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1. CARBOXYLATION REACTIONS. A1 AT
J. A. BASSHAM ANWD MARTHA KIRK

Lawrence Radietion Laboratory, University of Colz.fomm,
Berkeley, Calif. (U.u.A )

SUMMARY
Kinetic studies have been made of "che rates of :z;xpearaucc of (.:}';4 in ipdi-

vidual compounds formed by Chlorella pyremoidesa during steady state

photosynthesis with 01402. : ”*"hese rotes have been compared with ra’ces of

(3»‘:)2 m:d 1(‘:’:"h dissppearance from the gas phase during the sanw experiments.

The following results were obtainsd: :
1) After the first few seconds, the rate of eppearance of Clle in
compounds stable to drying on i:lemhe ts &t room te@emture w 95 ’co 100%

of the ra‘tc of uptaka of earvon fron the gss phase,

- 2) Arter the first few seconds, the rete of appearance of carbon in .
comound;s isole:ole by usual methods of paper chromtogm@w caxzsti%u‘tas 8t
 least 73 o &% of the rate of uptake of carben from the ges phese, Come
pounds formed from the carbon reduction cycle via the carbowla"mon ofi |
ribulose diphosphate account for & least 70 to 85%10.? the upte:m, mla
-earbo:}g:,rla’bion of phcs;_:hoenolpyruvic acid eppeers to account for st least

3) The induction period in the sppearance of clb'

in zteble con@ozmds
nay ‘k}e éue to & reservoir of imtracellular CO, end HCQS or to some other |
volatile or unsteble compound. If so, this reservoir contelns no morve than
1;5 um;oles of carbon, corméspanﬂing to about T seconds carbon fixation in

the experiment in which it was measured.
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I) No other carboxylation reactions guch as the carbo:quation of

" ~y-aninobutyric scid could be observed. The rate of lebeling of g,lutmnie

b

“acid after five minutes of exposure of the_a.lga,e to C O2 reached‘ a

maximm rate of sbout 5% of the total upta.ke rate, b'uf. this ]_.abéling_

appeai‘s to be due to conversion of lé.beled intémedie.teé formed from the

carbon reduction cycle or phosphoenolpyruvic é,cj.d carboxylation. -
5) The _5;9_ vivo carboxylation of ribulose .diphosphate' in the light

appears to be followed by cqnversién of the product to one¢ molecule of

phosphoglyceric acld, containing thé nei»rly 'Mcoszarated cllfoa and one

molecule of some other (kinetically dlstinguishable)three corbon compound.

‘This reaction would be difrerant from the cne reported for the isolated

enzyme system end the in vivo reaction in the dark which produces two.

molecules of 3-phosphoglyceriec sc¢id.

Much of the biochemical pathvey through which carbon dioxide is reduced
durimg photasynthesis in algae ha.s been estsblished. 1,2,3 A principal

- feature of th:ls pathway is the carbon reduction cycle. A simplified. version

of ‘this cycle 13 given in Fig. 1, vhich shows the key steps.

To mep these paths, Calvin and c:ox«:c:rkcez'sf”k’S 2657,8,9,10 ga\re radio=-

1%

’active compou.vzds such as C 0 and Imzl’ to photosynthesizing plants.
The plants made mious reduced organic compounds from these labeled Sub=

strates. They vere then killed a.nd the soluble compounds were extracted‘ from
the plant material and anmlyzed by 'two-d.im@nsimai paper vchrﬁmatography and
radioautog;raphy. The compounds werev identified ‘a;nd their radiocsctive content
dete rmimd. From the azount and location of mé.ioacf;ive elements within
conpoundo following exposures oi‘ the planta for various lengths of time and

under variocus environmental conditions, blochenicel pathways were followed,
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Di-,OLIGO—, AND GLYCEROL PHOSPHATES
POLYSACCHARIDES ~ GALACTOSE PHOSPHATES

PENTOSE~5-PHOSPHATES S .
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®

‘Pig. 1. Carbon reduction cycle (sirplified version). 1) Ribalose' diphosphate
r@acts with GQ to glve an unsmble six carbon corwovmﬁ wmch e;pliw $o give
'two three earbon corpom&s. At least one of these is 3—;@1&0@@1&0@1};’%&0 acid.
| '.t‘he other three carbon comounds mig,ht be either 3-PGA, 28 1t 19 lmwn to be
| in 'bhe isala*&.eﬁ enzyne sys tem, or some other three carbon cm@ouad such a5 a
%riaae @}mspha:be (doshed az‘z;*ow). 2) ! PCA is reduced to triose pho.»};aate with .
ATP end fmm derived from the light resction and' vaber. 3) .Va.rious condensae
tions end remé.ngementa ‘convert the triose phoﬁphaﬁeé to yeﬁtose phas_pm‘aes.
L) Peﬁtose Fhosphéte is phosphorylated with ATP to give ribulose diphosphate.
Fm&her carbén rw&ucticn occurs via c@nveraion of PCA %o 'plwsphoenalpyruvic
e.cid, 5, and carboxylation, 6, to form & four cur‘bon compomrl (probsbly cxalo=-
acetic acid). Reactions leading to 4he ;omationc:f some of the secondary

intermediates in carbon reduction ere shown by the arrows lettered a through g.
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In the present study wve havé extended our information ebout these pathe
ways by more 'pfecise‘ control of the environmental conditions during exposure
_-of the plants to tracers. At the same time we have made measurements of the
raté of entry of trace: into the plant e.nd.v of the r‘éte of appearance of f.he
tracer in speciﬁé compounds . - | B | |

We sought answers to the following qtmstions-

1) How much of the totharbon taken wp by the plants enters the
I.metabolie nettmrk vie carboqlatioa of ribulose diphosphate (reaction l)?

2) How;!mch of the total car‘oau taken up enters by carboxylation of
phospneemlpyruvic acid. (PEPA) (remtmﬂ 6)?

- 3) Are any other carboml&tion reactions ’ such as the carbo:wlation
40‘1’ 7~amin‘obutyric acid, of an:y impar’cance in stea.dy stwte photosynth-esis?
| ) 4) Daes the car‘bawlation o"f ribulose diphoaphate in vivo leszd to one -
product on]y (PGA) or does it 1ead to Wo prodncta (pea and some eth@r
_}3-carbon com;gound}? _ ‘ _

"St@aﬁy state pha‘t.oayntbcsiﬁ‘f aé used in this pepcr, is defined és a
qcpdi‘tmn under which wnieeliuler algae are carrying out the ree.etiah of
photos mth@siﬁ, are synb‘ieuizing all of ‘che normal ¢ell constituents, and.
| aré growing and (&ividing gt constant ra’ces during the course of ’ché
expériment. Moreo\}er; the rates of photos:,mthesia in experiments »mich will
be rcport.ea here were between 30 and 80% of the maximum rates at wmch these

"algac are capeble af photosynthcsizimg et roonm temperature.,

EXPERIVMERTAL
1., Plant Materisl. The plants used in ell experiments were the unte

- cellular green algae, Chlorells pﬁemidos‘a, raised in continuous automatic
culture tubes as described previously.3 The algae vere raised and harvested -
as a 0.5% (volume wet packed cells/volume) suspension. The algae were centris

- fuged from the cultwre medium and then suspended in & special nutrient
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solution (described later). This suspénsion (8 ml) vas pleced in the
illwnination chauber of the steady state apyératus.
2. Steady Stete Apparetus. In the steady state epparatus, shown

schematically in Fig. 2, & stxjéa;a of gas (1 to 29 (:C)g dn eir) is eyeled
through & closed system. The gas is bubbled through the 0.5% or  1.0%

"’su.ispénsion of elgae (80 rl) at a rate of 'approximatély 1 liter per minute. a
Gas end liqu.‘}.d nlx rapidly in the algae chamber, which is 3/8" thick and 4"
in diameter (inside dimensions). 'I‘he algae chamber is illuninsted from

both sides ’by G.u. RIp2 pnow"pot incandescen‘t lights %hroagn an ini*ramed

' absorb:ing glass in a. watsar bm:h, or in somc emerlmenua fmm one side by

an imamescent lamp and, from the o‘i;her siclc by & bank of eight 8, 6 watt

fluoretcent Lemps (blu@ and cool whlte) In eitner case, the voltage to the

incandescant lerps s a&juste& jusi, to give ligh" sc;ﬁ u.ion of 'Lhe ox;ygen ,

evolmian ra’m-. Tﬁe alé,ue ch Jabr is water Jacheteﬁ, amd “i:hcae w&tar ig -

circtﬂ.ate& :Ln a themost&tm bai.h. - The ‘t:cm;emture af tru.a ‘bmh iﬁ set 80 ‘

tha“x, dur:ing s eady state photosymhesw the tamperatwe in&ica‘teé Tby bhe ,

| th@rmamater in the algae susperlsion rcaﬁs 2‘5 C. v _

v The algae cha.nﬂoer ) - isg ccmzected to a .aide loop thraugh Wnich the
alwav sus;@«,nsion 13 mad.e to circu.late by the flow of gas inﬁa the chamber. |

'A ba&m from a small lamp, - passes through a window in *le side loop to a
phaﬁuvnlﬁaié-cell; which mﬁasureﬁ the 1ight absarpti@m an& hence ﬁha

: demi‘t;y of the algae. Electrodes y A in the ame leop meamre pﬁ which is

racar&ed on a mﬂti*oein’b recar&er. 'I‘he pd mter cmtput is also connected .
to & cor»trol rela;y which, throu@z the ac’eiva‘hion of a solemi&-oycmted

| valve, J con cense acid or base from a reservoir y to be added in small

volumes to the algel suspension. Another reservoir, within the closed
syctem contains d;.shlled water or mztfient solution which can be gdded to the

algal suanensmn to dilute it to the selected eoncen ration as the algee grow.
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. Figi 2. Stea.dy state gpparatus. (1) algee ‘chanber, '(2}‘ water or nué'rientl
solution reservoir, (3) scid or base reservolr, (4) pH electrodes;
(S) solenold opersted pH control valve, (6) solenoid operated sarpling
valve, (7) smoll lamp, (8) photovoltaic cell, (9) large gas ;'es_ervoir,

(10) four-woy stopcock.
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A solenoideoperated sampling Valve, _ at the bottom of the chanber
permits one to take 1 xl samples rapicuy (every 2 sec. if desired). The
inside of the algal chomber is maintained at slightly sbove atmospherie
pressure to force the algel sample out of the chanber. When samples of algae
sre taken, they are run into y ml of methanol at room tempera{:ure. This
gives. a xﬁixtura vhich contains sbout 80% methanol by volume. No significant
difference in the resulting labeling pattern is seen whether the algse are
killed this way, in boiling ethsnol, o in ethanol kept et ~40°C.

After the gas in the closed system bubbles through the algae, it passes
through instruments which measure CO ) G i s and 0o end each 'measuremmt
is autwaticclly racorded. f‘rb‘m the known sensitivities of these instru; |
ment'a em ‘bhe volume of the syastem, one can calculmte rates of eéxchange
of these quantities and specii‘ic reﬂioactivity. A lorge raservoir y .'_,and
grnall rese'rvoirav nay be connected or ‘@isconnected from the closed systen to
obtain closed systems oi" various sizes. The volune of the lergest system is
6400 cc vaile the volume of the' smallest system is 435 cc. The é;?s’aem'can |
be cpen dnring the pre-labeling period by means of a stopcock .

3 I‘Im:x-ient solution. For stoady state experiments it is necessary

to supply the algee with &ll the inorganic compounds mquire& f@r" them to
| photosynthes‘ize end grov st & normal rate. Unfortunately, the ﬁutrient‘
soluwon in which they are usually growm in the lsboratory contains
quantities of salts which make impossible en adequate aeparatian of lsbeled
compounds by tm-dimnsional paper chromatography. Therefore s the slgae
are suspended in mich more dilute nutrient solutions oi‘ \mich that in Table I
15 typical,
' : nearly

This medium was sdequate to maintain/a constent rate of photosynthesls
in experiment steady state no. 18, In other experiuents, such s steady scate
'28 , the slgse growing under stesdy state conditicns‘ would exhaust the _supply.

of ammonium icn contained in this medium, in time. However , it has been
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S’J.‘ARTING NUTRIENT SOLUTION FOR STIZADY STATE EXPERDICNI'S 18 AND 28.

(kq}l;)gfmgl; q.c--n---_-d---‘-----n--o-c-m-d.---n'—-v-r---—--a
}{@01‘ . H O ----- 0t o T G S OB 0 W e 4D O o ale s 0P -—a--------.h---.
L’Hl‘.cl ---o---.‘?bn---u_—#---—-Q-_-h--‘--.-_‘--‘..--a-.—---_---
mo -—.7—&‘-&0--*.‘------ib--"‘-Qﬁ---‘i“.-‘-*--f-’---

Arnon's A-h solution of trace elements plus
CeCl, 6H 0 (uo mg/l) end HoO, (15 mg/1)

rett . versenol solutxon to glve 90 1 Fe'V wamennan

3

%0 m;;/litgr |

20 ng/liter

20 mg/liter
20 mg/liter

1 ml/diter

‘1 ml/liter
1 mfliter

ﬁH Vo, (23 mg/l) R  :.,%_.“-2 eem

TABL;II

CONTROL - WJDIU“\K USED IN BTEADY STATE EXPERWEEYE 28

(mlf.) moh ..qnd-:-‘-rq’m-;»Q;nﬂu-n‘nnou'buddbh-p---»--on-i-h-no 6 6 mg/n’her

L (I‘mz&.) Soh ~~--b-un--d---q---u-q------and&-u-ood--—-o-u 6 6 m&u/liter

MII}OH ~h—a---un-“-o‘---.v—-----un---u-rcofpnunacﬁnuﬁu O.)5 mg/li‘ber

Fecla . 6H 0 dnna-n--n--a-n-vu-a---q-uuo-—--aaa—---.--n- 5‘0 Wu‘b@'

ml n---*-m,-y.:-nu.ondo--o--fv-d—l-- : o o oo n 9 & , - - 8.0 md}iter

Trace ’alémez_xts 88 in starting wedium.
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observed thah a3 the algae take wp emwonium ion » the pH of the meﬁdimﬂ tends |
. to decrease, presumably duve to the exchange into the mediufm of hyd:rogen ions
~foz‘ amoniva ions. "'ha“efor‘. ) dilutx, }TﬂuOH was aaded to the algae oumcnglon
ammmaticvlly by the pi{ co.:trol systen, ’chereby meintaining ¢conetant vH. A‘c
the came time emmenium ion concentration was maintained appro:xma{;ely
consttant. The nutrient solution for pH control was dilu%ea ‘oy trial and
error wntil its &ﬁﬁiticn kept the algae density constanc. To it were maéd.,
 other mqrganie‘ fons in a ratic to the srwoniunm for vhich was estimated to

provme the algee with an adequete level of these lons for growth for e .

' limitad period. The resulting o ccntrol medium used 1n stea&y state

e.«;perm.nt 28 is shown in Teble II..
2@ Auminiatration of Clh\. 'mzring 'the ﬁmt pm of the e:q:erimen’c

the algavs are k@‘p‘t pho‘comthesizing in ‘hhe li@m; wiﬁh B conatant sw;gply of
1.5t 2 unlabeleﬂ. co2 in air for 1/2 to 1 howr. Constant pH, temperature,
Cand iignt 1ntensity are mintained during this time, and d.uring the subse- :
quent éxposure to (’:l 02 In the experimnte reported here the pH was kept
at. 6 Rate measuremﬂnts of coa uptake and 02 ‘evolution are macle by niaking
the clcsad system smsll, 435 cc for a few minutes, snd obsewing the rate of |
change of €0, and 02 tensions as indica’ced on the recorder., The closed pas

2
svstem iz mede lavge again, and a2t zero time, cll‘o is auie& to tha system

2
by turning e stopcock. At the same instant e solu?siox: of mammqg is
_‘in';.jecte;'_d directly into the algal suspension. The amount and, .siae-‘eiﬁc'
radioactivity of the injected ’éicwbonaﬁe solution is go caleulated that it
vill bring the specific radioactivity of the dissolved €O, and bicarbonate
é.lready present in the elgal suspension to its final value imedie,tely. This
1s the specific radioactivity which will obtain for all the €O, and bicarbonete
in the gas and liquid phases of the closed systen efter complete equilibration

has occwrred. An example of this coleulation is given in Table IIL, sémples
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- TABLE IIT
4

© carculATION oF ¢*2 4 ¢'* FOR STEADY STATE EXPERDENT 18,

b

. Volume r‘fuCO»a ‘pmoles p.CC Specific' Act.

Ges phase at stert 895 1.6 85 - 0 0

clz*oe loop - 156 3767
Dissolved CO,HCO 125(effective wol)BL6 0

| 1\::;*.1012‘03 injected C %0.8  607.5

OB o w »|

Total 1092 _ | 863 ’#_375 ' 5,07 ue/um
15 N - 122,h  607.5 %.95 uc/um

 BATES OF GAS EXCHANGE IN STFADY STATE EXPERDMENT 18,
.~ (A1l rates ave glven in umoles per cc of wet packed algae)

Cerbon Dioxide  C-7°

Initial rate 17.9
Puring experiment 6.6 15.1

 Finel Rate - 1kl 137

" ‘ R | R _
- See section "Methods of weasurement of rates of gas exchange" for
explanation of expression of cll' in umoles., In theory the value for
c * and €O, should be the same. The difference is a reflection of

inaccuracy in measurement of the slopes, especially Coa;
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of the'algae suspension of‘unifom size are taken every 5 or 1&5@@0@1&3
for the _firs'tv few minutes; a.nci. then less freguently for pericds wp to 1
~ hour. BEach sample is teken directly into 4.0 ml of meﬁlfm1ol room tempers
asbwre in g centrifuge tube (préweig,iﬂ.ed). Beocple 'twc'; are reveighied to .
give the s'n'"ple size (£ 1%). After an hour at room temperature, the
samples are cenbrifuged and the 8095 methanol extr act removed. On-e ak of
methanol ié added to the residue and etirred a fev minubes, then % ml
waler is added and the mixture wereed ot 60°C "or 10 minutes. After cenﬁri-.
fuga’cion‘ and a Further extraction with 1 nl of water, the coubined clear -
extrects ere concentre.ﬁea at re&uced pregsure at below room ﬁemfperamre.
»'I’he -concen ra‘ced extract or an as.liquo“c portion 't;hereof is transferred
quantita*bivelj to the paper chromatoprem and enslyzed in two m@r‘siem

(p’:&nol-wa"cer, butanol-propionic acid-water) gs in earlier work.s

The
location of"the radiocactive compounds on the cmam‘bog:wh ie 'fauﬁ&fb.y
| rédioautography with x-re.;;* filzn. When necess&ry‘; overlepping pﬁcsphaﬁé
esters are eluted, treated with phosphatase and reclmm.%ogrmhed. o

2+ Determination of Ralloactivity in Co*r@o’mdz«:. The smount of radio-

aé.-:bon inéach' compound of interest on the chremstograms from each sexple
is measured with a Gelger-Mueller tube. The paper chromstogram is placed ’
von top of the radicautogreph which rests on a horizontal light te&a}.@, so |
that ;the darkened areas of the film may be seen through Lhe papers The
Gelger=-tueller tube has e Mylar window, gold-spubtered for c:onducﬁv-i'&y bﬁt
i

tramspwenﬁ; and thin (less than 1 ng/ cma) to permit the pussage of c beta

pmtiel&s. This tube hag an effective counting srea af uniform &.mitivii.d
of ebout 17 cme. The top of the ’tube is tramsparent plastic so that peper
end radiocautograph mey be views dvti':rough the top of the tube, Thus the

covm;ing srea of the tube may readily be placed in position over the radio-

active cempound on the paper, IL the ra&ioac*tiv& ares is more than I enm
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ac_roés or if 1t contains more than 20,000 counts per minute (e.sv counted

by this tube on the paper) the radioactive area ia’ divid'.edvinto smaller
_areas which are count.éd one at & time (with the remainder of the spot covered
by card.s')f.v The cou‘nting gas uszd ie 99% helimn-l% isobutane. The couniing

N beté

voliage is sbout 1300 v.. The aensitivlty of the counter for c
perticles in an infinitely thin layer on an aluninunm plarchet is abou'c one .

, ceun't per 3.1 disintegrationa. However, only about one-t.hird of the beta

- perticles esca@e from the paper (Whatwan Wo. 4) and the actual sensitivity

© of this tube for et in compomws on the paper is about 1/13..2. These sensi
tivi.-t;ies were &e‘bemined by con@arisan of counts from three aliqmt portions
of & known c 1k l@baled aolutiam 1) chromatagraphe& on paper, 2) dried on &

| planche’t, and, 3) placed in & eemuuamon counter with an internal
stan&ard. The radioaeti.vity of each compound is counted on each aide of ¢the
paper and an averagg. is taken of the counts from the two si&es. c-on@arison
with determinat‘mns of rediosctivity of compounds quantita‘cively elutved and
placed on plemckets indicates tha.t this metbod of counting glves en

accuracy of % 5%.

[ Rate,Meas_xwements. 3 ‘a.). Gas exchange. Measurements of the rotes of
c02 upwl;e; c]‘u upfalae,‘ and 0, evolution by the pho‘ooﬁyntheﬁiziagl algtw are
usde by teking the slopes of the three traces on the recorder. In order to
obtain mcourate readings in ten ninutes or less, the total effective gas
velune of the &lased circulating system is made small, ebout k35 cc. With
8o ml of 0.5% algal suspension in the system the resulting change in 0, or
C:(S2 pressure is sbout 0.5% in 10 minutes in a typical zexpééimnt. This
corresponds to a rate of 22 ;;mole.s of gas exchange per minute ﬁer ce of
wet packed algee. The response of the Beckmen Infrared Anslyzer, wodel 15 A,
used in these ey@eriments is not completely linear in the range uséd’ (0 to
2.0% ;:oa) g0 that a correction based on & previously obtained cealibration |

curve is gpplied to the CO2 wtake cwrve plotled on the recorder. The reép:mse
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of the A.o. Beckman oxygen anclyzer is eaaent.ially 11nea.r in the renge used |
(19 to 21%). The evel of c’"‘ is plotted on the recorder as millivolts
response of the Applicd Paysics. COrp.l's Vibrating Reed Electromster to the
lonization chember (volue 118 cc, R = 107 otms), From the lnown celibration
of the ionization charber th:ls rea,ding can be directly converted to peuriea
of Clh. From the c120 read.ing end t.he cl reading the speciﬁ.c radioactivity
of tha co may be calculated at all times during tha experiment. This

apeciﬁc radioactivity 13 used to convert ‘hhe rates of chau@@ of radio- _ ..
activity 1 the system to rates of cha.nge of what ve shall cell nelln
throughout th:!.s paper. For convenience of expression and calculation, this
(‘::"'xL will be ez@ressed in umoles and. represents the mnoun‘b of 03'2 and. clh |
| corresponding to e given neasured a.mount of mdioactivity in the co adninige
‘tered. to the algae at em.y time during the experimnt. '

, b)) ﬁ’otal fixe.tion in algae. In soue experiments, small aliquot
port;ions of each Bamgple of algel mturial, teken and killed in e.lcohol during
the courae of the e)qaeriment are spresd in a thin lmrer on planeh@ts with
 acetic actd, dried, snd counted. fThe amount of (I found et each time of

4

expasura of the algae to C 0 is plotted gnd the sloye of the mzrve dravn

v through these points gives the rate of appeerance of‘ cm in sta,ble coxmonmae
_ :!.n the plemt. _
¢) Pixstion or ¢V
After the Clk

m ccmpaunda found on the paper chrcmatagre@h.
in individusl co'upoxme.s fomzd on th@ paper chromatogram hes
been meaem*ea, the amounta are sometimea totaled for each smnple up to « one

- minute, ‘and a rate of amaearance of ¢ L4 in these compounds 18 Vcaleulated.’

RESULTS

Steéxd;y state eguperié&eﬁt 18. The ratés' of exchange of gases before, during
- &nd at the end of the experiment are shown in Tble IV. We shall teke 15.5



<L  UCRL-9033

pmoles per 'minute 88 an average value for uptake oi’ carbon during tﬁe
experiment. - o | -
Aliquot porﬁiona of the samples were dred on planchets and their
radicactivity was counted. When results of these counts were plotted
versus tims of senpling, the rate of fixation of c”‘“ into compounds stsble
to Mg on the pl‘a.hche‘és vas found to be sbout 15 umoles/minute (Fig. 3).
After chromatogmphic separation of the c.omgoun&s, redicautogrephs, of
which Fig. 4 13 typical, were obtained. The radioactivity of each compound |
in each sarple was detaminad and the ’wtal rad.icca:"ocn found in the various
compounds was plotted against time (Fig, 5). The maxinn_zm slope of the curve
in Figs 5 1s 13 umoles. This is a lower iimit for the rete of appearance
of clh in soluble compounds which ere also steble to chromatography. It does
not take into aceount other co:@ounds, ‘oo weai.ly mﬁioactive to be counted,
or "L.;st” from the front of our chromatograms. (In order to obtain good
sepwation of phosphate esters we customa.rily allow the phenol‘-water solvent
vto drip from the ends of the chromtogrm.' Small amounts of ‘J.abel_l.im. fatty
materiel ere lost in this way.) | |
A:E"ber _)0 seconds, eppreclable emounts of radicactivity sre passing
through the e:cbractable precursor compounds seen on the chromatograus into -
' non&ctractable substences which ere not seen on the chro:natoyams. Conge=
quently the rate of appeaz'ance of clh' in compounds on the peper decrense.
During the firét ten seconds; the rate of sppearance of clh in stable
compounds 18 less than the maximmum rate during the subsequent time, This
© could be ascribed to mixing time of the added Hcll‘og with the Hclao3 present
initially, or alternately to the pr‘esence} of en intemediate pool of either
Hco:.; ozf some other unstsble or volatile compound. ~Such a coméound would precede
the steble soluble compounds in the fixation pathway. The size of this "pool,”.
Af 1t exists s cannot be greater than the difference between the fixation

curve after 10 seconds and a line of the mimum slope drawn through the
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" FUMARIC ACID

a~KETOGLUTARIC ACID
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k3
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Fig. 4. Radioautograph of chromatogram of Chlorella pyrenoidoéa

after two minutes photosynthesis with 011*02.
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Fig. 5. Appearsnce of ¢7 in compoupds on chromstograms prepared from

Chlorella pyrenoidosa vs. time of phomsyntheéis ‘with clhoz.
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origin (see Figs. 3 exd 5). ‘l‘his 15 no more then 1.0 to 1.5 umoles, |
~which is equal 4o the carbon f1xed in k %o 6 seconds in this experiment.
A calculation of the amount of HCO3 which would be found 1nside algae cells
in a volume of 1 cc vith en internal pH of 7 in eqp.ilibriv.m with 1.7%. co,
gives a value of asbout 1 to 1. 5 pmoles » depending on the volume avs.ilable
inside the cel.ls. It seems to us to be not unreasonable to suppose that
this “pool” ig gherely 1ntracellular CO, and ECO3 bu‘b it does not matter to
the subscquen‘b argunent whether 1t is this or some other unsteble or
‘_volatile substance. ‘ o

From the measured rates of uptake of co and Clh and from the ratés _
of appearance of Clh in stable corpounds these experimeﬁta.l ﬁndings may
be listed: | | | .

bR

1) The sppearance of ¢ in stable," nonvolatile compounds , after

~ the first 10 seconds of exposure of the plant to cll*oe, is equal to the

rate of 'tot&l uptake of (::"1‘*()2 within experimental error,

2) During the period between 10 and 30 seconds exposure %o cll‘o

the appearanee of Clh in individual compounds which can be isolated by
‘our methods of paper em‘omtography, is equal to at least 85% of the rate
of total uptake. | o

3) If there is a pool of CO " Hcog or other unstable or volatile
compound lying betwaen eduinistered co and. etable comgcunﬁs in the fixation
pa‘i;hway, its amount is not more than 1.0 to 1.5 umoles (k1o 6 seconds
fixation) aud it is essentlally saturated after 10 secm_lda. .

Let us next consider the question of how much of this fixed Cl}‘ must
pass througﬁ the PGA pool. | '

In Fig. 6 are chown the labeling curves of some of the more rapidly
labeled compounds aizd groups of compounds. By 3 minutes compounds of the
carbqﬁ; reduction cycle are essentially satuzf&ted with radiocarbon. Sec=

ondery intermedistes such as' sucrose, malic acid, and several amino acids '
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Fig. 6. Appearmce of ¢ in PoA and sugar phosphates in chlox-ella
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sre not saturated until longer times (5 to 30 minutes). In order to |
evaluate the importance of the fixx ﬁion pathway 1ea.ding through PGA we have

of cl
tabuleted ‘the a.ctual measurements /tound in compounds auring the first

14 found in all those com;gound.s derived from PGA wz.th-

" minute (Tsble V). The C
out further cafbox‘ylation (sece Fig. ‘1) 13 added together (Tl). Gompounds

lgbeled by € -C3 carboxylstion ere totaled separately (Ta). ‘Since three of

the carbon a:oms in these compounds ere derived frow PGA, thelr tota.l radio-
activity is nmltipli.ed by & factor which 18 3/% times the degree of saturation
of the PGA, which 13 wesumed to be the some a8 that of their imed:.ate
precuracr, namely PEPA. (‘l‘he saturation cuwes for PGA axzd PEPA ere in fact
very sim:ils.r in this and other experiments.) The gum of T, end f, repre-
een‘hing measured c ad d@rived from the primary reaction which forms P@A, is |
plotted. in Fig. 7. Again the “pool” of H&-OB or other volatile or unsteble
camgound is a’bout 1 umole and in this case it must precede PCA in the chain
 of reactiana. %em on¢ draws the curve of maximtm slope thmuggh these

| points 1s somevhat arbii:rary, but ‘the maximum ra’ce of sppeerance of Glh'

these con:pom&a folls somevhere between 1l and 13 pioles per minutes. Thus
on the basis of the sppearance of 'cl!* in these extractable, steble comounda
glone, ab léa,st 70 to 85% of all carbon fixed during photosynthesis (messured
externally) is &corpbratea via the carbon reduction cycle’. It must be . ‘
emphasized that “this percentage 1sﬁowep’limit based only on ebsolute meaB\!m-
ments of identiﬂed eompounds. '

A lower limit for the amount of ca.rbon incorporated vis Gl plus c3
carboxyletion is obtained by plotting T, - Taf {(Fig. 7). The minimun rate
~of this incorporation is about 0.54 umoles per min/ce algae, or avout 3% of
the total, Note that this value is for the actusl introduction of CO, end
'dog.s not include the carbon derived from PCA (‘1‘21‘). The rate of mcorporation

of ¢t 2h into these three compounds thus accounts for sbout 4 times 3, or 12%
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ot (uMOLES/ce ALGAE) IN PHOTOSYNTHESIS INTERMEDIATES DURING PIRST MINUTE WITH €0,
_ (Steady State Chlerells 18) .
. n PO, ¢ | steady state
.ﬂ%m L0 mmﬁmm@m 9«.. ¢ om, value _
R o - pmoles = umoles
Coxmpound 2.5 5 8.5 13 8 nh; 31,5 - WO 59 carbon  compound
PGA .063 220 465 750 4983 L3812 L2 229 3.0 19
DEFA 0084 L0083 026 Ol W OBT 093 Jd1k 132 0 LT0 0.2 .07
Hexose : . : o o
3050.@50%5&&@ oOHN oOmw .Mﬁ.\w o»mm@ om*.ww.w - Fowuu.« w.-mmv ) w.omw mo..ww Wom . .W
Heptose , : : o _ ‘ . _ _
Moncphosphate . JCL1 <027 030 JA57 247 406 LLT 766 955 1.8 .26
Pentose _ _ _. " \ o ‘ |
KQU‘Q“.QWMO m@g‘ﬂwo C ) oomwn . Oﬁu@m [ ) OM..M. oamm* [ me . [ Om ~«. DO.NN«. o om«.nv QPWW ”~» Oo mw ~r OQON*
Tricse ‘ _ , ) B _
Vonophosphate 0069 L0139 038 063 Kot oLlidy L7k 215 283 ~ 8 ~ .
Diphosphates ex- _ ‘ .
cept ributose  JGOkL 013 026 Ol 053 093 238 L1600 .203 o~ WSk -
Ribulose QM@.»UO@MUW»N&&-QOW#W oOurme o.QMMW bva\N oO.WwN <100 oM-WO oM.WO ommw owm oO.N
Alsnine - o025 Ok o OkO 075 <170 257 «397 o869 w15 ~5
Serine - 015 012 BT 2013 027 033,053 .120 1.2 ~ b
- Sucrose - - - - 0080 019 021 035 09k >3.5 > .3
UDPG et o = .o §G , oOucm...u oor\m ‘Mnow aM..M.G 0 WO@ 2,0 -~
Potal (T,) 117 507 S16 1.629 2.298 3,674  5.012 6,085 8,380
Aspsrtic acid - - L0T0  LOL5 025 063 051 W13l 208 2,0 - .5
Fumaric acid . - - oOQMHU uOuUWO .OQN\NQ oownw nomm . oOWO ] mw owN auvm
gmu..ucﬂ acid - oOU@ QQW@ nog oo&w .u.mm r wr. omwhwwu a.u.wmo. 2.1 oan.,
Total G,m.v_ Nesy 027 0358 095 .228 310 L5 870
x = PGA Satur, 2L L073 JA52 250 .327 LEL 575 635 W65
T = 3x/k .015 055 116 »158 246 347 R L5 5T
..Nm x 1 bt -I. 002 ogw -Omd\.u o@%m .H-WW« cmwnm omoo
Grand Total = A7 J12 918  1.638 2.321 3.752 S.147  6.301L 8,830
T. + T h
1772 . :
Tp - 5t - - 025 W0hg 073 250 L1750 236 L3700
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ov;;‘ the tetal in thie experiment. Other expaiments indicate that the
' rclablve contribution of (. = C, cartoxylaticn varies considerably and
tends to be higher {up to 3 times that rei:crted in this case) when the
rate of CO2 Tixetion ‘is gﬂeaﬁer and when amino acid syrrt;h_esis is more
repide In ad.éii:iqn 10 the three compounds li_s*heé. here, other substances
may be derived in part from ¢, -837' carbom';aﬁion; such es glutauic scid
and citric é.ci&;. discussed below. |

While -'e;‘:.v iéaSt 73% of the total ”ate' aof £ £ix tion of carbon has thus
been shown to be clue to the carbon reduction cycle and Cl' - 0‘3 addition ’
'ths»m is no indicetion of any other significant fixation pa‘chway. In Fig. 8
the cl* found. in glu%a.nxc ac:ud and in citric acid is ahmma Coulo. this
' labeiing of glutamic acid be the result of & carbowla.tmn of 7~aminobutyric.
| .’aci@.? The maxizmm rate of 1ebe3.1n3 of g,lutamic acid and in citric ‘acld is
showi. The meximum rate of labeling of glutamic acid 1s ebout 0.7 umoles/min -

14 f.x.xea. since this ra*be is found be’m’een 5 end 20 mnutea,

or b, 5% of all ¢
i'!: prebebly represents labeling of all five cexbon alboms of mutan.ic ac id,
gince the precursors are surely et least partisl_ly labeled sfter five .mimﬁési R
The lebeling due to carboxylation reaction would de expected to begin during
the first 30 seconds, if one i8 to Judge by the other kn_own ewbﬂwla'&:mn
reactions virich vere discussed earlier. Yet, after the first 31.5 seconds;
the glutamic acid conteins only 0.02 pmoles of Clki Betueen ia-O and 60 seconds,
1ts lsbeling rate is onlsr 0.2 umoles/min. Moreover, 7-aminebutyri¢ gcid
itself would have to be synthesized from 662 (oy some‘ as yet unknown route)
i 1% were a precuraor to glutamic ocid and would have to be appreciebly
labeled by the time glutamic acid reaches i'ts maxinmm labelmg raue. Yet

ve can detect no rad.aogafbon-in 7-aminobutyric acid in this experiment or

others of this series even after the slgae have been exposed to Clﬂhca_for

ten minutes., Clearly,' little if any of the labeled glutamic acid formed in
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20 min:42.3 pm

20 min: 0.4 pm
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Fig. 8. Appearance of €' in PGA, glutamic scid and cltric acld in

Chlorells pyréencidosa va, time of photosynthesis with c“"oz.
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' our ¢xperiments is made by carboxylation of y-aminobutyric acid. Rather, it must arise

from other intermediate substances such as those formed by the two carboxylation
mechanisns already discussed. '
Note, however, that the rate of labeling of citric acid is by far too small
to permit it to be the precursor of the labeled glutamic acid in any sequence such as:
_oxaloacetic acid + acetyl coenzyme A - citric acid - - -

a-oxoglutaric acid + CO - glutamic acid

:]Steadg state experiment 28, All the results described thus far wvere obtained in
 an experiment (steady state 18) in which the nutrient solution, though not automatically
replenished, was éurfipient to maintain the rate of photoéyntheais at a néar.l;} constant
-level 'during the course of the experiment. The results of stead& -stéte experiment :28,'
in which the nutrient :sglﬁ’t;iqn vas replenished &uring the course of the éxperiment-
led to the same conclusions. These results are suzmarized and compafe& with steé,dy
state experiment 18 in Table VI. Though not shown in the tfablé 5 the maximum rate of
appearance of cm in observable campoundé derived from the carhoxy‘lation reaction leading
to PGA (the carbon reduction cycle) was 70 to 90% of the externally messured rate of
o uptake, | | | |
| | | DISCUSSION |
When Colvin end Massini®3 reportéd the formation of PGA in an overall :rea%cficn re-
quiring ribulose diphosphate and CO, they proposed that the reaction in the light
 geve one moleenle of PCA and one of triose phosphate but in the dark gava’ two wolew
cules of P’(.}A‘; w:.lson 14 discussed this possibility further after it was realized that
the carboxylation did not involve an intermediste splitting of the ribulose to triose
and diose. The dark reaction in whole ;ilantals end the resction in isolated ‘en‘zyme

16,17

systems’ was found to giire rise to two PG.GL molecules, Also ’ 1% is c¢clear from

previous kinetic studiesli 18 of cérbon fixétion during photosynthesis that the Clh
entering the carbon reduction cycle via the ribulosg éerbo:quatian passes through the
carboxyl group of PGA initially. This is consistent with the fact; established for
the isolated enzyme system by Horecker,'ls that the Co2 is bonded to the nu:ﬁber two
carbon atom of ribulose dphosphate. More '
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TARLE VI

 COMPARISON OF STEADY STATE EXPERDENTS 18 AmD 28,

T FGA resicual ¥

- : - CO, uptake wm&mwmm mpesrence - Rup .. carbon saturation
. Experiment nmmwmm\ﬂww\: of €7 in compounds on | - saturation according to
_ ‘ ec algae - chromatograns {£20-%0 sec) &t X0 sec " Reaction D Reaction L
18 15.5 13 0.53 05T 0,46
28 19.5 | 17-18 ,. 0.38 0.43 0.28

¥ gee subsequent discussion for explanstion of the tern "residusl.” The degree of saturaiion at L0

_mmoowgm.wm,ocamusma‘d%mquw@wmm the measured value of nww in the compound at 40 seconds by the

saturation level ow,nww in the compound {or residual atoms) after 10 minutes exposure of the slgae
ot | |

2
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récentl}.y Park) hae shown by means of inhibition studies ia broken spinach |
Aéhlorcplas*ts that Cl‘h.'entering that system must pass through PGA. That f:i_ts, .
PGA is a biochemical intermediate compo'und‘ = not merely a compound fof;ned ‘ |
by thermal breakdown after the plant is killed. | |

We shall present here an a.i'gtmzent, based on kinetic data, which v
indicates that the carboxylation of RuDP in vivo during photosynthesis gives

rise to only one molecule of 3-PGA.

If the G‘w vhich has just entered PGA from 6.‘}3'1’02 .- ‘is - subtracted
from the ‘tcta,l clu' in PGA, the clh in the remasining carbon atoms of the PGA

‘must-all be derived from ribulose diphosphate.

‘Let us consider the two reactions:

X . - L J j - 3 -
BCOPON™ D) Ha(? 2o ca;
‘a0 HOC-H + fo-om
3l # Cowl L
o+ %00, co; B 0-R0E
g1 . or L) H,C-0P0_H -c-
H,COPOH a3 4
- ' EOC-H + -C-
| {
) - s
. RuDP ) C02 .—-f'}"
' ' PGA ,
ks ik

The position of the c which has Just é.ntered the eycle as ¢ Oé is
indicatad by the -asterisﬁks. In reaction D, there are five rémaining carbon
atoms of PGA (mmﬂaegs 1 %o 5) which must be derived fmm RuDP while in
reaction L, there are two .suéh “"residual” carbon atoms (nwnheré 1 and 2).
The steady atate coﬁesntr'afian of FGA in steady state e;qaefiment 18 ie

3,0 umoles of _'ca.rboﬁ/ cc algae, henme the carboxyl carbon concentration is
1.0 pmole of carbon. Homver, 1f reaction D 1s cbrrect,' only oz_;_é-half of

this carboxyl carbon, or 0.5 ymole, is derived inmxediétely from CO,; the other

2
"half (carbon atom 3) comes from RulP. We shall subtract the Cl’* due to
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'newly :anoiporé.ted c:m()2 from the total c”‘ found in PCA at each time and
for each of these two cases. The specific redicactivity of the remeinder
niair thén be compared with the specifie r&&ioactivity of the Rulp :ﬁ‘rom vhich
1t sust be Cerived. | ' | |

In order to make this subtraction it 1s neceesary first to calculate
'She ’radio;’arbon in the cerboxyl group of PGA 8s a function of the. ti.ma of
exlwaui'e of the algee to c"“oé. 'I‘hié, ca;cmiian requires in téurn a cal;»
culation of the saturation curve of the "Co, pool," although this could be
assm»ed; to be .sétuﬁf'_aﬂbeé from thez 'begizmiﬁg wit‘{:houtﬁ éericusly affecting the
~ resulis. | A _ :
Consider the steady la‘ﬁé;ft;e syéﬁemz o _ ’

|  co, B Fobiiﬁ Pool 2= etes c
- Let Cy end B be the :smmc&v sta% concentrations of Paola f.k/ami 2 end let

34 of these poeuls (mapeatival:{)

R functian of time of e@o»ure of the algae to clkce R is the rate of

¥ #nd ¥ be the é@gxeea ef ezaturauion with €

f‘law of cerbon into the systen and through the two pools. Iﬁ -‘;i;S” also
assumed in thia case that the rates of ‘the back resetions are negligible
.camareﬁ Yo the rates of the forward reasctions.

For a ewall Ainerement of time, the change in degree of saturation '16
the differ'ence be‘:*cmézﬁ the rete of flow of cll" into the poal (8) and tha
rate of flmz of carbon out of the pool (rx), ﬁivid@@. by the size ef the
pool Cy3 dx/dt ™ (R-Rx)/C Integration and determination of the mtegration
constant et t = 0 gives x = 1 - ot RCIE, .

During & small mcx"'ement of timé, the c‘ﬁange in degree éf sa‘curaiion of
the Bevconr.i pool is the difference between the rate of flovw of Glh" into the
second pool (Rx) end the rate of flow out (Ry) divided by the péol stze Cys

v = Rxc; Ry _ g; (1-e“’3t/°l -¥)
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‘ Integz ation end determination of constants at t =0 J.eads to two solut.ions,

one for the case C # C

el .(cl — ) o~Rt/C1 +.<ca — )e-m;/ce _
17 V2 | 1"/
' and a,;xct‘;her for the case Cl #'Caé-_

yel- (1 RE/C) e SRt/

In applying ‘l;hea_e equations to the data from steady state experiment 18 we
have assimaed'a value of ¢, = 1.2 pmoles for the "cé pool" (Fig. 1) and =
value of 0.2 gmales/sec (= 12 ynoles/min) for R, The resulting values for
X are ! hown by curve A, Fig. 9. ‘

- If reaction D is correct the PCA cﬁrboxyl pool arising from newly
ixicor;im*ated c 18 0.5 pmoles and its degree of sa‘buration ¥ is given ‘by
curve B, Fig‘ 9. If reac'bion L is correct, thia pool is 1.0 pmole an& the |
satwation curve ¥y is that shom:z as curve C. Curve B times 0.5 and. curve C
 times 1.0 glve, as @ function of time, the res;gective umoles oi‘ c”’ in the
PGA cazbowl Pool deri?ed directly from coa. _

The ,&e@e@ of saturation of the residual carbon étoma of PGA (those
vhich gre derived from szP) ey now be caleulated by subtracting from the
_ exgerimentally determined PGA~C 14 these values of the Ceg-ﬁerivea carboawl
(0.5 B for resction D, 1.0 C for reaction L) and dividing by the pool sizes
of thz residual carbons (2.5 and 2.0 respectively). The pesulting saéuration ’
curves are ,;shmm .'m Fig. 10, In tha same figura, Curve R is the saturation
curve for ribulos-e éiphesz:hate, obtained by dividing the experimentally detere
minédvclh labeling of RulP by its steady state concentration, vhich was 0,36

umoles/ce algae,
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- Degree of Saturation

1 i v )
70 —2p —30 40
Time in Seconds ‘

‘ Fig. O Degree ‘of saturation (vs. ¢ime of photosyathesis with cl_.haa-)-
of "C0, pool” end of PGA carboxyl derived immediately from:
ﬁlkoé eccording to two proposed carboxylation reactions . Cucve A
is for '-'Co2 pool," curve B is for PGA 'Qatboml derived ium:edié.t-ely
from clhoa écco‘rding to resetion D, curve € 1s for PGA carboxyl

according to reaction L.
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Fig. 10. Degree of saturation of ribulose diphosphat?e) ve. time of

photosynthesis with ‘_clhca

of residusl carbon atoms of PGA mccording to two proposed

compared with degrees of saturation

carboxylation reacticns.
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If the ca.rbo*quation of RulP were to lead to the formation of Wo
:'molecules of PCA (regction D) then all of the carbon atoms of Rulp must
give rise to the "reszdua,l" carbon atoms of PCA. The deg;ree of Sajtuxfation |
of these residuai carbon atoma &t no ‘time could exceed the degree of sature
atican of the carbén stons of RuDP. Since 'the calculated vélues for theae
residual atoms, (PGA-0.5 E)/2.5, do exceed those of RulP é.t all times after
12 ée_concls; reaction D does not .appea.r o bé eorrect.  The curve for reaction
L docu not exceed tb.e aa‘curation. of Ru;DP until-s.bcut a miﬁute.’ In this case,
the re:smual cafhm Eﬁ?Owﬂ of PCA are derived oaly fron carbon atoms 2 and
-3 of Rul?, and thus moy exceed the amurauion of the gverasge of carbon a abons
| 1, _a, 3, 4, and 5 of RulP. In fact, this is not swrprising smeeeaz“lier

1 showed that during cl’* incomomtion in photo=

degradation studies on RuDP
_ay;xfc.h@ais; carbgﬁ gtom 3 is first labeled, followed by carbon atoms 1 and 2,
followed ﬁnally by carbon atoms 4 and 5. The usatﬁra*cian curve for the
,resié{ual PGA carbc;n gtoms 'a.'ccording to réaction L fthus is gbout as would be ”
. a:'@ee‘t@d; |

| Note that after 30 seconds the csrbmqu carbon of PGA would be sm'.ur-
&ted and the sane conclusion could be res,ched by lool{ing only &t the eurves
frem 30 to 90~saconds vhich are not dependent on the foregoing caleulations
- of €O, pool and PCA carboxyl seturaticn. At these longer times it is suffi-
cient to plot simply the curves for (m-o.ﬁ)/z 5, m-l.o)/a.o, gnd nunz»/
' 0 32 all as e funm’:.ion of time.

Ve conclude, therefore, that the lgbeling curves for PGA end RuDP in
this e@eiiment can best be interpreted as resulting from the occurrence
~of reaction L. That is, the in vivo carbo:wlatioﬁ reaction of the carbon
| reduction c&cle during rhotosynthesis eppesrs to produce one molecule of PGA

end one molecule of some other three carbon compound .

Suady state experiment 38 gave very similar results, from 10 seconds to

gaturation. (See Table VI for comparison at k0 seconds. )
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From these experiments slone we cannot identify this three carbon o _
compound. It could bevmerel'y a small pool of PGA 1tself, tightly bound to
an enzyme or 1n some other vay kept epart from the principal PCGA pool. Such‘
a pool of PGA molecules, if sufficiently small (<0.1 ;.unole) would not be
-diatingw.sha;ble from the other PCGA pool by our methods. ' '

Al‘bernatively, the six .carbon produc,t of the csrbomla’cion reaétioh‘
m'bé reductively split to pné molecule of 3=PGA and one molecule of triose
phosphate. In elther case, the requirement for the reaction leading to PGA
and triose phosphate mist be light (or cofactors derived fron the light
} reaction) and the intact chlorapla.at" or some ints,ct an’o-uni‘t of the chloro-
plast, a8 it occurs natirally in the living cell. |

One cannot sw a'b the present time vhether or not any of the ehloro-

- plasts or chloroplast fragnenta 1solated from brcinan cells ratain the
gapacit‘y. o carry out such a reductive splitting of the 81z carbon inter
A‘mediate of the ecarbon reduction ¢ycles In such cell-frec a;m%ms, the carban
reducti.on cycle may well operate onl.y via the carboxylatlon x‘emtion leading
to two molecules of free 3-PGA. Recently Park Qv has prepared elec;tron ;micro- _
graphs of chloroplast and chloroplast fraguents which had béen found by hinm
‘to have ebout as high a rata of photosynthetic '(:0a reduction es any stieh |
ra.tes reporteﬁ for cell-free 8ytstems. When compared wvith elac‘cron m:icro-
g'apha of chloraplasts in inta.ct cells, these isolated frwenta appear to
have umergone eonsiderable physical change, pa.rtiaularly 1:1 regard to the |
spparent densi*by of the stroma snd s;pacins betwen lamellae It is possible
that the reductive carbo:quaticn, pathway, ir correct, operates only in the
unaltered lamellar system by meana of som rather direct trwlsfer of photo- |
chemically-produced reducing pover from the pigmented layer to the carbon

reduction cycla. '
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If two different three carbon compounds are formed in _v_;_ijg_ in the
1ight by the carboxylation of RuIP s and if these two product;aare kept
Separate‘until they have been convefted to triose phosphate and react

" with each 6thexj to glve he;;ose; the;p the result ing gemse.molecule mighf.
’§e dissinmilarly 1abéled ':L‘n its two ’hallvevs ;.vt-hat 18 carbon stoms 1, 2,
and 3; and. carbon atoms %, 5, end 6. Such asmetry has been reported by
Gibbs and Kandlerg:."522. Ko-v:ev@r; other eéq;lg.nations of the phenomenon |

are also consistent with the carbon reduction cycle.3
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