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UPTAKE AND DISTRIBUTION OF RADICACTIVE CARBON FROM LABELLED SUBSTRATES - -
BY VARIOUS CELLULAR COMPONENTS OF SPINACH IEAVES®

0. Holm-Hansen,2 N. G. Pon, K. Nishida,3 V. Mosesl+
- ' and Melvin Calvin

Radiation Laboratery and Department of Chemistry
University of California, Berkeley 4, California

' INTRODUCTION.
Although considerable knowledge concerning the path of carbon in phcto-

synthesis has been obtained by Calvin and co-workers (Bassham and Calvin 1957},

little real progress has been made regarding our knowledge of the precise intra-

cellular location of the many reactions of photosynthesis. The chloroplests,

which are responéible at,leést_for the primary photochemical reactions‘generating
the reduqing power necessary for the conversion of free carbon dioxide to the
level of carbohydrate, have been found to reduce pyridine nucleotides photo-
chemically with a COncomitanf evolution of ox&gen (Vishniac, 1952). It has

been suggested by other workers that, in addition to all the enzYmes involved in

"the photosynthetic cycle, enzymes concerned with polysaccharide synthésis'(Allen,

et. él., 1955) end the respiratory activityvof the Krebs cycle (Bassham, et. al.,
1956) are also assocliagted with the chloroplasts'(i,eo, while the chloroblasts

contain or are associated with a>complement of these enzymes, the enzyme may

1. The work described in this paper was sponpored by the U. S. Atomic Energy .
Commission.

2. Present address: Department of Botany, University of Wisconsin,vMadison,
Wisconsin. _

3. Rockefeller Fellow, 1957- 1958 Present address: Botanical Institute,
' Kenazewa University, Kanazawa, Ja:pan°

4, Present address: Department of Chemical Pathology, Kings College Hospital
Medical School, London, S.E. 5; England.
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slgo be present elsevhere in the cells).

The chlorcplast may thus be visuslized as an entity which is cepable not only
v@f fiX¢ng and reducing carbon dioxade but alzo of metabollzxng its reduction prod-
ucts via-the Krebs cycle to thﬁ nany organic acids and amino scids which are in-
volved'in or originate from Krebs cyclé activity. It has been shown (Allen; et.
al., 1957) that isolated chloroplasts do fix carbon dioxide, in the light, snd
that radioactive cerbon from lshelled garbon.dioxi@e iz in fact found in such
compounds as phosphoglyceric acid (trace), hexose monophdspha&ee,'glﬁcose and
verious amino escids. These results suggest that thé.chlnroplast sotually does
cantain the carbon dioxide Tixation enzymes, t@gether with enzymes canvérting
phospb@glyceric acid (the first product of carbon dioxide fixation) into other
substences. In fact ORe Ny dbtain & clear supernstent liguid rich in car-
b@xydiemutase-by simply washing sn intact chloroplast preparationvwith dilute
buffer (Fuller; 1955, Lyttleton, 1958, Pon, 1959). This idea is further strength=
ened by other resulis (Whatley, 1956) showing that chloroplest fragments which
have lost fhe capa@ity to fix carbon dioxide cam have this abillty res ored to
them by,the addition of the clear supernatant liguid obtained after centrifugation |
of broken éhl@rcplastso o | |

BasshamB et. alo, {1956). using Ghlorellag have reportod that radicactive
carbon from label ded cafb@r dioxide is not found to any signiflcant degree in
glutemic acid (w 'min) a8 long as the cells are in strong light, but is incor-
porsted inte this amino scid immediate;y after the light is switched off. This
sﬁggeste& thét a small frection of the total cellular cowmplement of the rés»
piratory enzymes of the Krebs cycle is sssociated with the chlaréplast; as the
incorporation of carbon=i% into glutemic acid upon turning off the light is 80

rapid that it must occur at the seat of the photochemicsl reception. Recent
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wnrk,(ﬁolﬁ=ﬂanéen, in press) has shown that much more carbon from cérbon dioxide
is incorporated into glutemic acid when the cells Qere suspendad in'hﬁﬁrient
solution than when they were in distilled weter; aud hence there is some cuestion
as to the validity of the imtefpretatian of this glutemic acid labelliﬁg data.
Some attempts (Whatley, 1956) have been made %o find direct evidence for the |
presence of Krebs cyele enzymes in chloroplasts, but without &uccess. ”

It iS’Emowm'that in plents and snimals wost of the Krebs cycle emzynes
can be found in the mitoghomdrial fraction of the cells, vwhereas the énzymes
essociabed with the glyﬁbl_;ic &egradatian of sugar are soluble in the cell
'cytopl&sm (Neilands, 19555. In view of the evidence demonstrabing thai some blo-
chémical reaetﬂansg at least, are wssoclated with distinct subcellular organélles,
it is p@saible that the chl@rqplast mey represent a body more or less specialized
Tor the fixation and re@uctimn;of carﬁgn dioxide, tog@ther<with sone simple trans-
formations of the initial products of this Pixstion. The conversion of the
products of carbon di@xide fixation into the wide wvariety of metsbolites found
in the plant may, however, reguire the coll&b@r@tion of wany enzymatle systems
found outside the chloroplast. Agsumimg.that this is the case, the problem
arises of the wechenism of tramsfer of molecules within the cell from one place o
another, with the assoclated time delays, étco

Although isolate& chloroplasts have shown some ofvthe reactions abitribubed
to them in the intact cell, the rate at which carbon dioxide is-fixed‘by theée
isolsted particles is insufficient toAaccount_for the aetiviﬁy shown»py:the
intact cell. Allen (1955):rep@rted sn activity of isolated chloroplasts corres-
ponding to about G.00% pmoles ca, fixed/min/mg chlorophyll. The rate of carbon

dioxide uptake for the imbact spinsch leaf is not known to us, but the rate for

 Chloralls is 3-4 umoles VN fixed/min/mg chlorophyll (Bassham, personal communication)

(Hill, 1955)° The velue glven gbove for the rate shewn by the isalate&”s@inach'
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" chloroplests is thus only sbout 0.1% that of the maximum rate of intect Chlorella.
On the other hand, it has been shown (Armon, 1956; Thomas, 19573 Holt, 1951) that
isolsted chloroplssts snd their fragments cen liberate oxygen in roughly the same
amounts as can be obtained from the intact leaf compared on & chlorophyll weight
basis. The rate Qf photosynthetic phosphorylation for the intact leaf has not

been determined, but the rates obtained (Jagendorf, 1957; Allen, 1958} with
iéolated chloroplasts is of the seme order or higher then the associated CO, uptake
by the intact leafl compared on & chlorophyll weight basis. As 1solated chloroplasts
characféristically_shaw the thr?e,groups of reacti@ns typical fof phét@synthesis

. ) {
(oxygen evolution, photosynthetic phosphorylation and €O, reduction), the question
s o) s

arises as to why, when isolated from whole cells, the chloroplasts spparently retain ,

their power to fix CO, to only 1% of their former sbility, whereas their capacity
to liberste oxygen is but slightly impaired. |

The observations concerning the loss of activity upon iswlaﬁiﬁg cellular
constituents are reflected alse in the questions regerding the activity énd
nature of the initial carboxylation reaction in photosynthesis, namely, the
- reaction cetalyzed by carboxydismutase. This enzyme is capeble of carboxylating
ribulose diphosphate to form two molecules oﬁ rhogphoglyceric acid. Racker (1957)
has reported that the helf mﬂximal»velocity of thiﬁ%enzymatic reaction is gt &
bicarbonate concentration of 2 x 10‘2 M. In comtraét to this value, intact plants
have half saturation co, concentrations (for photosynthesis) in the remge of
3.5 x'lo"6 Mito 2 x 10”3 M (Rebinowiteh, 1951). The data of Pon (1959) show that
the carboxylating activity of the extracted cerboxydismutase system is not greater
than 005% of the Cog.uptake rate in the intact leéfo' The latter calculation

assumes that the enzyme accounts for approximately 10% of the nitrogen of the

cell, and is based on the enzymatic.cog fixation rate @btaiﬂedtbyAextra@olation

to a total 002 concentration of 1.3 x lOmS M. This concentration corresponds to

¥
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OJ-L%'CO2 in equilibrium with a buffer solution at pH 7.3. From these low turn-
over rates for carboxydismmtaSeg there arises the problem of ‘its relative in-

activity. Several possibilities emerge: - {&) the enzyme is nbt pure in its ex-

- tracted form, (b)4it has been dena&ured‘during isolation to an extent that lowers

its activity to the observed value, (c) theié is sbme essential cofactor or
other enzyme necessary for'full activity and which is not pfqvide& in the in
Xiﬁgg’teétsﬁ or (d),some form of ”a@tive CO," is the natural substrate rather
than CO, or bicarbonate ibn, |

| It ié thus appareht that at least fof'some reactidhs, the activity of the:
isoia#ed chloroplasts apﬁears much 1ower then 1t must be in the intact cell. The

reason for such a decrease in activity couldvbe'ascribed either to an environ-

mental changé, such as pH‘(and such other non-specific factors as are mentioned

in the preceding paragraph), or to the lack df é necesssry collaborstor resulting
from its physical separation from other_cellulér consﬁituents;"This léttér view
would regard the many particulate bodies of'thevcell-as‘beiﬁg more or lesé spe-
ciélized for cerrying out_réactions which are essential t0 the oversll metabolic
balance of the cell. Disrupﬁibn‘of‘thé cell and isolation of onévcomponent, such
as the chloroplast, would eliminamé the interactions‘between cellular components
present in the intact cell. .

The present investigatian was undertaken in an a&tempt to obtain experi-
mentsl evidence for such’interactions between various parts of a cell. The
cellular components of spinach leaves were separated into three fractions (the
chloropiasts; the mitochondrial fraction, and the fresh sap); and these fractions
were tested, both singly emd in c@mbihamion, for uptake and distribution of
radiocarbon and alsomfcr assimilation of various caﬁbon-lh labelled substrates.

This experiment may be viewed as an sttempt to reconstruct the biochemical
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envircnment of the inside of s cell after verious components of thet cell have

been separated and separately studied. - o .

EXPERIMENTAL PR@CEDURE | k v,

The following abbreviations are used in thls peper: EDTA, ethylemédiamin@ tetra-.
acetic acid; ADP, adenos;ne diphosphate; TPN, triphesphopyridlne nucleotlde DPN,
diphosphopyridine nucleotide; TPP, thismine pyrophosphate; RuDP -ribulose~1,5~.
diphosphate; PGA; phosphoglyceric acid; FMN, flavin mononucleotide; UBPG, uridine
diphosphoglucose; PEP; phm&phoenolmyruvate@

 Spinach leaves (Spinacea'oleracea)g obtained as fresh ss possible from g
commercéial source, were used to prepere sll fracti@ﬁso For the pfe@aramion of
whole chloroplasts, mitochondria and sep, the petioles were removed and the leaves
were‘weigheda QThe leaves were washed thoroughly in cold tep water amd drained as
'dry.as possible. For the chloroplast preparaﬁi@n; the leaves were dreined dry by
"tumbling‘ in a wiie basket, while for the preperation df sap aﬁ& mitochondrisa
- the leaves were further‘drigd by blotting with pesper towels. All subseguent
operationg_were carried out at, of.nears 0%. VAll glaﬁgwaré and centrifugation

' gpperatus were precooled to about OOC unless otherwise noted.

_ Preparation of intact chloroplasts: Two hundred and fifty‘grams of leaves were

used for each experiment. Grinding was performed in two bebches, the leaves being
cub into strips 0.5 cm wide. All centrifugstions were performed in an Internstionsl
Portable Refrigerated Centrifuge, Model PR-2. The flow diagram for & typical -

- preparation is given below:
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125 g leaves

Blender contained 250 ml of sucrose

buffered solution (0.5 M sucrose in

0.1 M potassium phosphate and 0.01
M EDTA, pH 7.2). Blender was
operated at full speed for 30 sec.

green homogensate

(Processing from this point included the homogenates
from two grindings, viz., 250 g of leaves).

8 lqyevs of cneegecloth

!
residue (discarded)

!
filtrate

200 %2 g3 5 min

]

. 1
supernebent liquid precipitate
. (discearded)
600 x g3 12 min
' .
precipitame

supernatant liguid (discarded)

‘Precipit ate was
resugpended in 25
ml sucrose in
diluted buffer
(0.5 M sucrose,
0.002 M phosphate,
0.00027] M EDTA,

pH 7.2).

600 x g3z 15 min

.’!
precipitate (intsct chloroplasts in

a a small amount of e81dual liguid)

}
supernatant ligquid-
(discarded)

The meterial was resuspended in the residual ligquid ‘with the
ald of a Pot ter—ElvebJem h@mogenizer eqpipped,w1th & Teflon*

pestle (Svspen61on c).

#Teflon is duPont's trademark for its polyflucrochydrocsribon, tetrafluorcethylene.
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Prepara@icn of the mitochondrial fraction: ' The leaves were cut into small pieces

(ca 0.5 cm square) prior to homogenization. Low speed and high speed centrifugations

were performed, respectively, in sn Internstionsl Porteble Refrigerated Centrifuge,

, _ 't
Model PR-2 and & Splaco Ultracentrifuge, Model L. The procedure is shown in the g
following flow diagrem:
125 g leaves
Mortar contained 50 ml 0.5 M sucrose
in 0.1 M potassium phosphate, 0.01 M
EDTA end 0.03 M sodium citrate, pH
7.2, To facilitate grinding, 25 ml
of HCl-washed sand was added. Total
time required for grinding was csa
30 min.
green slurry
8 lasyers of cheesecloth
residue filtéame
(discerded) " ,
3000 x g; 10 min
supernatant liquid precipitate
‘ (discerded)
20,000 x g; 15 min
¥ ™ —— )
supernatent liguid ‘ precipitete
. {discarded) :
Precipitate was resuspended in 5-10
ml 0.5 M sucrcose in 0.002 g_phos~
phate and 0.0002 M EDTA, pH T7.2.
20,000 x g; 15 min . )
precipitate supernatant liquid :
{mitrochondria and small (discarded) _ ¥

chloroplast fragmenis)

The materigl was resuspended in .
the residual liguid (Suspension M).
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Preparation of sap: Centrifugations were performed at low and high speeds, res-

pective1y9 in an International Portable Refrigerated Centrifuge, Model PR-2, and
a'Spinco Ultracentrifuge, Modél L, equipped with a No. 40 rotor. The leaves were

cut into small pieces (ca 2 cm square) prior to the following treatment:

150-350 g leaves were placed in the center of five‘layers
of cheesecloth and the cheesecloth was drawn into a bag.

The bag was dipped into liquid
nitrogen for 30-60 sec.

frozen leaves

The leaves were crushed with several
blows of a hammer while still wrapped
in the cheesecloth.

crushed leaves

~ The leaves were placed in a precoocled
blender (<15 C). The blender was
operated at full speed for 30 sec.

fine powder

The powder was poured into a beaker and
stirred constantly until -a slurry was obe
tained. Approximately 30 min was required,
and during this time the temperature of theo .
mixture was never allowed to rise above 1-27C.

green slﬁrry

1,500 x g3 10 min

| ’ " |
precipitate and crust - supernatént liguid
(discarded)

20,000 x g3 15 min

clear_supernataht liquid, precipi%ate
greenish yellow. - Yield: (discarded)
gpproximately 10 ml of

sap from 50 g leaves.



- 10 - : UCRL-8603

Further treatment of the clear supernatant liqpid (sap): A suitable aliquot
portion was set aside for the preparationtof boiled sa@,(see below). Another
. 5 ml portion was adjusted to pH 7.2 at 25°C with 1 N KOH (taking careful note
of the volumerreqﬁired), The rest of the supernatent liquid was maintained at
0°C and the pH was adjusted by the addition of a calculated amount 6f 1 N KOH
‘using the vuiume determined in the previous step. (This;;@ﬁ&ﬁ@%&ﬁﬁﬁﬁﬁgﬁfdmmdﬂy'
necessary because the éap PH had a large temperature coeffiéient; thus; the pﬁ
of the sap 1if adjusted to 702 atioocvwould drop to 6.8 when the sap was allowed
to warm to rooﬁ'temperamufé,) The above‘adjusted solutionvconstituted‘Solutién |

SO

Preparaticn of_the bqiled sap: The sépvwas,heated ih a boiling wéter bath
for 5 min. The precipitate wasvremoved by centrifugation and ﬁhé clear, yellow
supernatant liquid was allowed to cool to Esécbbefore the pﬁ waé adjusted to
7°év(Solutidn‘S(b))¢ '

Photosynthesis and dark‘fixation experiments: The apparatus used for 'the

photosynthesis studies was described by Moses and Calvin (in‘press). The teﬁ-
peratufe at which the experiments were carried ou£ was about 18°C; thevlignt
intensity ves 2,000 f.c. The vessels employed for the dark reaction studies.
were 10 ml Erlemeyervflasks, Bach flask was taped thoroughly witﬁ opaque,
,black adhesive tape and fitted with a rubber stopper. To insure further that
,"no light leaked into the container through the lip of the flask, an aluminum
‘cap wag placed over the stopper and fhe lip. The temperature of the dark
fixation vessels was aboﬁt 25°C,_

Loading the reaction vegssels: Appropriate volumes of the four mixtures

(C, 8, Mand S (b)) were added, singly and in combination, to each reaction

vessel. The total volume in each case amounted to 1.0.ml. The exact volume
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of each sdlution or suspension is listed in the RESULTS section under the various

tebles. Furthermore, except where otherwise noted, 0.05 ml of & cofacﬁor solution

_was added to eaéh flask. This solution comtained; in a 0.05 ml aliqﬁot portion,

the following materials (values are in umoles):. MgSOﬁ, b: MnCl., 1.6; ADP, 1;

2

TPN, 0.02; DPN, 0.2; TPP, 1l.4; and ascﬁrbic.acid, 2.5, Some reaction vessels con-
tained other.subsﬁrates. .These additions were generslly limited to 0.1l ml or less
and sre described in the RESULTS section. The reaction was started by the addition
of 0.1 ml of NaHCan3 (0.0438 M, 1 mc/ml), except in those cases where other radio-
active substrates were added. The pH of éll solutions (cofactors and substrates)
was adjusted to T.2 just prior to uée° Incubstion was generslly éarried'out for
3b min. The reaction was stopped by the addition to each flask of k4 ml-of absolute

alcohol at room tempersture; the final concentration of alcchol wee thus 80%.

Chromatography end identificetion of products: The 80% ethanclic suspension was

centrifuged and the precipitate was extracted once at SOOC with 3-4 ml of 20%
ethanol. The extracts were combined and a suitable_aliqyot portion (200-500 ul)

was subjected to chromstography. Chromatography was carried out on oxalic scid

washed Whatman No. 4 paper with phenol-water in the first dimension end butsncl-

propionic aciémwéter in the second dimension (Benson, 1955). -

The radioactive aress on the chromatograms Were located by ekposing thevpaper
Ho duPont X»ray\film type S07E. Counting szclh'on the paper was accomplished
with:a'Geiger=Mpeiler tube fitted with‘a "Mylax" window,'and flushed continuously
with Q-gas (99005% He and 0.95% isobutane)(Hayes, 1955). For plate couﬁting; a
Nuclesr-Chicago aut@matic,counter wes employed. Duplicate planchets were pre-
pared, drying the seample together with s drop of 6 N acetic acid, The samples
were spread on the aluminum plates using a rotating teble and dried with & blower

(Calvin, 194%9). Preliminery identification of labelléd compounds on the paper
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was established by their Rf values. Confirmation was achieved by elution of the
compound and rechromatography with authentic marker substances. If the compound '
was in the organic phosphate area of the chromatogram, it was also subjected to
dephosphorylation with acid prostatic phosphatase (Schmidt, 1955) and rechromato-
graphed with authentic markersovaxact coincidence between the labelled sﬁbstance
and the marker was taken as the criterion of identity.-

Phosphate esters were detected by spraying the paper with the reagent des~
cribed by Hanes and Isherwood'(l9¥9), drying in an oven with a forced air draft
at. about 60°C and then exposing to sunlight. Amino a01ds were sprayed with O. 1%
(w/v) nlnhydrln in 95% (w/v) ethanol and the chromatograms were heated at 100 ¢
for 5 min. Organlc acids were sprayed with an 0.04% (w/v) ethanolic solution of

bromocresoﬁ*green, made just alkaline with a little NE Sugers and glyceric

3"
acid were detected by dipping the'chromgﬁograms into 8 solutioﬁ of AgNO3 in
acetone, allowing them to dry,; and then spraying them vith ethanelic NaOH
(Trevelyan, 1950)0. After development of the spots;, the excess_AgN03 was washed
off with a dilute ammonia solution and the papers were dried. Nucleotides ahd
‘nucleosides were located by UV absorption on the paper. $hose chromstograms of
extracts of experiments involving eap generally had enough aminq acids and re-

ducing compounds to constitute useful markers for the spray tests.

Chlorophyll determination: Chlorothll determinations were carried out on the
various ffactions which contained green materisl. The method consisted of ex-
tracting the matefial with 80% aeetone, clarifying the acetonic solution by
centrifugation and readipg the supernatant liquid:in‘a speétfophotometer in the‘
wavelength range from 640 mu to 700 mp. The details"of-thie proeedure_aie des~
criﬁed by Arnon (1949). |

| For theidetermination of chlorophyll in the intact leaves, it was found that

not all of the green materisl was extracted by acetone. In this case ethanol was
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substituted and heat (steam bath) was applied to hasten the extraction° The con-
centraxed alecoholic solution obtained in this manner was diluted in 80% acetone ’
and tregted as indicated above.

Protein determingtion: The proteih content of & sample was determined colori-

metrically on the basis of a combination of colors from the biuret reaction and
the tyrosine~Felin cdlor reaction. The method is described by Lowry, (1951).
The'reference.protein used.to set up the standerd curve was obtained by dilute
phosphate Buffer extraction-of-the‘chloroplasts;-vThis extract'was subjected

to exhaustive dialysis féllowed by protein determination on a weight basis.

RESULTS

While beth the chloroplast and the sap preparations were able to fix carbon
dioxide alone, the most striking effect noticed in these experiments on the ac-
tivity of the ehloroplasts wae caused by the addition of the cell sap f:action,
This is illustrated by the data shown in Table I, from which 1%t can be seen that
chloroplasts suspended in sucrose fixed T.3 x lO6 dpm (ddsintegrations per minute
C ), gsap fixed 1.5 x lO6 dpm, and the combinstion of chloroplasts and sap fixed
27 X 106 dpm. The additlon of the sap thus brought about a fixation of radlo-
active carbon that was over three times that to be expected from a simple addition
of the fixation of each component separstely. The distribution of the fixed
carbon into the alcohol-soluble eompounde is also shown in Table I, and, in
additlon, representative radioautograms are shosm in Figure I.

The distribution of the radiocarbon fixed by the chloroplasts suspended in
sucrose was very different from that fixed by the sap fraction alone. The former -
shgwed‘over T0% of the fixed soluble radioactivity in the sugar phosphates‘and
only 15% in the aminovacids, while the sap fixed close to SO% of'the carbon-lh

in the amino acids and only 33% in the sugar phosphates. The percentage of
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activity in the sugar phosph@tes from the sep fixation (33%) wes higher than is
usually observed in dark fixation experiments by ph@tQSynthetic crgaaisme or in o
CO- fixation by nomphotosynthet¢c organisms {Moses,.in pr@ss} - This. muy indicate
either that labelled aspartic acid was being converted to PGA, nginc rise to
labelled PGA by a nOnphOtOSJ“uhPtLC roumé, or that some cf the chlorophyll which
was still found in thilsz fraction may have mediated the fiXa=iun of some carbon
dioxide via a-photosynthetie mechanism. The l“*ter possibility is uvnlikely in
view of the results obtained by the atdition of the mitochondrisl fractlon to
the Sap, a8 the amount of chlorophyil presept in the mitochondrial fraction was
gregter than thet in the sap alone. wNeither the total uptske of C@ nor the
disg rlbutlon of the radio@ctlvﬁty Shown bJ the sap fraptaon WES amterca by the
addition of the mituchondri” gotion.

The incresse in Iix&ai n upon gdding the sap fw’u“v0b to chloroplasts was
not caﬁsed by an inorganic constituent, as bolling the sap for 5 min.destruye&

ite ebility to increase the totel fixebtion of l&belled carbon dicxide when added

to the chloroplast suspension fTaole “" The most noticeable difierence betweem
. " .ll'!' . ‘
the effects of fresh &md boiled sap on the distribution of C + fixed by the

chloroplasts, wes in the relative amguhts fduﬁd in the suger phosphates and
amino éicdso With chloroplasts end fresh sap some T71% of the fotal soluble
ramloaut*vlty was preswnt in the oh osphates, whereas chi@ﬂuplasu& end boiled sap
fixed 93% of the Saluble radioaétiﬁitj‘inta these compounds, with PGA alone
accounting for 42%.

‘ The mitoc hondwlal fr&c vion shcwed very little fixati ion of uO (0. 4% that

of the chloroplast f”actlon) w1tb the fixed rediocsctivity deing restricted mainly
to PGA and aspertic acid (Table ). This fraction ¢id not alter the distribubion

of raaloactivity when added to chloroplasts or sap, but did consistently depress

~

]
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the total am@unt.of radioactive carbon dioxide fixed by the éhloroplastusap
mixture. vThe.reasqn for the decrease in the rate of carbon dioxide fixed by
the'éhloroplastasap mixture following the addition_of'mitochdndrialis not clearo.
The effect may represent a physical phenomena of surface adsorption of some
required eniyme or reactant oﬁ the mitochondria.

The omiésiqn‘of the cofactor supplement resulted in a marked decrease in the

total fixation of CO, by the chlordplastwsap mixture. The amount of radiocarbon

2
fixed was only 14% of that fixed by the chloroplast and sap mixtmreAwhén the
cofsctor supplement had been added (Teble I). The effects of the individual com-
ponénts of this coféctor supplement were not separé&ely studied; and it is there«
fdre not possible to state which of the substances in the cofactor mixture was “
responsible for the large stimulstion of fixation., »

That the fixation of CO2 in these expériments does actuslly represent a
photosynthetic upteke of €O, end not merely dsrk reactions is shown by the low

2
- total fixation @f'Clh by the combination of chloroplasts, sap and mitochondria

2
86% of the fixed soluble radioactivity was incorporated into aspartic acid and

when incubated with labeled CO. in the dark for 30 minutes (Tsble I). Over
malic acid. These two compounds cheracteristically incorporate radiocactive.
carbon dioxide via well known dark resction mechanisms (Visbniac, 1957; Meister,
1957)0 In another gxperimsntp‘using chloroplast-sap mixture the fixation of
carbon dioxide in thé ligat was some 25 times greater than that in the dark.

In @r&ér to obtain more information on the effécts of éap on the light
fixation of carbon dioxide by chloroplasts, the following two experimenté were
vperforme&g (1) the fixation of C@é by the chloroplast and sap mixture was
measured.at 1, 3, 10 and 30 min after the introduction of the radioactive bi-

carbonate, and (2) the effect of verying the amount of sap waé determined for

fixation times of 30 min. The results from the kinetic experiment are shown
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in'T}a,blre II and Figures 28 and 2b together with rediosutograms in Figure 3. The
fixation of 00}2‘ by this system was approximately linesr with time, and PGA was

the dominant radioactive material, especially for the shorter exposure periods to
rediocactive carbon dioxide. A p;ot of the re;dioactivity with time in each com- |
pound as a percentage of the total sqlublé radiocactivity shows _tha,t PGA and the
diphos@hate ares both had negative slopes, but of these the PGA c_onta,ined. the moé-t
activity, having 61% of the soluble activity after one minute of fixation time :
V(Figure 2b). When the amount of sep which was edded to the chleroplast suspension
was vai'ied, the‘ total fixstion was directly propor‘t‘ional ‘o ‘the ‘amount of sap
added (Figure 2¢). ‘

Except in‘ the 30 minute dark fixation (Table I) ; no labelled glutamic acid
was foun.d_ in these experiments. It wa,s-thérefore of interest to see if radio-
active carbon would be incor:pora‘ted into glutamic acld inithe dea.rk period follow-
ing & pericd of photosynthesis with redioactive 002 s &5 has been reported for
Chl@rélla, (Bassham, 1956). The results (Tsble III) show that no radioactive

“glutamic acid was discernible in the chloroplast and sep mixture after 5 min
photosynthesis with radioactive C0,, followed by a 5 min period of darkness.

: The chloroplaétasap mixture aid metaboliie labelled RubP. However s since
the labelled RuDP was itself contaminated with a variety of other lsbelled com-
pounds normally found in algae, it was impossib‘le to mske a qualitative estimation
of the fate of the labelled RuDP. Attempts were made 1:_0 determine whether RuDP
wa.s metabdiized. by the sap alone or the chloroplas‘ts' slone (Table IV). Addition
off‘uniabeiled RuDP to a chloropla,st suspensioﬁ in the dark resulted in an increase
fixetion :c:)f labelled carbon dioxide of about 800,000 dpm over that of the dark
fi.xation _of a chlomplasﬁ suspénsion in the basence of RuDP. 'I'he most pronounced
effect on the distribution of fixed carbon-l4 following the a,ddi‘tian of unlabelled

14

RuDP was that most of the increase in G~ fixed was accounted for by an incresse
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in labelled PGA.

Neither the sap fraction nor the chlordplasts were able to metabolize labelled.
PGA very rapidly (Teble III). The sap frection did show incorporation of carbonulh
into PEP, glyceric acid, alanine andfcitric acid, Metgbolism of lsbelled PGA by
the chloroplasts was slow, and small aﬁ@unts of redicactivity only, were found in
the hexose monophosphates, meltose, snd glycolic acid.

Studies with citricml,ﬁmclh &8s a'subsﬁrate for Krebs cycle activity showed
the f@rmatlgn of glutamic, a=-ketogluteric, and other acias by Sap, but rot by
chloroplests.

In seversl experiments with the chloroplasts and sap mixture at pH 6.1,
there ﬁas & marked decresse in the total fixstion of 002 to about 1% of that
otbained at the pH 7.2, The pamtérn of carbon-1b distribution at pH 6.1 was
eleo very different thean tha% found at pH T.2 (Figure 4). In this experiment
the alc@h@lmwuluble c&npounda were separa&ed by use of exchange reuins into s
neutral fracti@n and en ionized fraction. The neutral fraction, censisting
largely of glucosep fructose, sucrose, maltose, aznd varlious p@lysaccharidgs of
glu@@seg é@m@rise@ gbout 50% of the total fixed redicactivity. The lonized

fraction, Which consisted mostly @f therphosphorylated compounds amino.acids .
and organic acids, comtained the remaining 50% of the fixed actlvityo When the
experiment was Qerforme@,ax pH 7.2, the free sugars (ccrrcsp@nd$ng to the neutral v
fraction in the ab@ve experiment contained only 2-3% of the total Pfixed radio-
activity. |

Another étriking effect caused by lowering the pH of the chloroplast sus-
pension from 7;2 to 5.0 concerned the ability of theée particléé toc caxrry out
trensamination. Thiﬁ effect was tested by ingﬁbaming the sap or chloroplasts
fractions with pyruvic acmmgecm’ and unlebelled slanine. At pH 7.2, the

chloroplasts showed strong transaminese sctivity as.witnessed by the large amount
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of radioactivity incorporated into the alapnine, whereas at pH 5.0 no radioactivity
was evident in alanine. The sap exhibited stromg vranssmination at pH values of

7.2 and 6,1.

DISCUSSION

Although both the chloroplast and sap fractions were very active in
assimilating carbon diokide, especislly when mixed together; the mitochondrial
fraction had little effect both on the rate of carbon dicxide fixation (a'slight
depreséant effect was noted) and on the distribution of the fixeél.car'bon° ?his
mitochondxial ffaction, which was defined as that particulate m&térial wvhich
centrifuged down between 3000xg and 20,000xg, most certainly was not a pure
preparabion of mitochqndria, but contained s mixture of particulate matter. This
fracticn was tested manometrically for oxygén uptake upon addition of & Krebs
eycle intermediate {citric acid), and 1t was found to be active to some degree
bﬁt not to the extent which would be expected from reported datz on mitochoﬁdrial
setivity (Chmura, 1955). The setivity of this fraction was also tested by the
addition of lsbelled citric acid. TIts abllity to carry on transaminatioﬁ was
also tested by sddition of labelled pyruvic acid and unlabelled glanine. In
both cases there wes litile or no conversion of the sdded substrates by-the
mitochondria.

It is thué apparent that this fraction must have lost aétivity during the
isolation procedure, and the lérgely negative results ob%aine& upon - addition of
it to samples of chloroplasts and'sap must be interpreted with caution. The
tendency of mitochondria to depress thé totel fixetion of 002 may represent a_
physical adSQTpﬁion of sdme factor or enzyme by the particulate matter in the

mitochondrial fraction. In studies such as those reported in the present

communication, it would be of great value to be able to obtain mitochondria:
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uncontaminated by green chloroplast fragmenﬁs, and to be gble to demonstrate
manometrically that the particles gossessed stroﬁg citric acid cyecle activity.
Untild ﬁhis is done, it is hard to extrapolate from these experiments to the
possible interaction of these particles with the chlorqplasﬁs in the intact
cell. ' o

The most important obeervation that emerges'from the data is.the strong
;stimulating effect on the total fixation of 002 obtained by sdding fresh sap
to the isolated chloroplasts. This effect 1s not explicsble, based on the know-
ledge avalleble to us today, in terms of deficiencieé of essential éofactors or
in terms of osmotic or pH effects, but rather by some catalytic interactioﬁ of
unknown nature between_the two preparations. ‘
| The cofactor éuyplement which was added contained the factors which a:e
commonly accepted a8 showlng & stimulation of chloroplaét activity; with the
possible excepti@n of & flavin derivative and Vitamin K. It is unlikely that
either 8 flavin or ¥Vitamin K was responsible for the cbserved effect because
they would be expected to resist heating to lOOOC for 5 minutes. In fact, it
was shown that b@iling the‘sap destroyed its ability to stimulate chloroplast
- activity. ’From the knowledge thaﬁ the rate_of carbon dioxide fixation by a
chloroplast-sap mixture remained approximately linear'fof 30 min, and that the
stimulation of chi@r@plast activity by‘sap was directly proportional to the
amount of sap added, it sppears unlikely that the sap was merely providing some
'metabolite or reactant which is necéssary for chloroplast activity unless this
reactant were of & catalytic nature. It is possible to conceive of the sap pro-
_viding a heat-labile cofactor or enzyme which can partially overcome & bottleneck,

limiting the rate of entry of CO, into the photosynthetic cycle.

2
This could be visualized in one of the followling three ways. First, the
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sap may be adding s sub"swbance which serves as an activator of carbon dioxide,
the activated carbon cL.o*’“ ée being the natursl substrqte for the carboxylatioen
of ribulose diphosphete rebher than bicarbonete ion or dissolved carbon: diexide.
It is known that the turnover rate of carboxy&ismﬁ‘base s when nmeasured after ex-
‘traction from the cells, is too low to account for, the rate at which it must be

turning over in the intect cs2ll i the phc’tosdnuheticallvm ix ed carbon d.ioxide

It

18 indeed being mediated by this enzyme (see Ta,ble V). Oned ‘t'ne hypethesés
that has been suggested to explaln this is that in the in vitro eApew ments wi'bh
The enzyme, free CG*'2 or biea;rbonate hes been ad_ded as the substrate, and j.n the
intect cell there ney be some ‘sctive 002" compliex which serves as 'the substréte
for the carboxylation of ribulose diphosphate. (Flavin, Cestre-Mendoze ond
Ocho‘a, 19565 Bechhawaet, Woessner and Coon, 1956; Mets ner; Metzner and Calvin,
1958) . |
The second way din wh ich the sap a,ouﬁd. be st mula:aings the fizsbion of CO2

by the chloroplasis woulv ‘be if it provided some factor which increased pht;to—_
syn'bhe‘tic.phosphorylea‘tionc ‘ In the photogynthetic cycle there are two reac“tidns
winicih reguire high-ensrgy phospha’cé: the reduction of PGA and the phosphoryia_tion
of wibulose monophosphabe ﬁo Rlﬂ.)-P_e The present date do not permit a firm
d.cc.u.s:a.on between these two hypotheses s but the distridbubtlion of radiovectivity.
wonld spesk more stra;ngl}* for the latter alternative. When the diphosphate

erea was trested with acid phosphatase, met of the radicactivity was i‘ound, in
the fructose a_ndl glucose, 'w_:.“,’ch about 3.()-157% in ribulose. If the carbon dioxide
substrate were linmiting the rate of enlry of (‘O in"bo the cyele, it would be. ex-
pected that RUDP would accumulate and be the major counstituent of the diphbspha;,te

area. This is actuelly found in Chlorells or “ceneu.eequ under low 002 pressure

(Wilson and Calvin 3 1955). If; on the other hand, the level of AT? were the

limiting factor, one would expect ‘the reduction of PGA to triose %o proceed
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slowly end the amount of labelled RuDP td be low. Both of these circumstances were
found in the chloroplast preparations. It should be recalled.héré that photosyn-
, thetic phosph@ryiation procéeds at‘a rapid.rate in iéqlatéd chloroplaste (pH 8;
see Tsble VII)A(Allen; Whatley and Afnong 1958). Tt is qﬁite possible, however,
ﬁhat photosynthetic phosphorylation was limiting in this case.because of pH
differences or the lack of some factor. With this possibility in mind, a third
alternative mmsﬁ be considered, namely, that the‘rate of formation of reduced
pyridine nucleaﬁide was the limiting factor.

| Using the value of 3.0 umoles CO, fixed/min photosynthesis/mg chlorophyll
for Chl@rellay the spinach chloroplast preparationé fixed 002 at a maximum‘rate
sbout 1% that of Chlorella when compared on a mg chlorophyll bésiso The actﬁal
amount of 002 fixed by the spinach chlorcplasts was cal¢ulated‘from the épecific
activity of the bicérbdnate introduced and the total uptake of radiocarbon
(Teble VI). | |

The question can then be raised as to what is limiting the sbility of the

chloroplasts to fix and reduce 002, Iﬁ has been seen that fhe sap, which in-
creased the total fixation markedly, did not significantly alter the pattern of
carbonwlh distribution. This may be interpreted to mean that whatever waé limit-
ing the ability of the chloroplasts to fix CO2 before addition of the sap was
still operative, even after addition of the sap. If the addition of the sap
removed one limitation completely, the mew limitetion would most likely cause
some shift in the incorporation patterns. It is evident that in disrupting the
cells and'recombining only the chloroplast aﬁd sap fractions, not only is the.
overall organization of the cell destroyed but there is a possibility that the.
essential cofactors, ete. may have been leached oht of thé'chlorqplasts during

separztion. To obtain more definitive amswers as to the nature of the decrease
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in photosynthetic ability, it would be heipful to have data from experiments in
which the particles were isolated in_vérious ways. It would also be of interest
to know the photosynthetic ability df a mash of spigach leaves when the cells
were ail'disrvpted but before the actual separastion of any componentéo

Fager (1952) has actually performed'éxQeriments with macerstes of spinach
leaves. Unvbrﬁunately, the specific. activity of the radioactive carbonate used
by him is unknown and therefore it is not possible.to calculate the faté of carbén
dioxide fixation of the preparationn' The experiments, hg&everw brdught out two
significent facts: (i) the sepsrated chloroplast meterial centainﬁig,chloropi&sts,
grana, etc. did not fix any carbon dioxide,; but when this chloroplast material was
recombined’with the cell sap, the.mixture then exhibited the same 002 fixiﬁg ;
ability s&s did the complete leaf macerate; (i1) wp to 60%'of the radicactive
tracer~was incorporated by this materate in the PGA fraciionu,

It should be pointed out that the question of transport of 'active 002”
through the cytoplasm to the chloroplast remains undecided. Also unsettled is
the guestion as to how much of.the producté of photosynthesis leaves the'ghioro—
plast during optimsl conditions for photosynthesis, snd the nature of the
molecules ablé ﬁe enter and 1eave_tﬁe chloroplasts. Iﬁ is thus possible t0 con-
ceive of the chloroplast‘éé‘having limited biosynthetic eap&bilitiesé necessi-
tating exchange of substances‘beﬁween the chloroplast and other bicsynthetic
regions of the cell., v ‘ | |

Upon examinaﬁion éf the dama~shéﬁing the_distribution of radioactive carbon
by chloroplasts with and without the presence of sap, it eppesrs that the sap
affected %o scme degree ﬁhe‘conversicn of‘the'igxermédiaﬁés inV@ived‘intthe pheto-
synthetic cjcle to such other metabolites. as aminovacids.ana orgaﬁic acids, It
is possible that this effect of the‘sép iS~accomplished by & component of the

,
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sep which can enter the chloroplast, but it is more likely that some component
in the chloroplast ié moving out of.the chloroplast and undergoing further con-
version in the sap. ‘

It is interesting to note the preéenee of sbme labellsd phosphogluéonic
acid in the product»Qf photosynthesis by bpth chloroplasté alone as well as by
the chloroplast-gsp com.‘oina;tn?.onv‘9 (Eigures la and lc). ?his Suggests thax the
pentose cycle for the oxidatiﬁn.of glucose is operating in these preparations
and might contribute (Wdod, 1955) to the‘redistribﬁtion of theblabel originally
present in carbon atom three into carbon atoms one énd two Of glucose (Gibbs and
Cynkin, 1958).

The distribution of the fixed-radiocarbon by the chloroplast-ssp mixture
was sensitive to pH change. When the pH was changed from 7.2 to 6.1, much more
radiogbtivity was incorporated into the free sugars and oligosaccharides, The
same ébservamion has been made by Ouellet (1952) with intact,Scenedésmus. His
resulte showed that the lower the pH (down to pH 1.6), the greater was.the in-
corpofation rate of radiécarbon into sucrdse and polysaccheride material. Since
the pH optims of the enzyme systems in plants are not known, no definite correla-
tions can be made between the observed‘patterns and the pH sensitivity ofbspea
cific enzymeso |

These attemps to *reconstruct? the biochemical envirconment of a spinachv
leaf have been limited by inactivity of the mitochondrial fraction and have so
~far led to a limiting rate of photosynthesis which is only 1% of_that found in
the intact léafa The reason for this reduction in phétosynthétic ability upon

disrupting the cell and isolating the chloroplasts is not known, but the fact

that addition of sap increased the photosynthetic rate more than three times

offers some opportunity for further experimentation on this problem.
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Addition: Since the completion of the manuscript,--c%ibbs end Cynkin (1958 a) have
reported a COp fixation rate of 0.033 umole/min/mg chlorcphyll by spinach chloro-
plasts. On this basis, the maximum rate of 002 fixed by intact spinach chloro-

plasts is only sbout 1% that of the maximum CO, fixation rate by imtact Chlorella,
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Summary

Cellular cgnstituents (chloroplasts, sap and mitochondria), separated from
spinach lea?es, weré allowed tp photosynthesize in fﬁe'presence of radioactive
bicarbona,te° The radiocérbon fixed by the chlbfoplasts was distributed mainly
in the phosphate esters while the radiccarbon fixed by the sap was located
mostly in the amino acidéo' The mitochdhdriallfraction fixéd very little radio-
active carbon dioxide. The rate of carbon dioxide fixation by the recbmbined
mixture of sap and chloroplasts was greater than the sum of the separated com-
ponenﬁs. ‘The distribution pattern of the fixed radioéarbon of the recombined
mixture, however, waé gualitatively similar to & combinamion of'the radiocarbon
distribution of the separated chloroplasts and sap. TheAresults‘of experiments
carried_out with these cellular constituents in the dark and in the presence of
other‘substratesy labelled and unlsbelled, are discussed.

The amthors are indebted to Professor H. A. Barker for his supply of.acid

prostatic phosphatase.
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Total Wpteke and Distribution of Carbon-14% from Labelled Carbon Dioxide
' by Various Combinetions of Cellular Constituents of Spinach

Reaﬁtimn
Mixture

Reaction Conditions

Disintegrations
per minute

Corpound

Mgnmphasphateﬁ‘
PGA

FEP
EZPhosphates
Aspartic:écid
Alsnine
Glutamig geid
Glyciée
§jﬁmiﬂo acids
Fructose
Glucose
Sucrose
Maltose
ZgFree sugérs
Glyceric acid
Melic acid

Viorgenic acids

s
30 min light -
7.3 x 106
cpnm
x 1073 %
17 3.4
23 h;9
210 46
78 17
330 72
21 .5
8.6 1.8
36 7.8
66 ik
L0 0.9
P P
11 2.3
18 3.2
19 4,0
52 1l

S
30 min light,
1.5 x 106

cpm

x 1073 4
0.k 0.5
2.8 3.1
21 23
5.2 5.8
29 33
43 48
'lol .].,02
B b9
2.1 2.3
13 15
16 18

M
30 min light
0.05 x 10°
cpm

x1073 g
1.0 59
1.0 59

O o':':{ )3-‘2
C.7 Lo

C+8
30 min light
27 x 10°
cpm
x 1073 ¢
iho 8.4
20 1.2
20 25
koo 29
100 5.9
1200 69
210 12
69 ho1
19 1.1
310 18
21 1°2 
27 1.5
6.8 0.k
11 0.6
58 3.8
59 3.5
s .4
160 9.3



Reaction
mixture

Reaction
conditions

Disintegrations

per minute

Compound

‘Dipheéphates
UDPG -

._Mbnbphosphates
PGA

PEP |
l}:_Phosphates
Aspartic acid
Alanine
Glutamic acid
Glycine

¥ Amino séid
Fructose
Glugose
Sucrose

. Maltose

ZFree sugars
Glyceric acid

Malic scid

EZOrganic acids

C+M+S8S
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TABIE I
(Continued)

C+8

()

C+8

(no cofactors)

UCRL-8603

C+M+S

30 min light 30 min light 30 min light 30 min dark

16 x 10°
cpm %
x 1073

15 1.8

6.1 0.7
'180' 22
270 33

62 7.5

250 67

110 1k
36 4,3
35 k.3

180 22

P P

30 3.6

lsu 6.6

9 11

T-T x
cpm
% 1073
L8

160

170

380

10°

%

12

102

2.2

2.3 x 100
cpm %
x 1073 '

0.8 0.6
Mo 31
36 25

TeT 55
89 62

6.8 4.8

12 8.3

11 8.2

33 23

2.h 1.6

2.6 1.8

k.o 3.4
11 8.2

L,5 3.2
6 1

2.5 x 10°
cpm %
x 1073

0.3 0.2
2.3 1.7
0.8 0.6
1.0 0.8
4.5 3.3
8h 62
2.2 1.6
0.3 0.2
8.7 6.3
95 70
3.b 2.5
3+ - 25
37 27
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Key to Table I:

Cs Suspension C, 0.1 ml (0.61 mg chlorophyll and_8°9 mg protein) plus 0.9 ml
0.5 M sucrose buffered at pH 7.2.
S Solution S, 1.0 ml (0.03 mg chlorophyll and 27.4% mg protein).
M: Suspension M, 0.1 ml (O hh mg chlorophyll and S. 2 mg protein) plus 0.9 ml
0.5 M sucrose buffered at pH To2o
C + S: Suspension C;, 0.1 ml plus 0.9 ml Solution S. (Thié corresponds to 5etween
1.2 and 5.0 times the ratioc of sap to chlorophyll which may be in the
leaves. The uncertainty lies in the amount of sep in the leaf ) ‘
C + M+ S: Suspension C, 0.1 ml plus O 1 ml suspens1on M plus 0.8 ml Solutlon‘S°
C + 8. (b): Suspensmon_c, 0.1 ml plus 0.9 ml Solution S (b)y(9,9 ng protein).
‘A1l other detailé are described in the Experimental Procedure section.
Disintegrations per minute; This represénts.thé total Clh fixed in the alcéhol-
soluble portiogo -
cpm: Counts peﬁ minute on the paper chromatogram calculated for the entire
- sample (uncorrected for geometry, self-absorption and coincidence).
% Percent of the total soluble activity calculatéd by the summation of all
-the radicactive spots on the chrématogram°
Phosphates: Sum of the listed_phosphates, including those not listed
(phosphoglycolic acid and triose phosphate).
Amino acids: Sum of thevlisted amiﬁo acids,  including those not listed (sérine,
| | citrulline, valine, glutamine and other unidentified ninhydrin-
positive spots). |
Free sugars: Sum of the listed sugars only; .
Organic acids: Sum of the listed acids including citric acid, pyfuvic acid,
glycolic acid, succinic acid and fumaric seid. /

P: Present, but not separated from’ glyc1ne and therefore counted together with
glycine.

¢
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TABLE II

Total Uptake and Distribution of Carbon-1l by Chloroplast-Sap
Mixture after Varying Times of Exposure to Radioactive Bicarbonate

Disintegrations
per minute
Compound
DiphosPhates
UDPG v
Monophosphates
PGA

PEP

2 Phosphates
Aspartic acid
Alanine
Glycine
<§;Amino.acids
Sucrose

Z Free sugars
Glyceric acid
Malic acid

ZZOrganic acids

Key to Table II:

Chloroplast-sap mixture:

Disintegrations per minute: Total C

Exposure Time to Radioactive Bicarbonate

Suspension C, 0.1 ml (0.68 mg chlorophyll and 9.2 mg
protein) plus 0.9 ml solution S (0.03 mg chlorophyll
and 17 mg protein). The ratio of sap to chlorophyll
lies between 4.3 and 1.0 that of the ratio which may
be present in leaves.

1k fixed including both the alcohol soluble
and insoluble fractions.

Explanations for the résp of the descriptions are given under Table I°

3

1 min 3 min 10 min 30 min
0.37 x 10° 1.5 x 10° 6.9 x 105 29 x 10°
‘cpm % cpm % cpm % cpm %
x 1073  x 1073 . x1003 x 1073
2.3 13 bh 6.2 12 3.9 43 3.1
- - - - 2.4 0.8 17 1.2
2,0 1. 10 1 38 13 280 21
| 10 61 S, 8 . 170 57 500 36
0.3 1.8 2.4 3.4 20 6.7 110 7.9
15 88 58 81 b0 8L 950 69
1k 7.9 5.2 7.3 18 6.1 180 13
- - Ll 1.5 3.4 1.1 48 3.5
- - 1.0 1.4 ko2 1.k 45 343
1.h4 7.9 8.6 12 38 13- 310 22
- - - - - - 10 0.8
_ ] - . - 10 o8
- - 1.5 2.1 5.4 1.8 Wk 3.2
0.7 4,2 3.0 k.2 13 4,2 e 3.0
0.7 ko2 4.8 6.7 21 6.9 100 7.6
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TABIE III

Uptake and Distribution of Radlocactive Carbon by Sap
and Chlorecplasts under Various Conditions

Reaction ‘ » L

Key to Table III:

Mixture C+ 8 ¢ + pea-ct S + P(:‘nt\.e’clh
- 5 min light, |
Conditions then 5 min dark 30 min light . 30 min light
Disihfegrations | & o ’
per minute k.0 x 10 f
Compéund cpm.=3 % cpm 3 % cpin 4 %
: x 10 x 10 x 10
Diphosphates 0.8 0.4 - - - -
 uoPG - - - - - -
Morcphosphates 15 8.3 20 13 - -
- PGA - -89 50 130 83 190 76
PEP 1k 8.1 - - 28 _ 11
- Y\ Phosphates 120 67 150 98 220 87
‘Aspartic acid 22 12 - - - -
" Alanine 9.6 5.0 . - 9.1 3.6
Glycine 3.3 1.9 - - - -
ZAmino acids hp 23 - - 9.1 3.6:
Maltose - &2 2.6 1.6 - -
E:ZFree sugars - - 2.6 1.6 - -
Glyceric acid 3.6 2.6 - - 24 9.6
Malic acid 11 6.1 - - - -
Organic acids 17 9.8 1.0 0.7 25 10

C + S: This chloroplast-sap mixture is identical to that in Table II.

¢ + paa-cth,

Suspension ¢, 0.1 ml (0.68 mg chlorophyll and 9.2 mg protein)

plus carboxyl labelled PGA prepared by reacting RuDP with

' Naﬂblh03'in the presence of carboxydismutase (Mayaudon, 1957).
The concentration of the PGA used in this experiment wag unknown.
Unlabelled bicarbonate was added in place of radicactive bicarbenate.

: Solution S, 1.0 ml (0.03 mg chlorophyll and 19 mg protein) + PeA-CLH,
Disintegrations per minute: Total Cl4 fixed in the alcohol soluble fraction only.
Explanations for the rest of the descriptions are given in Table I. Other details
of the experiment are described in the Experimental Procedures section.

S + PGAmClL{"
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TABLE IV

1k

The Effect of Added RUDP on the Fixation of C™°

Reaction Mixture
Conditions:

Disintegrations .
per minute

Compound

Diphosphates:
UDPG
Monophosphates
PGA

PEP
3: Phosphates
Aspartic acid
Alanine
Giycine

37 Amino aeids
'Maitose

_ Z.Free sugaré
Glyceric acid
Malic acid

}; Organic acids

Key to Table IV:

c
30 min dark
0.43 x 106
cpm %
x 10“3
19 55
. 20 58 |
6.0 17
10 30
2.8 8.0
4,0 12

UCRL-8603

0, by Chloroplasts.in the Dark
"C '+ RuDP
30 min dark:
1.2 x'lO6
cpm . %
x 1073
bt o 81
49 85
3.5 6.1
1.8 3.0
0.2 0.4
5.5 9.5
3.k 9.9
3.k 5.9

C: Suspension C, 0.1 ml (0.68 mg chlorophyll and 9.2 mg protein) plus
0.9 ml 0.5 M sucrose buffered at pH T7.2. |

C + RuDP: Same as above except that 0.01 ml of RuDP solution containing

about O.1 pmole of RuDP was added.

The RuDP was prepared

according to the method described by Horecker, et.al. (1956).

Disintegrations per minute: Totsl Clst fixed in the alc@hol-soluble

fraction only.
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TABLE V

Comparison of Carbon Dioxide Fixation Rates in vivo and in vitro Systems

Rate of COp Fixation
at 1.3 x 10°3 M, To- % of in vivo .

' tal CO» Species.@ €O, Fixation
Plant or Preparation ~Investigator umo;g[min/mg protein Rate
Intact Chlorella . _ (personal N b
pyrenoidosa ‘-”BaSShm“cgmmunigation) 0.k _ 100
Enzyme preparation from : . v
Spinacea oleracea Weissbach (1956) 0.27 ‘ 68
Enzyme preparation from . - o
Spinacea oleraces _ Racker (1957) _ 0. 44 11
o _ ‘ .
Enzyme preparation from , a o
Spinacea oleracea Jakoby, et.al. (1956) 0.019 4.8
Enzyme preparation from : . ' a .
Tetragonia expansa Pon (1959) 0.02 . 5.0

‘This concentration is equivalent to 0.4% in equilibrium with a

PH 7.3 buffer.

The-CO2 fixation rate for the ig vivo system assumes that'QO% of {

the wet weight of algae is equal to the dry weigﬂp, 50% of the
latter being equal to the weight of the protein in the célls. It

should be emphasized that these comparisons also asﬁume that all
. of the protein within the cell constitutes the carboxylation enzyme.

These fixation rates were calculated by substituting the values for
the Michaelis constant for bicarbonatéAand_the maximum valocity
of the reaction (quoted in the respective references) into the

Michaelis-Menten eduation.

These values were obtained by assuming that the rate of fixation

is directly proportional to the bicarbonate éoncentraxion.
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‘TABIE VI

UCRL-8603

' Carbon Dioxide Fixation by Various Chlorophyll-containing Materials

Materials

Intact chloro-
plasts in sap

Intact chloro-
-plasts in NaCl

Intact Chlorella
pyrenoidossa,

Intact Chlorells
pyrenoidoss

Sambucus nigra
green leaves

Sanmbucus nigre
yellow leaves

Helianthus annuss

Iﬁtact Spirogyra

Spirogyra chloro-
plast fragment

Max. FPixation Rate

pmole .COn/min/mg

Investigator chlcrophyll
. _ D
This paper 2.9 x 10
Allen, et.al. -3
(1955) 4.2 x 10
Hill and :
Whittingham (1955) 3.1
Bassham (personal 4.0
commnication)
Willstatter (1951) 2.5
Willstatter (1951) Lk
Willstatter (1951) 5.3
Thomas (1957) - 1.5
Thomas (1957) 8.9

Final Conc.
Total Species
of COop, loecs

(COp)+(HCO3~)  Remarks
3.8x103 M  pHT.2
-4

5.0 x 100 M pH 7.2

Unknown

(0.4%) = Assumed A.Q.
1.3 x 103 M '=1.0; pH 7.3
(5% co,)

(5% CO,)

(5% co,)

(5% cop)  AQ. =1.0

* A.Q. = sesimilatory quotient (the ratio of CO, to 0,)
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TABLE VII

UCRL-8603

Maximum Initial Rate of Hill Reaction and Rate of Photolysis

Prepergtion

Intact spinach
" chloroplasts

Intact Chlorella
pyrenoidoss

Spirogyrs, chloro-
plast fragment

‘Spirogyra, intact

Chloroplast sus-
pension from
Phytolaces
americana

Rate of photosynthetic phosphorylation with dilute NaCl-

Investigator

Arnon, et.al.

(1956)

Hill and
Whittingham (1955)

‘Thomas (1957)
Thomas (1957)

| Holt, et.al.
(1951)

Max. initial -
rate of Hill
reaction umole/

| o Op/min/mg

Oxidant - Temp., C chlorophyll
p-benzoquinone 15 - 0.75
(002)- 3.1
(co,) 18 3.1
(092) ’ 18 1.5

2,6-dichlorobenzene

indophenol 1.6

washed chloroplast fragments (Allen, et. al., 1958): 8.5
umgle_inorg° phosphaﬁe esterified/min/mg chlorcphyll.



Figure 1,
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Radiocautograms showing distribution of radioactive carbon by
various cellular constituents of spinach. (a) chloroplasts

in sucrose; (b) sap; (c) chloroplasts plus sap; (d) chlo=
roplasts plus boiled sapy; (e) chloroplasts plus mitochondrial
fraction plus sap in the dark for 30 min,

For experimental details see Table I,
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ZN-2159

Fig. 1b
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Fig. 1d
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Figure 2, (a) Uptake of radioactive carbon dioxide by chloroplasts
plus sap after varying lengths of time with labelled
carbon (the filled circle is from the 5 min light,
then 5 min dark experiment).

(b) Effect of varying amounts of sap on total fixation of
carbon dioxide by spinach chloroplasts,

(c) Amount of radioactivity in PGA and diphosphates as
percent of the total soluble radioactivity.
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CO, FIXATION OF THE CHLOROPLAST PLUS SAP
COMBINATION AS A FUNCTION OF TIME (ALCOHOL

Total Disintegrations/Min. (Millions)

SOLUBLE FRACTION)
24}
20F
O
16
12
8 0]
41
O 1 1 1 1 1 1 1
4 8 12 16 20 24 30
Time (Minutes)
MU-15,861

Fig. 2a



Total Disintegration/Min. Fixed (Millions)

=43~ UCRL-8603
DEPENDENCE OF THE ACTIVITY OF THE
28 CHLOROPLASTS ON SAP CONCENTRATION
24}
20
16
12
8}
Q
o 1 1 1 1 1 1 1 1 1 q
10 20 30 40 50 60 70 80 90 100
Sap Concentration (% of Total Incubation Volume)
MU-15,860

Fig. 2b
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RATE OF DISAPPEARANCE OF PGA AND DIPHOSPHATES

Percent of Total Alcohol Soluble Activity

Legend:
O—O PGA
@——@ Diphosphates

30
20}
(=)
10F
N
0 I 1 ! 1 1 L —L it
4 8 12 6 20 24 28 30
Time (Minutes) MU-15,862

Fig. 2c
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Figure 3, Radioautograms showing pattern of carbon-ll; distribution

by chloroplast=sap mixture after varying lengths of time
of exposure to labelled carbon dioxide (see Table II),
(a) 1 ming (b) 3 min; (c) 10 ming (d) 30 min,
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ZN-2162

Fig. 3a
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ZN-2164

Fig. 5e
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ZN-2163

Fig, 348
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Figure L, Radioautograms showing pattern of distribution of radio-

: active carbon by chloroplast plus sap mixture at pH 6.1,

(a) The neutral fraction (Fraction I); (b) the ionized
fraction (Fraction II).
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Fig. 4a
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