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INTERMEDIATES OF PHOTOSYNTHESIS:

TSOLATION AND DEGRADATTON METHODS®

A. A. Benson and M. Calvin
Radigtion Laboratery and Department of Chemistry

University of California
Berkeley, California

. In defining the path of carbon in photosynthesis a variety of new tech-
niques were developed which have wide application in metabolism studies. The
primary attribute of the tracer method, its ability to disecriminate between the
first few infermediates of a reaction sequence and the host of compounds in the
organism, -simplified the problem of iscolation and identificaﬁion of the inter-
mediates of carbon dicxide fixation of the plent's numerous components, only a
few become labeled as the label of carbon dioxide makes its way through the gequence
pf reactiong leading to uniform distribution in the plant.

When a plant engsged in steady-state photosynthesis at constant carbon -

14

dioxide pressure is given a negligible amount of high specific activity C Gey

the rate of photosynthesis can be measured by a linear accumulation of radio-
activity. Such a Clh fixation curve is a summation of & large number of radio-
activity appesrance curves.for the intermediates and products. The curve for each
é@m@ound» in turn, is made up of a summation of the rates of sccumuletion of label
in each of its several carbon atoms. The observation of these rates has contributed
to an understanding of the sequential relationships of carbon dioxide fixation and
reduction.

In the very shortest ﬁerio&s of steady state Clno2 fixation the major pro-
| duct was seen to be phésphoglyceric acid.g Such a primexry carboxylation product

has an “sppearance curve" with an initial finite slope while all subsequent
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intermediates should have initial slopes of zerc. Such curves have been .

3

cobtained for photosynthesis by the green alga, Scenedesmus,” and aré ghown in
Figure 1. Phosphoglycerate and malate are direct carboxylation products ﬁhile ) -
other compounds have negligible slopes at the origin. t
Each of éheﬁe "radiocactivity sppearance curves” is made up of individual ' R
curves for label in each carbon atom of the gom@oundo; It is from these par-
ticular radiocactive appearasnce rate dats that one may deduce the path of carbon
in ph@tosynthesiso |
- Securing such dats requires‘sevéral steps. One must be able to sepsrate
the labeled compaﬁnds and determine their total radicactivity. One must choose
those which éppear to be the major intermediates involved and identify them.
This done, a method,of chemical or biclogical degradation must be developed
whereby the label of each carbon atom may be measured either as a one-carbon
compound or its'derivative,like barium carbonate or formaldimedoﬁ,ar a8 the
&ifferences in label between that in known groups of carbon atoms. Some of
the technigues applied in carrying oui these steps with photosynthetic inter-
mediates are described in the succeeding sections.
SEPARATION COF LABELED CCMPOUNDS
Mary methods are available for fractionation of plant constituents.
Since none are universally applicable the method chosen is dependent upon the
type of compounds invesﬁigated and the standards of purity required. The
elaBsical methods for fractionstion of amino acids or the sugar phosphates by
their solubility properties are practical for large—Scale separation when co-
recipitated impurities can be tolerated. These methods are not applicable,
however, when separating radiocactive components of widely varying radiocactivities
and specific activities. A negligible fraction of co-crystallized or adsorbed
impurity of high specific radiocactivity could easily lead to an erronecus identié

fication. DMethods must be chosen, therefore, which will be free of such limitation.

i\: i :
. 1 .
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Paper chromatography is such a method and has admirably complimented the

tracer techunique.

Paper chromatography is a sepsration based largely wpon solvent par‘titionu
and as such is remarkably free of those difficulties which plague the analyst,
absorption, cocrystallization and other interaction_s between substance and
impurity. The partition coefficient of & substance is independent of concene.
’tratién over a large range and not seriously influenced by moderate concen-
trations of impurities. By choosing suitable solvents a wide group of compounds
may readily be separated.

It has proved valusble .to use chromtogré.phing solvent systems whiech give
optimum separation of the majority of soluble compounds becoming labeled during
photosynthesis in C;lh()a. Most plant extaracts_ére near pH 6 and hence most éxf’
the acidic compounds are dissociated. FPhenol-water has been chosen for the
first dimension because i‘b_ gives a remarkably good separation of amino acids,
earboxylic aci«is » Ssugars and phosphate esters and does not change the pH of
'ﬁ;he compounds spplied to the paper. In order to achieve a different order of
gseparation of "bhese compounds, the second solvent contains acid capsble of
““swamping”"s or acidifying the carbohydrate and phosphate salts, thereby radi-
cally changing their sdlubility characteristics. Bases, being largely in the
form of their salts, will become more water soluble, and their Rf values will,

therefore, be reduced., Aecids will become less soluble in the water phase,

their R P values incféésing; The acidic compounds, therefore, move relatively

farther in the acid solvent than do the neutral substances. Basic substances

move much less at h;gh pH then at pH 6. Position on the chromatogram, then, tells

‘ much of the acid.or base character of a compound. A typical radiogram of such a

paper chromatogram is shown in Figure 2.
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SEQUENCE (OF INTERMEDIATES IN PHOTOSYNTHESIS

Photosynthetic incorpgratién of carbon dioxide has been found to follow
the pattern outlined in Figure 3°6 The kinetics of the appearance of Cl’h in
the varioug carbons of this sequence is consisfent with the available degrada-
tion data as well as with our knowledge of the enzymatic equilibrié involved.
The major synthetic pathway, leading to sucrose in most plants, follows the |
Embden-Meyerhof sequence to the condensation reaction by which sucrose phos-
phate is formed and from which free sucrdse is liberated as the first free
sugar. The cyclic system serves for the regeneration of the carbon dioxide
acceptor and involves equilibration of the ketose phosphates, fructose-6-phosphate,
sedoheptulose=-T-phosphate and ribulose-5-phosphate by_transketolaée° This system
was devised on the basis of the isclation, identification and degradation of the

compounds whiéh‘begqma-labeled*when plants are fed labeled CO The relation-

20
{
ships of the labeled atoms to a number of externally controllable variables such
758

as light and 002 pressﬁre -made possible a more or less definitive specifica-

tion of the path of carbon as shown in Figure 3. Each of the individual steps
therein given is well on itsiway toward in vitro demonstration.

Changes in Reservoir Sizes upon Changing CO, Pressure

The carbon dioxide acceptor which acéumulates when the carbon dioiide
pressure is reduced appears to bevribuiose diphosphate. Reservoir sizes were
determined by counting each cdmpound on two-dimens;onal paper chromatograms
prepared from extracts of samples of labeled algse taken at fivemsecond inter-
vals while the carbon dioxide pressure was being reduced. The accumulation is
, &emonstrated7’8 in the curves of Figure‘h,

Immediate decregse in PGA concentration results from the sudden drop in
carbon dioxide pressure. The first compound to increase in concentration is

ribulose diphosphate. It is-seen that pentose monophosphates and triose
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phosphate rise later. These results suggest that ribulose diphosphate is the
carbon dioxide acceptor and are verified by carboxylation of ribulose diphosphate
with Clho2 in the presence of a crude cell-free plant enzyme preparation9 to

givé caxho%ylulabeled PGA .

DISTRIBUTION OF Glh IN PHOTOSYNTHETIC INTERMEDIATES

The earliest PGA is carboxyl-labeled and it apparently is the product of

the reaction:

— . —
GH20P ’ GHQQP CHQOP
1k | 14 | 5,0 |
Cc 02 + (=0 ——— |HOOC™ -C=0H : =» HOCH
| B I B
HCOH C=0 ClhOOH
| +
_HCOH HfOH COCH
| I
HEGOP _ B HQCOP _J H?OH
| HQCQP
Ribulose-di~P Postulated6 PGA
‘ intermediate

In one to three minutes, depending upon the plant used; PGA becomes uniformly
lsbeled. The @ and B carbon atoms accumilate Glh at practically identical rates.
The distribution of label in the hexoses, Table I,'reflects this iﬁ thé identical
increase of C?J'LP in 0-2,2 and in C-1,6. The explanation for such equality is

seen in the scheme of Fiéuré 3 where F-6-P éerves as substfate for the production
of the "02 acceptor.” C-1;2 of fructose ultiméfely becomes ﬁhe o and B carbons
of PGA as do C-3;4. The observation of uniformly labeled glycolic acid in even
the shortest phoﬁosynthesis periodslo suggested that it may be related £¢ the

symmeﬁrically labeled 002 acceptor.
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The distribution of label in ribulese, sedoheptulose and frudtose-phos-
phates is given in Table II,6 These data are consistent with transketolase
eguilibration and led to the choice of the hexoge as the only pfobable source
of the Ch moiety required for the formation of sedoheptulose phosphate by an

aldolase~type condensation.

c c ox*
C Q¥ transketolase ] ¥
C¥% + c. . > C¥x + O
C¥# c c. . C
c.. . Cc
c ‘
gi: + g%% aldolase - g
c c T o
c ' } C%%

¥

c..

c
The rate of attainment of uniform labeling of these phosphates is dependent upon
the plant used and upon the sizes of its reservoirs in intermediates. - Five to
ten nminutes photosynthesis is generally sufficient to attain C!lh saturation of

these compounds in steady-state light- and 002=sa£urate& photosynthesgis.

%
o'

PGA-C™ " in Photosynthesis

Photosynthetic preparation of PGA«Clh, = The PGA reservcir of most plants

saburates with Clh during the first two minutes of steady-state photosynthesis.

The green algae, Scenedesmus and Chlorells, and the leaves of several higher

1 .
plants are satisfactory sources. Heat-stable phosphatases 1 are more active
in leaves; therefore, more free glyceric acid alsc appears in their extracts.

Procedure: Scenedesmus {Chlorella is also satisfactory) culture:=l2 One

liter of inorganic culture medium contains the following salts: 5 ml. 1 M KNO3;
O.5mi. 1 M KQHPOh; O.5ml. 1 M KHEPOh; 2ml. 1 M Mgsoh°7H20; 0.25 mL. 0.1 M

Ga(N03)2; 1 ml. trace element solution containing 1.43 mg. H3B03, 1.05 mg.

€<
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MnSOu°H20, 0.05 mg. chlg, 0,04 mg. GuSOh°5H20 and O0.0L mg,'H2M004°H20; 1 ml.
iron and versene (Versenes, Inc., formerly Bersworth Chemical Co., Framingham,
Mass.) solution. The iron solution is prepared by addition of 24.9 g. FeSOuoTHEO
to & solution of 26.1 g. versene in 268 ml. 1.0 N KOH (15 g. KOH). After dilu-
tion to one liter the solution is aerated overnight and the pH is=~5.5. The medium
shoﬁld be pH 6.8. Algae are growvn at 25° on 4% CO,in air with sufficient agi-
tation to prevent settling of the cells. Light intensity from a bank of dayligh#
fluorescent tubes is 2000 foot candles. The algae are harvested tec give a yield
of 3 cc. packed cells per liter. Repetition of this culture using 18% inoculum
and 82% fresh nutrient gives a uniform daily harvest.

A 1-2% suspension of algae in M/150 pH 6 phosphate buffer is illuminated
f?om both sides in a 1 cm;ithick vessel with two 300 watt reflector-spot incan-
descent lamps with_suitablé infra-red filteré. A bank of closely spaced white
fluorescnet iights-(Q-SOOO,footcandles) is also effective. After photosynthesis
with 4% 002 in air long enough to overcome possible induction periods (up to 1
hour when algae have been stored in the cold or dark) air is flushed through the

i

suspension for 1-5 minutes to remove excess (.‘302_o A solution of NaHCl 603 (approx.

0.02 millimoles per minute per gram eells) is injected into the suspension and

8

the vessel closed and agitated for l-slminuteso A fixation rate of up to 1.5 x 10
dis./mine per gfam cells may be anticipated usiﬁg BaCO3 with 25% Clh; The slgae
are then poured into four. volumes of hot absclute ethanol. The extracted color-
less cells are filtered using a filter aid (Hyflo-Supercel) or centrifuged and
the residue re-extracted with a smaller volume of hot 20% ethanol. The 20%
alcohol extract contains most of the PGA and ribulose diphosphate as well as some
polysaccharides.

A similar experiment may be performed using young sugar beet or barley seed-

ling leaves in an illumination chamber having a removable face, Figure 5. The
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leaves should be cut from the plants in the light, placed in the chamber, and
given C’lho2 without delay. The chamber air is partly removed quickly with a
water aspairator and replaced with air passed through the U-tube or loop con-

Ly o o1k 1k

taining an excess of C 02. O2 from 3 mg. BaC™ O, should be prepared for each

3 .
gram of green tissue per min;lta of photosynthesis. After a chosen time the R
chamber is opened (in a well-ventilated hood) and the leaf(s) plunged into
liguid nitrogen. It is ground while wet with liquid nitregen and the powder
dumped. imto boiling 80-00% ethanol. Most of the PGA-CY' 1s abtained upon re-
extraction with hot 20% ethanol.

The 20% éthanol extract is concentrated _:52 vacuo to about 1.0 ml. per g.
.cells and applied in a stripe for paper chromatography in phencl-water on oxali-c
acid-washed Whatman No. }y paper and re-run, if necessary, on & second paper in <
butano_imacetic acid-water. Pur’ity of4 the labeled product may be determined by
phosphatase hydrolysis and rechroma‘bo@aphy of the resultant glyce:r‘:i.c:B acid on |
Whatmen No. 1 paper. Possible contaminants will be hexose/monqphosphates which
would be detected as hexoses in the hydrolysate radiogram.

Hydrolysis a.nd Degradation of PGA. - Labeled phosphoglyceric acid eluates

are hydrolyzed readily with phosphatase (Polidase-S, Schwarz Laboratories, Inc. ,
Mt. Vernon, N.Y.) and chromstographed on Whatman Nc. 1 paper. (Rf: phenol, 0.28;
butanol-propionic-water, 0.40). | |
The glyceric acid is first oxidized with pericdste at room temperature to
give the B-carbon activity in formaldehyde which is isclated as” the dimedon
derivative. The remaining glyoxylic acid oxidizes more slowly with excess
periodate to give carbon dioxide from the carboxyl group and formic acid from

the d-carbon atom.
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?OOH COOE - 002
- +
HCOH B0 mao B0y mcoon

| 1 mole ¥ ‘ éxcess -
HéCOH HCHO

Elution of labeled compounds from paper chromatograms:- The radioactive
gpot, defined by the radiogram, ié cut out in a rectangular area with one end
pointed. The rectangular end is attached to a wet paper wick hanging from a
small trough, surrounded by an inverted aquarium to maintain humidity, Figure
6. The eluate is collected in a 2 ml. centrifuge tube as it flows from the
pointed tip of the paper to the inner surface of the tube. The tube is briefly
centrifuged to collect all the eluate in the bottom of the tube. Complete
extraction is obtained with : 50 pl. for sugars and amino.acids and 100-200 pl. for
phosphate esters. |

Procedure:l3 The glyceric acid was eluted from the paper and the eluate
addedito 100-200 mg. of calgium'glyéerate carrier. The mixture is dissolved in
ca. 0.5 ml. water and crystallizes upon addition of several volumes of hot absc-
lute ethanol. The labeled calcium glycerate is dried and its specific activity
accurately determined. This is done by direct plating of samples with leés than
1 mg.,/cm.2 to avoid self-absorption corrections.

Fifty mg. of the labeled calcium glycerate (0.4 millimoles) is placed in a
flask with 0.80 ml. of 1.0 N periodic acid. After 2 hours at room temperature,
the solution is made slightly alkaline and the volatile contents, including
formaldehyde, are diétil}ed in vacuo without heating into 13 ml. of a sclution
of dimethyldihydroresorcinol prepared from 1 g. dissolved in NaOH and diluted
with 100 ml. water, from which the dimedon compound of formaldehyde is precipitated
by acidification to pH 6~7 and is isolated by centrifugation. It is recrystallized
by dissolving in hot ethanol and adding water until incipéint crystallization

and then allowing the solution to cool.
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To the non-volatile residue of sodium glyoxylate, 5 ml. of 0.1 N periodic
zeid is added, and aftér 24 hours at room temperature the volatile products are
distilled in vacuo into 10 ml. of a carbonataufree 1 N =sodium hydroxide solution.
Excess barium chloride solution is then added dropwise and the barium carbonate
precipitate centrifuged, washed with water and alcohol, dried, and its specifiec
aetivity determined by direct plating and counting. Plates of less than 1 mg,/cm?
may be counted without self-absorpbion correction when specific activities are
high (>50 epm,/mgc), Otherwise thicker. samples must Ee counted with adequate
corrections., The superngtant solubion is acidified and steam distilled to collect
the formic acid. The steam digtillate is neutralized with barium hydroxide to
phenolphthalein end point and concentrated to dryness at reduced pressure. The
barium formate is recrystallized from a small amount of waler upon addition of
alechol. The specific activities of the barium formate and dimedcn compound
are détermined, and, with the theoretical yields, they'éive the radicactivities
of the & and B carbons {expressed as percentages of starting radioactivity). The
meagsured wéight of barium carbonate and its specific activity is ﬁsed for calcula-
tion of the carboxyl activity. In general, even the measured barium carbonate
yield will give & low result since it is dilubted by less active C02 derived from
over-oxidation, from CO

2

scdium hydroxide sclubicn. Ressonably carbonate-free sodium hydroxide iz obtained

from contact with the air, and from carbonste in the
3

by filtering a saturated (50%, 21 N) sclution which has stood a week or more
while sodium carbonaté separstes. It 1s stored in s sesled vessel and diluted
twenty fold for use. |

The method hag been altered by Ar@n@.’c’:E‘l}'At in which the oxidation of glyoxylic
acid is done by a fresh solution of M/2 perchiorato-cerate (G. F. Smith Chemical

Co., Columbus, Ohf%)-whereby the oxidation time 1s redueced to 15 minutes at 50° ¢.
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- After distillation of the formaldehyde in vacuo, 5 ml. of the cerate solution
was introducéd with provigion for trapping evolved carbon dioxide. The residual
formate was then converted to carbon dioxide by excess mercuric oxide during
fifteen minutes boiling.

Accumulaition of Glycolic Acid during Photosynthesis

When leaves or algae are illuminated aerobically in the absence of carbon

dioxide (following Clho2 photosynthesis) copious formation of glycolate is

observed. Up to 30% of the Clu in the slcohol-seluble compounds of sugar beet

leaf has been observed in glycoiic acid. It appears that these conditions,
which involve accumulation of ketose phosphates, leads to oxidative degradation
of the fransketolase~02 coﬁplex to free glycolate. The active glycolic acid
oxidase of most pldnt tissues rapidly oxidizes the glycolate when illumination

ceases.

Degradation of Glycolic Acid;aclh'° 10 Lead tetraacetate oxidation of

glycolic acid yields formaldehyde and carbon dioxide. Since the reaction is

best done in acetic acid solution, the 2,4-dinitrophenylhydrazone is chosen

»

as the formaldéhyde derivative.

COOH Pb(oAc)LL €0, —————>BaC0
o >4 ° -3
CH,OH : HCHO ————— H, C=N-N-R

Procedure: A tracer quantity of Clhulabeled gLycolic aéid, obtained by
elu%ion from a paper chromatograﬁ is added to 30.L4 mg. of glycolic acid in
three ml, of glacial acetic acid in a 50 ml. flask with a lh/ZO Jjoint. The
solution is then frozen, about 0.5 g. lead tetraacefate added,_gnd the flask
is attached through a stopcock to an inverted U~tube (14 mm. diameter tubing)
from which the air may be removed through a stopcock. The system is evacuated,

the stopcock closed and the reaction mixture heated in a water bath at 90O C.
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for thirty minutes. After cooling, the volatile contents of the flask are
distilled (with due preécaution to prevent bumping) through the U-tube into a
second flask containing 80 mg. of 2,4-dinitrophenylhydrazine and immersed in
liguid nitrogen.

The stopcock is again cl§sed and the second flask warmed until a clear
yellow solution of formaldehyde 2,4-dinitrophenylhydrazone was obtained. The
first flask iS»reﬁlaced by a third flask containing 5.0 ml. saturated, carbonate-
free, sodium hydroxide solution. Both flasks are immersed in liquid nitrogen
for a few minutes, the stopecock is opened and the system re-evacuated. The
liquid nitrogen bath is then removed from the second flask and the volatile con-
tents distilled into the third flask. The residue of formaldehyde~2,4-dinitro-
phenylhydrazone in the second flask may be crystallized from alcchol, purified
chromatographically on & silicic acid column and the specific activity de‘ogrminedo
This specific activity, together with the theoretical yield based on the carrier
taken, gives the total actiVity of the alpha carbon atom. The third flask is
warmed to room temperature, and the solution transferred to a centrifuge tube.
It yields, upon addition of excess barium chloride solution, & precipitate of
barium carbonate which was washed, driedg weighed and counted. The product ﬁf
the specific activity of the barium Cérbonate and the total yield (slightly
greater than theoretical due to intrmduction of inactive carbon dioxide in
reagents and manipulation) gives the total activity of the carboxyl carbon of
glycolic gcid°

Labeled Heptuloses in Photosynthesis

The phosphate esters of sedcheptulose and manncheptulose are intimately
involved in phytosynthesis but do not accumulate to any great extent (;LO=l+ M)
in normal plant tissues. The low concentration of these esters delayed their

identification until the advent of tracer technique and its sensitivity for

ik



(N

-

©wooL

1h UCRL-2682

selection and detection of such compounds. The free sugars, however, have been
known for some time and their sccumulation has often been cited as evidence for
an abnormal or highly active heptulose metabolism. In developing methods for
preparation of labeled hejptuloses,15 however, it became apparent that the turn-
over of heptulose reservoirs is unusually slow. The'exchange between heptulose
phosphates and the free sugars is sluggish'in both Sedum and avocado. This may
be due to lack of suitable kinases for phosphorylation of the f;ee heptuloses.
Avocado leaves contain much free mannoheptulose and serve as a convenient
source for its isclation.15 The accumulation of mannoheptulose in avocado
fruitl6 is not predictable and highly dependent on the variety of avocado.

Sedoheptulose17 was isolated from Sedum spectabile and occurs in high concentra-

trations in other Sedums under a variety of conditions. Up to 80% of the free
sugar in the Sedum leaf may be sedoheptulose and it serves as an appealing source
of labeled 'hep‘bulose., .
R . -
Mannoheptulose-C™ . - C O2 photosynthesis by avocado leaves produced

labeled mannoheptuiose in moderate amounts during five minutes. Longer photo-
synthesis would be necessary to saturate the reservoir for prddugtion of high
specific activity hgptulose. The low concentration of mannoheptulose phosphate
in leaves precludes its use as a source of labeled mannoheptulose. Separation
of the free sugers is accomplished by two-dimensional paper chromatography or
by deionizing with ion exchange resins and remo#al of hexoses by yeast fermen-
tation. In any event it is usually necessary to demonstrate the purity of the
labeled mannoheptulose since it cochromatographs almost exactly with glucose
in most solvents.

#

on Whatman No. 1 paper using

Mannoheptulose was separated from glucose15

solvent prepared from 40 vol. n-butanol: 11 vol. ethanol: 19 vol. borate buffer

7

(200 ml. water, 1.25 g. Ne/B)0-*10 H;0, 0.25 g. HJBO.). After 40-48 hours
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descending development heptuloses are detected with orcincl-TCA acetic acid
reagenﬁ,lS’lg Relative Rf values were glucoge, 1.0; mannoheptulose, O,YA;
::fzedohes:-];ﬂ:u:i_,ose‘9 0.5k, |

Sedoheptuloseaclho-a Phytosynthesis of labeled sedoheptulose has been

@arriéd,out by Tolbert and Zill20 gné‘by'qudal (unpublished) using Sedum
gpectabile. Toibert and Zill used stalks of mature plants weighing 20 g
each, while No;dal used young plants weighing 0.5 to 1.0 g. With a light
intensity of 100 foot candles, Tolbert and Zillvfound that 40 g. of plant

uog during 26 1/2 hours. The yield was satisfactory

assimilated 10 me. of Cl
but not consisténﬁ with that expected from the known high concentration of
zadoheptulese in these leaves.

Nordal observed ﬁhe expected sedohéptulose cdncentration only after 7 to
10 days photosynthesis in Clhog using 20-minute pericds of ;ight>and dark to

maintain thé health of the plant in the closed ClhO

emair atmosphere. In the

cases examined, periods of a week or more were required to reach apparent satﬁ-
ration of the heptuleose reservoir. At this poin% the amqpnﬁs of.sucrose, fruc=-
toee and glucose are relatively small.

Preparation from sedéheptuloseQTAP of scy bean leaf:- The simpiest
photesynthesis of éxperimental aﬁounts of sedoheptul@sg-cl& has been its
regovery from sedoheptulose~7wphosphate formed during 1 to 5 minutes photo-
3yntheéis by soy bean leaves. Thes;”have & relatively high Qéncentration of
sedoheptulose=T7-P in the meonophosphate fraction.

_ Procedure: Soy'ﬁean leaves freshly cut in the light are placed in a
glass chanber (figure 5} of small volume having a detachable glass face.. In
direct sunlight or with suitable light scurce the chamber is rapidly evacuated

and refilled with air admitted through a tube eontaining 100-200 pc. Glh

1k

02) for each trifoliate leaf. After one or two minutes the

2

(5-10 mg. BaC



16 UCRL-2682

leaf is taken from the chamber, plunged into ethanol and extracted successively
with 80% and 50% ethanol. The concentrated extracts are chromatographed two
dimensionally on paper (extract of 10-50 mg. plant tissue per sheet) and s
radiogram prepared. The total phosphate ester area or the "hexose monophosphate
area" is eluted and hydrolyzed with 200 pg. of Polidase-S (Schwarz LaboratSries,
Inc., Mt. Vernon, N.Y.) in a volume of 1-500 pl. The hydrolysate is chromato-
graphed on Whatman No. 1 paper with phenol-water and butanol-propionic acid-
water to sefarate the resulting sugars. Sedoheptulose lies between gluéose

and fructose and can be separéted from the former on Whatmsn No. 1 paper. In
one-minute photosynthesis the yield is approximately 10-20% of the total fixed
Clh. Longer photosynthesis gives more sedohe‘ptt;tlose-Clhr but, of course, a

lower fraction of the fixed activity in the heptulose. Five nminutes photo-

'synthesis is required to attain essentially uniform labeling.

. 14
Preparation from Sedum leaves:- The use of Sedum leaves for sedoheptulose-C

preparation requires adequate temperature control aﬁd provisions for maintaining
heslth of the leaf or plant for 24 hours or longer. The relatively large amount
of free sedoheptulose in the plant serves to dilute the CllL unless a great deal of

cl”oz is used over a long period. When ClhO sufficient for 15-20 hours photo-

2

synthesis is used (approx. 50 mg. BaClhoz per gram leaf tissue) the illumination
chamber may be kept closed during alternating light and dark periods for a week
or more. The Clh is found largely in malic acid, sucrose, fructose, glucose and
sedoheptulose, becoming greatest in sedoheptulose after a week. The plant may
then be extracted with 80% ethapol for recovery of the product. The sedoheptu-
lose may be isolated directly by paper chromatography20 when the amounts involved
are small. With 1arg¢r amounts the extract is passed through cation (Dowex 50)

and anion (Duolite A-3) exchange resin ¢olumns. Fermentation of the neutral

sugar fraction'by added yeast can be repeated several times to obtain a solution
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free of hexoses. - Sedcheptulose is converted to sedoheptulose anhydride which
erystallizes readily. The anhydride is converted to a 20% equilibrium-Solu-
tion of sedoheptulose by heating one hour at 100° with é well-stirred suspen-
sion of 400 mesh Dowex=-50-HT,

RibulosemclhuDiphosphate'

Preparation. - Inasmuch as the carbon dio#ide acceptor of photosynthesis
is required to accumulate in the absenqe of carbon dioxide at saturating light
intensities it is possible to obtain enhanced concentrations of it by killing
the plant under such ccnditions.. When the carbon dioxide pressure is-suddenly'
dropped from 1% to 0.003%, the concentrations of phosphate esters of Scenedes-
mus change according to the curves of Figure h°7 There is a clear maximum in
ribulose diphosphate concentration occurring 30-40 seconds after reductior of
the carbon dioxide pressure. A sgimilar ftransient cccurs in soy bean leaves
and presumsbly all leaves, but the data available are not 80 complete as for
algae. |

Procedure: A Scenedesmus suspension (1%) is allowed to photosynthesize

at 0L f.c. with 01&02 for 1 to 30 minutes depending upon- the wniformity of
labeling desired. A very rapid stream of nitrogehriS’iﬁtroduce& to flush-
out excess C;kOQ. After 30 seconds, the algae are drained inbto four volumes
of boiling absolute ethancl and re-extracted with 20% alcohol as described

)
for the preparation of PGAaCl+

. Most of the ribulose diphosphate and phos~ -
phoglycerate is contained in the.20%.ethanol extract. They;aré readily sepa-
rated by paper chromstography in phenol (24-48 hr. deﬁel@pment) as a stripe
on oxalic acid-washed Whatman No. 4 filter paper. One g. wet cells contains
up to one micromole of ribulese diphosphate. Larger amounts may be separated
by anion resin column chromatography (cf° section on Column Chromatography of

Phoéphate Esters, UCRL-2681). An application density of 50 cm./extract of U4t g.

of wet cells for a 5 mm.-wide stripe is satisfactory. The ribulose diphosphate
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is contaminated only by small amounts of labeled polyglucose compounds and by
a trace of fructose, glucose and sedoheptulose diphosphates. The resulting
stripe is excised and washed with absolute ethancl and ether. Elution is
best_performed on short sections of stripe or by suspensing the stripe from a
wick in a long trough of watér and collecting the eluate from the serrated
lower edge of the Stripe.in & correspondingly long receiver.

Degradation of Labeled Ribulose and Sedoheptulose6

For lack of adequate enzymatic methods the chemical dégradation of these
sugars has been developed. The reactions used for the degradstion are shown
on the accompanying flow sheets (Figures 7 and 8). The free Sugais obtained
upon phosphatase ﬁydrolysis of chromatographed phosphate esters are purified
by twb-dimensional ch;omatographyo-

Sedoheptulosan. = The eluted heptulose is heated at 100° for one hour with

a suspension acid-trested Dowex-50 (200 mesh) and separated in a small centri-
fuge tube. The resin is washed with water and the soluftion is chromatogrephed
to separate the 80% yield of sedoheptulosan (Rf 0.69 in phenol-water) from the
equilibrium mixture.
Oxidation of Sedoheptulosan:- The radicactive sample and carrier were
treated with sodium periodate as described by Pratt, Richtmeyer and Hudsonogl’é
Procedure: A solution of 35.2 mg. (0.183 millimoles) sedoheptulosan and
the radiocactive sgmple of negligible weight in 0.35 ml. is oxidized during
48 hours at room temperature with 1.1 ml. of g_NaIOh° To acidify the sclu-

tion, 100 pl. of 2 M HIO, is added. The solution is distilled to dryness and

3
the formic acid titrated with O.1 N barium hydroxide. Barium formate is
recovered upon evaporation to incipient dryness and addition of ethanol to

its concentrated solution. The labeling in C=4 is calculated from the initial

specific activity of the sedoheptulcsan and that of the isolated berium formate.

3
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Formation of Osazones. - HeXose and heptese osazones are prepared using
phenylhydrazine hydrochloride, sodium acetate, acetic acid and about 25 ﬁg;
of sugar carrier for the reaction. Sedoheptulosazone cocrystallizes with
glucosazone sufficiently well for fructose tq be used as carrier with sedo=-
heptulose activity. |

Labeled arsbinosazone is made with 10 mg. arabinose carrier by the method
of Haskins, Hann and Hud,son22 using 13 pl. acetic acid, hovul. methyl cello- -
solve and 26 pl. of phenylhydrazine. The mixture is heated one hour on the
steam bath and diluted with one ml. of ccld water. The precipitate is col-
lected and washed with two 25 pl. portions of 10% acetic acid and four 50 ul.
portions of water. The osazone'is recrystallized once from absolute ethanol
and diluted, as desired; for each-.degradation, with unlabeled arabinosazone
from a large scale preparation.

Oxidation of Osazones. < Recrystallized osazones are oxidized by periodate

23

in bicarbonate buffer as described by Topper and Hastings.
Procedure for oxidatipn of arabinosazone:-6 17 mg. of arsbinosazone

{0.05 millimoles) is dissolved by warming in 6 ml. of 66% alecohol and 50 ul.

of 1 N sodium bicarbonaté. The sclution is cooled to 300and 200 pl. of 1 N

papaperiodic acid {0.10 millimoles) is introduced;_ An orange-yellow precipi-

tate of mesoxaldehydeml,2abisphenylhydrazone“forms immediately. After 15 minutes,

the mixture is centrifuged, and the centrifuge washed several times with 66%:

ethanol. The precipitate, after being recrystallized from 66% ethanol, is

counted directly. The percentage of activity in C-1, 2 and 3 can be calculated

from the specific activity and the theoretical yield. Tﬁe supernate and washings

gre distilled to dryness in vacuo. To the diétillate, which contains formalde-

hyde, is added 35 mg. of dimedon reagent (dimethyldihydroresorcinol) dissolved

in 1 ml. of ethanol, and a drop of piperidine. After warming the mixture for

»
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10 minutes on the steam bath, 0.5 ml. of glacial acetic acid is added. Formal-
dimedon precipitates upon standing. It is recrystallized from an ethanocl-water
mixture and its specific activity measured by direét plating. From this, the
activity in C-5 can be determined. |
The residue from the previous distillation contains sodium formate, sodium
bicarbonate and sodium iodate. This residue is dissolved in 5 ml. of water
and then 100 mg. of iodic acid is added. The solution is then distilled to dry-
ness in vacuo. The formic aci& in the distillate is neutralized with barium
hydroxide to a phenclfhthalein end point, and after evaporation on the steﬁm
bath to ca. 1 ml., the barium formsete is precipiteted by the additicn of abso-
lute alecohol. The salt is recrystellized several times from a small volume of
water by the addition of alcohol, and counted. From_its specific activity the
C‘lh percentage in carbon atom 4 of ribulose can be calculated.

Cerate Oxidation of Ketoses. - Principle:- Carbonyl carbons in ketoses .

may be converted to 002 by cerate oxidation in perchloric acid solutions.

The oxidation of the carbonyl cerbon of a ketose to 002 by cerate ion was per-
formed according to the method described by Sm:i.i:h‘.e’+
Procedure: To a solution of an aliquot portion of radicactivity plus
weighed carrier (sedohethlcsan or fructose) is added a slight excess of 0.5 M |

cerate ion in 6 N perchloric acid, the final concentration of acid being 4 N.

The resultant CO, is swept with nitrogen into CO,-~free sodium hydroxide. The

2 2
reaction is allowed to proceed for one hour at room temperature and then the
CO2 is precipitated and counted as barium carbonate. In all cases the theore=-

tical amount of carbon dioxide was evolved.

Catalytic Hydrogenation of Tracer Amounts of Sugars. - Raney nickel is

widely used for reduction of sugars but is not applicable for the small amounts

obtained paper chromatographically. The alkaline nature of this.catalyst
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resulted in almost complete and irrevexsible adsorption of the substrate.
Platinic oxide (Adams® Catalystj, on the cther hand, is acidic by virtue of
its method of preparation and adsorbs almest none of the sugar substrate.
Procedure: The eluted sugar, usually with 50-100 pg. of carrier sugar
is hydrogenated in 50% aleohol solution using 5-10 mg. platinic oxide.
Although the reaction has been,reported25 using 2000 p.s.i. of hydrogen at
temperatures of 80-100° C. for 6 hours, it may be possible to use milder con-
ditiong such as room-temperature'and 3 atmospheres hydrogen pressureogé. Such
an investigation using labeled fructose; from which mannitol 1s readily separable,
can be readily performed. The catalyst is removed by filtration with celite
and the polyol purified by two-dimensional chromatography. Since sugar alco-
hols often chromatograph closely to related sugars it may be difficult to be

certain of the yields in these reductions.

Periodate Oxidation of Ribitol. - Carrier ribitol (adenitol) or volemitol
is added to an aliquot of the radioactive aleohol and treated at room tempera-
ture with a slight excess of paraperiodic acid. After 6-7 hours the formic
acid and formaldehyde are distilled in vacuc. After titrating the formic
acid with barium hydroxide, the formaldehyde is redistilled and precipitated
as formsldimedon. Both the fesidualvbarium formate and formaldimedon may be
recrystallized before plating and counting. |

Bacterial Cxidation of Heptitols from the Reduction of Sedcheptulose. -

The radiocactive reduction products of sedoheptulose give only one spot upon

chromatography. After elution these were oxidized by Acetobacter suboxydans
7

in a small-scale modification of the usual method.2
Procedure: Two mg. of volemitel and about 100 pl. of solution of radio-

active heptitols are placed in a 7 mm. diemeter vial ‘and an amount of yeast
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extract sufficient to make an OnB% scolution is added. The vial is sterilized,
then inoculated from a 2h-hour culture of Acetobacter and left for a week at
room temperature in & humid atmosphere.

The bacteria are centrifuged from the incubation mixture and the super-
natant solution chromatographed. Three radiocactive spots were obtained. The
two major spots were mannoheptulose and sedoheptulose, the oxidation products

of volemitol. The third had R, values very similar to those of fructose and

T

éochromatographed with suthentic guloheptulose, the oxidation product of

B-sedoheptitol (Rf in phenol = 0.47; Rf in butanolnpropionic‘acidawater = 0.24),
Both mannoheptulose and guloheptulose have carbon chains inverted from

the original sedoheptulose and are suitable for oxidation to obtain sedo-

heptulose C-6 activity from their C-2. In the small-scale fermentations, how-

ever, the oxidation appeared to be incomplete. The original alcohol did not

separate chromatographically from manncheptulose. Thereforé, the easily puri-

. fied guloheptulose,; despite its much poorer yield, was used for subsequent degra-

dations wiﬁh cerate ion to obtain C-6 activity of sedoheptulose.

Degradation of Malic Acid

@-Carboxyl. - Malic acid is readily igolated paper chromatographically.
It has been degraded by permanganateioxidation,28 which gives two moles of
carbon dioxide. The von Pechmann Reaction29 was adapied by Racusen and
Aronoff30 to the degradation of mslic acid in order to differentiate between
carbons 1 and k4.

When malic acid is heated in sulfuric acid the'pro&uct is coumalic acid

as shown in Equetion I.
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b3 2 1 100% E,S0,, _— *\§§3) (1)

CH + hHEO + 2C0

2HOOC-CH,,~CH-COOR 55
oH | |
Hc(e) E?
Coumalic acid
(2)
////QH;\\\
3N H,S0, HC(3) \\\\‘CH(3) 12 N H,80, '
Coumalic acid——————3 “ + CO, > CH,,-CH=CH-CHO + CO,
HC(2) C=0 () (3) (2)(3)(2) - (%)
N W
0
Coumalin

Coumalic acid is cleaved in dilute acid and carbon dioxide derived from B-carboxyl
groups is evolved; Thus one may determine the activities of the (1) ana (%)
positions of the initial ﬁalic acid.

A solution of n grams of malic acid in 3 n grams of sulfuric acid is
heated at 100° for two hours with a nitrogen stream to remove evolved CO. The
gas is freed of 002 by péssing through a sodium hydroxide bubbler and then pas-
sed through hot copper oxide (650° C.), whereupon the carbon dioxide formed is
collected in alkali and counted as barium carbonate (P. K. Christensen, this
laboratory, unpublished). A few percent (1-4%%) of C-1 activity is evolved as
002 during this reaction. | |

Procedures for Determining B-Carboxyl. - Coumalic acid is obtained by

the addition of-h n‘grams of water to the reaction mixture. After one day
it is filtered off and recrystallized from methanol. The purified acid was
heated in 3 EIHéSOh for one hour on thé steam bath and the evolved carbon

dioxide (1/2 C-4) was collected in alkali and counted as barium carbonate
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(43-55% yield). The radioactivity in C-I is twice the specific activity times
the calculated yield of the barium carbonate. Prolonged heating increases the
CO2 yield without affecting its sfecific activity, hence the calculated G02
yield is taken for determination of C-4 radiocactivity.

The B-carboxyl activity may be determined by degradation by Lactobacillus
arabinosus.3l The eluted malate was incubated for 30 minutes at 370 C. with
20 mg. freeze-dried bacteria, 3 ml. of 0.2 M phosphate buffer (pH 4.5) and
3 ml. of 0.0032 M MnClEo The evolved 002 was converted to barium carbonate
and represented the B-carboxyl. The remasining three carbon atoms are obtained
as lactate which can be degraded by standard methods°

In short periods of photosynthesis the malic acid is primarily carboxyl-
labeled. Malic acid formed in the dark is 60-70% carboxyl-labeled. The major
distinction between malic acid formed during photosynthesis and that formed in
the dark31 is the more rapid equilibration of carboxyl activity in the light.
The 2~ and 3-carbons of malic are relatively slowly labeled, several minutes

of normal photosynthesis being required to obtain uniform Clu distributibn.
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Table T’

Effect of Time, Light Intensity and Source in Determinﬁng Clh Distribution in
Products of Photosynthe31s in C : _

0y
Light Phosphoglycerate Hexose .
_ o Inten81ty _ — 4 —T - Refe-
Time Plant fe COOH  CHOH  CH,OP 3,4 2,5 1,6| rence.
27 h Sunflower Dark |100%® 0 0 87T 6 1| b
0.4 sec. | Soy bean 5000 98 - -1 e
2 sec. | Barley 5000 70 15 15 o | Gl
5 . sec. | Soy bean 85 5 6 | _ : e
5.4 sec. | Scenedesmus | = 8000 81 5.3 5.6 43 3 3 f
15 sec. | Barley 5000 %9 25 06 52 25 23 d
15 sec. | Soy bean Ly 21 35 e
60 sec. | Barley 5000 o 30 25 | 37 3w 3 a
0  sec. | Scenedesmus 8000 56 19 25 g
1.5 min. | Sunflower | 10,000 48 26 25| b
3 min. | Sunflower 70 8 3 9 h
4  min. | Sunflower 500 Bm? 29 30 41 29 30 h
Y  min. | Sunflower | .10,000 _ 37 33 30 b
5 min. | Soybean 5000 40 35 38
10  min. | Sunflower 70 61 16 17 7O 14 16 h
(z) Alanine degradation data. PGA labeling has been shown identical in many experi-
ments. .
(b} M. Gibbs, Plant Physiol., 26, 549 (1951).
(¢} Anne Grace Zweifler, Thesis, University of California, 1953.
{d} M. Calvin, J. A. Bassham, A. A. Benson, V. H. Lynch, C. Ouellet, L. Schou
, W. Stepka and N. E. Tolbert, Symp. of Soc. for Exper. ‘Biol., V, 284 (19515
{e) S. Aronoff, Arch. Biochem., 32, 237 (1951). -
(f) J. A. Bassham, A. A. Benson, L. D. Kay, A. Z. Harris, A. T. Wilson and
) M. Calvin, J. Am. Chem. Soc., 76, 1760 (195k4).
{g) S. Kawaguchi, This laboratory, unpublished data.
(k) M. Gibbs, Arch. Biochem. Biophys., 45, 156 (1953).
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Table II

) .
Cl+ Distribution in Sedoheptulose; Ribulose and Fructose

Fhosphates of Brief Photosynthesis

5 sec., Scenedesmus

5.4 sec, Scenedesmus

8.0 sec. Scenedesmus

0.4 sec. Soy bean

5 sec. Soy bean

Sedo.

Rib.

Sedo. | Rib. | Fruc. Sedo. Rib. Sedo. Sedo.
2 2 . 4
2 2 3 3 -e b
34 16 28 1L 3 11 .- 33 30
18 16 25 10 |. 43 22 11 8 29
3h 62 26 69 Lo i kg 31
2 2 2 5 3 8 om 4
2 2 2 3 3 5 - L

8a
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Radioactivity. Appearance Curves for
Photos ynthetig Intermediates in
Scenedesmus

Radioactivities were measured by
direct counting of the labeled com-
pounds on paper chromatograms
of extracts taken at five-second
intervals. Data up to 4 min,

may be considered ''steady Ttate. "
Thereafter, the supply of C 402
was insufficient and reservoirs
were diluted by exchange with
unlabeled plant constituents.
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GLYCOLIC
GLYCERIC AMAUC
“% ALANINE
ASPARTIC g P-PYRUVIC
GLYCINE -
SERINE - L
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PG
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ANNOSE-P + FRUCTOSE-P.
i SEDOHEPTULOSE-P % ‘
: UCOSE-P
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URIDINE DI P-GLUCOSE ply,

Fig. 2 Radioactive Productf4of 60 Seconds
Photosynthesis in C* 70,
by Scenedesmus

Developed in phenol-water (right to
left) and butanol-propionic acid-
water (bottom to top) on oxalic
acid-washed Whatman No. 1 paper.



Serine; Alanine €£&————P-pyzuvic

Rlbuloseml,SadJ,-P CO2 2(3=P-=G1yceric) MTriose«-}}——}Fb}’ ——>Fructose=6==P%Polysaccha;rides
) "transketolase"
\'4 .
E alfe i )5€=5=
ATP | rythrose P + Ribulose=5-P
"aldolase"
v |
Sedoheptulose=1,7=-di-P
: "transketolase 14
2=Ribulose=-5-=P Sedoheptulose~T7<P
Figure 3 .
Cyclic System for Regeneration of CO,-Acceptor

———>Krebz cycle ————=>Aspartic, glutamic acids

{
o

209200



A

RELATIVE RESERVOIR SIZES

3.
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- TRIOSE-P x 5 -
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TIME IN SECONDS AT 6°C.
TRANSIENTS IN THE REGENERATIVE CYCLE

MU-T422

Fig. 4 Dependence of Reservoir Sizes
upon Changes fo CO2 Pressure
in Scendesmus

Samples were taken at five-second
intervals from a large vessel of
Scendesmus photosynethesizing
inlgirculating 1% and 0.003% .

C 0, in air. Data are obtained
by direct counting of radioactive
areas on two-dimensional
chromatograms.
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ZN-952

Photosynthesis Chamber for Leaves
cl4g_ is stored in the "loop' above
the cﬁamber which has a connection
to a water aspirator. The rectan-
gular water baths contain infra-red
absorbing filters.
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DEGRADATION OF RIBULOSE
H

H=N-N- ] ;

C=N-N-¢ H'Iolo- HCI=N-N-¢

I H

Phenyl H(II-OH NaliCo ?:N-N-Qf + HCOOH + HCHO
drazi 3 H
hydrazine HI; - OH o
CH,08
gt _
. G=0 Ce(C10, ),
B('JOH = €O, + 4 HCOOH
HCOH
CHoOH
)
GHLOH
P10, HeoH HIO,
HOH 2 HCHO + 3 HCOOH
HCOR
1
[ A
MU-8101
Fig. 7 Chemical Degradation of Ribulose
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DEGRADATION OF SEDOHEPTULOSE

H H
K=N-N-¢ HIO, H(|:=N-N_¢
1
“N-N-@ om—> C=N-N- + 3 H-COOH + HOHO
f=N-X ¥ "NaHCOy i M 4
HOC-H CHO
]
HC-OH
o a
1
Phemwl HC-OH
eny.
hydrazine CH,0H cluzox
HC1 ¢
,-cxo
CHAO0H CH,0H NaIO, HCOOH + ol_—(';ﬂo 0
—_—
. I—‘ﬁ-—l CH
Dowex-50 HOEH HZC
100° 0 m-om 0
—_
HCOH
]
: oH it co,
—_—
CH,0H HC Celc10 ) + 6 HCOCH
4’6
CH,0H CH_OH
H, | IH2
P10, H?ox HOCH
Hocl:u HOCH
|
HCOH + HCOH HIO,
| ) —_— 2 HCHO + 5 HCOCH
HCOH HCOH
| ] 1,7 2, 3, 4, 5, 6
HCOH HCOH P2 2 oh
|
CH,0H CH,0H
Acetobacter
suboxydang
sedoheptulose + mannoheptulose
CH,O0H
|
HCOH
|
HOCH
|
HOCH
|
HCOH gt
| —_— G0, + 6 HcooH
cl: =0 Ce(010,) " B
CH,OH

MU-6100 A

Fig. 8 Degradation of Sedoheptulose





