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PHOTOSYNTHESIS™

by

James A. Bassham

I. Introduction

Thevprocess of photosynthesié in green ﬁlants has often been indicated

by the chemical equation:
Co, + H0 - (cneo) +0,.

It hﬁs been recogniZed.for many years that this equation must represent the
end result of a great many steps or biochemical reactions. Obviously, the
use of radioisotopes of éarbpn, hydrogen and oxygen suggests itself.as a
method for following the course of these reactions since such tracer atoms
~ should enable one to label end subsequently to identify the intermediate
cdmpoundé. The 1ongflived carbon radioisotope, carbon fourteen, has indeed
proved to be of great value in tracing the pathway of carbon reduction'during
ﬁhotosynthesis and much of the subsequent discussion will be concerned with
its use. |

The‘hydrogen redioisotope, H3 or tritium, also has been used in studies
on the mechanism of photosynthesis, but such studies suffer from three serious
disadvantages. First; the hydrogen atoms of many chemical compounds encountered
in studies of photosynthesis may exchange with the hydrogen atoms of water.
Thus only the photosynfhetic incorporation of tritium into non-ethangeable

positions can be studied. Secondly, the difference in mass between tritium

*The work described in this paper was sponsored in part by the U. S. Atomic
Energy Commission and in part by the Department of Chemistry, University of
California, Berkeley, California.
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and hydrogen might be expected to produce rather important isotope discrim-
ination, thus making interprétation of the results more difficult. Finally,
the energy of the emitted B parﬁicle from tritium is so low that detection
and counting are difficult. Despite these drawbacks, tritium has been used
in studies of photosynthesis with somevlimited success.

Unfortunately, no radioisotope of oxygen with a half-life long'enough to
make it useful in biochemical experiments exists, and isotopic studiés withl
oxygen have been confined to the use of the stable isotope, 618.

Although it was formerly held that carbon redﬁction during photoSynthesis
resulted in the formation of carbohydrates (eq. 1), it is now known that energy
derived from the conversion of light energy is used for the formation of amino
acids and fats, and probably other products as well. Thus, a radioisotope of
nitrogen could be emplojed in studies of the formation of anitrogen-containing
compounds, but no useful radionitrogen is available.

Studies of the pathway of carbon‘reduction in which Clu was employed
soon made apparenf the fact that phosphate esters play a very important role
on this pathway. Radiophosphorous, P32, consequently has been utilized as
an auxiliary tracer for the pathway of carbon reduction and has proved

, 32

extremely valuable for this purpose. Quite a different use of P°~ has been in

studies of the formation of adenosine triphosphate in illuminated chloroplasts,
and such studies have led to some understanding of the mechanism of formation
of this important coenzyme, but a complete understanding of this mechanism
remains s problem for the future.

One other radioisotope, sulfur thirty-five, deserves mentionu Aside
from its role in the synthesis of amino acids conﬁaining‘sulfur, there is now

some evidence for the role of sulfate esters in lipid synthesis, and this
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evidence has been obtained by studies which employed }adiosulfur with photo-
synthesizing algae. The proposal that thibctic acid might play some part in
photosynthesis has as yet not been completely proved or disproved, and 835
may be employed in future studies of the role of thioctic acid or of other as
yeﬁ unknown disulfide and sulfhydfyl-containing compounds .

lll', P329 T (H3)y and 535

Techniques which have been used in studies with C
as tracers will be described. The experiments using these techniques are far
too numerous to be described here, but gome of the studies which fhe author
feels to be of key importance in the present understanding of the biocchemistry
of photosynthesis‘and of closely re;ated aspects of plant synthesiS'ﬁill be
outlined as illustrations of the methods and as aids in ﬁnderstanding the
current state of knowledge in tﬂis field.

Since many of the methods used in Clh tracer studies sre applicable to the
other tracers to be discussed and since the greatest advances have come from

these studies, the use of Clu will be discussed in detail and in the sections

on other tracers, CllL techniques will be referred to where appropriate.

B. Preparation of Plant Material
I. Unicellular Algse

1. Advantages

Unicel;ular green algae; @articularly Chlorella pyrenoidosa and
Scenedesmus, have 5een extremely useful plants in studies of photosynthesis.
This type of plant as compared with higher plants offers several advanteges
for such experimentso( Unicellular algae may be main;ained in a non-varying,

steady state of growth for some months to permit a series of experiments with

plant material of unchanging physiclogical state, whereas higher plants may
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change significantly from déy to day. The simplicity of the biological fuhctions
of unicellular algae enable the worker to focus attention more readily on the
process of photosynthesis without concern for other processes such as inter-
cellular transport, etc. Of parﬁicular importance is the fact that unicellular
algae may be handled iﬁ liguid éuspensions which may be readily-éubjecfed to
physical and chemical manipulation such as pumping, aeration, adjustment of

pH, addition of chémicals, and dilution of the biolggical_materiai. The
control of environmental conditions (and the subﬁection_df the plant to sﬁddep
changes in environmental conditions) is therefore considerably easier than with
“higher plants. An important advantage of unicellular algae is the facﬁ that a
suspension of such plants may be kil;ed very quickly if the suspension is
poured into a suitable organic solvent sﬁgh,as methanol, and therefore the
various eﬁzymatic steps of the plaht's meﬁﬁbOlism can be brought té a'hélt
quickly and simultaneously. Yet anothef.useful property of unice;lular algae
is their very great photosynthetic rate, émongst the highest thgt has;been

measured for any plant.

2. Methods of Culture

Methods of culturing these algae vary considerably from one
laboratory to another, not only with respect to their nutrition, but also
with respect to conditions of illumination, temperature, density of the
culture, and the variéﬁility_that is permitted in these several factors.
Exﬁériénée.in carbon labeling studigs'has shown that these variations affect
the resulting pattern Qf carbon labeled compounds, in some cases causing
important intermediate metabolites to occur in vanishingly small concentrations.

It is easy to understand how an investigator unfamiliar with these variations
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might have some difficulty in repeating the results of others working in this
field.

Several different culture media have been employed by the éuthofs and
co-workers in carbon assimilation studies put the following one, repqrted by
Myers (Myers, 1947), has b¢en fdupd to giv¢ algae with’mEtabolic patterns
similar in concentrations of intermediates-to those obtained in much of the
previous work in this field: To one liter of distilied water there are added
l.2 g KNOB, 2.5 g Mg504°7H20, lel.g KHZPOH’ and 1 ml each of solution A and
solution B; described below. The carboy of nutrient sdlﬁtion is sterilized in
an autéclave af 12100 for 3 hours after which it is cooled and dispensed
sterilely to the.algae culture.

Solution A is made up by dissolving 59 g of N-hydroxyethylenediamine
triacetic acid in 500 ml HEO, adding 2k.9 g FeSOh°7H20, diluting to 1.0 liter
and serating 16 hours. The solution is-stqred in the dark at about lOOC and

used as needed. Solution B is made up by adding 2.86 g H B0, , 2.05 g MnSO, -4H,0,

3
0.10 g ZnCLe, 0.08 g CuSOuGSHzog and 0.02 g HQMOOhOHEQ to one liter distilled HéO°
Both varisble density and constant density culture have been used for
these experiments. In the cése of the variable dgﬁéity cultures 1,100 ml of -

nutrient solution is inocuiated withva liquid culture of the species

. desired in a low-form culture flask (circular, flat bot’t‘;om.9 about 25 cm
diameter) eqpipped with inlet and outlet tubes for adding nutrient and‘draining
and for aerating with 4% 002 in air. .The flasks*are_immersed in & water bath
thermostated at 2500, and illuminated through a transparent bottom panel by
fluorescent lights (white, daylight type) which gives an intensity of 2,000

foot-candles at the bottom surface of the culture flasks. The algae are
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allowed to photosynthesize and multiply until the culture density is aboﬁt

3 cc wetvpacked volume of algaé per liter of suspension. The algae are then
harvested by withdrawing 900 ml of the suspéﬁsion"daily and adding 906 ml
fresh nutrient each time. The culture soon reaches a “Steady state" of
growth in which the inoculﬁm in the 200 ml left each day is Sufficiénf,
after 24 hours growth, to provide the same incoulum in the same volume the
next day. The algae are therefore'grown under identical cohditions from day
to dgy, although the effective light intensiﬁy varies over the 24-hour cycle
decreasing as the algae suspension increases ;n density.

In order to overcome Variation'in light intensity; a constant density
culture apparatus is ﬁsed, In this case, the algge culture is grown in the
space between two vertical concentric cylinders, sealed together at the tqp,
the thickness of the culture suspension being 7.5 mm. Water at a thermo-
statically controlled £emperature.is.circulated ﬁhrough the inside éylinder
to maintain the algaevsuSPension,at a constant temperature. An.inlet‘tube
at the bottom of the space éqntaining algae suspension is pro&ided for
entrance of nutrient solution and 4% CO2 in air, and an ocutlet tube at the
top permits overflow of the suspension and exit for the aerating gas. A
magnetic stirrer at the bottom of the tube in addition to the bubbling action
of the aerating gas, provides the necessar& agitation to keep the a%gaevfrom
settling. The tube is illuminated by a vertical, circular bank of fluorescent
lights whigh give an intensity of about 3,000 foot-candles at the outer
surface of the algal suspension. An appeﬁdage with two windows on the outef
cylinder provides a thickness of suspension through which a light beam is

passed before striking a photocell. The optical path between the algae sus-
. N ) . f‘
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pension and the photocell may be altered so that the cell will be sensitive,

in one case to the amount of light absorption, or in the other case to the
amount of light scattering. Thus, the signal obtained from the photocell

may be made to indicate either the optical density of the suspension or approx-
imately the number of cells. The signal from the photocell is amplified‘and
used to control a solenoid-operated valve in such a manner as to admit fresh
nutrient solution to the tube when the density of the algal suspension exceeds
a predetermined value. The excess algal suspension overflows and the density
is maintained at a constant level. The overflow is not used for experiments,
but‘rather algal suspension is drained out through the nutrient inlet fube,

after which the tube automatically refills as the algae cells grow and divide,

3. Preparation for Experiment’

The nutrient solutions used in the culturing of algae as described
in the preceding section contain a qpantity of salts which often interfere with
the analysis of biochemical compoﬁnds from the algae following exposure td
the tracer element. Therefore, the harvested algal suspension is usually
centrifuged at about 1600 g, after which the algae afe resuspended in the
buffer solution to be used during the experiment, or distilled wéter; and the
resulting suspension is again subjectéd to céntifugation, The algae are then
resuspended to a concentration of from 0.5% to 2.0%, depending on the nature
of the experiment. The solution in which they are suspended may be Qaried
and may be, for example, distilled water, 2.5 x lO"5 M KéHPOu~KH2POh, for
short experiments (up to five minutes duration) where the investigator is not
concerned with possible diminution of amino acid labeling. A suspension in

1073 M (NHu)EHPOu-NHhHQPOu adjusted to pH 6.5 to 7.0 permits high rates of
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carbon fixation with much labeling of amino acids during shOrt;periods of
photosynthesis, and the subsequent chromatographic analy§is is usually very
good. For experiments of longer duration, Myer's Medium (preceding sectipn)

may be diluted five or ten fold and fortified with 1.0 x 1073 to 3.0 x 10"3-M
ammonium‘phosphate.v For experiments of more than an hours®' duration, it is
advisable to make a calculation of the algal nutrient requirement for the period
of the éxperiment and add a slight excess of the required minerals.

Once resuspended, the algae should be serated at room temperatﬁre in weak
light until used. It should be kept in mind that the conditions pfeceding"
the actual exposure to Clqu'Will influence the subsequent labeling-pattern,
particularly in short exposures. A pattern approaching that of stéady state
growth conditions may be obtained by allowing the algae to photosynthesize in
nutrient, diluted and fortified as desbribed above,vfor 15 miﬁutés in bright

light (2000 to 5000 foot-candles) with a stream of 1% CO, in air bubbling through

2
the suspension;, and then proceeding with the exposure to carbon fourteen.
II. Higher Plants -

A great many species of higher plants have been employed in photo-
synthesis experiments with tracer elements. In fact, the uptake of.cargén
fourteen has been used as a measure‘of pﬁqtosynthesis rates of agricultural
crops in thé field (Zalensky, 1958), In the laboratory, plants with relatively

small, easily extractable leaves and high photdsynthesis rates lend themselves

best terxperiﬁentation. Soybeans are a good example of a plant fulfilling

these requirements and the /oybean Glycine ussuriensis, variety Hawkeye, has
been used in many experiments. These may be grown by planting seeds about 3 cm

deep in'sterilized, fertile soil (sandy loam) which is kept moist until ger-
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mination. After germination the plants grow weli if illuminated about 12 hours

1"

a day, given a y' temperature of 2500 and a "night" temperature of 18°C,
and watered when the Boil becomes dry and leaves begin to turn blue-green.
The leaves may be used about 40 days after germination. ILeaves of other plants
of special interest may be used, for example, sugaf cane and sugar beet. Where
the leaf is too lérge to fit conveniently into an experimental vessel, it is
necessary to employ an excised section of leaf,
IITI. Whole Chloroplasts and Chloroplast Fragments
1. Whole Chloroplasts
Many studies with chloroplasts and chloroplast fragments with

tracer carbon and also with radiophosphorous have been performed in recent
years, particularly by Arnon and co-workers (Arnon, 195ka; Allen, 1957;
Whatley, 1956; Trebst, 1958), who found many of the same car?on labeled com-
pounds in chloroplasts as were isolated from whole cells photosynthesizing wiﬁh
radiocarbon. The most popuiér plant for chloroplast preparations for tracer
studies seems to have been spinach. Spinach may be obtained from the market
(freshness is important), grown in soil in pots or raised hydroponically. The
source is frequently important for the results obtained from chloroplast prep-
arations and hydroponically grown spinach have been reported to give the most
active preparations (Gibbs, 1958).

The following methods for preparing spinach chloroplasts and sap have

proved satisfactory (Holm-Hansen, 1959). Spinach leaves (Spinacea ocleracea),
obtained as fresh as possible from a commercial source, are.used to prepare
all fractions. For the preparation of whole chloroplasts and sap, the petioles
are removed and the leaves are weighed. The leaves are ﬁashed thoroughly

in cold tap water and drained as dry as possible. For the chloroplast prep-
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aration, the leaves are drained dry by "tumbling‘\in & wire basket, while for
the preparation of sap the leaves are further dried by blotting with paper
toweis. All subsequenf operations are carried Qut at, or ﬁear, OOC; All
glassware and centrifugation apparafus.are precooled to about O°C unless other-
wise noted. |

Two hundred and fifty érams of leeves are’ -used for each experiment.
Grinding is performed in two batches, the leaves being cut into strips 0.5
cm wide. All centrifugations are performed in an International Portable
Refrigerated Centrifuge, Model PR-2. The flow diagram for a typical preparation

is given below:
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125 g leaves

Blender contains 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 is operated
at full speed for 30 sec.

green homogenate

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

8 layers of cheesecloth

residue (discarded) ? - filtrate

200 x g; 5 min

supernatant liquid ’ precipitate
: (discarded)

600 x g; 12 min

supernatant liquid (discarded) precipitate

precipitate is re-
suspended in 25 ml
sucrose in diluted

: buffer (0.5 M suc-
N rose, 0,002 M phos-
phate, 0.0002 M EDTA,
pH 7.2).

600 x g; 15 min

precipitate (intact chloroplasts in supernatant liquid
a small amount of residual liquid) . (discarded)

The material is resuspended in the residual liquid
with the aid of a Potter-Elvehjem homogenizer
equipped with a Teflon* pestle (Suspension C).

¥Teflon is duPont's trademark for its polyfluorohydrocarbon, tetrafluoroethylene.
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2. Preparation of Sap
Centrifugations are performed at low and high speeds, respectively
in an Interﬁaﬁional Portable Réffigeraﬁed Centrifuge, Mpdel PR-E; and a Spinco
Ulfracentrifuge, Médel L, gquippedeith:a No. 40 rotor. The leaves aﬁercut

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

150-135 g leaves are placed in the center of five layers
of cheesecloth and the cheesecloth is drawn into a bag.

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

frozen leaves

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

crushed leaves

The leaves age placed in a precooled
blender (-15C). The blender is
operated at full speed for 30 sec.

fine powder |

The powder is poured into a beaker
and stirred constantly until a slurry
is obtained. Approximately 30 min is
required, and during this time the
temperature of the mixture is never
allowed to rise above 1-2°C.

- green slurry

- 1,500 x g; 10 min

precipitate and crust supernatant liquid
(discarded)
20,000 x g3 15 min
clear supernstant liquid, " precipitate
greenish yellow. Yield: (discarded)

approximately 10 ml of
sap from 50 g leaves.
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Further treatment of the clear supernatant liquid (sap): Azsuitable

[

éliéﬁbé portion is set aside for the preparation of boiled sap (see below).
Agother 5 ml portion is adjusted to pH T.2 at 25°C with 1 N KOH (taking’care-
ful note of the volume required). The rest of the supernatant liquid is main-
tained at 0°C and the PH is adjusted by the addition of a calculéted amount of
1 N KOH using the volume determined in the prevﬁous step. (This preparation is
found necessary because the sap pH has a large temperature coefficient; thus,
the pH of the sap if adjusted to 7.2 at O°C will droé to 6.8 when tﬁe sap is
allowed to warm to room temperature.)

For control experiments the ;ﬁp is heated in a boiling water bath for 5

min. The precipitate is removed by centrifugation and the clear, yellow super-

natant liquid is allowed to cool to 25°C before the pH is adjusted to T.2.

"C. Experiments with Carbon Fourteen
I. Preparation of Radiocarbon Compounds

Carbon fourteen is usually obtained as Baclho and is administered to

3

plants either as an aqueous solution of bicarbonate or as carbon dioxide. A
convenient specific radioactivity for most of the experiments in which the

analytical techniques of two dimensional paper chromstography and radioauto-

graphy to be described later are used is 75 pcuries/mg Bacluo3. For long

exposures of the plant to C‘ll'r (five minutes or more), a specific activity of

10 pcuries/mg is often sufficient.

b -

3

BaCl&O3 is weighed and placed in a carbon dioxide generator M

(Fig. 1) attached to a vacuum line, and M, S and P are evacuated. A convenient

1. HCl

amount of BaCO3 is 333 mg conteining 25 millicuries of Clho An amount of car-
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bonate-free NaOH equai in moles to the BaCo used (1669'mmolés in the example

3
given here) is placed in a 100 ml flask N after which the.flask is éttéched to
the va@uum line through stopcock B. With stopcocks C'and>E open and the stop-

. cock H to the vacuum line closed;, trap P is imﬁersed in liquid nitrogeﬁ énd

the Hasou in the‘upper reservoir of the COE‘generation véssél.is run int§ the
“iower reservoir, generating gaseggs 002 which is distilled into trap P;

_Séiral S, immgrsed in a bath of finely bowdered solid CO2 and isopropyl alcohol,
is for the purpose of rembving any impurities condensible &t the temperature

of this bath. Stopcock E is closed, A, B, F and G are opened,_trap Piisv
warmed to room temperature and the CO, is distilled into flask N, which is
Still frozen in liquid nitrogen, After distillation is completed, as indicateg
by the decrease in the reading on vacuum gage V, stopcock A is closed aﬁd
together with flask N it is removed from the vacuum line. The contents

(NaOH and C02) of flask N are warmed to room temperatu:e and swirled together.

.The resulting solution of NaHClho is diluted to the desired concentration,

3
labeled, and stored at -lSOC in stoppered bottles.

14
2. C O2

For preparation of CluOQ, vessel N and stopcock A in Fig. 1 are
replaced by a loop L which is cooled in liquid nitrogen, evacuated and then

closed off from the vacuum line by stopcock X. Exactly the same procedure may

then be followed as in the preparation of ot

cto

o3 (omitting NaOH) until the
o is condensed in loop L, which is then closed by stopcock X. The 002 may
be kept for a few days at room temperature in the loop, provided the internal

_preSsure of the gas is less than atmospheric pressure.

3. Other Labeled Substrates

Compounds other than CO2 or bicarbonate may be émployed in some |
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experiments With photosynthesizing plants, provided they are able to penetrate
the cell wall (in the case of whole cells)%'Carbon-fourteeA labelled compounds
such as formic acid, glucose; and glycollic acid have been used in experiments
with plants. These compounds are usually purchased and made up'to a solution
of the desired strength. In some cases; the least expenéive and quickgst way
to obtain a desired substrate for such experiments may be to allow thevplant
to photosynthesize with Cl-uo2 of high specific activity for 20 to 60 minutes
and then isolate thé desired compouﬁd from the plant by the techniques of paper

chromatography and radioasutography which are described in sections II. 1. a.,

IIT and IV.

IT. Administration of Carbon Fourteen During Photosynthesis
1. Algal Suspensions
a. OSingle Period-Single Condition _

The simplesf photosynthesis experiments afe those in which
the algae are exposed to carbon fourteen for a single short time (usually less
than five minutes) under a single set of environmgntal conditions, and then
killed. The suspension of algee, 0.5, 1.0, or 2.0 cc wet packed algae per
100 ml of weak phosphate or ammonium phosphate buffer (B. I. 3.) is allowed
to photosynthesize with i,O% 002 in air for teq minutes or more with a moderately
bright light (2000 foot=-candles) from each side of a vessel, no more than one
cm thick. A vessel which holds about 50 ml is often used. The stream of
002 is then removed and a sdlutibn of Clh-labéled sodium Bicgrbonate is added.

For 50 ml of 1.0% algae suspension (wet, packed cell volume/suspension volume)

one ml of a solution of 0.026 M NaHCO containing 400 pcuries of carbon fourteen

3
is commonly used for 60 seconds photosynthesis with CllL in which case 20% to

60% of the radiocarbon would be incorporated into organic compounds. The
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illumination vessel is stoppered and.shaFen in the light for the prescribed
period after which the algal suspension is quickly poured into the killing
reagent. The entire operation should be performed in a chemical fume hood or
closed box vented to the atmosphere outside the building.

Many variations of this-simﬁle experiment have been performed (Benson, 1950
Bassham, 1950; Buchanan, 1953). The pretreatment may be altered, for example,
so that the algal suspension is swept with a stream of Cogffree air or nitrogen
for a few seconds prior to the exposure to Clh. This has the effect of increasin,

the specific activity of the Hcluo taken up during the exposure to Cl)+ and also

3

increases the rate of fixation during the first few seconds of exposure due to

the build-up of CO, acceptor during the flushing period.

2
b. Single Period-Multiple Condition
It is.sometimes desirable to expose & number of samples of

algal suspeﬂsion to CllL for the same period of time and under conditions which
are identical save for one systematigally varied factor. One apparatus
desigged for this pﬁrpoée (Moses, 1958), provides for the continuous shaking
of 6 glass vessels while they areisimultaneouSly illuminated from below.

After harvesting of the cells, washing and resuépension in medium, 0.7-0.8
ml of the cell suspension is pipetted into each of the vessels. These are
constructed from glass tubing of about 3.5 cm internal di%meter and T cm 1ong)
to which a flat circle of glass is sealed to form a bottom. One ml of liquid
in such a vessel forms a layer 1 mm deep, apart from miniscus effects. A
removeable: 1id is provided with an outlet and an inlet tube; the latter reaches

nearly to the bottom of the vessel (Fig. 2). During the "pre-adaptation"

period before the experiment, in which the.cells are allowed to come to a
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steady metabolic state, the cell suspension is shaken in the light for 30 min,
while air containing 1% (v/v) CO, is blown over the surface of the cell suspension.
The gas mixture is pre-wetted by bubbling through water to minimize evaporation
from the cell suspension and to serve as a control measure for the rate of
aeration (Fig. 3).

A rectangular glass water bath, fitted with inlet and outlet tubes to
permit a constant stream of cooling water to paés through it, is arranged over
a bank of eight 6-watt fluorescent lights. At the top of the water bath two
rails are fitted along which runs a small carriage consisting essentially of
four wheels fixed to a plate having six holes punched in it, in which six of
the glass incubation vessels are suspended so that the bottoms of the vessels
resach nea}ly to the bottom of the water vath. The whole carriage is made to
run back and forth along its rails by means of a connecting rod attached to
an eccentric on the drive shaft of a stirrer motor. The carriage oscillates
about 3 cm at approximately 250 cyc/mine The light intensity at the bottom
of the glass vessel is about 2000 foot-candles. While illumination is fairly
constant to each vessel; there is some variation between different positions
on the shaker. For this reason the éamples are sﬁpplied with radioactive sub-
strate one at a time in a serial manner , each flask being mdved to one part-
icular position on the shaker for the period of incubation with labeled sub-
strate. |

Before the addition of labeled substrates any other additions, such as

mineral salts, are made, resulting in a total liquid volume of 0.8 ml. After
L -

3,
to kill the cells. The shaker is kept in motion while both additions are

a definite incubation period with HCl b ml of absolute ethanol are added

made to ensure rapid mixing.
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c. Multiple Period-Single Condition

There are several ways in which the investigator may exposé
qlgal suspensions to Clu for é series of différent times under a single‘con-
dition. Becau%e of the great rate of the metabolic processes involved, it is
often necessary to expose a considerable number of samples (10 to 30) for
feriods ranging from a few secondé to an hour. The systém'described above
might be used 1in some cases but is cumbersome, particularly. for very short
exposures. A flow system has been used (Bassham, 1954) with success for
periods ranging from one second to one minute. A stream éf algal suspénsion
was pumped through one mm diameter transparent tubing under illumination into a
vessel containing kiiling réagent, At various selected points along the tubing
a stream of HClFO§'solption wés injected into the tubing, where it mixed with
the algae stream;' Good kinetic results were obtained from this experiment,
but the method sufférs from several limitétions, one of which is the fact
that it is difficult to expose the algae to Clh for more than 60 seconds
owing to the high rate of flow required for geod mixing and the resisténce of

the small tubiﬁg to flow through longer lengths. Therefore the method

described in the next section is recommended for kinetic studies.

d. Multiple Point -~ More than One Condition
The most versatile s&stem for phoﬁosynthetic tracer studies
with algae is the "steady state apparatus.” This system permits the removal
of many small aliqpbt samples from & reservoir of algae which are méihtained
under constant environmental conditions, or subjected to cohtrolléd changes
in one condition during éhe course of the experimenﬁ.

If conditions are kept consfant, and a sufficient time of exposﬁre of the
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algae to Cluo of constant specific radioactivity is permitted (5 to 30 minutes),

2
then the primary products of CO2 fixation during photosynthesis become "saturated"
with Clu. In. other words the specific radiocactivity of these compounds becomes

i

the same as the Cl 02. _Consequently the CllF contained in each compound under
such "steady state" conditions is a measure of the number of atoms of carbon it
contains and from this numbef and its chemical formulay the concentration of

the compound may be calculated.

| The experiméntal system required for éuch'a study consists essentially

of a closed gas circulating system in which the gas passes through the suspension
of algae that is contained in a vessel from which small samples may be taken
during. the course of the eiperiment, (Bassham, 1956). Such a system is shown
schematically in Fig. 4. In its simplest form, all that is required is the
illumination veésel with a stopcock for the removal of éamples, g pump for cir-

culation of gas, a reservoir to contain the Clho until it is added to the system,

2

and connecting tubing. Some provision must be made’fof admitting gas to the
system when a sample is taken in order tobeqpalize the pressure, and this is
accomplishedlby an inlet bubbler at some point in the system which thereby
Becomes the pbint at atmospheric pressure. The illumination vessel is main-
tained at slightly above atmospheric pressure to facilitate sample taking.

| In addition to this basic syétem, a number of other devices are useful,
particulérly for long experiments (ten ﬁinutes or more) and for studies at
steady. state photosynthesis. The quantity of ClLL in the system may be monitored
by allowiné the circulating gas to pass through an ionization chamber attached

to a vibrating reed éléctrometer° The level of carbon dioxide can be obéerved

with a carbon dioxide analyzer, which detects the carbon dioxide in the gas
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mixture by measuring its absorptién of infra-red radiation.’ It is also useful
to monitor the level of oxygen by means of an an' analyzer which measures the

" paramagnetism of the circulating gas. Since the total volume of the system
can be determined, the rate of Cl& uptake, CO2 uptake and oxygen evolution
during the experiment éan be determined. For long expefiments, it may be
necessary to increase the size of the system in order to have it contain

402 to last for the duration of the experiment; yet it may at the

enough Cl
same time be desirable to be able to switch to a smaller system by means of
- stopcocks in order to determine the rate of gas exchange from time to time.
' The measurement of these rates is greatly facilitated by having the ouiput
signals from the gas-mezsuring instruments continuously fecorded on an auto-
matic recorder. |

A number of refinements in the illumination vessel are also possible.  Of
great importance for even relatively simple experiments is the method of taking
' samples. A simple, two-way stopcpck is not satisfactory, since an gppreciable
volume of algal suspension tends to be held up in the bore of any stopcock.
large enough to permit rapid taking of samples. A three-way stopcock in which
the bore could'be flushed with a stream of gas following the takiﬁg of a sample
has been used, but suffers certain disadvantages of which the most serious is
the difficulty in taking samples of uniform size. The most satisfactory
arrangement is a small life valve opérated by & solenoid which is energized
through a time delay relay, the setting of which can be varied to provide the
désired sample size. A stream of nitrogen enters the outlet tube at the
bottom of the wvalve andiflusheskout residual algal suspension., With this

arrangement, samples of uniform size may be taken every 2 seconds if desired.
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The illumination vessel should be cooled with a water jacket-on each side
and should be equipped with a thermometer in the algal suspension, since with
the bright lights often used in these studies considerable heat is generated
- in the algal suspension. If incandescent lamps are used'as light sources,
the light beam should pass through infra-red absérbing glass cooled by water
before reaching the water-jacketed illumination vessel.

For long experiments, monitoring of the pH of the algal suspension is
useful and may be accomplished by equipping the illumination vessel with &
pair of pH electrodes.

In steady state experiments which the author has performed, the total
time of a typical experiment was 40 minutes. The CO2 pressure initially was
2% and did not go below 1% by the end of the experiment. The pH was controlled
between.6°5 and 7.0 by the addition of smell amounts of NHhOH injected by
needle through a rubber plug in the illumination vessel. A 0.5% suspension of
Chlorella was employed in a diluted medium fortified with ammonium phosphate,
Small samples {about 1.0 ml) of algal suspension were taken and killed immedi-
ately at times beginning at 5 seconds after addition of Clu to the system and
continuing until forty minutes. The total volume of algal suspension at the
start of the experiment was 80 ml and some 20 éamples were taken.

In addition to simple time series, other experiments may be performed
with this apparatus, For example, the light may be tﬁrned off at scme time
during the course of the exposure, samples being taken before and after- this
change at frequent intervals. Other environmental conditions such as COé
pressure may be'altered, or chemicals such as specific engzymatic inhibitors

may be injected. Using the method of calculation described at the beginning of
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this section, it is possible to follow the changes in concentration of the

metabolites brought about by the environmeﬁtal change.

3

Solutions of carbon fourteen labeled substrates may be sub-

e. OSubstrates Other Than CO2 and HCO

stituted for Hcog,sqlutions in any of the above procedures, provided the sub-
strate is a substance capable of penetrating the cell wall. However, subsequent
analysis by paper chromatography is often improved in this case by removing
the excess substrate solution by repid filtration prior to killing and
extracting the algae. This rapid filtration may be accomplished by running
the algaensuspension onto a sintered glass funnel with a bed of diatomaceous~)
earth and sucking the solufion through the filter bed with a vacuum as indi-"
cated in Fig. 5.« When the SOiution has just been sucked from the algae (about
five seconds are réquired) a stopcock is tﬁrnedg connecting the funnel with
-a different suction flask than the one into which the solution of iabeled
substrate ran, and hot 80% methanol-water (%/v) is poured over the algae,
killing and extracting in one operation. The residue of filter pad and algé%
is further extracted with 20% methanol in water and the extracts are combined
and analyzed as described in C. IV.
2. Higher Plants
a. Short exposures.

One method for. exposing the leaves of a higher plant to Cluo2
for a short time (less than 2 seconds) is illustrated by the following pro-
cedure. |

In a typical experiment (Bassham, 1954) a single excised trifoliate leaf

from a soybean plant (vaerggwkezg) is placed in a circular flat illuminstion
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chamber with a detachable face. The chamber is equipped with two tubes, the
14 |

lower one leading through a two-way stbpcbék to a loop containing C” 02 (Figp 6).
A loosely tied thread (not shown in Fig. 6) leads from the leaf sﬁem under
the.detachablé face gasket,‘thence through a boiling ethanol bath and a
glass tube to a weight. The illumination chamber is partially evacuated,
both stopcocks are closed, and the clamps removed from the chamber, the
detachable face remaining in position through atmospheric pressure. With
the opening of the upper stopcoék, the Clho2 is swept into the chamber by
atmospheric pressure, the detachable face falls off and the leaf is pulled
into boiling—ethanolo An estimated exposure time of 0.4 second is obtained.
The radiocactive prodﬁcts are extracted and analyzed in the usual way. In
other experiments, longer exposure times are obtained by holding the detach-
able face in position. The sugar phosphates obtained from the soybeaﬁ
extract are especially useful for degradation studies; since highly non-

N

uniform labeling resulted from these short ex@osures to Cl N

Another technique fér obtaining very short exposure of an excised leaf
to Cluo2 has been reported by Domén, 1957. This method consists esseﬁtially
of transferring a leaf from a chamber containing 01202 to one contdining 01402
and then into a killing reagent by passing the leaf through a reservoir of
mercﬁry, over which the chambers are inverted. Through the use of this method,
exPosures.of the leaf to periods less than a second were obtained.

b. Long exposures |
Exposures of excised leaves to Clho2 for periods up to five

minutes may be cobtained without severe loss of photosynthetic activity even in

bright light provided the stem of the leaf is immersed in water and the heat is
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removed from the incident light beam by suitable filters. The 002'supply must,
of course, be adequate to sustain photosynthesis fof this period and it is
sometimes desirable to ¢irculate the gas to which the leaf is exposed through
a cooling coll by means of a gas pump or fan.

Long exposures of higher plants to Cluo2 (5 minutes to several days) are
usually for the purpose of studying the pathway.bf reduced carbon intc more
advanced stages of plant synthesis, beyond the reduction of carbon.dioxide
to early photos&nthetic intermediates. in such experiments, it is usually
advisable to use an intact plant as the bidlogical material and to enclose

_the entire plant in a gas tight chamber in which tempergture, humidity and
light are maintained at desired levels by suitable control devicés. The con-
ditions and degree of control vary so widely, according to the plaht and the
nature of the experiment that no general method can be given. It is often
useful in such experiments to include a fan or gas circulating pump and Clu
and/or CO2 measuring devices such as those described ﬁnder part C. II. 1. 4.
e, Chloroplasts

Meny studies have been cafried out using bicarbonate labeled
with carbon fourteen and chloroplasts or chloroplast fragments (Allen, 1957).
In general these experiments have tended to verify>the results obtained with
whole cells, as well as to show that mosﬁ of the reactions seen with whole
cells do in fact take place in the chloroplast. The conditions necessary to
obtain the most nearly complete\Huplication of the carbon fixing activity of
whole cells appear to be those which are here described briefly (Holm-Hansen,
1959).

The apparatus described under II. 1. b. is used. The temperature at
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which the experiments are carried oﬁt is about 18°C; the light intensity is 2,000
foot-candles. Appropriate volumes of the preparations of chloroplasts and sap
are added, singly and in combination, to each reaction vessel. The total volume
' in each case amounts to 1.0 ml. Furthermore, except where otherwise noted,
0.05 ml of a cofactor solution is added to each flask. This solution contains,
in a 0.05 ml aliquot portion, the following materials (values are in pmoles):
MgS0,, 5 b, MnCl,, 1.6; ADP, 1; TPN, 0.02; DPN, 0.2; TPP, l.4; and ascorbic
acid, 2.5. BSome reaction vessels contain other substrates. These additions
are generally limited to 0.1 ml or less., The reaction 15 started by the add-
ition of 0.1 ml of Nanclho3 (0.0438 M, 1 me/ml). The pH of all solutions
(cofactors and substrates) is adjusted to 7.2 just prior to use. Ipcubation
is generally carried out for 30 min. The reaction is stopped.by .thehaddition
to each fiask of & ml of absolute alcchol at room temperature; the final con-
cehtretion of alcohol was thus 80%.
ITII. Killing and Extraction

The killing reagent and temperature should be such that the plant
material is penetrated and all enzymes are completely deactivated within ene
second or less, thus bringing to a halt the many biochemical reactions of the
cell. Moreover, the conditions should not alterlthe chemical composition of
the labeled biochemical intermed%ates which are the subject of the investiw
gation. Finally, it is desirable\that the killing reagent also may act as
extraction solvent without producing ™ sticky” insoluble materials which
absorb the radioactive compounds and thus prevent their extracﬁion. These

requirements exclude strongly acidic or alkaline extracting reagents and

boiling water. The most satisfactory killing reagents for suspensions of algae
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have been found to be methanhol and ethancl; at room temperature'(2500) or at
their boiling pointsy depending on the relative importance of quick killing
versus gentle treatment of intermediate compounds. In any event, the following
procedure appears to stop all the enzymatic steps of the carbon reduction
cycle in photosynthesis in about one second, end there is et present no con-'
clusive evidence that any of the intermediates which have been identified by
.chromatography are altered durihg the killing and extraction with the
exception of 1,5 diphospho-éécarboxy~3 ketopentitol. (However, some unstable

compounds not yet isolated may be affected.)

h02 or Hcluog, and & period

of photosynthesis; the algal suspension is run into an amount of methanol at

After addition of radioecarbon in the form of Cl

25°C which will give & mixture containing 80% methanol-20% water. The
mixture is then alloWed to cool and after 30 minutes the insoluble materials
are removed by centrifugation. The supernatant solution is decanted andvthe
solid residue is re-extracted with 20% methanol-80% water at 6000 for 10 minutes
and the mixture is again centrifuged. The extracts are then combined and
concentrated with a water vacuum and heating not in excess of 35°C to a
volume ofv2 or 3 ml. This material is carefuily transferred with alcohol-
water rinsing to a conicel oentrifuge tube in which it is reducea in volume to
about 1 ml by evaporation with a nitrogen stream. The resulting tﬁick sus-
_pensionlis extracted several times by mixing with petroleum ether. The layers
| are separated eaeh time by centrifugation and the petroleum ether layer dis-
carded or saved for investigation of the lipid components. The agueous layer
is then ready for analysis by paper chromatography. (This petroleum ether

extraction is often omitted when the best chromatograms are not required.)
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During the above pro;edurgs, determination is made_pf the amount of
radiocarbon in the various suspensions and extracts. This ié done by tgking
8 small aliquot from each and spreading uniformly and drying bn an alﬁminum
disc. The radiocactivity of the disc is then determined by counting with a
Geiger—Mﬁller'tube equipped with a thin window (Mylar) less than 1 mg/cm2 in

mass.

Leaves of Higher Plants

In experiments with leaves of higher plants, the leaf is taken from a

chamber, after exposure to Clho s and plunged immediately into a boiling

2
solution of 80% methanol-20% water. The leaves are broken mechanically and
allowed to extract for 30 minutes. In an alternative procedure, the leaves,
after exposure. to Clhog, arefélunged into liguid nitrogen and ground with a
mortar and pestle to a fine powder which is then sprinkled into boiling methanol-
water solution. This method is recommended where the leaf is thick or for

some other reason difficult to extract. In either method; the resulting -
leaf-alcohol-water mixture is treated in the same way as that described for the

algae mixtures, except that a small amount of phosphate buffer may be added to

the leaf extract to improve the chromatography.

IV. Analysis by Paper Chrometography and Radioautography
The most useful method of analyzing the carbon fourteen-labeled
compounds formed by the plant has been by means of two dimensional paper
chromatography and radiosutography.
In order to achieve good chromatographic separation of intermediary
metabolites it is important that the amouﬁt of material to be analyzed be

kept small enough to avoid overloading. For this reason the extract from not
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more than 20 mg (wet weight) of plant material should be applied to & single.
two-dimensional éhromatogram. Moreover, this material shoﬁid'inciﬁde not
more than 300 pug of inorganic'salts. |

- For most purposes, a sheet of Whatman No. b filter paper; about 46 to
57 cm is used. This paper is previously washed by sOaking'in 0.5% oxalic acid
solution for 2 hours and then rinsing with distilled water 10 times, after
which it is dried.

A measured quantity of extract is applied from a dropper -or micropipette
to an area of the paper about 8 by 20 mm at a distance of 60 mm>from each edge
of the paper and with the long axis of the area of application (origin) parallel
to the short axis of the paper. As the extract is applied to the.ﬁaper,
drying is facilitated by a stream of air which may be warmed,; provided the-
area df application (origin) is never allowed to become completely dry. When
the last of the extract has been applied to the paper,'the air streaﬁ should
be -stopped and the origin left damp, These precautions are required to reduce
the possibility of "éticking" of the compounds to the origin during the sub-
sequent chromatography due to formation of complexes between the compounds
and the paper. The paper should then be placed in.the chromatography box ar
other humidified place to prevént further drying.v’
| For developing the chromatogram, the shorter edge of the paper, next to
the origin, is folded 2 cm from the edge. The edges of‘twovsuch papérs are
placed in a glass or stainless steél.chromatography trough with a rod weight
on top to hold them in place. The two papers hang from 6pposite sides of the
trough over horizontal barsv(to prevent siphoning) and with the origins below

the point of contact of the bar with the paper. The entire assembly is placed
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with the trough horizontal inside a vapor-tight box. Wooden or well insulated
boxes  with double pane windows are recommended unless a well thermostated
room is available. The combined effect of a chromatography room thermostated
to a 3-degree range (22»2500) and wooden boxes is satisfactory for maintenance
of constant temperature during development of the chromatogram. In practice,
it has beén found useful to develop six to ten chromatograms in a single box,
as the space inside the box then becomes quiékly saturated with tﬁe solvent
vapor. | .

After addition of 90-110 cc of solvent to each trough the box is closed
and the chromatograms allowed to develop in the longer dimension of the paper.
The solvent used in this first dimension is a neutral solvent made up of T2%
freshly distilled phenol and 28% distilled water by weight.

" After 10-12 hours the solvent has reached the end of the paper and the
box is opened and the papers placéd in a drying cabinet where they are allowed
to dry at'roombtempera.‘cure° The dryiﬁg cabinet should be blower-ventilated to
the outside atmosphere. The chromatography room should contain eguipment to
protect people handling the wet chromatograms from possible deleterious physio-
logical effects of the sclvent vapors. One solution to this problem is a
helmet covering eyes, nose, and mouth and supplied with & stream of fresh air.
Another method of pfotecting the worker is to place the entire chromatography
box and drier under a fume hood with a strong rate of air removal. A third
method is to vent the chromatography box directly to an exhaust fan which is
- used to dry the papers in the box after they have been developed.

After drying, the papers are placed with their long edges (adjacent to )

the origin) in troughs inside a box used only for the second solvent and about
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90 cc of the solvent added. The second.solvent; in this case, is made up -
immediately before ﬁsing, by mixing equal parts of‘a solutioniof n-butanol
(1,246 ml) + water (84 ml) and a solution of propionic acid (620 m1) + waéer
(790 ml). The box is closed and the paper developed to the edge with this
solvent (6-10 hours). The paper is removed and dried.

It should be noted that the_above conditioﬁs were chosen as‘the best
ones for separating from plant extracts groups of compounds haviné widely dif-
‘ferent solubilities and occurring in greatiy varying concentrations. There
are better systems for each specific group of compounds (i.e., amino aéid,
sugar phosphates, carboxylic acid, etc.)(Block, 1958). Moreover, if one
wishes to obtain the\best separation possible of phosphate esters %ith the
above sysﬁems,‘one should allow the solvent to drip off the paper until two
or three times as much movement of the compounds of interest has been obtained
as can be obtained by allowing the soivent to travel‘only to the edge of the
paper. The correct amount of time of development for this purpose may be
followed by placing a small quantity of suitable mixture of colored indicators
at the origin beforevdevelépment and observing their distance of travel.

After chromatography is complete, the papers are each stamped at the
corners with radiocactive ink and placed in contact in the dark with a sheet
of single emulsion x-ray film, to determine the positions of the radioactive
compounds. About 10-2 pg of Clu activity distributed over a 6 cmzlarea of
the paper (an average-sized 9épot") is sufficient to cause visible darkening
of the film in 24 hours. This amount of radiocarbon emits 22,000ibeta part-
icles per minute; of which about 7,000 per minute escape from the paper, or

3,500 per minute on each side. With two weeks' exposure, 1/20 of this amount
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can barely be detected. This is nearly the limit of sensitivity of detection
by this method, since the darkening of the film by this number of beta particles
. 1s just discernible above the darkening due to cosmic radiation.

After developmenf of the x-ray film, the positioné of the radiocactive
compounds on the paper are indicated by darkened areas, or "spots,”" on the
film., The radioactive ink and the corresponding darkening of the film permit
exact coincidence between film and paper to be made any time after develop-
ment. A typical radiocautograph frdm a photosynthesis experiment is shoﬁn in
Fig. 7.

In some cases, two or more compounds may overlap in positiop, even after
chromatography, and it then becomes necessary to elute them from the peper and
separate them by a second chromatography. This may be accomplished by choosing
a diffefent set of solvents or by first altering the compounds chemically and
then rechromatographing the mixture. Thus, in a typical experiment, the sugar
monophosphate area, which is of considerable importance in the photosynthetic
carbon reduction cycle, is eluted, the compounds incubated at 37°C with a
phosphatase enzyme, and the free sugars rechromatographed on Whatman No. 1
filter paper with the two solvents described above.

There are available a large number of sfray tests for identification of
classes of compounds on paper chromatograms (Bldék, 1958). However,rthe
amounts of material found on chromatograms of photosynthetic products are
often below the limits of detection by these methods. Preliminary identifi-
cation must usually be made by othér methods. The position of the compound
on the chromatogram provides two types of information. Since the stationary

liquid phase is aqueous and the mobile phase organic, compounds moving short
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distances in both solvents mustbhave strong_hydfophilic properties whiie those
which move large distances are more lipophilic in nature.

The two solvent systems have about the same power to carry neutral sub-
stances; consequently, neutral compounds such as sugaré-and neutral amino
acids move about as far in one diréction as in the other and will be féund
somewhere along or near to & diagonal line drawn from the origin to the
opposite corner of the chromatogram. However, since the first solvenf is.
neutral and the second one écidic,lthere is a teﬁdency for acidic substances
to have their ionization repressed in the second dimension and consequently
to move faster in the second difecfion than in the first. For that reason,
acidic substances are usually foundvbeyond the diagonal line in the_second
direction and basic substances short of it, these deviations from the diag-
-onal being a rough measure of the compound's acidity or basicity.

The subsequent clues as to an unknown compound’s identity usuaily come
from eiuting the substance from the paper,\perfqrming some chemical or enzy-
matic treatment, rechromatograbhing, and observing change in position, frag-
mentation into several compounds, or loss of radioactivity. For example, an
unknown compound, suspeé%ed of being a sugar phosphate because of its position
near the origin is eluted, thSphatased? and rechromatographed, along with
added, unlabelea known sugars (about»EO pug of each). After development of
thé radioautograph, the papér is sprayed with a chemical solution whicﬁ pro-
duces a color reaction whereyer there is a carrier sugar éompound; From the
position of the unknowp compound amongsf the known compounds it is suépected
of being a pentose. More of fhe original compound is phosphatased and run

with various pentoses until it is found to co-chromatograph exactly with one
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of them. In this case, both the position of the radiocactive spot and the
details of its shape (as revealed by the radioautograph) coincide exactly
with the color produced from the carrier by the spray test. If further con-
firmation of the identity is desired, a freshly prepared unknown compound in
the form of the free sugar is mixed with the authentic compound in solution
and a derivative is prepared and recrystallized to constant specific activity
or rechromatographed.

By such methods, as well as by other confirmatory chemical methods, a
large number of compounds, which are labeled as the result of carbon assimi-
lation and rgduction by plants during pﬁotosynthesis and respiration with
Cluo2 present, have been identified; (Benson, 195la, 195Ta, 1957b). Many of

these compounds are shown in Fig. 8.

V. Degradation of Products
Considerable information regarding the pathway of carbon reduction
auring photosynthesis has been derived from degradation of photosynthetic
intermediates, (Bassham, 1954). These degradations usually have been per-
formed on material isolated and purified by paper chromatograppyg with as much
unlabeled carrier compound added as is necessary for carrying out the chem-

ical reactions of the degradation procedure.

VI. Results and Interpretation
1. The carbon reduction cycle
The interpretation of results obtained by application of the
techniques which have been described in the preceding sections has led to a

number of conclusions of which the best established probably are contained in
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the present concept of the pathwéy of carbon dioxide incdrporation énd’feduction
via the carbon reduction cycle. This cycle is shown in Fig. 9; The results
which led tn its elucidation may be summarized by;the following'statenents
(Bassham, in press). |

The intermediate compounds of the cycle were identified as the sub-
stances which are labeled during short exposures of the plant'(less than three

minutes) to Clh

0, during photosynthesis.

Kinetic studies indicated that 3-phosphoglyceric acid (PGA) was the first
of the compounds stable to these methods of killing and analysis to be labeled
with carbon fourteen, |

Degradation studies of intermediates obtained from such short exposures
of the plant to Clhoe indicated triose and hexose phosphates are formed from
PGA by a route similar to or identical with that shown in the cycle. Other
degradation studies gave results consistent with the pathway of conversion of
triose and hexose phosphates through Beptose phosphates to ribulose diphos-
phates shown in the cycle.

Multiple point -- more than oné condition experiments (C. II. 1. d.)
shdwed that when CO2 pressure is suddenly decreased during photosynthesis, the
concentration of ribnlose diphosphate (calculated as describéd in C. II. 1. d.)
suddenly increases while the cpncentration of PGA decreases (Wilson, 1955).
This indicated the presence of a reaction of carbon dioxide with RuDP to pro-
duce PGA. .In other experiments in which the concentration of carbon dioxide
was kept constant but the liéht wasrsuddenly stopped, the concentration of PGA

rose suddenly while that of ribulose diphosphate rapidly decreased to zero

(Bassham, 1956)., This result (Fig. 10) indicated that compounds carrying
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chemical energy derived from light are required for the utilization of PGA and
for the formation of RuDP. This observation is consistent with the proposed
reduction of PGA to triose phosphate via enzymatic reactions requiring
reduced triphosphopyridine nucleotide and adenosine triphosphate (derived from
photochemical reactions) and the formation of ribulose diphosphate from
ribulose monophosphate via an enzymatic reaction requiring adenosine tri-.
phosphate.

The suspected intermediate compound, a 1,5 diphospho-2-carboxy-3-keto-
pentitol which is too unétable to be isolated by the usual methods of killing
and analysis was isolated in very small qyantities through the use of special
low temperature killing techniques and chromatography (Moses, in press).

Kinetic experiments under steady state conditions (C. II. 1. d.) have
shown that the greater part (80-95%) of carbon dioxide taken up during photo-
synthesis as measured externally is incorporated via the carbo& reduction cycle.

2., Carboxylation via C3- Cl addition
A second major route for the incorporation of carbon dioxide
duriné photésynthesis is via the carboxylation of a three carbon compound.
The exact mechanism of this reaction is not known but the pathway shown in
Fig. 11 seems the most likely.

It can be seen that since this pathway begins with PGA, formed through
the carbon reduction cycle, the introduction of cqrbon dioxide in the Cl - C3
addition leads to four carbon compounds labeled in the two carboxy carbon
atoms in short experiments, since in such experiments, the carboxyl carbon

of the C_ compound is already labeled.

3 _
This 1,4 distribution of label has been verified by chemical degradation
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of malic acid obtained from such éxperiments. The carbon introduced by”Ci~to
C3 addition probably is only 5-10% of the total carbon redu06d3'bﬁt this results
in 20-40% of all the carbon reduced passing thrdugh the four éafbon products of
this reaction. Since PGA and consequently the phosphoenolpyruvic acid are
almoét completely labeled with Clu after one minute's éx@dSure of the plant to
Clho2, malic acid and aspartic acid are among the most prominently labeled

compounds in experiments of this duration.

3. Formafion‘of Primary Metdbolites for Further Synthesis

While no sharp distinction can be made between photoéynthetic
- reduction of carbon dioxide to “primary metabolites" aﬁd further reactions of
these metabolites in the Synthésis of>the various ﬁlant constituehts, there
are certain compounds that appesr to be formed at very great rates- during
photosynthesis and all are labeled to a consideraﬂle extent duf}ng exposﬁres

of the plant to ot

0, of 1 to 5 minutes duration. These substances undoubtedly
serve as the building blocks from which the plant conSfructé the other com-

. pounds of which it is made. In algae theée substances include, in addition to
the compounds of the carbon reduction cycle itself, several amino acids and
carboxyllic acids, polysaccharideé and precursors of polysaccharides (uridine
diphosphoglucose). - Some of these substances are listed in Table I; together
with very approximate estimates of the rates of flbw of carbon through these
compounds in Chlorells photosyhthesiéing‘in l% C02 in dilute nutrient
solution at nearly saturating light intensity and 25°C. The amino acids
listed are known to serve as precursofs for other aminé acids‘ahd'together

with these other amino acids, as precursors'fof protéin'synthesis. Glutamic

and aspartic acids may also serve as preéursors in nucleic acid synthesis.
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The exact pathway to fatty acid synthesis is not known, but the necesssary
precursor, acetyl coenzyme A could arise either by oxidation of pyruvic acid,
or more likely, in the reductive environment of the photosynthetic cell; by
splitting of malic acid into two carbon units, acetyl Co a and glyoxylit: acid.
The glyoxylic: acid may be used in the synthesis of glycine and glycolit: acid
or further reduced to acetic acid (in the form of acetyl Co A)»'

The carbohydrates, including polysaccharides are no doubt derived from
intermediates of the carbon reduction cycle (sugar phosphates) and from
uridinediphosphoglucose, which in turn is formed from the sugar phosphates.
Furthermore, the glycerol and galactose (Benson, 1958a) moities of fats are
probably derived from the sugar phosphates of the carbon reduction cycle by
well known reactions.

Thus, the early stages of synthesis of all the important plant constit-
| uents may be traced to labeled compounds formed during short periods of exposure
of photosynthesizing plants to 01402' It is not important to attempt to delin=
eate which of these reactions are "photosynthetic" and which are "non-photosynthetic”
since all are probably accelerated in the light, yet all are essentially "dark"
reactions in that they can occur in the dark if provided with coenzymes derived
from the'light. The light is the uvltimate source of chemical energy which the
plant cell employs in the form of coenzymes to carry out reductions and other
reactions requiring energy. The coenzymes triphosphopyridine nucleotide (
(reduced form) and adenosine triphosphate are the principal coenzymes presently

known to be used in this role.

4, Experiments with Isolated Chloroplasts

The radiocauvtograph obtained from experiments with Clu and chloro-

——
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piasts, with and without the addition of sap (see section B. III. l.) show
that when the sap from spinach cells is added to the chloroplasts, a pattern

of carbon fixatidh very similar to that found'with intact cells is obtained.
The presence of the sap produces a very great increase in the rate of CO2 fix-
ation over that obtained with chloroplasts alone, indicating that either the
sap contains enzymes lost from the chloroplasts during their usual method of
preparétion or else that thé products of primary carbon fixation on the chloro-
plasts must be removed by further reactions mediated by enzymés of the sap in
order for the primary reaétions to take place. In view of the high rate of
conversion of PGA to products other than sugar phosphates of the carbon
reduction cycle observed in the kinetic steady state studies (vI. 3.,'_ Table I),
ggain_the latter hypothesis is not unreasconable. The preparation of chloro-
plasts which are capable of fixing and reducing carbon dioxide at a rate equal
to that of chloroplasts in vivo remains an important problem for the future

as does the problem of demonstrating which of the reactions found in the in vivo
studies can be performed by isolated chloroplasts without the addition of any.
enzymes or cofactors except thbse demonstrably present in chloroplasts in

intact cells.

D. Experiments with Phosphorous Thirty-Two
I. Methods of Exposure and Anélysis by Chromatogra?hy
l; Géneral Conditions
The identification of many of the compounds of the carbon reduction
cycle has been aided by studies with photosynthesizing algae and P32—labeled
phosphate. The methods employed in these studies are in general very similar

to those described for studies with Clh, and the reader is referred to the
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appropriate sections of part C of this discussion for the details. A typical
experiment may be described as follows:

Unicellular algae, Chlorella or Scenedesmus, grown and harvested under

standard conditions B. I., are suspended to a concentration of 1% (volume wet
packed cells/volume of suspension) in distilled water, to which may be added
small amounts (to lO"5 M) phosphate buffer, pH 7 and, if desired, other nutrient
solutions not containing phosphate, The algal suspension is placed in an
illumination vessel (C. II. 1. &.) where the algae are allowed to photosyn-
thesize with a stream of 1% 01202 in air bubbling through the suspension and
an illu@ination of 2000 to 6000 foot-candles from each side. After five min-
utes or more of normal photosynthesis, 0.5 millicuries (per 100 ml of algal
suspension) of carrier-free KHQPOA soiution is added while the stream of 1%
002 is continued. After a prescribed period of time (for example one minute
or five minutes), the suspension of algae is run onto a filter (Fig. 5) where
the medium is rapidly removed and the algae killed and éxtracted (C. II. 1. e.).
The subsequent analysis by chromatography and radioéutography is carried
out in the same manner as with C;u experihents (C. III. and IV.) except that
due regard for the shorter half-life (14 days) and higher energy B particles.
(1.7 Mev) must be observed. In particular, it is important that paper chroms-
tography in contact with exposing x-ray film be shielded from other x-ray film.
The same techniques of identification as wefe used for Clhnlabeled

32

compounds may often be used for P~ -labeled compounds. However, many of the
substances important in photosynthesis contain phosphorous in the form of
phosphate ester groups, so that the label is of course lost when the compound

is treated with a phosphatase and rechromatographed. For this reason,
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since treatment with phosphatase and rechromatography is one of the mbSt_uéeful'
tools of identification;'it is sometimes useful to perform double labeling

experiments with P32 and. Clh

50 that the portion of the phosphate esﬁer
remaining after treatment with phosphetase may still be located with radio-
autography. _ | | |

Such a double-labeling experiment may serve another purpose of identifi-

cation provided that the algae are left in contact with clh

and P32 of con-
stant specific activity for a sufficiently longvtime_to‘saturate the early
intgrmediates of carbon fixation with both isotopes, (C. II. 1. d.) In this
case, from'the.known specific activities of the.two isotopes and from the
experimentally determined number of counts in each isotope; the ratio of
phosphorous to carbon atoms in an unknown molecule may be deterﬁiﬁed. This
method was used as corrobérating evidence in the identification of ribulose
diphosphate (Benson, 1951b). .The élgae, Scenedesmus; were left in contact
with P32-labeled phosphate for 12 hours and then gllowed to photosynthesize
with CluOQ. The P32 radioactivity of the resulting chromatograph may be
determined by shielding out the weéker Clu.radioactivity and mﬁitiplying
the count by an independently determined shielding factor, while the radio-
carbon activity may be determined most accurately by waiting for three months

32 32 and then counting the remaining.

(six P°” half lives) for the decay of P
radiocactivity. R
‘2. Specific Experiments'andvResults
a. Short Exposures to P32
The incorporation of P32-labeled phosphate into organic

esters has been studied by allowing the fadioisotope to be in contact with the
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algae only a short time while the algase were photosynthesizing with ordinary

CO2. The radioautographs of P32

are shown in Fig. 12. It can be seen that the incorporation of P

-labeled products of one minute of such exposure
32 is accel-
erated by the light and that the principal products of its incorporation
are PGA, sugar monophosphates and diphosphates and phosphonucleotides,
(Goodman, 1953, 1955).
b. Changes in Phosphorous-labeled Compounds with Changing Conditions
By allowing algae to photosynthesize for long periods
with radiophosphate and then changing some environmental condition (C; II. 1. d.)
transient changes in concentrations of these compounds have been studied
.(Bradley; 1955). In particular, the changes accompanying the transition from
light to dark and from dark to light were étudied. In general the changes in
ribulose diphosphate and in PGA were as would be predicted from the studies
with carbon fourteen (VI. 1.) and the proposed carbon reduction cycle.
Although adenosine triphosphate (ATP) is one of the cofactors formed in the
light, the changes in the concentration of this coenzyme during light-dark
transitions are dependenﬁ on other conditions as well, since the photo-
synthetic formation of ATP on turning on the light is to a varying extent
offset by an increased utilization of ATP by the carbon reduction cycle. Con-
sequently the light-dark transition may be accompanied by either an increase

or decrease, or an increase followed by a decrease in the concentration of ATP.

II. Measurement of Photosynthetic Phosphorylation in Chloroplasts

Arnon (1954b) demonstrated the photosynthetic incorporation of

32

P32 into organic phosphate in whole spinach chloroplasts. The P~ -labeled

organic phosphate was identified as adenosine triphosphate and the process of
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its formation in the light called "photosynthetic phosphorylation." The
experimental conditions used by Arnon and coworkers were reported as followsz

All operations are carried out in the cold. Spinach leaves are ground
in 6.35 M NaCl or 0.5 M glucose; and whole chloroplasts are separated by - -
centrifugation at 1000 g for 7 minutes. The chloroplasts are washed once and
resuspended in NaCl or glucose solution.

The reaction is carried out in Warburg manometer vessels of conventional
design. To the main compartment are added 15 umoles of a mixture of potassium
and sodium phosphate, pH 7.2; 10 ﬁmoles of sodium ascorbate; except as other-
wise noted, and an acceptor for the newlyvesterified phosphate; éonsisting of
either 10 pmoles of AMP, or 1 pmole of AMP with 1% glucose and»?Slunits>of
hexokinase (Kunitz, 1946). In the side-arm is placed 5 umoles of phosphate,
PH 7.1, cqntaining P32, The vessels are then chilled in ice. ' A suspension
of chloroplasts in 0.5 M glucose or 0.35 M sodium chloride is pipetted into
.the main compartment and the volume brought to 3 ml by the additien of cold
glucose or sodium chloride solution. Unless otherwise stated, an aliguot of
chloroplasts is taken to give 2 mg of chlorophyll per vessel. The vessels
are attached to manometers and.shaken at 150 in a refrigerated waterbath. The
reaction is started by tipping the P32 solution in and turning on the light.

The reaction is terminated by turning off the light and adding 0.3 ml
of 20% trichloroacetic acid to each vessel. Chloroplast debris is removed
by contrifuggion, the precipitate washed with 2% trichloroacetic acid,-and the
supernatant liquid and washings are made up to 5 ml. These operations are
carried out in the cold. |

"Organic phosphate" is measured by the radioactivity which remains after
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the removal of the inorganic phosphate as magnesium ammonium phoéphate
(Umbreit, 1949). Blank runs show that insignificant amounts of radioactive
inorganic phosphate remain in solution after this procedure.

Radioactive phosphorus is estimated by pipetting 1 ml samples into
shallow plastic cups, evaporating to dryness under an infrared lamp with the
aid of a current of warm air, and counting under a thin-window Geiger counter
of conventional design. The total amount of P32 added to each vessel is
500,000-1,000,000 c.p.m.

The studies of photosynthetic phosphorylation in chloroplasts have been
extended, both by the use of P> and by other means (Allen, 1958). Some of
the conclusions may be summarized as follows:

Photosynthetlc phosphorylatlon in chloroplasts proceeds at a rate which
could easily supply the number of molecules of ATP required by the postulated
carbon reduction cycle (three per CO2 molecules reduced) at the rates of 002

reduction observed in vivo.

Under some conditions there appears to be two types of photosynthetic
phosphorylation. In one of these; one molecule of ATP is produced for each
molecule of triphosphopyridine nucleotide formed in ‘the light. The other type
of photosynthetic phosphorylation is a "cyclic” type in which some of the
photosynthetically formed reduced triphosphopyridine nucleotide (TPNH) is
concommitantly oxidized to oxidized triphosphopyridine nucleotide (TPN*') by
the (OH) fragment (whatever its chemical species may be) from the photo-
chemical splitting of water.

One of the most important problems for the future is the elucidation

3

of the chemical mechanism of these reactions, and it is likely that the appli-
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cation of tracer methods, both CllL and P~ may play an important part in the
solution of this problem.

E. Experiments with Tritium (H3)

I. Methods
Within limitations imposed by the low energy of the B particle

emitted by tritium, the same techniques of administratioﬁ to suspensions of
algae and analysis by papéf chromatography and radioautography as were used
in the case of Clu may be employed with tritium. The tracer has been admin-
istered as TQO in experiments reported so far, but could also be administered
as T2 gas to hydrogen adapted algae. In the experiment described below (Moses,
1958) very large amounts of radioactivity (1 curie per sample) requiring very
great safety precautions were employed in order that the reéulting papér
-chromatograms would contain T-labeled compounds with enough energy emitted to
prepare a radiocautograph in a_reasonable period of time. However, Wilson
(1958) has reported a method for preparing a scintillation autograph of
paper chromatograms obtained from exposures of photosynthesizing algae to
_ TEO which permit using smaller amounts (50 mcuries) which could be substi-
tuted for the method of radioautography which has been used for Cl,+ and in
Moses“ experiments which were carried out under the following conditions:

" The apparatus used for exposure is the same as described in part
C. IT. 1. c. and irovides for the shaking of six glass vessels while they are
simultaneously illuminated from below. After harvesting of the cells (Chlorella
see part B), washing with distilled water,'and resuspending in distilled
water or other medium, 0.7 to 0.8 ml of the cell susﬁenéion is pipetted into

each vessel. The cell suspension is shaken in the light for 10 to 30 minutes,
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while 1% CO, in air is blown over the surface.

Before the addition of labeled substrates any other additioms, such as
mineral salts, are made, resulting in a total liquid volume of 0.8 ml. At
the start of tﬁe experimental period, 0.2 ml of 3H20 (specific activity, 5
C/ml, prepared by éxidation of tritium gas)are added to the cell suspension,
and after a definite incubation period 4 ml of absolute ethanol are added to
kill the cells. The shaker is kept. in motion while both additions are made

to ensure rapid mixing. Unless NathCO is also used as a substrate, the

3
vessels are kept flushed with the gas mixture during the incubation period.
The suspension of cells in 80% ethanol at the end of the incubation
period is allowed to stand at room temperature for 2 hours, and then is
centrifuged. The residues are extracted with 2 ml of 20% (v/v) ethanol for
1 hdur, and with 2 ml of water overnight. Thé extracts are pooled and the
cell residues discarded. The extracts are evaporated to dryness in vacuo
below 40°. The dry residue after evaporation is redissolved in 5 ml of 20%
ethanol and again evaporated to dryness; this is repéated twice more, and
the residue finally dissolved in less than 1 ml of 20% ethanol, solution
being aided by placing one or two small glass beads in the flask and using-
these to loosen material from the walls. The purpose of the repeated evapor-
ations is to remove tritium present in compounds in exchanéeable positions,
leaving the isotope present only in noﬁexchangeable locations., Were this
not done it is likely that almost every compound in the cells would have been
labeled. All volatile radiocactive materials are trapped and properly dis-

posed of in accordance with safety procedures. Owing to the large quantities

of radioactivity used, all the operations described above, from the time the
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vessel containing labeled substrate is first opened until the final evapor-
ation is completed, are performed within a sealed "glove box." A rapid
draught of air is maintained through the box by a suction fan which is -
vented through the roof of the building, and the vacuum pump used for the
evaporations, even though outside the box, is exhausted back into the main
vent. The whole system inside the box, in addition to the room air, is very
carefully monitored to ensure that no radioactive substénces escape from the

confines of the box and the venting system.

II. Results
While a number of compounds which are found to be labeleled

experiments with photosynthesizing algae and Cluo2 were also fouﬁd t0 be
;abeled iﬁ these exposures offphotosynthesizing algae to T20, the most
striking effect was the appearance of T-labeled glycolic acid which appeared
on the.fadioautographs as by far the most.strongly labeled compound. In
control expérimehts in the dark, glycolic acid was ohly slightly labeled.
The role of glycolie¢ acid reduction in photosynthesis is ﬁot-knowno It
has been suggested (Tolbert, 1958) that glycolic¢: acid may act as a hydrogen
carrier between chloroplasts, in which photosynthetic reduction takes place,
and other:parts of the cell. The glycolic acid would be formed by the
reduction of glyoxylic acid in the chloroplast aﬁa would be oxidized out-
side the chloroplast to glyoxylit:_ac}d, which could either be recycled to
the chloroplast or be converted to élycine. Glyoxylic acid could arise in

the chloroplast by the-sp;itting'of malic acid aé'suggested earlier (Q.VI,3.),

F. Experiments with Sulfur Thirty-five

Few experiments have been reported in which radiosulfur has been used
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in the study of photosynthesis. Since S3° would probably be administered

in the form of 8350£2 ion in solution, the experimental procedure for exposing
photosynthesizing algae to this isotope would be similar to that employed

in the administration of P---labeled phosphate (C.II.l.e. and D.I.). Since

~ the energy of the emittéd B~ particle is similar to that of the B~ particle
from Clu, techniques of radicautography and counting of radioactivity which
were employed in the analysis of radiocarbon compounds may also be employed
in studies with 835. |

An interesting example of the use of 835

in studies of photosynthesizing
algae has been reported by Benson (1958b, c). In these studies, a sulfolipid
was identified as a major constituent in green plants and photosynthetic

35

organisms. It was first detected in 577 -labeled algae where it contains
almost all of the ethanol-soluble sulfur. Radiochemical identification of
the unknown compound using 835-, P32—, and Clu~labeled Chlorella has established
its structure as 3'-0-oleyl-l'glyceryl B-D-galactopyranoside-6-sulfate. The
structure of the 1lipid is based upon radiochromatographic observations of
its derivatives and hydrolysis products. With Clh-labeled algae the sulfolipid-»Clllr
was easily isolated. The Clu radiocactivity of the glycerol, fatty acid,
and sugar sulfate defined the carbon composition of these hydrolysis ppoducts.
A comparisoh with P32-labeled algal lipids established the singularity of
the sulfolipid.

It is apparent that the sulfolipid is actuaily a sulfate ester of mono-
acylglyceryl galactoside. Phytosynthesis of the sulfolipids, concomitant

with formation of the other plant galactolipids, provides evidence for their

biochemical relationship.
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G. Present Status and Future Pfoblems

The carbon reduction cycle (Fig. 9) represents the accumulation of a
large amount of information regarding the ﬁajor metabolic pathways of
photosynthesizing plants and a tentative elucidation of some 12-15 importént
steps in the fixation and reduction of carbon dioxide‘during photosynthesis.
Coupled with the information regarding the formation of the cofactors required
to drive the cycle, adenosinetriphosPhate and reduced triphosphopuridine-
nucleotide, which has resulted primarily from studies with chloroplasts

32

and P~ as well as with non-tracer methods, these findings permit a hypo—
thesis to be made for perhaps the majority of engzymatic steps following

the primary photochemical conversion of light energy to chemical energy.

Even within this body of knowledge, however, there exist a number of important
problems and questions. Additional proof of the mechanism of some of the
steps in the carbon reduction cycle is needed in order that it may be estab-
lished without gquestion. This is particularly true of the carboxyllation .
reaction, where it has not been established with certainty that'all the CO2
incorporated via addition of CO2 to ribulose diphosphate leads to PGA as

the only product. The alternative proposal in this case is that some of the
addition product of the carboxyllation reaction may be reduced directly to

the sugar phosphate level without passing through PGA as an intermediate.
Aside from the carbon reduction cycle, the other pathways of carboﬁ reduction
are even less clearly known. For example, the mechanism of the addition of
CO2 to a C

compound is not known as to the identity of the C_ acceptor or

3 3

the Ch product. The route by which glutamic acid is formed is not known with

certainty. The fate of malic acid and fumaric acid, once formed, is not known.
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The further use of radiocarbon and radiophosphorous is indicated as a
means of solving these and other problems. One principal line of investi-
gation may be to continue the search for umsteble intermediates and inter-
mediates occuring at very small concentrations under conditions used thus
far. New killing techniques and methods of analysis (low temperature, rapid
analysis through centrifugal chromatography, etc.) are suggestéd as methods
for discovering unstable intermediates. ‘A differernit selection of experi-

mental conditions (nutrient, light intensity, temperature, CO. tension,

2
chemical inhibitors) may lead_to the accumulation of intermediates previously
occuring in very small concentrations.

/ Another promising line of investigation appears to be in the appli-
cation of quantitative methods to steady state studies. It should be possible
to measure and calculate the rate of flow of carbon through each of the inter-
mediate compounds of the various pathways by studying their rate of labeling
and steady state concentrations simultaneously. Thus it may be possible to
resolve the question of the carboxyllation reaction by measuring the rate of
f;ow of carbon through PGA and comparing this rate with the overall rate of
carbon uptake by the photosynthesizing plant.

The fole of glycoli¢ : acid requires further experiments both with Clu
and with tritium. It is also possible that tritium may prove useful in
investigations of the formation and utilization of the pyridinexrucleotides.

The mechanism of formation of adenosine triphosphate from adenosine

32

diphosphate is being actively studied in many laboratories using P~ and
other means and it is to be expected that the details of photosynthetic

) phosphorylation will be understood in a few years.
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The use of 835, rather limited to date in photosynthetic studies,
should lead in time %o indreased knowledge of the phytosynthetic pathways by
which lipids and proteins are made.

Finally, it may be mentioﬁed that other radioaétive isotopes, not yet
emrloyed, may prove valuable in studying some phases of photosynthesis.

For example, the roles of certain trace elements, known only to be required
for plant growth at present, might be determined through the use of éuitable

radioisotopes.
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Fig. 1. An apparatus for preparing HCMO:; and C14Oz,
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ZN-1867

Fig. 2, Illumination vessel for exposing algal suspensions to
HC 1405 under several conditions.
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Fig. 3. Apparatus for exposing algal suspensions to HC
under several conditions,
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Fig. 4. Apparatus for steady state photosynthesis studies,

C14 indicates ionization chamber

CO, and O, represent carbon dioxide and oxygen
analyzers respectively
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Fig. 5. Apparatus for egxposing algae to C14-1abe1ed organic
substrates or to P”~ -labeled phosphate,
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Fig. 6. Apparatus for exposing leaf to C14 2
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ZN-1968

Fig., 7. Radioautograph of chromato%rams from 5 second exposure
of photosynthesizing algae to C 402,
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Fig, 8. Chromatographic map of some compounds commonlfr
labeled with C14 in photosynthesis experiments with C 402,

PEPA = phosphoenolpyruvic acid

= dihydroxyacetone phosphate

ribose-5-phosphate and ribulose-5-phosphate
glutathione

fructose-6-phosphate and mannose-6-phosphate
glucose-6-phosphate and sedoheptulose-7phosphate
uridine diphosphoglucose

ribulose disphosphate and fructose diphosphate
1,5 diphospho-2-carboxy-3-keto-pentitol
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Fig, 9. The carbon reduction cycle of photosynthesis.
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Fig. 10. Changes in concentrations of intermediates during
light-dark transition,
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Fig., 12. Fixation of P3Z by Scenedesmus in one minute,




Compound

PGA

Malic Acid
Alanine
Aspartic acid
Serine

Glutamic acid

*Concentration of compound in umoles per cm

-$3-

TABLE I

CONCENTRATIONS OF INTERMEDIATES AND APPROXIMATE
RATES OF FLOW OF CARBON THROUGH INTERMEDIATES

(Preliminary Results)

Concent.

pmoles of
¥*

carbon

= OO0 UMW

10-20

3

atoms in molecule.

UCBL—8676

Flow of carbon through
compound.
umoles of carbon/min.

10
2.5
2.5

1.5

1-2

of algae times number of carbon
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