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THE PATH OF CARBON IN PHOTOSYNTHESIS. V. PAPER CHROMATOGRAPHY
AND RADIOAUTOGRAPRY OF THE PRODUCIS (1)
by
A, A, Benson, J. 4, Bassham, M. Calvin, T. C, Gocdals,
V. A, Haas and W. Stepks
Radiation Laboratory and Department of Chemist~
and Divigion of Plant Natrition, University of
California, Berkeley, California

June 13, 1939

ABSTRACT

1. Paper chromatography has been employed to separate the radio-
active products formed during photosynthesis in 01402.

2. The method has been used for the separation and identificatlon
of carboxylic acids and phosphate esters.

3. The first observed product of carbon dioxide assimilation
during photosynthesis has been isolated and shown to be

phosphoglyceric aeid,

For publication 1n The Journal of the American Chemical Soclety.

(1) The work descrihed in this paper was sponsored by the Atomic
Erergy Commigsion,
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THE PATH OF CARBON IN PHOTOSYNTHESIS. V. PAPER CHROMATOGRAPRY
AND RADIOAUTOGRAPHY OF THE PRODUCTS (1)
by
A. 4. Benson, J. 4., Basshem, M. Calvin, T. C. Goodale,
V. 4. Haas ard W. Stepka
Radiation Laboratory and Department of Chemistry and

Division of Plant Nutritlon, University of California,
Berkeley, California

Investigation of the reduction of carbon dioxide in plants requires
a rapid, general and unequivocal method for separating and identifying a
large number of compounds. Paper chromatography is such a method. Thils
paper consbitutes a report of progress in the development of experimental
procedures in the application of paper chromatography to the separation of
compourds formed by plants during short periods cf photosynthesis. The com-
pourds involved are important intermediates‘of plant and animal metabollsm.
These methods should find application not only in other biochemical problems,
but in the control of chemical synthesis (2) as well,

A& number of products formed during a short period of photosynthesis

with radiocactive carbon dioxide have been reported (3,4,5,6,7). The classical

(1) The work described in this paper was sponsored by the Atomic Energy
Commission. .

(2) R.L.M. Synge, Biochem. J., 42, 99 (1948).

(3) 4.i. Benson, et. al., "Photosynthesis in Plants" ed. by J. Franck and
W. E. Loomis (Iowa State College Press, Ames, Iowa, 1949), Chapter 19.

(4) M, Calvin and A.L. Benson, Science, 107, 476 (1948).

(5) W. Stepka, L. 4. Benson and M. Calvin, Science, 108, 304 (1948).

(6) M, Calvin and 4. 4. Benson, Cold Spring Harbor Symposia in Quantitative
Biology, Vol. XIII, page 6, 1948,

(7) M. Calvin and 4. A. Benson, Science, 109, 140 (1949).
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biochemical methods and ion exchange techniques which were used in those
identifications would require considerable effort to separate the large number
of compounds involved. The success of paper chromatography in separating two
groups of compounds important in phytosynthsis, amino acids (8) and sugars
(9,10), prompted the present work on separation of polycarboxylic acids and
phosphate esters. These compounds constitute the presently known inter-
mediates in the synthesis of plant material (11).

The primary requisite for the use of this method is some means of deter-
mining the position of a compound in the chromatogram. Both chemical and
physical methods have been used. The former includes color tests which de-
pend on development of a color directly on the paper by the use of specific
reagents: ninhydrin for amino acids (8), naphthoresorcinol or Tollens re-
agent for sugars (10), ferric ion for hydroxamic acids (12,13), pH indicators
for acids (14). One physical method is the detection of fluorescence of the
compound itself or of some derivative of it produced on the paper, exciled
by ultfaviolet light (15).

4 very general physical method depends on the incorporation of a radig-

active isotcpe into the compound gnd its detection by a Gelger counter or a

(8) R. Consden, 4.H. Gordon and 4.J.P. Martin, Biochem J., 38, 224 (1944).

(9) 4. B. Flood, E. L, Hirst and J.K.N. Jones, Nature, 160, 86 (1947).

(10) S. M. Partridge, Biochem. J., 42, 238 (1948); Nature, 158, 270 (1946).

(11) & preliminary description of the general application of paper chroma-
tography with radioisotopes has been published (7).

(12) E. Stadtman, private communication,

(13) R. M. Fink and K. Fink, Atomic Energy Commission Report MDDC-1487 (1947),
"The Use of Radiocactive Reagents in Filter Paper Partition Chromatography"

(14) J.W.H. Lugg and B.T. Overell, Nature, 160, 87 (1947); dustralian Jouraal
Sci, Res., 1, 98 (1948).

(15) D.M.P. Phillips, Nature, 161, 53 (1948).
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photographic film. Such a detection method finds idesl application in the

problem of determining the path of carben in photosynthesis, since it is
possible to detect the number and position of all compounds containing the
radiocactive carbon atoms by exposing the paper to a sheet of X-ray film.
Radioautography has been used to identify amino acids (16) and the extension
to other compounds (7) depends only upon the ability of the method to separ-
ate the compound and the identification of the resultant spct.

Identification of those compounds for which specific color reactions
exist is relatively simple. For many compounds found in plant extracts no
color reactions are known. The most useful property of organic substances
in the identification of tracer amounis of material has been the distribu~
tion coefficient between immiscible solvents, It is readily determined and
is highly characteristvic, especlally when measured as a function of pH. It
has proved especially useful to distinguish between a number of possibilities
for an unkncwn spot. Wé have found it convenient to syntheslize the suspected
pompcund containing a radioisotope and to determine the chromatographic
pesitlon by radiocautography. Unequivocal identification is then accomplished
by preparation of a mixed chromatogram. The isolated substance eluted (17,18)
from the paper is co-chromatographed with the authentic specimens. Identity

of the two samples 1s evidenced by the appearance of a single spot,

CHROMATOCRAPHY

Two-dimensional paper chromatograms were prepared in a conventional

manngr (8,19). The solvent flowed downwards through the paper suspended from

(16  R.M. Fiak, C.E. Dent and K. Fink, Nature, 160, 801 (1947).

(17)  GC.E. Dent, Biochem., J., 41, 240 (1947,

(18) R. Consden, A.H. Gordon and 4.J,P. Mariuin, Biochem. J., 41, 590 (1947).
(19)  C.E. Dent, Biochem. J., 43, 169 (1948).
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a long stainless steel trough, Fig. 1. To reduce volatilization and de-
conposition of compounds the paper was dried in a hood without heat.

Selection of Solvents: -~ Phenol, saturated with water at the room tempera-

ature, 24° C, was chosen as the first solvent and proved satisfactory in
moving most of the radioactive components,

The use of lutidine or collidine as a second solvent is prohibited
by the instability of many phosphate esters in these bases. Much hydrolysis
and formation of immovable material occurred with lutidine and streaking of
gpots indicated slow decomposition,

The acidic solvent butanol-propionic acid-water was chosen as the
second solvent for much of the present work since it effec*ts an optimum
separation of a majority of components. By varying the proportion of pro-
éionic acid it is possible to chonge the water content of the orgsnihe phase
from 2C %o 50%. An intermediate composiion, approximately 31% water,
appeared to glve an optimum geporaticn of the compounds involved. another
solvent, butanol-acetic acid-water, has been used and is especially effective
in moving the phosphate esters. Such solutions must be freshly prepared,
since the composition of the phases changes upon esterification. In several
experiments the solvent gystem ethylene glycol diethyl ether-propionic acid
(formic acid)-water provided a solvent with desirable characteristics and
without the disadvantage of esterification.

Butanol-propionic acid-water: - Fresh solvent is prepared from equal

volumes of two solutions, 4 (1246 ml. n-butanol and 84 ml. water) and B

(620 ml. redistilled propionic acid and 790 ml. water). 4 and B are adjusted
to give a single phase solution which becomes cloudy upon cooling to 22° C

or 29 C below the thermostatted room temperature. Stainless steel troughs

24 inches long with a semi-circular cross section 1-1/2 inches in diameter,
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Fig. 1, were filled with 96-120 ml. of solvent for two papers (18 inches by
22-1/2 inches). ‘The time required for the solvent to traverse the paper
varied from fifteen to twenty heurs. |

Butanol-acetic acid-water: - 4 fresh seolution is prepared from 74 ml.
n-butanol, 19 ml, acetic acid and 50 ml, water.
Preparation of Radiocautographs: - The dried chromatogram was folded to fit
the conventional 14 inches by 17 inches Bastman No-Screen X-ray £ilm with
the origin at one corner. One or two films were then exposed to the chroma-
togrem in a lighteproof "Eastman X-Ray Exposure Holder" which can be stacked
and weilghted with a carton of sand to equalize pressure distribution. In
the case of C14-P32 radiograms both sides of the duplitized film are exposed
by phosphorus while ol exposes only the adjacent emulgion., after develop-
ment of the film only the p3R activity is shown on one sidie of the film while
the other is exposed by both radiations. For documentatioa 1t is advisable to
use two sheets of film on one side of the chromatogram so that the second
shect shows only P32 activity.

The activity emerging from the paper (Whatman No. 1 filter paper) is
30% of that detectable if the sample were dried in a thin film on glass or
metal and counted directly. The time of exposure of the X-ray film depends
upon the intensity of the radiation coming from the paper. 4n activity of

15,000 disintegrations per minute per em?

produces satisfactory exposure
in three to six days.

It has not been possible to reproduce the radiograms accurately by
photography. Very faint radicactive spots are readily discerned when the f£ilm
is observed by light reflected from a white background. The details of more

exposed spots such as the phosphate esters are clearly seen when viewed

over a standard X-ray illuminator.
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Radioactive ink (20) provides an exact record of the relative position

(20) We are indebted to Mr. 4. G. Hall of this laboratory for this suggestion
and preparation of the stamp.

of the film and chromatogram during exposure. Opposite corners of the chroma-
togram are marked with stamp pad ink contalning a non-volatile ClA-labeled
compound .

dApplication of Plaht Extracts on Paper: - The 80 percent ethanol extract of

algae (1 g. packed cells) or leaves (2 g.) is concentrated im vacuo (less
than 20° C) to 2 ml. Ten to two hundred microliters of extract is applied

to the 1.5 cm. origin eircle. An air stream warmed with a flame, when sta-
bility of the compounds allowed it, rapidly dried the spot by flowing above
and below the paper. Infra-red lamps caused decomposition and are not satis-
factory heat sources.

The capacity of Whatman No. 1 filter paper varies with the type of com-
pound and the solvent. Loads varying from a few micrograms for carboxylic
aclds and up to 1 or 2 mg. for the sugars have been successfuly separated.

It is possible to scparate simple mixtures on a larger scale by a one-
dimensional technique. A mixture is applied in a 1,5 cm. wide stripsnear
the edge of a sheet and separated in an appropriate solvent into two or more
bands. As much as 20 mg, of hexoses or & mg. of hexose phosphates have been

separated in this way.

IDENTIFICATION

The majority of compounds so far found to be involved in photosynthesis

are well known metabolic intermediates whose physical and chemical properties

2

are known, Earlier work (3) had established the presence of large fractions
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of the fixed activity in alanine, malic acid, sucrose and phosphoglyceric

acid. When the chromatograms were made it was a relatively straightforward
matter to determine which of the forty spots detectable in a radiogram of

90 seconds photosynthesis by Scenedesmus corresponded to these compounds,

Identification of the remaining cimpounds is begun in this work.

The positions of these radioactive compounds are reproducible for ex-
tracts of a given plant. However, absolute Ry values for compounds in such
mixtures should not be applied universally (19). The presence of contiguous
substances on the paper, whether they be radiocactive or not, may disturb
equilibrium and movement of spots. For example, inorganic phosphate is
found to restrict the movement of adjacent compourds. It is necessary, then,
to consider the relative locatlon of known vicinal spots rather than the
absolute position on the chromatograms., The location of a spot relative to
several standards, that is, the pattern of spots, presents the most reliable
method of describing chromatographic position. In this paper, the positions
of the neutral amino acids, serine and alanine, are taken as reference points.
4 schematic plot of Ry values of compounds involved in photosynthesis is
given in Fig. 2.

The Carboxylic Acids (21): - According to Consden, Gordon and Martin (8)

the Ry of a solute is given by

RF = AL

AL - G’.AS
where Ar is the fraction of cross-sectional area occupied by the mobile

phase, Ag 1s the fraction of cross-sectional area occupied by the stationary

(21) Abstracted from the thesis of J. A. Bassham submitted in partial
fulfillment of the requirements for the Ph.D. degree, University
of California, Berkeley, California, June 1949,
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rhase, and g, the distribution coefficient of the solute, 1s the concentra=-
tion of solute in the in the stationary phase divided by the concentration

of solute in the mobile phase. This expression can be written as

Ry

1 +;L adg/A7,
The term AS/AL is a constant for a given paper and set of solvents whlle
a is characteristic of the solute and determines its position on the paper.

The gross distribution of a carboxylic acid between the stationary
aqueous phase and the moblile organic phase depends on the dlstribution co-
efficient of the undissociated acid and on the degree of dissociation of the
acid. The degres of dissociation depends on the pH of the aqueous phase
and on the dissociatlion constant of the acid; Consequently, the gross distri-
bution of a given acid, and hence its Ry value, ls, in general, a function
of two phygical properties of the acid, its distribution coefficient and
its dissociation constant(s) and one experimental condition, the pH of the
aqueous phase of the chromatogram.

If neutral, non-buffered solvents are employed, the pH of the aqueous
phase at a given point depends only on the concentration of carboxylic acid
at that point, and as the mobile phase carried the acid past this point there
is a decreasing concentration and increaging degree of lonlzation of the acid
with a resultant changing distribution of the acid between phases. The rate
of movement of the acid therefore decreases when 1ts concentration decreases
and streaking is produced (14).

This effect can be avoided by maintaining the pH of the aqueous phase
at a constant value. This is accomplished ei*her by empleoying an acidic

solvent or a huffered solvent, ZLugg and Overell have used an acidic solvent
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to effect tﬁe gseparation of carboxylic aclds. By asing formic acid as a
"swampimg" acid, they suppressed the lonization of the test aclds so that
the Ryp values depend principally on the distributlon coefficients of the
free acids.

It is possible to adjust the pH of the aqueous phase by employing
buffers: This can be accomplished either by applying the buffer to the
origin or by dissolving the buffer in the solvent beforshand. The Rp
value then depends on both the distribﬁtion coefficient and the ‘dissociation
constant of the carboxylic acid.

It is desirabla in two-dimensional paper chromatography to employ a
low pH solvent in one direction and a higher pH solvent in the other direction
so that a different order and degree of gseparation 1s obtalned in the two
directions, While it is possible to obtaln good separations of a number
of carbovyllc acids with two-dimensional chromatograms which employ acidic
solvents in both directions (14), the resultant positions of the acids tend
to overlap thogse of amino acids, sugars and other plant constituents. The
use of solvents of differing pH moves the acids to a reglon of the paper
apart from the rest of the plant constituents, as shown in Fig. 2. Such
"area" separation is desirable in analysis of plant extracts in that 1%
circumvents preliminary fractionations,

' The usual method of buffering in the phenol direction has been to
apply the buffer to the origin along with the mixture of aclds or cell ex-
tract. Since the buffer capacity thus obtained is limited it is necessary
to use very small amounts of acids. From 1 to 5 micrograms of acid gives
satisfactory results. The colorimetric methods deseribed by Lugg and Overell
glve best results for 20 micrograms or more, so the tracer method of de-

tectlon is preferable for this purpose.



UCRL-363
-1
Several carboxylic acids labeled with o4 have been gynthesized and

chromatographed to determine their positions with the solvents employed. The
resultant Rp values are given in Fig, 2 and they represent average values ob-
tained from chromatograms buffered at pH 6-7 at the origin. In addition to
mélic, succinic, fumaric and tartaric acids, which were studied by Lugg and
Overell, isocitric (22), glycollic (23) and glyceric acids have been separ-
ated.

The relation of Ry values in an acidic solvent to the distribution
coefficients 1s shown in Table I. The Rp values and the distributien co-
efficients of the acids, of alanine and of glucose were measured. Using
the constants ol alanine as a standard, the term AS/AL was calculated and
found to be 0,55, The Ep vélues of other solutes can then be calculated

according to the expresslon

RF = l
1 + 0,5%

Comparison of the calculated Rp values with measured Rp values shows fairly
good agreement and affords additional evidence that paper chromatograms of
this type are partition chromatograms.

Ingpection of radlograms of cell extracis from plants which had been
exposed to ¢l4-labeled carbon dioxide for short periods indicated several
compounds in the carboxylic acid region. The gynthetic labeled acids were
co-chromatographed, one at a time, with the plant extracts. Intensification
of an unknown radicactive spot by the authentic compound demonstrated their

identity., Plant acids were then eluted individually from the paper and

(22) We are indebted to Dr. R. E, Stutz for a sample of . 1abeled
isocitric acid.

(23) Labeled glycolic acid was obtained from Dr. B. M, Tolbert. See
"Isotoplc Carbon" by Calvin,Heidelberger,Reid,Tolbert and Yankwich,
John Wiley and Sons, Inc., 1949.



UCRL~-363

-13=

TABLE I
Comparison of Measured and Calculated Ry Values in -

Butancl~Propionic Acid-Water Solvent

Solute a Ry (calculated) ;RF (mensured)
4lanine 3.65 ——— ; 0.333
Fumarie 0.50 0.78 g o712
Succinic 1.02 YA 65
Glycolic 2,06 A 51
Malic 240 W43 b5
Isocitric | 2.75 .40 AL
Glyceric 2495 .38 .38
Tartaric 3,20 « 36 «32
Glucoée 575 o2h .20

co-chromatographed with the corresponding synthetic compound. Finally,
if no separation appeared between unknown and synthetic acid, the unknown
was subjected to suitable physical and chemical confirmatory tests.

The acids formed in short term photosynthesis and positively identi-
fied so far include malic, succinic, glycolic and fumaric. Those found in
respiration experiments (dark fixation of labeled carbon dioxidd without
preillumination of the plant) include isocitric or citric, succinie,
fumaric and malic,

Synthesis of Suceinic and Malic Acidg: - One gram of carboxyl-labeled

sodium acetate {specific activity, 6 uc./mg.,) was converted to malic and

succinic acids by the following series of reactions:
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* (Et) 250, * NaOMe, (COpEt), N
CH,C0,Na "~ -~CH3COzEt = - — s Et04CCH, COCORES

Hy, Pt0p % % * (1) o¥" Suceinic acid
- = 2»Et0,CHaCHaC02Et  +  Et0pCCHpCHOHCOgEY s, and

(2) H ° Malic acid
The standard methods were modified when necessary for small-scale syhthesis.
The mixture of succinic Qnd malic esters was obtained by using unpoisoned
Pt0, catalyst and one atmosphere of hydrogen at room temperature with rapid
stirring of a 95 percent ethanol solution for two hours (24). The free acids
were separated by fractional ether extraction and recrystallization. The
yield of succinic acid was 28 percent of the theoretical and of malic acid
39 percent of theoretical, so that the total yield was 67 percent. The
specific activity of the malic acid was 3.7 pc./mg. and that of the

succinic acid was 4.2 uc./mg.

Synthesis of Fumaric Acid: - Malic acid was converted to fumaric

acid by heating in nitrogen at 140° C for two hours. Fifty milligrams of
carboxyl-labeled mallc acid gave 30 mg. (69 percent) of fumaric acid and
13 mg. unreacted malic acid, The specific activity of the product was

4.2 we,/mg.

Synthegis of dl-Tartaric Acid: -~ Fumaric acid was oxidized with

sodium chlorate and osmium tetroxide according to the method of Milas and

Terry (25)..

Identification of Glycerie Acid: -~ The radioactive acid was eluted

from paper with water. Hydrochloric acid was added to give a 1.0 N solu-

tion in the graduated centrifuge tube, After ether was added and the phases

(24) M. Fallebin, Ann. chim., 10} 4, 156 (1925).
(25) N. A, Milas and E. M. Terry, J. &m. Chem. Soc., 47, 1412 (1925).
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gmixed by forcing one phase through the other with a narrow tipped dropper,
the mixture was centrifuged. In 1,0 ml, of the 7.0 ml, ether phase was
found 140 c.p.m. In 0,050 ml, of the 1.8 ml. agueous phase was found
1300 c.p.m. The resultant distribution coefficient, 0.005, approximates
that of authentic glyceric acid, 0,004-0,008.

Authentic radiocactive glyceric acid was prepared by hydrolysis (3)
of phosphoglyceric acid eluted from a number of chromatograms. After heat-
ing two days in a gsealed evacuated tube at 120°¢C in 1 N hydrochloric acid
the solvent was evaporated in vacuo. The product was taken up in water and
an aliquot part co-chromatographed with the eluted unknown material. 4
single spot was obtalned.

Identification of Malic Acid: -~ The spot on a chromatogram suspected

to be malic acid was eluted and its distribution coefficient between water
(pH 1) and ether was found to be 0.020, The constant for low concentrations
of the authentic labeled dl-malic acid is 0,017. The eluate, 20,500 c.p.m.,
was co-crystallized with 50,0 mg. of malic acid and found to have a specific
activity of 395 c.p.m./mg. unchanged by sublimation in vacuo. This was de-
hydrated by heating under nitrogen for 24 hours at 145° C. The spedific
activity of the fumaric acid was 500 + 50 c.p.m./mg. The distribution co-
efficient between water (pH 1) and ether was found to be 0.9 (authentic
value, 1.0).

Phogphate Esters: - The greater part of the activity fixed in short periods

of photosynthesis (26) lies in the area near the origin (Fig. 3). 4 chare

acteristic of this area is the presence of three distinct spots which moved

@

(26) 01402 was given to the plants during steady-state photosynthesis with
ordinary carbon dioxide for the lengths of time indicated.
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about the same small distance in the phenol but different distances in the

butanol-propionic acid- /and thus lie one above the other in the butanol
direction. 4s the pericds of photosynthesis with 01402 are shortened,
the fraction of activity in this area increased. In five seconds photo-
synthesis only the uppermost spot in the pattern of three is radiocactive.
Therefore, these compounds include the first and some of the subsequent
intermediates in fixation and reduction of carbon by plants (27).

It was suspected that the compounds in this area of the chromatogram
were phosphate compounds. This was confirmed by chromatographing the extract
of some algae which had photosynthesized for an hour with normal CO02. in the
presence of inorganic radiophosphate (P3%), The radiogram thus obtained
(Fig. 4) was remsrkably similar in this area to those obtained from radio-
carbon experiments,

P3.1abeled known phosphorylated intermediates of glycolysis were
prepared by yeast extract fermentatdon of glucosme. 4 radiogram of the
water extract is very similar to the P32 photosynthesis radiogram and the

14

area near the origin in C7" photosynthesls radiogram, Fig., 3. The components
of this mixture were separated by standard procedures dependent on solubility
as well as by selective elutlon from a strong base anion exchange resin,
Dowex 4-1. By the latter method a series of fractions were obtained from
which the radioactive compounds could be more readily separated by chroma-

tography in the butanol-acid-water solvent, Fig. 5a,b.

Yeast Fermentation: - One hundred grams of Type 20-40 Flelschmann

dry yeast was suspended in 300 ml. of M/15 potassium monohydrogen phosphate

at 370 for three hours. The mixture was centrifuged and to 40 ml. of the

(27)  Similar radiograms have been obtained from Chlorella, Scenedesmus,
geranium and barley.
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supernate was added 155 ml., of 50 percent glucose and 10 mg. scdium pyruvate.

after incubation at 32° for 30 minutes vigorous fermentation had started.
Then 5 ml. potassium dihydrcgen phcsphate containing 2 mcuries of P32 was
added to the fermentation mixture. 4fter three hours incubation, approxima-
tely 80 percent of the total phosphorus was organic, The mixture was in-
cubated for an additional three heurs after the addition of 2 ml. of 1 ¥
sodium fluoride and 6 g. scdium pyravate. Absolute alcohol was then added

to the fermentation mixture to a final concentratlion of 95 percent., 41l :
of the proteins and 94 percent of the phﬂsphorus compounds precipitated.

The precipitate was washed three times with water whiech extracted over 95

peraent of the phosphorus activity., A4n aliquot of this water extract gave

six major spots on the radiogram.

Separation of Fermentation Products: - The water extroct wes abascrbed

on a Dowex 4~1 anion exchange resin column in the chloride form, 4 water

wash removed 2.4 percent of the phosphate. Elution with Q.1 M sodium cbloride
separated the remaining phosphates into two ciis‘binct fractlons. The first
fraction eluted from the resin was found to contaln fructose-é;phosphate,
inorganic phosphate and at least three unldentified compounds. The second
fraction contained only fructose-l,6-diphosphate and phosphoglycerie asid,
Fig. 5a. The fractions were chromatographed in the butanol—acétic acid sol-
vent and the individual spots of the radiograms were identified by spray

tests applied to the paper or by chemical analysis of solutions of the

sluted spots.

Identification of Fructoge-1,6-diphosphate; - The spot having the

lowest Rp value in both the phenol and butancle-acetic acid directlons was

eluted and identified as fructose-l,6-diphosphate by the following tests.
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wnalysis (28,29) showed that there were two moles of phosphorus to one mole
of fructose. Seven minutes hydrolysis at 100° in a 1 N hydrochleric acid
converted 25 percent of the original organic phosphorus to inorganic phos-
phorus. When this seven-minute hydrelysote was re-chromatographed, two new
radioactive spots of equal intensity appeared. One of the new spots con-
tained only inorganic phosphate; the other spot which contained fructose

and no easily hydrolyzable phosphorus was later shown to be fructose-6~ghos-
phate.

Identification of Fructose-b-Phosphate: - In the radiograms of samples

containing the first radiocactive components eluted from the anion exchange
column, a spot, Fig, 5b, was obtained in the butanol-acetic acid-water sol-
vent the intensity of which, from sample to sample, corresponded directly

tc the fructose analysis. The eluted spots contained fructose and phos-
phate in a 1l:1 ratio., The chromatographic position of this compound wag
ldentical with the fructose compound obtained by hydrolysis of fructose-l,6~
diphcsphate. Therefore, 1t must be an acid stable fructose monophosphate,
presumably fructose-6-phosphate. 4 mixed chromatogram of this matérial
with inactive glucose-l-phogphate showed considerable overlapping of the two
compounds.,

Identification of Phosphoglyceric 4cid: - The spot labeled PGA in

Fig %a gave o negative spray test for easily hydrolyzable phosphate. 4 solu-
tion of the eluted spot contained no fruetose and gave no inorganic phos-
phate when hydrolyzed for seven minutés in 1 N hydrochloric acid at 100°,

When heated for one hour with a-naphthoresorcincl in concentrated sulfuric

(28)  J. Ho Roe, J. Biol. Chem., 107, 15 (1943).
(29)  R.J.L. Allen, Biochem. J., 34, 858 (1940).
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acid, a blue color (30), the same as obtained with an authentic sample of
3-phogphoglyceric acid, was observed,

Phosphoglyceric Acid in 4Algal Frtracts: ~ Two early experiments indicated

that the uppermost of the pattern of three spots shown in photosynthsis
rodiograms might be phosphoglyceric acids. The first was a chromatogram

of the sodivm hydroxide eluate of the weak base anion resin, Duolite 4«3,
which had been shown to contain largely phosphoglyceric acid (3;7) radio-
activity. The position of the spot obtained corresponded with that of the
uppermost of the three epots. The second experiment involved isolation

of radiocactive barium phosphoglycerate from a smell aliquot of the ex-
tract from a one-hour photosynthesis in inorganic radiophosphate by co-
crystallization with 10 mg. of the authentic barium salt., After three
recrystallizations from water the salt was decationized and co-chromato-
graphed with an algal extract (90 second photosynthesis in 01402). Exact
correspondence of the P32 getivity with C14 activity in the uppermost spot
of the phosphate area was observed. 4fter the radiophosphorus had decayed
to five percent of its initial activity, the pattern obtained was identical
to that originally apparent and the uppermost spot of the pattern of three
which now was made almost entirely by carbon radiation had the identical
position and shape of that given by the phosphorus formerly present.

These experiments strongly indicated the identity of the upper spot
as phosphoglyceric acid but did not preclude the possibility of a highly
active contaminant in co-crystallizations. Synthesis of labeled phospho-
glyceric aclid by yeast fermentation provided authentic material for co=-

chromatographing with unknown mixtures,

(30)  S. Rapaport, Biochem. Z., 289, 406 (1937).
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Carrier-Free Isolation of Phosphoglyceric icid: - When the periocd of photo-

synthesis in radiccarbon is sufficiently shortened only one major radio-
cctive compound appears and is in the position corresponding to the uppere
most of the pattern of three. This radicactive compound was isclated from
Scanedesmus which had phetosynthesized for 5 seconds (7) in 01402 and was
identified as phosphoglyceric acid. The isclation was carried out according
to the general method for phosphoglyceric acid with several modifications.
It was found that the radioactive material was strongly adsorbed by inactive
precipitates removed at pH 7. Thorough washing at pH 10, where the ad-
sorbed anions are apparently displaced from the precipitate, was necessary
to remove the activity. When barium chloride was added to an acid sclution,
the precipitate obtained was active, but repeated washing with dilute hydro-
chloric acid removed the adsorbed activity. When the barium~containing
gmupernatant golution from this acid precipitation was adjusted to pH 10,
no barium phosphoglycerate precipitated since the volume of the solution
was large enough to retaln the amount of material present. A4ddition of
ethanol gave a radicactive precipitate. The fructose-l,6~diphosphate which
would be obtained by this procedure was hydrolyzed by repeated warming in
dilute acid., The amount of hexose diphosphate in algal extracts must be
much smaller than the amount of phosphoglyceric acid since the radicgrams
of longer photogyntheses, where the reservoirs of intermediates are saturated
with activity, show at least three times as much phosphoglyceric acid.
Repeated dissolution of the barium salt in 0,05 N Bydrochloric acid
and repreclpitation from 50 percent ethanol gave a barium salt whose phos~
phorus analysis and molybdate enhanced optical rotation (31) corresponded

cleosely to those of bardum 3-phcsphoglycerate.

(31) 0. Meyerhof and W. Schulz, Biochem. Z.,_297, 60 (1938).
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4 mixture of the isclated material (Fraction II-a) and an equal welght

of authentic barium 3-phosphoglycerate (32) was eluted from ansmion exchange
resin column which had previously been standardized with 3-phosphoglyceric
acid. The standard and the mixed elution curves are shown inFig. 6a,b.

The somewhat low value of the optical rotation together with the barely
noticeable displacement of the radicactivity elution curve might be taken

to indicate the continued presence in Fraction II-a of a small amount of
2=phosphoglyceric acid of higher specific activity than the 3-phcsphoglyceric
acid.

%e have thus isolated and obtained in a crystalline form at least
cne=-third of the rédioactivity fixéd in 5 seconds as barium phosphoglycerategs
largely the 3-iscmer. It is not unreasonable to suppose that the radio-
activity left in the last four supernates (B,C,D,E) from the aleochol
crystallizations is phosphoglyceric acid somewhat richer in the 2-isomer.

The sum of these, together with that which was actually isclated, would
account for over 65 percent of the total carbon fixed in 5 seconds, This

- closely corresponds to the digtribution observed on a paper chromatogram
of the same type of preparation, 4 small sapple of phosphoglyceric acid
Fraction II-a was chromatographed separately and came to the expected
position.

Phosphoglyceric dcid Isolation Procedure: - Six grams of dgy-cld

SBenedssmus cells which had phctosynthesized in 1.0 g. batches for 5 seconds
was added to 18 g, of nocrmal algae to provide sufficient pheosphoglyceric
acid for isolation. Bhese algae were killed rapidly with acetic acid-
hydrochlorie acid (4:1) and all of the radicactivity was contained in the

aqueous extract,

(32) Barium-3-phosphoglycerate was obtained through the courtesy of
Prcf. Carl Neuberg, New York University, New Ycrk.
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The acid extract was concentrated (cold) to 9,7 ml. (1.6 x 106 Cepells)

and neutralized to pH 10 with 1 N sodium hydroxide. The precipitate which
formed was centrifuged and washed threc times with water (12, 3.5 and 2.6 ml.)
at pH 10, The combined washings and supernate (1.45 x lO6 C.pPel.) Were
acidified with 1 N hydrochloric acid and 0,3 ml. of saturated barium chloride
was added. The precipitate was washed twice with 1 N hydrochloric acid

(1.5 ml,) and discarded. The combined washings and supernate was concen=
trated to 3.0 ml. and basified to pH 10 with 1 N sodium hydroxide. The

small precipitate was discarded.

The supernate was diluted with 1,5 volumes of ethanol and centrifuged.
The supernate, &, contained 0.2 x 106 c.psl. The precipitate was washed
with 1.0 ml. water {fwash contained 0.05 x 106 c.pem.) and was taken up in
4e3 ml. of 0,05 N hydrochloric aéid and found to have l.1 x 106 CePella The
small residue was cpntrifuged and discarded,

The acid solution was diluted to 8.6 ml. with ethanol and the precipi=-
tate centrifuged. The supernate, B, contained 0.23 x lO6 c.pems The pre-
cipitate, dissolved in 2,0 ml, of 0,05 N hydrochloric acid, contained 0,78 x
lO6 c.psm. BEthanol was again added to a total vclume of 6.0 ml, and the pre=-
cipitate was centrifuged. Supernate C contained 0,01 x 106 Cepem. & s0lu-
tlon of the precipitate in 1.5 ml, of 0.05 N hydrochloric acid was diluted
with ethanol to 3.0 ml, and the precipitate centrifuged. The supernate, D,
contained 0.2 x 106 CePela

4 solution of the precipitate in 0,9 ml. of 0.05 N hydrochloric acid
was diluted with 0.5 mls of sthanol to obtain Precipitate I; 3.9 mg.,

0.19 x 10 c.p.m. |

dnal, Caled for C3HgO7PBa* 2 Hx0 : P, 8.7%; Found, P, 8.6%.
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Molar rotation (as phosphoglyceric acid) in the presence of molybdote ion:

-620° &+ 50°, (Authentic value, =750°), Specific activity: 4.9 x 10% c.p.m/mg.
The supernate from Precipitate I was added to 1.5 ml. of ethanol., Pre-

cipitate II, 7 mg., 0.29 x lO6 cspels, and supernate E, 0,08 x 106 CePolla,

were obtained, The solution of Preeipitate II in 0.05 N hydrochloric acid

diluted with 1.5 volumes of ethanol gave Precipitate II-a, containing 8.6

percent phosphofus and having a specific activity of 4.2 x lO4 c.pelt./mg. The

total activity in supernates B, C, D and E was 0,58 x 106 C.pem. (36 percent

of the total)., The activity in Precipitates I ond II was 0.48 x 106 CePell,

(30 percent of the total),

Eagily Hydrolyzed Phosphate Esters: ~ Readily hydrolyzed phosphate esters

and inorganic phosphate can be recognized on the paper by spraying with
suitable reagents to produce molybdenum blue. Glucose~l~phosphate, 3=phospho=~
glyceraldehyde and phosphopyruvic acid are easily detectable when 3 micro-
grams per cm2 is present on the paper. Fructose=l,b-diphosphate is variable
in its color development. This is probably caused by different degrees of
bydrolysis during the spraying and drying processes.

Spray Test for Phosphates on Chromatograms: - The paper is sprayed

consecutively with the following solutions (33): (a) Five grams ammonium
molybdate dissolved in 100 ml, cold water and poured into 35 ml. coneentrated
nitric acid, Paper dried at 70° C; (b) Fifty milligrams of benzidine hydro-
chloride dissolved in 10 ml, concentrated acetic acid and diluted with water
to 100 ml, Paper dried at room temperature; (¢) Saturated sodium acetabe

solution. Paper dried at room temperaturs,

(33) Fritz Feigl, "Qualitative analysis by Spot Tests," page 216, Norde-
mann Publishing Company, New York, 1939.
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Glugose~1l-Phosphate: - The rate of hydrolysis cf the phctosynthetic

intermediates in the middle one of the three phosphate spots to form radio-
active glucose suggested the presence of glucose~l-phosphate. When the
authentic compound containing p3= (34) was co-chromatographed with an algal
extract, the P32 activity coincided with the cl4 radicactive spot.

Phosphopyruvic Acid: =~ An authentic specifimen of phosphopyruvic acid (35)

A

was chromatographed and its position detected by molybdenum blue color. 4
photosynthetic intermediate found in this area was investigated. &cid hy-
drolysis formed pyruvic acid which was identified by itsdistribution co-
of ficient between water and ether, solubility and volatility properties and
the formation of a dinitrophenylhydrazone which co-crystallized with an
authentie specimen,

4 padicactive substance was eluted from a chromatogram of 5 seconds
photosynthetic fixation and hydrolyzed ten minutes in 1 N hydrochloric
acid. The active product was then volatile and rqquired addition of
alkali for reproducihle direct ccunting. &4n aliquot part of the hydrclysate
was assayed for pyruvaldehyde and the 2,4-dinitrophenylosazone was inactive
after recrystallization from pyridine.

The distribution coefficient of the hydrolysate radicactivity between
a water (pH 1) and ether was 0.15~0.18, The constant determined for low con=-
centrations of synthetic labeled pyruvic acid is 0.16-0.18.

A sclution of 35,800 c.pe.m. of eluate and 10 microliters of pyruvke
acid in 1 N hydrochloric acid was heated with 25 mg. 2,4-dinitrophenyl-
hydrazine in a sealed tube for 30 minutes at 100°., The hydrazone (theoretical
yield, 39 mg.) was recrystallized from ethanol and acetic acid-water and
found tc¢ have a constant specific activity of 900 c.p.m./mg. which indicated

- a quantitative hydrolysis to pyruvic acid.
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complex and 6 mg. of 2,4-dinitrophenylhydrazine (37). The specific activity

of the pure osazone (theoretical yield, 7.29 mg.) was 178 c.p.m./mg, This
indicated that 1300 c.p.m., or all of the eluate activity, was triose phos«
phate.,

Amino dcids: - Identification of radicactive amino aclds by superpositicn
of the radiogfam on the chrcmatogram sprayed with ninhydrin has been des-
cribed (5). In cases where the original separation is incomplete or where
the amount cfanino acld is insuffieient to produce visible ninhydrin color,
the radicactive spot or group of spots is eluted (17,18) and re-chromato-
graphed with added carriers. The coincidence of shape and location of the
radicactive spot with the colored spot produced by an authentic compound

on the paper indicates the identity of the two.

Sugars: - Sucrose, fructose and glucose (38) are the only sugars which have
been identified inm the radiograms., Their chromatcgraphic coordinates in
phenol have been determined (10). The Roe test for fructcse and the Tollens

test for glucose (39) gave added confirmation of these identifications.
SUNMMARY

1. Paper chrcmatography has been employed to separate the radiocactive
products formed during photosynthesis in 01402.

2 The method has been used for the separation and identification of
carboxylic aclds and phosphates.esters.

3., The firgt observed product of ecarbon dicxide assimilation during photo-

synthesis has been isclated and shown to be phospheglyceric acid.

(37) E. Baer and H.0.L. Fischer, J. Biol. Chem., 150, 223 (1943).

(38) Authentic specimens of these radioactive sugars were kindly supplied
by Frof, W. 2. Hassid.

(39) S. M. Partridge, Nature, 158, 220 (1946).
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FiG. 3-RADIOGRAM OF PRODUCTS PHOTOSYNTHESIZED IN
NINETY SECONDS BY SCENEDESMUS iN C'*0,. THE ALGAE
WERE RAPIDLY KILLED BY POURING INTO FOUR VOLUMES

OF BOILING ETHANOL. CONSIDERABLE CLARITY OF THE
ORIGINAL RADIOGRAM IS LOST IN PHOTOGRAPHIC REPRODUCTION

s BUTANOL-PROPIONIC ACID- WATER
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FIG. 5a,b- ONE DIMENSIONAL RADIOGRAMS OF P32 LABELED
YEAST FERMENTATION INTERMEDIATES. SOLVENT : BUTANOL-
ACETIC ACID-WATER. THE TWO MIXTURES WERE OBTAINED

FROM ION EXCHANGE RESIN ELUATE FRACTIONS.
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" Fig. 6a,b,-a. Elution curve of authentic 3=-phosphoglyceric acid from Dowex
A=l anion exchange of resin column. Eluant: 0.2 N sodium chloride. b. Elution
curve of a mixture of equal amounts of authentii4

and isolated phosphoglyceric
acids, (), Total phosphorus analyses. (), C*~ radioactivity. The smaller

peak represents inorganic phosphate and hexose monophosphates. The ordinate

unit represents 100 umg. of phosphorus/ml. of eluate and 20P00 cpm./ml. of cl4
radioactivity,.





