 1s being rapddly reduced by cofactors formed from the light
reaction of photosynthesis. Thus it eppears that‘most of the changes In
levels observed during tnis experimeht may<belaccounted for in terms of
- a.single pool which- 1s- synthesized from luCO2 and 32P4labeled'phosphate
_in the Light but is formed from unlabeled carbon precursors and labeled
. phosohate in the dark.: This observation lends strong suooort to the idea
' that there is a pool of PGA common to the photosynthetlic carbon reduction"
cycle and to a signlflcant pert of dark glycolysis. If triose and hexose
\; ~ phosphate pools are also common to glycolysis and phoﬁosynthesis,'theA.
. '3};‘.‘: tr;ose phosphate deh&drogenase reaction may be reversed.ih the transition._
::ifrom light to dark through the change in the supply of reduced NADP.. |
L However, the light-dark switch in the activitles of hexose andeheptose_
diphosphatase and phosphofructokinase would still be reqdired since
‘nelther bhoﬁosynthesis nor resoiration can opefate'efficiently in the
,simulteneoué oresence of both enzymic activities.
A furﬁher point of ihte;est is the apparent absence of a kinase
, reac‘cioo fonniné; RWDP in the dark. In Figure 5, the level of RuSP is
~about thé same in the dark as in the light. The overall level of ATP s
higher aftér some minutes in the dark than it is in the light. Thus,
‘there might be some lignt-dark control mechanism redulating the conversion

. of RubP to RuDP as well as "the subsequenu carboxylation reaction leading

-



. study.
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- to PGA. Alternitavely, it may be that RuSP kinase does not have access
to the ATP which is produced in the dark but must use only AT° formed
' during photoonosphorylation. If there is comoartmentalization of this

~ type for Ru5P, can there be pools of PGA and pernaps hexose pnoschates

that are common to both resplration and photosynthesis‘> ,

From thelr studies of intracellular translocation of photosynthetic

products in leaves, Heber and Willenbrinx (1964) and Santarius et al,

- (1964) concluded that there is ‘a considerable translocation of many sugar

ohosphates and of ATP from chloroolast to cytoplasm.. Significantly, they

found that RuDP was not translocated from the chloroplast.

-Perhaps the simplest explanation of our results with Cnlorella would

,be that there is considerable movement of PGA and sugar phosphates between -

chloroplast and cytoplasm. To explain the kinetles of changes in PGA
labeling, one must then suppose that the level of PGA\in the cytoplasm -

| 'is quickly affected by the existence or absence of photosynthesis in the "
;‘ chloroplast. When the light is turned on and PGA inside the chloroplast
w ":is reduced PGA from the cytoplasm might flow back into the chloroolast
‘-l“'to maintain its concentration during the induction.period when the level
of_'z%uDP had not yet bullt up sufficlently to permit a rapid carboxylation.
11_ On'the basis of kinetic studies, in vivo, 1t is difficult,to distinguish

?-\betueen'the possibility of a single locus for. photosynthesis and glycoly—

sis, and the alternative possibility of two loci with rapid diffusion

of some intermediate compounds between the loci.  In either case, a

) light-dar& change in enzymic activities at key steps in the netabolic

pathways wouId be required and’ is indicated by the results of this

[T

£
L
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Surmary
The labeling of intermediate compounds and photosynthetic cofactors

during photosynthesls and periods of darimess by. Chlorella pvrenoidosa

in the presence of 32P—labeled vhosphate and 1“002 have been investigated.
Algae adapted to photosynthesis ;n air.were used, and the level of carben
dloxide was maintained at approximately 0.0U%.and at constant specific
radioactivitj curing the course of the exoeriments..

The transient changes whicn occur In the levels of labeled- f‘r'uctose--

6-diphosphate-and in sedoheotulose—l , T=diphosphate, and in the corres-
ponding monophospnates when the light 1s turned off sugsgest a light
activation of the diphosphatase enzymes which decays after zbout 2 minutes
‘ of darkness.. It is suggested tnat a light-dark switch in enzymie acti-
| vities‘pefmits photosynthesis and glycolysis to occur in light and dark
. respectively with tné same enzymic apparatus.

AThe greatly'diminished fate of disappearance of the-carboxyiation
substrate, ribulose-l,s-diphosphate, after,about‘Z min suggests that there
" is also a light activation ef tne'carboxylation reaction iE.XEXE: Large | k
 .transient changes in the level of pyrophosphate between light and dark
indicate that there may be an wnstable cofactor which decommoses to glve
'pyrophospnate during or after'killing of the algal cells, The possibility
tnat this eofacter is Involved in an_activation’of'carbon dloxdde for the
'carboxylation'feaction in vivo is sugﬁested. |

Light-dark transient changes in labeling of other compounds-of the
photosynthetic carbon reduction cycle and related compounds were deter-

4
mined, and p@ssible significance of these changes 1s dlscussed. ;
A This work ‘has been supported in nart by the U.S. Atonic Energy Commih
ssion. One ‘8f us (T.A.P.) was supported by a grant from the Royal Norwegian
Council for Scientific and Industrial Research. His present address 1i5: :
- Dept. of Microblology, Agricultural College of Norway, Vollebek, Norway.
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| Table I. -Calculated concentrations of photOsynthetic intermediate

-"comnounds.' ‘Concentrations are Calculated as described in text by

dividing~radioactivity at ""aturation" by specific radioactivity.

. Concentration er cm3'algae

Compound
- ugram atoms.of'carbon
0.04% €O 1% 0"
2 - 2 .
4 3—phospﬁéglyceric acid - . 0.40 ~q'3.0
: dihydroxyacetone phosphate.: | ‘i-‘ga"0.096 R | |
- fructose-1, 6-diphosphate X c 0,086
. fructose-6-phosphate ' : v;,’l' _'A0.27
'-~j sedoheptulose—l 7-diphosphate".y.:  ' 0.01 ‘
. sedoheotulose-?—phosohate {’ i 'Vw:' o.éo 1.8
o ribose-5-phosphate . ' 7"“ :'_‘ 0 0.02 zv |
A ripulosé;l,B-éiphosphate .1 e 1;89 - ¢ 0.36
*lme Bassham and Kirk (1960) .
,i
a
g 3%
i -
- )
A
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Flzure Lezends

Figure 1. Levels of photosynthetic intermediate compounds in light

‘ dgrk: phosphoglyceric acid and ribulose diphosphate.

Flgure 2.FvL¢vels of photosynthetic intermediate compounds in light

dark:. hexose and heptose diphosphates.

Flgure 3. Levels of photosynthetic intermediate compounds in light

dark: hexose and heptose monophosphates.

Figure ﬁ.u Levels of photosynthetic intermediate compounds In light

dark:: dihydrdxyacetone phosphate and phosphoenolp&ruvate,

. Flgure 5. ‘Levels of photosynthetic intermediate compoundsvin light

dark: pentose mbnophosphates.

T

Figure 6. Levels of photosynthetic”1ntermediate compounds in light
© dark: malic and glycolic acids,

Flgure 7. Levels of'photosynthetic intermediate compounds in light

dark: amino acids,

Figure 8. Levels of photosynthetic cofactors in light and dark: ATP, .

ADP, UTP, and PPy,

and

and

and

and

and

and

and

N ‘ B . . ‘
Figure 9. Levels of /C and 3P labeling in PGA during photosynthesis

[

wi"and in'the_dark.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

N A.

Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed in this report
may not infringe privately owned rights; or

Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed in
this report.

As used in the above, "person acting on behalf of the
Commission" includes any employee or contractor of the Com-

mission,

or employee of such contractor, to the extent that

such employee or contractor of the Commission, or employee

of such contractor prepares, disseminates, or provides access
to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.






