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LIGHT-DARK TRANSIENTS L~ LEVELS OF DITERI'.rriDIATE COMPOUNDS DtJRING 

PHOTOSYNTHESIS IN AIR-ADAPI'ED CHLORELLA 

By 
I 

' !· . T. A. Pedersen, Martha Kirk, and J. A. Bassham 
i . 

. . I 

Ch~mical.Biodynamics Division, Lawrence Radiation Laboratory, 

' ~ I 

Uni vers+ ty of California, Berkeley, California 

1. Introduction 
. I 

. , Early studies of the kinetics of incorporation of radioactive 
.. I 

i . . 

· carbon into the intermediate compounds of photosynthesis, such as 
I 

I . . . 

thos,e performed by Benson~&· (1952), Calvin and Mas~ini (1952) ~ 
I . · .. 

and Wilson and Calvin (1955); employed unicellular algae, either Chlorella 

I 

or Scenedesmus, which had been grown under high levels of carbon dioxide 

(typically 1-4% .C02 in. air). Difficulties in obtaining uniform samples 

of homogeneous biological material at very short· intervals of t~ have 

generally precluded detailed kinetic studies of. labeling rates and light

dark transient changes in leaves, which normally would have been grown iri 

.. air.·. More recent kinetic studies of the incorporation of radiocarbon· 

during photosynthesis, during which greater attention has been paid to 

· .. maintenance of steady-state conditions, have been reported by Bassham 

and Kirk (196q), Smith~ g. (1961) and Gould and Bassham (1965); but· 
I 

these studies have also employed Chlorella pyrenoidosa, grry~ in 2-4% 

co
2 

in air. 

"lhittingham (1952) has shown that Chlorella nyrenoidosa are capable 

or high rates 'or photosynthesis .in air. However, Chlorella grown in 2-4% 
~- . . 
. $ 

.. co2 in ~r, ,,~~en placed in air, give very poor rates of photosynthesis i 

for a long ~~. Thus it appears that there is sorre rrechanism of adaption . 

with algae ~wn in high levels .. of co
2 

which· results . in ·a temporary loss . 
..... 

. ·. 

· .. 
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in ability to photosynthesize efficiently in air. Because of the 

possible implications of this adaption to the mechanisms of the reactions 

responsible for carbon compound photosynthesis' it seemed desirable to 

conduct kinetic steady-state and light-dark transient studies with ai.r-

. adapted algae photosynthesizing in air. The availability of very hi/sh' 

.specific activity 14c, and improvement in our rnethods of cond~cting 

steady-state experiments, made such studies feasible. In addition, 32P-
. ,, 

labeled phosphate has been included as a second tracer in some of these 

studies in order to provide ?-dditional information about the levels of 

phosph~r.us-containing cofactors involved in the carbon reduction cycle 

of photosynthesis. 

2. Material and ~1ethods 
. . 

In the first of the two experiments described, Chlorella pyrenoidosa 

. were grown·in continuous culture tub.e flasks, as described by Bassham. and 

Calvin (1957). These algae were harvested, removed from old medium by 

centrifugation, and resuspended in fresh rnedium identical with that in 

which they were gro'.m. The algal suspension, made up to 1% v/v' was placed 

in the steady~state apparatuS which has been described in detail (Bassh~ 

and Kirk 196'4). The photosynthesis chamber of this apparatus is a thin, 

transparent ,~las tic vessel equipped with a water jacket, inlet and outlet 
,· \ . 

valv~s for gas, a sampling valve, pH electrodes, a densitometer, and in-

l~t valves for the automatic addition of nutrient solution and of a 
.. . 

solution o~ O~l·t!.arnmonium hydroxide. I . 

A rnixture of carbon dioXide. in air is circulated by rreans of· a small 
... . ~r. 

diaphral?}ll f)ltmp through the algae· ·st.ispension and then. through various 
' . 

~strumen~.~iwhich monitor the levels of co2, o2, and 14c, all of which 
' •. i . 

a.rr auto~t~cally recorded against time on a. Leeds & Northrup multipoint 
. ~~ 

. reporder. The gas handling system can be made .to have large or small .. 
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vol\.ll'l'es by means of gas reservoirs and stopcocks. 

For the purposes.of these experiments with air levels of co
2

, it 

was found desirable to introduce into the algalvessel·a secondary bubbler 

in.order to achieve better equilibration between gas and liquid phases • 

This bubbler consisted of a sintered glass cylinder about 1 em long by· 

· 1/2 em in diameter, hollowed out and joined to the end of a piece 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, 
• . I 

passed through an auxiliary diaphragm ptl!Tp similar to the one 'used in 

. the main. gas handling system of the. apparatus, and then re-entered the 
. . l 

vessel through the bubbler. The rate of flmt of this secondary gas re-

circulation was about 1 liter/min, and the rate of photosynthesis at air . 
··levels of co

2 
was significantly greater with this secondary bubbler in 

operation than without it. 

· After· the suspension. of algae had been photosynthesizing in air .. with 

density control and automatic addition of medium for 4 hours, the light . 

was turned off for 8 hours, and then. turned on again for another 4 hours 

of photosynthesis. The algae were then removed from the vessel, centri-

. f'uged, and resuspended in a medium consisting only of lo-3 !i Krr2ro4• The 

suspension was adj.usted by the addition of a small quantity of 0.1 N HCl 
I -. . 

to a pH of about 4. 8. The pH control mechanism was then turned on and 

o.~ !i NH
4

0H flowed into the suspension, ~ringing the pH to 5, where it_ 

was automatipallY maintained thro~,out the duration of the experiment • 

The algae w~te permitted to photosynthesize in air in this medium for an 

additional· ~: hours, at which time the tracer experiment was cornrrenced. · · 
l'' ~ 

~w~· \ ,; 

At the beginning of the tracer experirnent,·the gas handling system 
. :. ·} l4 · · umole) · . 

was closed'~?~!nd co2 (0.06%, 50 llCI~ ·.) was added to the system •.. Tnis 

. gas was contained in a 5-liter reseryoir, so that the total amount of co2 · 

! 
\ 
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at the start of the experiment was 120 umoles-:. .. : The ·ra'te•:of' ·carbon dioxide 

uptake durmg the coU.rse of the experiment, which · iasted for 13 min in 
. . 

'.the. light, was subsequently found to be 3.16 umoles/mirilcm3·algae~ 

. After lJ.min of photosYnthesis ·\\'ith 14c, the light was turned off 

for the remainder of the experiment. During the entire course of the 

exPeriment, samples of the algal suspension of appr6ximately 1 ml volume 

. :we~ taken into weighed test tubes containing 4 ml of methanol for kill

ing. ·These tubes. ,.,..ere subsequently weighed to dete!mine sample size • 

Samples were taken at 10:-sec intervals just after the introduction of 

. 14co
2

.and just .after the light was turned off. 

I 

. ·.· . . For analysis of the radioactive compounds fol:"'"'Ed by. the algae, 115 

aliqu?t samples of the ~lled algae-rn.ethanol mixture were dried on the 

·. origin of v1hat~ No. 1 chromatographic paper. These chromatograms were 

developed in two dir.ectioJ,1.S. The first solvent "tras made up of 846 ml 

"liquified" p!lenol (f.'lalinckrodt, about 88% phenol, 12% H20),·l60 ml water,; 

10 m1 glacial acetic.acid, and 1 ml 1.0 M ethylenediamine tetraacetic acid. 

The second sol vent .\'las made up of equal volumes of · n-butanol-t·tater 
. ., . . ' 

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

Benson et al..~ ( 1950) • ----- .. 
Iri experiments containing only 14c as a tracer, . 

. the chromatograms 't'lere developed for 24 hours in each direction •.. After . . ' 

radioautograpHY to determine the position o~ the radioactive compounds· 

on the paper, the carbon i4 content of each compound was measured by· 
. i 

means of the. "automatic spot-counter" developed by f·1oses et ·al. (1963) • 
·•.\ --

~er:tmerit .. tdth 14c "and ) 2p as tracers 
.I (~!< ( 

r In th~;f, other. experiment' C'nlorella pyre~oidosa 'were grown in a low~ . 

f~rm cult~ flask shaken on a water bath (Bassham ~d Calvin 1957) and 
' I ;,. ,;~-:;:,:~ ' ' 

harvested ~t approximately 2-day intervals. In this batch process, 
. ~ I • • 

: ~ I 

t~e rate of flow of the mixture of 4% co2 iri air through ~he culture 

. I 

I·, 
! . 

i' 

7• 
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fia~k was made so slovr that carbon dioxide supply limited growth. The 
' . . 

effect of this lim1tation was to reproduce roughly the condition of 

Chlorella ·gr-Own i.¥1 .air. After harvesting and ~moval from the old medi~ 

by centrifugation,. these Chlorella were resuspended (to 1% v/v) in lo-·4 M 

KH 2 P?~ adjusted to pH of 4.8 with O.lN HCl. The pH control v:as set at 5· 

and enough 0.1 !i NH40H was added to bring the pH to 5, after which it was 

maintained automatically/ ·.·_, .. ~:; ...... ~· .. j_ ··'. '.::_.·,:. A solution of essen-

tially ,.carrie~ free· phosphorl.'c acid, conta.ining 10 m.c. of 32p ~ '"'as brou(!,ht 

to pH- 5 by titration •.dth 0.1 N NaOH •. This solution ,.,.as added to the algae 

suspens~qns by injection ·through a rubber plug ·in the alg~ vessel. Steady-
.: . . . . . . . . I 

sta~~ photosynth~sis in air was continued for 30 min prior to the addition 

... of ~ 4 co 2 •·· At that tim~ th~ .gas sy~t~m ~as closed and 14co
2 

(0.07%, 
umoles) · 

32 uC/, ... :: was added to the system from the large reservoir. No samples 

we~ taken unt~llO min after addition of 14co
2

.- Then samples .,.,ere taken 

at intervals indicated in-the figures for the duration of the· experiment. 

After 13 min with 14co
2

, the light .,.,as turned off .and the algae were kept 

in darkness until. 30 min, at which point the lignt was turned on and re-

·rnained· on for the dUration of the experiment. 

Killing. of the algae samples ·and analysis of the radioactive compounds 

' ' 
by tw~n$ional paper chromatography was performed as described for the 

first experiment, .. except that two-dirrensional paper ·chromatogr-aphy .,.,as 

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

in order to.obtain better separation of the phosphate~labeled compounds. 
··~ 

In order to~reclude fogging.of t~e·radioautograph by the high leve~~ of 

3 2 P~labeled inorganic phosphate, ~ preliminary radioautography for 1/2 
~ . 

·~ ,.. ' . . 
hour .was pe~formed. This radioautograph was used as a guide for cutting 

J 

out .the· c~~~ral part _of the. inorganic· phosphate spot; , The paper chrornatQll. 
\t 



j. 

I 
j 
i 

! 
! . 

,, 

I 
l .• ' 
i ·- ··- ., ' 
i 

1' '-

i 

! ~-

i . , 

'~. 

I 

. ' 
' '11' 

I 

•' ' 

' \' 

•' 

' 

I. 

\ 

' ' I • ,• 

· .. 

·' 

: I 

• 

.. ' 

I 
, I 

-6-

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

was prepared by exposure of the film to the paper for 1-1/2 days. Hi th 

~he radioautogi-aph as a. guide.. areas of the paper containing the· labeled 
I • • .· . 

corrpounds were cut out and their radioactivity determined. The Sllc,oar 

. I 

phosphates and diphosphates were dephosphorylated by treatment with a 
i ' . 

phosphatase. After rechromatography of the free sugars, the individual 
. I . . .. . 

I , . . . . 

s~ars were eluted . from the paper chrornato~am int? sample vials for · 

couriting. In. this case 0.3 .inl or less or aqueous e_luate from the paper 

was· placed in 18 rn1 of .water-miscible scintillation counting liquid, as 

described by Kinard (1957). The sample vials were counted automatically .. ' 
. ' .. 

. . I 

.. by the scintillation counter (Packard Inst!'UI'rents, _Series 3000). Other 

. '' phosphate-labeled compounds were eluted from the original chromatogram 

.: ·into ~als, and their co~tent of both. 14c' and 32p w~ determined by 

counting in the automatic liquid scintillation ·counter. 

The identities· of the following corrpounds were verified by elution. 

of the· sUspected radioactive spot from the paper chromatogram and co

chromatography with authentic samples~- followed by spraying with the 
. . . . ' .. ' ·. '' * . * 

-~ .. Hanes-Ish~rwood (1949) phosphate spray:_ ATP, -MJP,trn', UDPG, and PPi • 
. ·' 

:··Other ·compot,.tnds of .. the ._carbon reduction. cycle . and related corrpounds were 

identif'ied by their positions or co-chromatogr-aphy either pefore or. after· 

treatrent with phosphatase. · 

. . 
*AbbreVlatio~~: UDPG, uri dine diphosphoglucose; .. PP

1
, pyrophosphate; 

PGA, 3~phosp~oglyceric acid·; Ru.DI?, _ribulose-l,S4phosphate; Ru5P, . 

· · ribulose-5-p~osphate; · R5P, ribose-5-phosphate; FDP, fructose-1,6- : · .. 
' . ~\ ~~ " . . ' . . . . -~·.-· 

diphosphat~·;''~- F6~, fructose-6-phosphate;_ .SDP·, sedoheptulose-1, 7-diphosph~te;. 
. . ~ ~ . . . . : 

S7P, sedoh~~tiUJ.ose-7-phosphate; , DHAP, dihydro.xyacetonephosphate; PEPA,: 
j 'i ~~ -.\\ ·. 

phosphoenolpyruvic ·acid; GNP, glucose mo_nophosphate. 

1: 

j 
1 

.:; 

' ., 

•·, 

., I 

.. ;t 
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3. Results and Discussion 

'The levels ~f 14c found in v~ious intermediat~ compounds of the 

carbon reduction cycle as a result of· the first experiment can be ob-

tained from the saturation levels seen in Figures 1 throug-.,h 4. Tne total 

radioactivity per cm3 o~ algae found in each compound hac:; been di vidcd by 

the specific radioactivity of" the 14co2, which is measured continuously' 

to obtain the 'c"oncentration ~f labeled carbon found in the . ~terirediate 

compounds. ~ez:1 the level of l4c. iri a gi~.en ~orilpound no longer i.""l.creases . 

~dth time, i~ is assumed that·as much 14c is entering the metabolic pool 

of molecules of the intermediate compound as is· leaVinp.;.' After this time 
•' . 

. (8 iniri. in this experirrent); the 14c in e.ach compound· is a measure of the 

size of the' activelY-turning-Over rretabolic pool (Bassha'11 and Kirk 1960), 
. . i . 

provided biosynthes~s of molecules in the pool utiliz~s only fully-labeled 
\. . 

' I 

precursprs. ~active photosynthesis, the rate o.f photosynthetic for-

rn.'3:t~on o~ i~terrrecllate compounds of the cal"bon reduction cycle from 
14

co2 

is ·.so · rrn.ich greater than the rate of synthesis of these compo\.ll"lds from other 
. . . . \ 

· · ·(unlabeled) pre~ursors, that· this condition is met. However, when the light · 

is' :turned Off 1 SYntheseS Of photosynthetiC carbon reduction· cycle inter-

. i 

' . 

. ' 

mediate compounds from precursors which are not fully labeled may alter 
:I . . . 

both pool sizes·and specific radioactivities •. An" example of this condition 
, I . . . 

·willi be seen·in.Figure 9. 
I 

\ . . ' 

· ; 'The pool sizes obtained from this experiment are compared in Table I 
! . . ·~ . . . . . 

with rpreviouSly. published pool sizes .f"or algae photosynthesizing under 
);, . 

. I ~i . ' , 

steady-stat~·.: 6ondition5 with 1-2% co2• T,he ·pool size of the carbon dioxid~ 
y~~ . . . . . ' .. 

acceptor, r~~Wlose-1,5-diphosphate (RuDP), is greatly.increased, whereas . 

the pool si~~ of ot~er intermediates in the cycle are much. smalle.r in -~h~ 

air-adapted algae as compared with the algae grown and photosynthesizing 

with high levels of co2• 

,, 

·. 
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This greatly inc~ased RuDP pool size with the air-adapted algae 

hrl.g."lt suggest that the mechanism of adaptation is simply an increase in 

the concentration of the carboxylation substrate. That this is not the 

case was seen in preli:ninar:r experiments in which Chlorella grOim and 

photosynthesi~ing ~ 1•2% co2 in.air'were suddenly given only air (.04% · 

,· co2). Al?ho~ the· leve~ of. RuDP rose· as high as 2 'IJmoles of carbon per 

cm3 of algae~· the photosynthesis rate was less than 0.8 'IJmoles co2 per 

· min per.. cm3 of algae.· 

The initial labeling rates, saturation, and light-dark transient 

changes in the levels of intermediates of the photosynthetic carbon re-
. . I 

. duction cycle in the ~irst experin:ent are shown in Figures 1 through 5 • 

. Although ·the levels of RuDP and of 3-Ph6sphoglyceric acid .(PGA)'~ ·(Figure ·i), 
. . 

.·are .quite dit'ferent'.th~ in experirTients previotisly'reported ~th algae· .. in. 
' • ' • f I ' ' ' ' o ~·' ' ' 

·. 1{ co2,'.the general shape ·of".the .transi~nt change~ ·'is the same. Tne level 

··of PGA rises very rapidly i'lhen the light ·is turned .. off and then decliri~s 

. rrore slowly •. The level of RuDP drops very rapidly. HO\Itever, in this ex

periment, in contrast· to all previo~ light-dark transient studies 'l'ritl:l 

.hi~er levels :of carbon dioxide, 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 treasurable level. That the .Ru.riP under th~e conditions of .04% 

. co2 does not_ decline to zero· in the o.ark may be of considerable significance 

.with ~spect. to the possible mechanism of the carboxylation reaction :in~ 

at low· co
2 

levels. It suggests that,· contrary to previous indications, the 
. ~ . '. ·. . . . 

· carboxylatio~ reaction in vivo with lo'" levels of co2 maY depend upon. sorr.e 
. ,)r·: . . 

fonn. of llgh~,: ·activation. ..Other'~rise the RuDP \·rould be· used up beyond the, 
. . .'~---~~;_<;,i' ""' . ' . . i . . . . t·:· ~ 

. llmi ts of detection. . Tne free energy change of the · camoX,vlation reactiofi; 
' ~;_i(¥ .. \ ,, 

. in :photo.syntflb~is as calculated by. Bassham (1963) is,'so.negative that no ' 

·, . 

i 
r: 

,. 
! 
I 

'I 

:I 
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measurable amount of RuDP could be expected· to be seen when the reaction 

ha..<> gone to equilibrium. 
I 

Iri Figure 2 it can be seen that the levels of sugar diphosphate fall 
. . 

rapidly towards zero when the light is turned off. In the dark, reduced 

NADP is no ·longer availabie for the redu.ction of PGA to· triose phosphate 

with subsequent formation of hexose and heptose diphosphates. Following 

the initial drop to zero there is a very pronounced rise in the levels of 

t;ructos~.-1,6-diphosphate (FDP) and sedoheptulose-1, 7-<liphosphate (SDP) 

which pass through a maximum about 3 min after the lieht is turned off. 

This· trans.ient rise i.'1 the levels of these diphosphates indicates a device···.:: 
1 

:or the regulatory mechanism in adjustment of the metabolism to the dark con-

dition. It aopears that there may be a dark inhibition of the diphosphatase . . . 

reaqtion which converts FDP and SDP to their corresponding monophosphates • 

. Without such.a.diphosphatase inhibition these diphosphates should be .broken 

down .as rapidlY as ,they are formed, for one must prest.liJ'e that their for- · 
. . . . 

·mation cannot. be as fast in the dark as. during photosynthesis. 

Secondly, the transient peak in. levels of these·diphosphates implies 

a dark-activated mechanis~ or the release from ~ light-inhibited step 

leading to the forrna~ion of these compounds. Such a reaction might be the 

phosphofructokl.nase reaction. From the results of. the second exPeriment 
. I , 

i 

reported later, it is clear that after one .min of darl<ness the level of . 

ATP which fell initially due to the cessation of photophosphorylation and 

the temporar:f: continued demand for ATP by the_photosynthetic carbon reduction 
,,,. 

!'i~ ' .. 

cycle; rises .again. due to respiratory reactions. 
. '·;~/~~~ . . . . ' . . . . . . 

Dur~. pHotosynthesis, FDP and SDP are continuously and rapidly con-

. verted to. t~i!r respective monophosphates •. A high level of diphosphatase 
o f • i::?~·~~~~ ' I 0 

activity is ~quired. · At the same time there must not be a.....fy kinase acti'V1ty 
. . . . ' . . 

(: 

' } 
( 

• I' 

·' t 
. ' 

i 



l 
l 
I. 

I . 

I 
i . 
~ . ,. 
l ' 

! 
l 
'I 

l 
l . . 
I, . f 

j ,., 
j 

l v 
:J 

I 
i 

;.;· \ 

j 

! 

~I ·;, 
:: ~ 

'I . 
i 

• 

.' ,, . 

·' 
i; ., 

' . 
··.·; 

-10-

"fhiCh would convert hexose and heptose rnonophosphates to diphosphates. 

'The only kinase permissible during photosynthesis is the kinase which 

·.forms the carboxylation precursor, RuDP. A hexold.nase would waste ATP · 

·by utilizing it for the conversion of F6P to FDP, which t.,rould be imme

diately broken down again by the phosphatase. 

. : ·--~- ''·. 
·rr both photosynthesis and glycolysis proceed at the same site in 

.the light and in the dark respectively, it is essential that there be a 

).ight-dark. switching rrechanism \-rhich (when the light is tt.;med off) in~ 
.:' •' ... . 

·· ~cti vates the diphosphatase and activates the kinase. Figure 3 shol'l'S the 
. . .• . 14 .. . . 
. . . level of . C in various sugar monophosphates, and it is of interest to 

note that following the initial transients, the levels of 14c in these. 

sugars continually decline in the dark despite the fact that no further 

:.·¢arboxylation of RuDP is occurring. Tnis may be a further indication of 

· , glycolysis • 

. Figure 4·· ShO"fS that the level of dihydroxyacetone phosphate (DHAP) · 

. i.parci.llels that ·or FDP, while the level of phosphoenolpyruvic acid (PEPA) 

·.parall~ls that of PGA. Figure 5,. the levels of pentose monophosphate, '; ~ .. :'··JJ 
., '"'.~"'· . . 

, 'i'~hows that these levels do not .change Im.lCh when the light. is tw;ned Off, 

~ indication that both their formation and utilization are effectively 

qlocked in the dark. 
~- . ,• 

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

when the light is turned off. ·Possibly this drop is related to a cessation 
. ; 

• 9f o
2 

production· in the chloroplast, since the formation of glycolic a.cid 

9as been fo~d to be very dependent upon 0~ tension (Bassha'll et al 19. ) •.• 
. ··t :; 

Many explan~tions for the dark decline and subsequent rise in malic acid · 
::.>~:~ . . ~ 

label are pos~ible. For example, reduced ·cofactors reQuired for reductive 

~arboxylatipn of ?EPA may be .qui~kly e~~austed when the li~~t is turned 

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

. • :. Fieure 7 shows the transient changes in levels of several a-nino acids. 

' 

The' most pronourtced lig.'1t-dark effects are the rapid synthesis of alanine 
I 

and of serine i.rnrrediately follovling turning· off the light and the rapid 
. I . 

synthesis. of aspartic acid and glutamic acid after about a minute of dark-
1 • 

nes~ ~ The syntheses . of these acids ~0 doubt 'accounts for the rnaj or part 
I , . • 
I . . 

of. the drop. in level of PGA following its initial rise in the darkness.· 

. I . . . 

Tne ~elayed dark-enha~ced syntheses of aspartic acid. and glutamic acid are 

probably a reflection of the·tL~e taken for the reestablishment of ATP level 

.), by resp~ratory reactions 'as seen in later results. 

. I 
. Figure . 8 shows the levels of ATP, ADP; UTP and .PP i observed in the 

second described experiment. 'w'heri the light. is first turned off, the level 

o ~I 

of ATP declines rapidly due to cessation of photophosphor~ylation and continued 

· ATP requirerr.ent for the reduction of PGA to 'sugar phosphate. After one 

.. minute of darkness the ATP begins to rise again rapidly and is soon re

established to the previous level. Further transitory fluctuations follm.., 

and then the ATP level rises steadily in the dark. '1-lhen the light is· again 

turned on the ATP. level. rises sharply due to photophosphorylation and then. 

falls perhaps as a result.~f.increased demand by the operation of the 

photosynthe'ti9 carbon reduction cycle. 
'. ' 

· ·rn general, the behavior of the ADP level is· inverse to that of the 

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

The changes in the level of 'ppi .are striking. The PPi spot which we 

observe on'o~ .chromatograms may well reflect a decomposition product. pf 
... 

some more J.;a.l;3~le high energy phosphate present in the living cell. Tne 
' !~f-~'; . ' . 

level. of PPf'has been obs:rved to undergo rapid changes upon the intro-

duction of ~biters which also affect photophosphorylation (Pe~ersen et 

~., In the press). Tne results of those·studies .led to the conclusion . 
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that the PPp or its bioche."nical precursor, probably '"as fo!"l"'ed from or 

parallel to ATP and v;ras utilized in some wey by the carbon reduction 

cycle •. 

Santarlus and Heber (1965) have reported that the level of Al'\1? in 

chloroplasts of some leaves ~~dergoes substantial light-dark.changes. 

They sug~est the possibility that there miv1t be a reaction activating , . . 

co2 .!!2 vivo which could generate ATP. From our results ~.,rhich indicate 

a .light activation of the carboxylation reaction, and from the rapid ,. 

light-dark transient changes in the level of PPi~ it is tempting to specu

. late that. PP i . may be the decorrposi tion product of some cofactor involved 

in the acti vatiort_ of a co2 for in ::1YQ. photosynthesis. ! Thus far, ·however, 

we have not succeeded in sufficiently labeling M·~ to permit us to observe 

. possible changes in its level. 

The levels of 14c and 32p in PGA during th~ second experiment are 
. . 

shoW!! in Figure 9 •. Tne change. in·-~ 2 P and 14c during the first pari; of 

the light-dark transients are the same-that is, both increase rapidly 

·and t~en begin to decline. From that_point ·on~ however, there is an· 

. ·. interesting and significant difference between the 14c and 32P level ~f 

··the PGA pool~ As observed previously, the 14c level of PGA d~clines 

rapidly and steadily in the dark, reaching a very low ·level afte~ some 

minutes 'of ·darkness •. However, the level of 32p aft~r an in.ttial small 

decline stays :virtually tm.Charloo-ed for the. ~uration of the period of 
. . . . 14 i 32 

darkness. These .results indicate metabolism of C and ?-labeled PGA 
)'. 

. i, . . . . . . 

an~ synthesi$ of PGA from unlabeled carpon and labeled phosphate. This 
: ·: . I "" ' • . 

n~vi 1 synthe~i~~ of PGA in the dark from an . unlabeled carbon source may be 
' t;,, .. ;;: .. . . 

expected if?. ~Ugar reserves ivhich have not become app~ciably labeled 
. : '1'ti•: . . 4 I • 

during the· ~f,$t ininutes of photosynthesis id th 1 co
2 

are broken do•..m by 
' I • • I 

glYcolysis to m:l:ke PGA as rapidly as.the PGA is· utilized for subsequent 
i , 

.·I 
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biosynthetic reactions such as those leading to the syrithe3is of a'nino . · · 

acids and respiratory combUstion to carbon dioxide. 

The pool of PGA formed in this i-tay could be separate, from the photo-

synthetic pool of PGA. However, when the light is tu..."'ned on aga.L"l the 

level of 32P-labeled PGA drops very rapidly. v~thout a concommit~t· drop . 
' 4 . ' ' . 

in the level of 1 C-labeling. Such behavior suggests that the PGA labeled · 

,with 32p only is being rapidly reduced by cofactors formed from the iight 

reaction of photosynthesis. Thus it appears that most of the chan~s in 

levels observed during this experirrent !MY· b~ accounted for in tem.s of . 

·,~single pool which is· synthesized from 14co2 and 32p~labeled·phosphate 

in the light but is formed from unlabeled carbon precursors and .labeled 

phosphate in the dark •. · This observation lends strong support to the idea 
. 

that there is a pool of PGA common to the photosynthetic carbon reduction 
' . . 

cycle and to a significant part of dark glycolysis. If triose and hexose 
' • ? . . 

phosphate pools are also common to glycolysis and photosynthesis, the . . 
\ 

· . i 
1 

. triose phosphate dehydrogenase reaction may be reversed. in the transition . 

· from light to dark throur.,h the change in the supply of reduced NADP •. 

However, the light~~.sw~~ch in the ac~ivities of hexose and·heptose 

diphosphatase and phosphofructokinase would still be required since 

'neither photosynthesi.s nor respiration can operate· efficiently in the 

' simultaneous presence of both enzymic activities. 

A further point of interest is the apparent absence of a kinase 

reaction forming RuDP. in the dark. In Figure 5, the level of Ru5P is 

about the same in the dark as in the light. 'Ihe overall level of ATP is 

higher a.f;t;\- some minutes in the dark than it is in the light. Tnus, 
,i :i~ . . ~ 

·there mig\:tt·: be sorre light-dark control mechanism regulating the conversion 
~·' 
"~ '! • 

of Ru5P to truDP as· well as·· the· subsequent carboxylation reaction leading 
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to PGA. Alternitavely, it may be ·that Ru5P kinase does not have access 

. to the ATP which is produced in the dark but must use only ATP fomed 

during photophosphorylation. If there is compartmentalization of this 

type for Ru5P, can there be pools of PGA and perhaps hexose phosphates 

that are common to both respiration and photosynthesis? 

From their studies of intracellular translocation of photosynthetic 

products in leaves, Heber and Willenbrink ( 1964) and Santa.l"ius et al. 

( 1964) .concluded that there is a considerable translocation· of many sugar 

phosphates and of ATP from chloroplast to cytoplasm. . Significantly, they 

found tha~ RuDP was not translocated from the chloroplast •. 

. Perhaps tne simplest explanation of our results \.Tith Chlorella would 
I \ ' ~-

be :,that there·. is considerable moverrent of PGA and· sugar phosphates betyteen 
. I , .. 

cf'l]oroplas~ and cytoplasm. To explain the. kinetics of changes in PGA · 

labeling, one must then suppose that the level of PGA ;in the cytoplasm.· 
I ' 

is quickly affected by the existence or absence of.photosynthesis in the 
:; I ' II I ' ' ' ,' < 

.,.: . ·, 

chloroplast. Whe~ the light· is turned on and PGA inside the chloroplast· · 

. is. reduced, PGA from the cytoplasm mit",ht fl01•/ back into the chloroplast 

to. maintain its concentration during the induction period when the level 
I . 

of RuDP had not yet built up sufficiently .to permit a rapid carboxylation. 
I ' . . .· 

On the basis of kinetic studies, in Y:!:.Y2.1 .it is difficult to distiriguish. 
I I • • • • 

between the possibility of a single locus for.photosynthesis and glycoly-

sis, and the alternative possibility of ti'ro .loci, with rapid diffusion 

of sorre intermediate corr:pounds be~'leen· the loci.· In either case, a 
·/( 

light-dark,change in enzymic activities at key steps in the metabolic 

pathways wq)ili'tl be required, and· is indicated by the· r.esults of this 

study. 
'• 

~..~. I 

• t. 'Jr:· 

I. 

l 
l 

I 
I 

J 

r 
L 
I· 
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Sunma.ty 

'· 

The label~~ of·inter.mediate compou~ds a~d photosynthetic ,cofactors 

·during photosynthesis and periods of darkness by. Chlorella ovrenoidosa 

in the presence of 32P-labeled phosphate and 14co2 have been L~vestigated. 

Algae adapted to photosynthesis in air were used, and the level of carbon 

dioxide i'<'as maintained at approximately 0.04% and at consta"1t specific 

radioactivity during the course of the experiments. 
;• 

The transient changes t·1hich occur in the levels of labeled .. ·fructose-

. 1,6-diphosphate and in sedoheptulose-1,7-diphosphate, and in the corres

ponding· monophosphates 'l'rhen the lig..'-lt is turned off su!?'.,sest a light 

activation of the diphosphatase enzymes which decays after about 2 minutes 

of darmess. It is suggested that a lie:.ht-dark S'.dtch in enzyrPic acti-

vities .permits photosynthesis and glycolysis to occur in light and dark 

. . respectively with the sa"'re enzymic apparatus. 

The greatly dL~shed rate of disappearance of the carboxylation 

substrate, ribulose-1,5-diphosphate, after about 2 min su~sts that there 
. . 

is also ·a light activation of the carboxylation reaction in vivo. Large 

transient changes in the level of pyrophosphate between light ?i1d dark 

indicate that there may be an unstable cofactor which decomposes to give 

pyropho~phate during or after.killing of the algal cells. Tne possibility 

that this cofactor is involved in an activation of carbon dioxide for the 

· carboxylati_?n ·reaction in vivo .is sug.~sted. 

Light-~k transient change·s in Iabeling of othe·r compounds· of the 

photosynthe~~·c ·~arbon red~ction cycle and related compounds were deter-
. :~~: . . . \ 

mined, and p~ssible significance of these cha.nge·s is discussed. 
J, f 

. ::·. '!1 . li, 
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Tabl~ I. I' Calculated concentrations of photosynthetic intermediate 

· comoounds. · : Concentrations are calculated as described in text 'oy 

dividing radioactivity at "saturation" by specific radioactivity. 

Compound 

,. .. 

3-phosphoglyceric acid 

dihydroxyacetone phosphate 

fructose-1,6-diphosphate 

fructose-6-phosphate · 

sedoheptulose-1,7-diphosphate 

sedoheptulose,-7 -phosphate 

ribose-5-phosphate 

ripulos~~l,5-diphosphate 

I . ; 

. i 

. ,• 

. i. 

' i . 
I . 

i. 

I 

I. 

.. 

. Concentration per cm3 · algae 

~gram atoms of carbon 

0.04% C0
2 

0.40 

. 0.096 

0.086 

0.27. 

0.01 

0.30 

0 .• 02 

1.89 

·.,.. 

! 3.0 

1.8 

I . 

·,' 
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Figure Legends 
·~ 

Figure 1. Levels o~ photosynthetic intermediate compounds ·in light and 

dark: phosphoglyceric acid and ribulose diphosphate. 

Figure 2. · Levels of photosynthetic intermediate· corr;;ounds in lig."'lt and 

dark:. hexose and heptose diphosphates. 

Figure 3. Levels of photosynthetic intermediate corr;;ounds in light and 
,. 

dark: hexose and heptose monophosphates. 

Figure 4 ... Levels of photosynthetic intermediate compo~~ds in light and 
. l 

dark:·. dihydroxyacetone phosphate and phosphoenolpyruvate. 

Figure 5. Levels of photosynthetic intermediate corr;;ounds L~ light and 

dark: pentose monophosphates. 

Figure 6. Levels of photosynthetic intermediate compounds in light and 

dark: malic and glycolic acids. 

Figure· 7. Levels of ·photosynthetic interrrediate co!l;)ounds· in lig.~t and 

dark: amino acids • 

Figure 8. Le'{els of photosynthetic cofactors in light and dark: ATP, 
\ . 

PJJP, UTP ~· and PP i •· . 

I 

~·~ ·9. Levels of ;.4c and. 32p labeling in PGA during photosynthesis 
I . 

·' · and in the dark. 

i' 
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with the Commission, or his employment with such contractor. 




