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P1IOT0SY!'mlESIS BY ISOU\TJ::J CiLJrZ:)p;_~T-;. III. UQTf AcrI\rATIO~\I:- THE 

* R. G. • TE~SE:.l A~D J. A. BASSi-l";Vi! 

ChemicCll Bio(lynamics LaborClt~)12r t Lcn-.'rcnce Radiation Laboratory, 

University of California, Berkeley, California (U.S.l\.) 

(Recei ved. __ J_u_n_e_2_3,;;..' _. 1_9_6_7 __ ) 

UsinG isolated spinach chloroplasts capahle of high rates of photosynthesis 

wi th l4CO we have studied tile rates of l4C02 fixation durin~ t)1e sequence 
2' 

light-dark-light. with and without aelded cofactors, ribose-S-phosphate, <mel 

° 1 5 dO l' Ex f ']·1 fO. ° C l4CO d· 'fo t rlbu ose-l~ - IpJlospnate. cept 'or a Sola ..lxatlon 0.L . 2 Urln? trle . Irs' 

3 min after the. lig;lt is turilcJ off, no significant fixation of l4cnz is observed 

in the dark with these chloroplasts, even lvhen AT? and ribose-5-phosp)}ate are 

added. ''loreovcr, the addition of ATP does stimulate the continued fonnation of 

the carboxylation substrate, ribulose-l,S-diphosphate, in the chloro~)lasts, be

cause subsequent radiochromatograpllic analysis of aliquot samples oE the chloro

plast susp~nsions ShOVI theievel of ribulose-l,S-diphosphate to he about as high 

in the dark with added ATP as it '.vas in the first light period, when the fixation 

rate was high. 1\11en the light is again tumed on, the fixation rates are dimi-

nishcd as compared \Vi til those of t!le firs t li~ht period in all cases. 'TIle levels 

of ribulose-I,S-diphosphate are much higher during the second light period than 

in the first, and are enhanced by the addition of ATP. These results Drovide 

ad eli tional evidence for the previously proposed li.'~ht activation of the c:wbox'Y-

. lation reaction of photosynthesis. Furthermore, it appears that the pri''':3ry 

cause of decreased rate of fixation with tim8 in these highly active isolated 

dl1oroplasts is loss of activity of the carboxyl~tion enzyme. TI1e ~rinci~al 

cause of this loss IIlay be loss of the li~;lt activation. 

*N~ LH. Postd~ral Fellow No. 2-1'2-CA-25, 833-02 of the National Carlcer Institute. 
Present Address: Department of Chemistry, University of Arizona, Tucson, Arizona. 
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Kinetic stuuies of the levels of 14C_ 3Jld 32P-laheled intel'T.1ccliate com

pounds of the carbon reduction cycle of-:1hotosynthesis l revealed th"O maj or 
') 

points of metabolic regulation.... G:l(~ of these points is the diphosp!1aL<1.se 

reaction \.;hich converts fnlctos(' l /. ··cli-p:losphate (Fro-I, 6-1'Z) and sedoheptulose-

1,7-dil'>hosphate (Scd-I,7-PZ) to,:lcit re..:;::.cctive monophosphates Mel inors;anic 

phosphate (Pi). The other control point is the carboxylation reaction which 

converts ribulosc-I,S-diphosphate (Ribul-l,S-PZ) and carhon dioxide to tHO 

molecules of 3-phosphoglyceric acid.. 

The enzyme Hhich catalyzes the carbQ)\.-ylation reaction is ribulose c1i;>:lOS-

phate carboxylase, (3-pliospho- D-glyccra tc carbo)...y-lyasc, dimcrizil1g, 4.1.1. 39) • 

kn . f" I d ++. ( 1 rDle only OHn act:nrators-or tnc 1S0 ate enz)'l1',e are ~1g 10n .. ",hic,l can be 

1 d b N- ++. ) d 1 r:' _1 1 Is' 1 1 • • 3 ! rcp ..... ace· Y j 1 lon an su 1.:;l)'ury co;npounc.· sucrr as g utat.llone or cystclne. 

HOIvcver. the effccts of sulfilydry1 compotrilds vary \Vi th the age and ncti vi ty of 

the cnzyme t and the effects CM be replaced by ethylenediamine tetraacetic acid. 3 

Recent studies4 with isolated spinach chloroplasts gave results which in-

dicatecl that the carboxylation reaction virtually stops in the dark, even though 

there remaj.n adequate CUTIOWltS of Ribul-I,S-PZ and CO2 for the reaction to con

tinue. \\~len the light was tUDlecl off, uptake of 14COz soon ceased and the level 

of Ribul-I,S-PZ dropped to about one-half its level in the light and then re

mained constant. If the enzyme \'lere still active, the level of Rihul-l,S-PZ ' 

should have continued to drop. l\fJlen the light Has turned on, the level of 

-Ribul-l,S-P
Z 

rose rapidly to a very high value, then fell to the steady-state 

level. This "overshoot" suggests that the carboxylat.ion reaction \.;as not fully 

activated for some seconds after the light was turned on, whereas the fonnation 

of Ribul-l~S-PZ from ribulose-S-phosphate (Rib-:-5-:-P) and ATP produced from the 

light reactions cOlT'jnGnced almost immediately. 
" 

Q. 

In order to test further these interpretations, 1vc have investigated t~le 

14 effect of added ATP, NADPH, and Ribul-l,S-P2 on the incorporation of COZ by 
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c:lloroplasts in the dark 3J'ld in the light. from studies of the distribution 

of photosynthetic intermediate com:)owlcls between isolated chloroplasts ::md 

the solution itt Hhich they arc suspended, \'.'e knoT.'1 that ATP diffuses rapidly 

in 3J1cl out of the isolated spinach c:lloroplast~S ""hen they arc preDnred ;:md 

suspended according to concli tions used in these and -previous e:x.-periments. 6 

There is also evidence that Rib-S-P diffuses rapidly out of the chloroplasts 

in our exr.>eriments. Using a less active but somewhat similar chloroplast pre

paration, Nalker7 found that llib-5-P stimulated l4C02 uptake p thus indicating 

that in his system added Rib-S-P does coniC in contact with the enzymes of the 

carbon reduction cycle. 

Even with very active preparations of isolated spinach ch10rop18sts (fixa

tion rates approaching in vivo rates based on chlorophyll content), addition of 

Rib-S-P "Nithout preillumination causes a smnll stimulation of 14C02 uptake 

during the first 3 min when the rate hrould not otherHise have reached its Jik1Xl-

mum. This indicates that Rib-S-P can enter even our most active isolated 

chloroplasts. However, a preillumination period of 3 min prior to addition of 

l4C02 eliln}nates the induction period, Mel addition of Rib-S-P in this case 

causes no stimulation. 

If ATP and Rib-S-P can enter these cbloroplasts, and if the enzymes cata-

lyzing the conversion of these metabolites to Ribul-l,S"':PZ are active, isolated 

chloroplasts should form Ribul-l,S-P2 in the dark from ATP and Rib-S-P. Thus, 

it should be possible to investigate the carboxylation reaction in the dark in 

isolated chloroplasts. Also, it ivas of interest to see if added Pibul-l,S-P2 

could stimulate 14C02 fixation in the dark • 

1nere is no evidence that NADPHZ can enter intact spinach chloroplasts, 

but the effect of adding ;':i\DPi-IZ \.,ras tested beacuse it has been rc:)ortcd that 

broken chloroplas ts t or chloro111as t extracts,. can fix 14C02 if supplied in the 

dark \Vi th ATP and ~Ji\DPI-l2' 8 Since the chloroplast preparations used in the 
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present study included 10-30% broken chloroplasts, one might possibly have 

expected some fixation of l4 COZ in the presence of added ATP and ~/\J)PIIZ by 

reactions outside the intact 'chloroplasts. 

One of the differences bet'.veen the carbox),lation acti vi ty of spinach 

chloroplasts isolated according to our method, and the isolated carbo:q1ation 

enzyme is a much 1mver apparent ~,lichae1is constant for the chloyop1asts 6 th3l1 

for isolated enzyme. 3 TIlerefore the effect of higher concentrations of 1'114C0
3

-

on clark fixation was studied. 

EXPERn.'1E!'-ITAL 

Chloroplasts 'vere prepared from fresh spinach as described previously. 6 

In the first experiment~ an a:11Olmt of ch10ro~)last suspension cOT"ltaining O.OG:) m~ 

chlorophyll was added to each of ,three small flasks in the 'rack over the illluni

nation tab1e. 6 After 3 min of illumination of the stoppered flasks, 3.75 llmo1es 

of NaH14co
3 

(35.Z )1C/l1mole) was added to each flask. ·After 6 Plin P:lotosynthesis 

wi th H14C03 -. the flasks were dar]~ened» and imnediately thereafter the following 

additions Here made: (a) l'l1mole XaC1, (b) 0,5 l1Tnole ATP and 0.5 l1mole ~~a(]., 

(c) 0.5 l1mo1e .ATP and 0.5 l1iTIo1e Rib-5-P. In each case, the final conccntr3tion 

of each added cofactor or metabolite \oJas 1. 0 m\1. After 5 min of darkness, the: 

chloroplasts were again illuminated. During the first period of photosynthesis, 

during the dark period, and during the second period of photosynthesis, so l1l 

samples \'lere taken from the ori~inal 500 111 volume and biochemical activity 

stopped iVith addition of ZOO )11 of methanol to each sample. Total 14C fixed 

into stable comp01mds ':las determined, 6 and the samples iVere analyzed by t1VO-

dimensional paper chromatography and radioautography. 14 The C content of photo-

synthetic intermediate compou,1.cls '.vas determined, 6 and fixation rate and a"TlOW1ts 

of labeled intermediate compounds ';:ere calculated from the known specific 

radioactivity of the H14C03- used. 

't 
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In E).l)eriments 2, 3, ai1.d 4, sili1ilar conditions were used, except {1S inc1i-

cated in Table 1. The additions made at the beginning of the dark period (sec 

Table I) were suc.~ as to Civo final cOJ1ccntr;l.tion:. of 1. 0 f'I:"1 for c:J.ch added co-

factor or metaholite. Each of the four e)."Y)eriments \Vas carried out Hith a 
,;-

different chloroplast preparation. IIence the chlorophyll contents (last column, 

Table I) and the control rates were different in each experiment. In each con-

tro1, and in the other flasks as needed, 1 or 2 m\l \JaCl 1,,'as 2.dded to keep the 

total ionic strength about constant ,vithin each experiJTlent. 

In Experiments 3 and 4, the concentration of H14C03 - was raised to 16 ~'1 

and to 50 m\f, respectively. 

In Experiment 5, identical chloroplast suspensions In three flasks '<lere 

first allOlved to photosynthesize for 6 min with tmlabeled r-IC0
3 
-. The light was 

then turned off, and H14C03- Has added to each flask, under conditions ~iven 

under Tahle III. At the same time, ATP was added to flask b, and ATP plus 

Rib-5-P was added to flask c, to give a final concentration of 1.0 111>1 of each. 

After 10 min, the light Has turned on and photosynthesis was allOlved to pro-' 

ceed for another 8 m:lJl. Samples \'lere taken at the times indicated, and total 
.., 

14C fixed into stable compounds in each sample was determined. 6 

RESULTS 

Th f " f 14CO . E ' 1 1· , '1' 1 d 1 1 I' 1 e total Ixatlon o· 2 111 X'Jerlment curIng Igllt, ar.c, anc. 1911t 

again is shmm in Figure 1 J \oJhich illustrates the sequence and nU'Tlber of samples 

taken. The rates of 14C02 fixation derived from the data shOim in Figure 1 J as 

\vtHl as corresponding rates from ll1)er11lents 2) 3, and 4 are shown in Table I. 

In each experiment' the rates are :li:;;l durin~ the first light periocl, hecome 

zero or slightly negative :lJl the dark, ai1.d (iye sir,nificantly 10IVer Juri;l:'; t}lC 

second dark period as compared \'lith the first. \Jone of the additions of:\T~, 

NADPtIz' Rib-5~P, Ribul-l,5-PZ' or several combinations caused any siznific3I',t 
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dark fix::ttionor ~reat1y sti8l11atcll the: suhseC],l1c;1t lis;ht :ixation. SO;':8 stii~1.1-

l:nion of the second light period Y::lte by AT? O::::-"l'erincnts 1, 3, 2:1<2 5) '';::1S 

seen. Increased bicarbonate concentration (E..'(peri'lcmt 4) caused no dark fixation 

Jmt nay have sli::;htly stimulated the subsequent light rate. 

The levels of labeled llibul-l,S-PZJ .Fru-l,6-P
Z

' and Scd-l,7-P
Z 

in the three 

phases of Experiment'l are s:lO'.m in Tahle II. In the control ,t:1C dark level 

of Ribul-l,S-PZ dropped to about Ol""Le fourth its level in the first lig:lt period 

and then rose to a much higher level during the next light period. \'!i t:l added 

ATP and Ivith added AT? plus Rib-5-P, the level of iabeled Ribul-I,S-P
Z 

lv-as main-

. tainea in the dark at about its level during u"le first lirrht Deriod. 
.. :> t.> ... 

O.c 
.L 

these additions J but 'especially ·.\TP alone, caused a considerable increase in 

the level of labeled Ribul-I,5-PZ duril"lg the second light period. The levels 

of the other sugar dip:losphates J.;?IJcar to have remained about const:mt, exce;)t 

for a slight drop during the dark period. 

Table III gives the results of Experil'1cnt 5 J in Hhich labeled bicarbonate 

was added after the light '.Vas tur:led off, folloHing a period· of six min photo-

synthesis Hith tmlabeled bicarbonate. In this case, a small dark fixation is 

obsenred, particularly during the first 3 min of darkness. The addition of AT.?, 

and of ATP plus Rib-5-P, in flasks b and c caused· about J. threefold stimulation 

in this first three minute dark fixation rate. Even so, this fixation rate is 

only of the order of Z~o of the rate during the subsequent li~ht period (ll-l/Z 

to 18 min) •. 

Another exp~rir.lent, identical with EX'periment 5 except for the o!:tission of 

pyrophosphate, Has per£onned. The results, not ShOh'l1, were the same in all 

respects as those from Experiment5r cxcept that all the rates Here somewhat 

lOl.,rer. The effect of added :)yro~jhosphate on rates of photosynthesis by iso

lated chloroplasts has been discussed elsm'lhere. 9 

·r 
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DISOJSSrcw 

The resul -is of Experiment 1) as displayed in Table I I. provide cle:lr eVl-

dcnee for a light activation of the c3.rDoxylation reaction. The {act til.:lt a(lJed 

ATP has entered the chloroplasts a'ld has D;;e:1 used hy enz)'T':es of the c:1rbon re-

duction cycle is indicated by the raising of the level of labeled Ribul-I~S-P2' 

the carboxylation substrate I to about the saT~e level in the dark as it '''as in 

the first liGht period. Subsequent light fixation sho\<I'5 that the carboA-ylation 

enzyme \<ias sti1l inactive though at a diininished activity. TIms enzyme and sub-

strate were present in t:18 dark, but there was no significant rate of carboxy-

1 0 0 d b l4C ' .. bl ' atl0n reactIon as measure y Incorporat10n Into sta c prOGucts. That 

labeled Ribul-I,5-P2 did not rise even more witil added ATP can be attributcd to 

the using up of labcled pentose monophosphates in t;w chloroplas"'.:s. Adcli tion of 

unlabeled Rih-S-P would not be eXl,Jccted to increase the })ool of labele<l Ribul-l,S-P2 

but might have led to the fOITaation of more tmlabeled Ribul-l,S-PZ- This increased 

supply of substrate would llave stimulated dark fixation of H14C03- if the enzyme 

for the carboxylation reaction \'Jere active in the dark. 

11 d f 14CO ., dOl . d 1 0 l' .} 1C 10\\"ere rates 0 2 111 tne secon l1gilt perlo , to~et.lcr 1,\"1 t.1 tae muc 1 

higher levels of Ilibu1-I,S-P2 during that period, clcarly show that the 'carboxy

lation enzyme is never fully activated after the dark periocl. from previous 

studies9 we knO\v that the rate would have fallen off after 15 T'1in from the tiB1c 

the d1loroplasts were first brougilt to room temperature'- even if the light were 

kept on and the chloroplasts were allo'.Jed to photosynthesize continuously. 111e 

results in the present study sup:Jort our previous conclusion that it is princi-

pally the activity of the carboxylation enzyme thnt limits the rate of photosyn-

thesis by these isolated chloroplasts after 15 min. 

b d . 10 1" cl .c . 0 dO 0 1 0 1 d He er an . SantarlUS conc.~UclC .LrO'!l t!-:.elr stu' lC:~S Hlt!l non-aqueous ISO ate 

chloroplasts that the di.lorop1ast menorc'Jlc in vi).TO is impermeahle to NADP:IZ and 

NADP. . If this impelineabili ty is :llso tnle for isolated chloroplasts) only :in 
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the broken chloroplasts could l4C02 fix(~tion in the dar:, l)(~ c:X-,:Jccted to ~)e 

stiFlulatec.l by addition of ATP and :~:\D;);I2 (Expcr.i.;llcnt 2). ()ur chlol'olllast :)ro

:?arations usually contain 10-30°6 of chloroplasts that appear to have lost mC"l

brane integrity when vic\ved in t'~ rntieal microscope \Vi th i)}l::lSC OI)tics. 6 

HOI.;evcr J chloroplasts occupy onl, c<>)U:: g, of the volUTTlC of the suspension in 

these experinents, thus dilutio;l of intermediate cO::lpowlds or loss of other co-

factors in t:le non-intact chloroplasts could account for failure, to observe 

fixation Nilen ATP an.d NADPHZ were Sl9Plicd.' 

In Experiments 3 and 4, added llibul-l,5-P
Z 

IS as ir;effective ::lS Rih-5-P 

plus ATP in bringing ab?ut fixation of H14C0
3 

- Hit}l isolated chloroplasts in 

the dark. These experiii1ents were desi~ed primarily to establish if hi~hel' 

levels of 1114C03 - could overcome tile al)Ylrent loss of carbo:Aylation activity in 

, d 1 J' 'J OO'·'I'HI4c,)- c1 'dd 'l'~n ln~'~"'" , t.le aI'"" ~veJ1 l-ilt 1 • ~ i\ l ~ ant aa e' m" 1\~.:.: anc lu.D-J-l"; t!lcre \vas no - ..) 

'. - 3 
signific(ll').t fixation. The level of i'IC07 reported as necessary :for obtainin[; ... 
half maxil~1al velocity \Vith the isolated enzyme is 0.01 M. It would thus a:)pe.1r 

that the light activation of tile carbo:A-yl.1tion in the intact chloroplasts is 

more than a lowering of enzyme a£:fini ty {or I-IC0
3 
~ • 

The results of Experiment 5 (Table III) shm.; that there is some dark fixa

tion of 14c02 , particularly during t..~e first minutes oE darlmoss. This is corl-
. . 2 

sistent with results from in vivo ejq)cr~ments Hith Chlorella pyrenoidosa and 

spinach chloroplasts,4 in which the level of Ribul-l,5-PZ falls for 1-2 min 

after the light is turned off and then reaches a more or less constant lovel. 

TIle small dark' fixation was not seen in E:A1X~riments 1 through 4 because 

the rate \Vas averaged for the entire dark period. 111ere appears to be sor;lC loss 

of labeled comp01.m.ds that had been {orrrlod during the previous period of photo

synthesis wi tIl Hl4C03 - • This loss IS probably due to conversion in the clar~.;: of 

some stable intermediate compounds to somo unstablc or volatile compounds which 

,"vould be lost when the material is dried on filter paper. 
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From the greater dark fixatio:-l during the first 3 min, with added AT? as 

compared to the control, it appe~:rs thGt the ATP has entered the c~lloroplast 

and is stimulating the conversion of Ribul-S-P to Ribul"1,5- P7' 

s o ,++. . 1 , lnce "Ig' 10n 1S t,le only krlOl'ffi cofactor for the isola ted, fresh an~l 

acti ve ribulose diphosphate carboxylase p 
3 it may be that the level of \!g ++ ion 

is hiBher in the light than in t:le dark in the stroma region of the intact 

chloroplasts. The isolated enzyme is reported to have a pH optimUJ'":1 of 3bout 8. 3 

Conceivably pH changes occur in the chlol'oplasts ,'t'hich provide a lftOre favorable 

pH in the light than in the den·I;:. It is possible that changes in both fl+ and 

++ . :.1g lon operate together to provide the strong liGht-dark regulation evidcnced 

by these studies. 

Dilley and Ven10nll have reported that in isolated Sl)inach chloroplasts 

there is a light-dependent uptake of It amounting to 0.5 to 0.7 equivalent per 

mole of chlorophyll, and an efflux of K+ plus [.lg ++ ions of the same magnitude. 

Light activation by meanS of controlled levels of these ions should involve an 

increase in \1g ++ at the enzyne site cmd an increase in pH. 111US, the reported 

£lOl.".s of ions might appear at first to be in the wrong direction. Howcver, 

the important, light-driven flm.".·of ions seems most likely to be across the 

thylakoid membranes within th0 chloroplasts since these thylakoid membranes 

are the principal sites of photoC:1enical energy conversion. In the light, 

this flOl.". would result in the movelilent of 1-1+ ions from the stroma region of 

1 k + . 1 '1 ++. . h the chloroplasts into the t,lylaYoids, whereas K 10n ana I' g lOn mIg t move 

from the thyla..'I(oids to the stroma. Measurements of pH are made by electrodes 

in the suspending mediu'll, while measurements of metal ions are made with a 

sa.mple of medium from \vhic..~ the chloroplasts have been filtered. l1ms if the 

chloroplasts are broken or even "leaky", the changes in ion level in the 

medium may reflect those' changes wl1ich would be found in the stroPla in intact 
, ,_ .. 

'chloroplasts. In any event, true chan~es in the levels of ions in the stroma 
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region ~ where the carbon cycle cnzy:n8s arc thought to be located) }lave yet to 

. be measured in intact chloroplasts cal)able of hig;l rates of photosynthesis 

, .. ' 

The Hork described in this paper was sponsored in part by the U.S. 

Atomic Energy COITDilission. 

'I 
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FI CURE G.tuDTIO:-JS 

.fig. 1. Effects of addition of ATP and Rib-5-P on 14C02 fixation by isolated 

,+' 

spinach chloroplasts in light and clark (Experiment 1). Dark additions: 

x, 2 x 10-3 M NaC1; 0, 1 x 10-3 H ATP, 1 x 10-3 M NaC1; 0, 1 x 10-3 M 

ATP, 1 x 10-3 M Rib-5-P. 

·.1 
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TABLE I 

. Rates of 14COZ l~)take by Isolated Spinach Chloroplasts in Li~:lt and Dark, 

,.,ri th Added Cofactors and t,letaooli tes 

Light Dark Light 

E\.'}Jt. No.HCO- Rate Addition Rate Rate 
" 

).Jg 
r.lM .) ).JlTlole l4C' ).JITIole l4e· ~;1l01e l4e• nl'll Yler 

011';lr) -1 C,11·hr)-1 Cll'hr)-l (mg (mg (mg 

1. 7.5 143 Con-c:.rol -3 82 63 
154 i\J'? -10 104 
145 /(1'1) i~:ib-~';- ? -3 86 

2. 7.5 134 ControJ. -4 96 69 
139 i'l/\J)Pf L., -s 78 
132 'T \,DT)' Tt~ 

lu 1 i12 ' ATP -5 71 

3. 16 139 Control -4 107 31 
14Z ATJ?~ )lib-5-r -.) 127 
157 Ribul-1,5-PZ -10 90 

4. 50 115 Control -7 72 46 
113 ATP, Rib-5-P +1 81 .., 
115 Riou1-1,S-PZ -4 86 

TIle rates during the tHO light pe:-iocls are the maximum ohserved rate in 

ChI 
flask 

each period. The rate durirlg the dark period is for the total five IT'inutes 

calculated on an amotmt per hour basis. TIle schedule of light a."'ld dark periods 

is given in Figure 1. 

, 't 

'I 
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TABLE II 

.Amounts of Labeled Sugar Diphospllates Found In Chloroplast Suspensions in 

Light aIldDark,lVith . and .witl10ut Additions 

)..iTIloles.(:ng C111)-1 of 14C 

- -
Ribu1-1,S-P) Fru-1,6-P2 and Scd-1,7-PZ 

-"1'-'--'" 
Vessel a b I c a b c I 

_L~ 

After 6 nun 
light and 
just before 
dark period .081 .095 .083 .71 .69 .69 

Dark 
addition 2 m\1 NaCl 1 mM ATP 1 n';l AIr 2 m',1 NaCl 1 m~'l ATr 1 m'! AIr 
(final - - - - -. -,. 

concen.) 1 mM NaCl 1 mM Rib-S-? 1. m',1 \Jarl 1 nil Rih-- - - _. 

After 4.75'r 
min dark .019 .063 .084 .61 .61 .66 

3 mIn 
light fol-
lowing 
dark period .23 .37 .27 .68 .80 .70 

,n 

Data from Experiment 1 (see also Table I and Figure 1) • 

. / 

5-P 
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TAnLE III 

Rates of HC0
2 

Upta..1.;.c by Isolated Spina ell Chloroplasts in Light and Dark, 

\Vi th Added Cofactors and Metaboli tcs (EA-periment 5) 

TiJ11C Total Total Total 
(min) Fixed Rate Fixed Rate Fixed Rate 

I - \ 

0 Dark Dark I Dark 

+ NalI14CO~ + NaII14CO_ + NaI-r14 CO_ 
.) 

+ ATP.) + AT? .) 
+ Rib-S-P . 

1.38 2.84 2.32 - - --
3 0.069 0.142 0.116 

0.44 1. 35 l.00 - - --, 
9-3/4 0.119 0.294 0.228 

--

10 Light _Light Light 
, 

56 71 75 -- - -
11-1/2 

.. 
1. 76 2.37 2.41 

101 118 127 - - -
18 12.74 15.20 16.12 

Each flask contained 46 vg chlorophyll in 50 vI , ... i th 1 x 10.3 01 pyrophos

phate in solution c.-6 Before the dark period, the dlloroplasts , ... ere prei11wni

nated for 3 min, 1. 5 vmoles 1-112C03 - \;,tas added, and photosynthesis allowed to 

, 4 -
proceed for 6 min. Within 10 SeC after the dark, 6.4 lJInoles of H->- (03 

(283 vC) and 0.5 lJmoles oLAIP 8J1d llib- 5- P ;vere added as indicated. Tot<1l 

fixed is given as IfllTIo1e l4c02 ' (mg ChI) -1, \Vhi1e the rates (wldcrlined) arc 

flTI101es H COZ • (mg all' hr) -1. 

'/ 
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