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ABSTRACT 

Methods are presented for the separation of phosphates by anion 

exchange techniqueso These techniques have been applied to the separation 

and characterization of phosphates contained in green'algaeo The hy-

drolysis constants are given for a diphosphate which was identified as 

ribulose diphosphate. The isolation and characterization of a group of 

highly polymerized phosphates, i. eo metaphosphates is discussed. A 

brief analysis of the theory of ion exchange is presented together with 

a correlation of certain results with the theoryo 
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THE SEPARATION AND CHARACTER~ZATION OF PHOSPHORYLATED COMPOUNDS 
FROM GREEN PLANTS 

Murray Goodman 

Radiation Laboratory, 
University of California, Berkeley, California 

September 29~ 1952 

Io INTRODUCTION 

It has been shown conclusively that phosphorylated compounds play a 

very important ·role in the metabolism of green plantsol, 2,3,4,5,6,7,S,9jl0 

Figo 1 contains a schematic representation of some suggested relations 

between the respiratory and photosynthetic processeso 6 Any extended dis

cussion of respiration and photosynthes~s11 , 12 would be beyond the scope 

of this worko The significant point to abstract from Figo 1, is that the 

vast majority of intermediates are phosphorylatedo Investigators there= 

fore have sought methods of isolation and characterization of phosphates 

in order to facilitate an understanding of complex biological reactionsj 

and to present a unified picture of metabolic patternso 

In 1940~ Martin and Syngel3,l4 developed a technique for separating 

amino acids on filter papero This partition chromatography has been ex= 

tended since then to include many types of compounds and a large number 

of solventso In our laboratory» paper chromatography has indeed been 

fruitfulo 3 ~ 6 , 15 Most of the compounds which have been separated and 

identified involved this techniqueo However, paper chromatography suffers 

from two major drawbacks~ 

lo The phosphates do not separate well in the solvents which are 

generally used in our laboratoryo They remain in an area close to the 

origino In order to effect a separation into particular compounds, 
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PHOTOSYNTHESIS 

MU-4065 

A Possible Relationship Between Respiration and Photosynthesis. 

OP = ortho phosphate; G-1-P = glucose-1-phosphate; ~-6-P = 
mannose-6-phosphate; FDP = fructose 1, 6 diphosphate; DPGA = 
1, 3 diphosphoglyceric acid; ATP = adenosine triphosphate; 
UDPG = uridine diphosphate g1uqose. 
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the phosphates must be eluted from the paper and rechromatographed ip 

special solventso 16 

2o Only microgram amounts can be run on any given chromatogramo As 

a results~ it is difficult to obtain enough of a compound to allow com-

plete chemical characterizationo 

Unbreit17 and others18 have developed techniques for extracting 

animal tissueo These procedures involve trichloracetic acid extraction 

followed by bari.um precipitation of the phosphateso- Kamen-, 7 g9 

Wlame, 19 ~ 20921 and Gruba~ 22 and many other workers 23 have extended this 

approach to yeast and green plantso However~ the method lacks specifi-

city for particular compounds and in addition actually decomposes un= 

stable compoundso6 

It was felt that ion exchange offered the best available method for 

attacking the separation problemso The technique could be used for large 

quantities of material without the difficulties of strong acid extraction 

and gross precipitation~ that is~ the mixtures could be separated .. into 

particular compoundso 6 

Ion exchange has been known for over one hundred ;v:ea-rso 24,25 Way 

and Thomson25 are generally credited :wit_h the <tlscoyery of this processo 

The former conducted systematic experiments exchanging potassium ions with 

the calcium contained in soiio 26 - The history of ion exchange has been 

reviewed by many authors.~~ among them Myers~ 27, Davies~ 28 Nachod» 24 

Kunin.~~ 2 5 Tompkins~ 29 and Duncan and Listero30 Actually the greatest 

impetus to the wide application of ion exchange came in 1935 when Adams 

and Holmes31 condensed phenolsulfonic acids with formaldehyde and obtained 

the first synthetic resinous cation exchangero Since that time many 
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other types of synthetic resins have been devised with increased capacities 

and predetermined acidic and basic strengthso30~32~33 The advantages of 

these synthetic resins over the naturally occurring exchangers are that 

resins with a high capacity can be synthesized to desired specificationso 

Up until a few years ago essentially all the theoretical work in the 

field of ion exchange involved cationso 34~ 35 ·· In fact» some investigators 

doubted the existence of anion exchangeo30 However» the recent production 

of strong base anion resins (quaternary ammonium salts) leaves no doubt 

that anions can and do exchangeo An attempt therefore will be made to 

relate the theories of equilibrium and column work to the phenomenon of 

anion exchangeo36937 

Wheaton and Bauman38 have used the law of mass action to determine 

an equilibrium constant» Kc~ for various anions in relation to -Dowex 1 

(trimethyl amine polystyrene resin) and Dowex 2 (dimethyl ethanol amine 

polystyrene resin) o If the reaction of dihydrogen phosphate with Dowex 1 

in the chloride ion form is studiedj the following equilibrium data can 

be obtainedg 

H2P04 = + Resin=Cl "" Resin=H2Po4 + Cl = 

The -equilibrium constant~. Ka» is g 

aH2Po4-(R) ac~~1s) 

aH2Po4=(s) acl=(R) 
(1) 

where 11 Rrw and 41 S" denote the resin and solution phases respectively and 
-

"a" indicates activitieso Since the activities are not known» equation 

(1) can_ be transposed to concentrations and a Kc calculated: 

K· "" c 
(2) 

• 
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For the general ~ase when an anion nxn react~ with the resin chloride~ 

equation (2) becomes: 

K c 

where "n" equals the valence of anion 11X"o 

(3) 

Another method which may be used to obtain essentially the same Kc 

is generaily known as the Donnan Membrane Equilibrium Theoryo30~36 This 

approach suggests that the overall gel surface of the resin acts as a 

semipermeable membrane and that ions will exist to a greater or lesser 

extent in solution inside the resin gelo Following this reasoning~ the 

Donnan equilibrium may be established in which R4~ is the large poly= 

-merized strong base resin which, of course~ can not penetrate the mem= 

brane: 

1 Na+ x-
The free energies of substances on both sides of the membrane must be· 

the sameo· 

(4) 

Rewriting equation (4) in terms of concentrations and activity coeffi~ 

cients: 

The aqueous solution is assumed to be dilute enough to that Yc1=s 
Yx= s 

( 5) 



equals unityo Equation ( 5) can, be written: 

C:x- Ccl-
R S 

Cx-s Ccl-R 
... It . c 

It ca.n be readily seen that this Kc, ca.lcula.~ed .for a. univalent anion,- is 

the same a.s the Kc calculated from the mass action la.wo Consequently, 
·~ . ~ :. j 

the question a.s to whether a. Donnan equilibrium is operating can not be 

answered by this discussiono Duncan and Lister, 30 a.nd Kunin .and Myers36 

cite evidence for a.nd a.ga.inst the existence of this type of equilibrium. 

Mayer and Tompkins34 have developed a. theoretical basis for ion · 

exchange columns and have applied it to cationso They consider that a 

column is made up of a. number of theoretical plates (p)' each plate 

having a. ~olume (v) associated with ito The distribution(C) of a solute 

in a.ny plate is given in equation ( 7) ~ 

where: "S • the fraction of solute in the solid phase which is in n,p 

(7) 

contact with plate (p) when the nth (v) has equilibrated 

in the plate. n 

"L • the fraction of solute in the solution which is in con_; n,p 

tact with plate (p) when the nth (v) has equilibrated in 

tha.t plate. tt 

"n .;. the number of ( v' s) that have entered a plate up to any. 

given time." 

Other notations which Mayer and Tompkins34 used were: 

"V .. (pv) .. volume of so.lution in ·the column". i.e., the column 

volume. 

' 
' 
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YWF "" (n/p) "" the number of vv s that have passed through the columno" 

From this plate theory" the following relationships were evolved~ 

In order that Ln»p be at a maximum: 

C = ~ax/P 

But it has been shown that Fmax = D.ma:rfPo 

Consequentlyg 

(8) 

( 9) 

This merely means that Fmax» the number of column volumes (V) necessary to 

bring any particular ion off the column,~~ is equal to the distribution ratio 

of that ion between the resin and solution on the last plateo 

A distribution coefficient (~) may be calculated from the distri= 

bution of a solute in the resin and solution under batchwise equilibrium 

conditions~.34».39 

Kd g Fraction of solute on resin Solution volume in mlo (10) 
Fraction of solute in solution x Resin mass in grams 

It is readily seen that~ 

Fraction of solute on resin 
Fraction of solute in solution = c (11) 

Therefore9 a (Kd).34 can be calculated from a column experiment as follows~ 

Kd = C mlo of solution in column ~ F, mlo of solution in column 
grams of resin in column max grams of resin in column 

(12) 

Equations (10) 9 (11) 9 and (12) show the relationship between a 

distribution coefficient (~) which can be measured by a batchwise equi= 

librium technique~ and the Kd which can be obtained from the elution 

characteristics of a particular anion from an ion exchange columno The 

· significance of the above relationship == if it is shown to be valid == 

would be its ability to predict the elution position of an anion from a 



column by knowing the Kd batchwi~e value for that particular anion with 

reference to a given resina 

It is the ;pUrpose of the author to develop a technique for separating 

phosphates by ioq. exchangeo In add:i,tion, a major part of the probleJI!1 in

volves the identification and characterization of metabolically significant 

phosphorylated compoundsa For this the author has utilized together with 

ion.exchange~ paper chromatography» hydrolysis studies, optical rotation, 

and compounds labeled with radiocarbon or radiophosphoruso 

' 
f 
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II o MATERIALS AND MEI'HODS 

Ao Preparation of Resins and Columnso 

The separations and identifications described here were carried out 

using Dowex 1 or Dowex 2 resinso In these experiments~ 200=400 mesh resin 

was employedo All resins contain fine particles (fines) which inhibit 

even flow through a columna These were removed by either of the following 

two methods g 
40 

lo Decantation~ The resin was suspended in distilled water and the 

heavy particles settled to the bottom whil~ the fines remained in a semi= 

colloidal stateo These were then decantedo The procedure was repeated 

many times until the supernatant solution was absolutely clearo 

2o Backwashing~· A large column (70 x 25 cmo) was constructed with 

ari 'inlet for distilled water at the bottomo The moist resin was placed 

in the column and distilled water was then forced through at a very slow 

rateo The heavy particles remained near the bottom while the fines were 

continuously removed by the water spilling over the top of the columna 

Both of the above techniques gave excellent results as far as re= 

moving the fines~ and they were extensively used in the preparation of 

resins for separation purposeso 

The actual ion exchange columns were prepared by the gravity methodo 40 

Here~ the washed resin was suspended in a small volume of distilled water 

and slurried into the columno After the resin had settled evenly and most 

of the water had passed through the column~ more suspended resin was addedo 

It should be emphasized that the water level was never allowed to go below 

the level of resino In addition~ it proved unsatisfactory to apply suction 

to the bottom of the column as this caused uneven packing~ regions of dry 



resin, and air pockets, since water was ranov~d faster than it could flow 

through the columno 40 

Column size·,(~~ied depending on the ammmt of material to be placed 

on the resin and the number of components to be separatedo In the sec

tion on results, each experiment will contain the actual dimensions of 

the columns usedo The column size will be expressed in column length 

and cross sectional diametero After the ion exchanger was thus con-

structed, it was washed with at least twenty column volumes of ! HCl. 

This was followed by an equal volume of distilled water. 

Bo Description of Elution Apparatuso 

The elution apparatus (Figo 2) consists of a microflow controller, 

a turn table, a fraction timer1 and an ion exchange column. 

lo The microflow controller* is a device for obtaining a slow con-

stant flow rate (Figo 3)o The feed screw (A) pushes a driver plate (B) 

against the piston of a syringe (C) and forces the solution out at a 

given rat eo The feed screw is actuated by a standard one r.p.m. synchro-

nous motor (D) working through a system of planetary gears (E, F, and G). 

Varying reductions of the rate of revolution of the feed screw may be ob-

tained by connecting the differential gear (E) to the driver and floating 

gears (F and G)o A limit switch (I) is added to stop the entire apparatus 

at the desired timeo 

2o The turn table and fraction timer merely allow samples of con-

stant volume to be taken automaticallyo 

*·The apparatus was designed by Mro Paul Warrington and Mr. T. C. Goodale 
and was built at the University of California Radiation Laboratory. 

• 

J 

)/ 
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Fig. 2 

Elution Apparatus 

The elution apparatus consists of a microflow controller, 
a fract ion collecter (turn table), a fraction timer, 
and an ion exchange column. 

ZN384 
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OVERALL DRAWING OF MICRO-FLOW CONTROLLER 

REAR VIEW SHOWING PLANETARY GEAR ARRANGEMENT 

Fig. 3 

Microflow Controller 

A = feed screw; B = driver plate; C = syringe; D = 
one r.p.m. synchronous motor; E, F, and G = planetary 
gears; H = rewind knob; I= limit switch. 

f 

v 
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Co Generation of the Columns and Description of the Elutiono 

The Dowex 1 and 2 resins are commercially available in the chloride 

ion formo38 In the process of preparing a·column 9 the resin was washed 

with HCl and distilled water (see section A' above)o If chloride is the 

eluting agent to be used9 the column is now ready for loadingo Unless 

otherwise specified~ all experiments were run with the resin in the chlo= 

ride ion formo However~ when other anions such as formate or borate are 

to be utilized as eluting agents~ the column must be generated in that 

particular anionic formo For example~ if formate is employed~ excess 

formic acid (3M) is run through the column until the chloride test with 

aqueous silver nitrate is negati veo 41 

0 0 
II Dl 

Resin = Cl + H = C e o=(xs) == Resin = 0 = C = H + Cl= 

After the column is thus generated and washed~ the compounds to be 

eluted~ dissolved in approximately 20 mlo of solution9 are placed on the 

column and the desired eluting agent is passed through o The rate of flow 

and the fraction volume vary with the s?ecific separation problemo 

Do Analysiso 

lo Phosphorusg Total phosphorus was determined colormetrically by 

th_e technique of Alleno42 Aliquots were taken containing between five 

. and forty micrograms of phosphorus, the range of this methodo The deter= 

mination is developed as follows~ 

Oo4 mlo of 72 percent HC104 and a drop of 30 percent H2o2 were added 

to an aliquot of organic phosphate in a microkjeldahl tube and heated un= 

til a yellow color appeared and then disappeared~ and the heavy fumes of 

the perchloric acid rose in the tubeo This process converts all nonortho 
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phosphate to ortho phosphateo The tube was cooled and Oo4 m+o of a re= 

ducing solution [10 grams of NaHSo3 (metaL Oo 5 grams of diaminophenol 

hydrochloride (acrol) in 50 mlo of distilled waterJ were addedo Following 

this» Oo2 mlo of So3 percent ammonium molybdate were addedo The resulting 

blue color was allowed to develop for five minuteso The solution was then 

placed in a colorimeter tube and diluted to 5 mlo The color intensity was 

read in a Klett Sommersen colorimeter with a 660 m~ filtero The actual 

amount of phosphorus was obtained from a calibration curve (Figo 4)o 

Phosphorus from ortho phosphate was determined by the same procedure· 

except that no heating was necessaryo Some phosphates have the character-

istic property of hydrolyzing completely after seven minutes in lN HCl at 

100° Co Seven minute hydrolyzable phosphorus could be detected by running 

the ortho phosphate color test after the hydrolysis treatmento Thus 

stable organic phosphatesj seven minute hydrolyzable phosphatesj and ortho 

phosphate could be distinguished by this methodo 

In the process of identification.~~ many phosphates were chromatographed 

on filter paper (see section on photosynthetic experiments)o The resulting 

spots are detected by spraying the paper with a solution containing~ 5 mlo 

of 60 percent perchloric acid» 10 mlo .of 1M hydrocploric acid.~~ 25 mlo of 

4 percent ammonium molybdate.~~ and water to make the total volume 100 mlo 43 

The paper is dried at room temperatureo Ortho phosphate appears as 

a yellow spoto The chromatogram is then exposed to ultra violet44 light 

until all.the organic phosphates appear as blue spotso Exposure of the 

chromatogram to H2S or NH3 intensifies the blue spots.~~ reduces the back

ground~ and converts the yellowish blue ortho phosphate spot to a blue 

coloro 
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COLORIMETER READING MU.4111111 

Fig. 4 

Calibration curve for phosphorus analysis. 



2o Fructose~ The technique of Roe45 was used to detect fructoseo 

A sample of fructose (10 = ioo micrograms) was diluted to 2 mlo in -a color

imeter tubeo Two mlo of a resorcinol solution (Ool percent in·95 percent 

ethanol) and 6 mlo of 30 percent HCl were addedo The tube was then heated 

. in a water bath for eight minutes at 80° Co The red color was read in 

the Klett Sommersen colorimeter with a 490 m~ f.iltero 

Fructose phosphates give a weaker color reaction than does pure 

fructoseo Therefore~ standard solutions must be made to calibrate the 

coloro This Roe0 s solution can be used as one46 of the spray tests for 

ketose spots on paper chromatogramso 

3o Counting of Radioa.ctivityg Carbon and phosphorus labeled com-

pounds were used in many e:xperimentso Aliquots of radiocarbon labeled 

phosphates were plated on aluminum discs and counted with a thin mica win.,. 

dowed Scott Geiger=Mueller tube.,. 2 .~>6.~>l5 Radio phosphorus was also counted 

this wayo . In addition~ since the ~= particl_e from p32 (lo 1 Mev), is 

greater than that from c14 (Oal26 Mev) the p32 could be counted in poly-

ethylene cups o 

Eo Photosynthetic Experimentso · 

Algae or leaves were allowed to photosynthesize in the presence or 

radioactive carbon dioxide or phosphateo Since algae were used primarily, 

the technique of exposing them to radioactivity will be describedo 6 

After the algae have been grown under controlled conditions,47 the,y 

were harvested.~> centrifuged from the growth medium9 and resuspende? as a 

1 percent suspension in distilled watero They were then placed in an · 

experimental vesselo Two General Electric photospots Noo RSP2 were set 
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32 cmo from each side of the algae container so as to give 119000 foot 

candles as measured by a Weston Photocello In some experiments~ General 

Electric-Reflector Spots (300 watt) were usedo Here the light intensity 

was reduced to 6~000 foot candleso Infrared filters were inserted between 

.. :the lights and the experimental vessel to prevent overheatingo 6 Figo 5 

shows a typical exposure apparatuso 

The algae suspension was usually pre=illuminated for thirty minutes 

followed by the addition of the radioactivityo After a desired time had 

elapsed9 the algae were dropped into boiling ethanol (final concentration 

SO percent with respect to ethanol)o The cell residues were then filtered 

off and extracted with 20 percent ethanolo The two extracts were combined 

and concentrated to 2 mlo under vacuum at room temperatureo 

Suitable aliquots were placed on Whatmann Noo 1 filter paper9 which 

had been washed in oxalic or acetic acido The papers were cbromatographed 

·. two dimensionauyla.S in phertol saturated with water and butanol/propionic 

acid/water solventso Radiograms were then taken with Eastman Kodak WNo 

Screen~ X-ray filmol5 

Many compounds were separated by this technique39 6»15»49»5°95l (Figo 6)o 

It is obvious from Figo 6 that many phosphates are in the area close to 

the o:dgino The process of identification of these phosphorylated com= 

pounds involved hydrolysis studies» co-chromatography with known compounds~ 

adding phosphatase and identifying the sugar moietyj or running the phos= 

phates themselves in a solvent43 consisting of 2 grams .picric acid 9 SO mlo 

t=butanol9 and 20 mlo wa.tero Thus authentic radioactive samples of 3~ 

phosphoglyceric acid 9 sugar monophosphates~ and suga.rdiphoephates were 

obtainedo 
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Fig. 5 

Apparatus for exposing algae to radioactivity. 
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PEPA 
OP 

PGA 
PDHA • 

AMP HMP 

10 MIN. DARK EXPOSURE -TO piZ Ill 

Nl:JCLEOT IDES 
II 

Fig. 6 

Chromatogram of Scenedesmus Extract 
Ten Minute Dark Exposure to Ra~iophosphate 

OP = ortho phosphate; PGA = phosphoglyceric acid; ffr1P = sugar 
monophosphates; DIP= diphosphates; AMP= adenosine monophosphates. 

DIP 



Fo Preparation of Materialso 

lo 3=Phosphoglyceric Acidg Two methods were employed to obtain 

the pure compounde The first consisted of recrystallizing the commer

cial barium salt as followsg 52 

Ten grams of the crude barium 3=phosphoglyceric acid were dissolved 

in approximately SOO mlo of Oo05N HClo The solution was then warmed and 

filtered~ about a liter and a half of absolute ethanol was added to the 

filtrate which was then set in a cold room (10° C)o The side of the 

nask was scratched after an hour to induce crystallizationo Forty 

eight hours later the crystals were filtered off~ washed with absolute 

ethanol and driedo The ten grams of crude material gave six grams of 

purified barium 3=phosphoglyceric acido The second approach* involved 

- 53 
biosynthesis of the desired compoundo Neuberg0s yeast fermentation method 

was followed exactlyo However~ a consistently poorer yield than the re-

ported value of 2oS grams of barium 3=phosphoglyceric acid for each 100 CoCo 

of phosphorylation mixture _was obtainedo The work up of the mother liquor 

in an attempt to isolate 2=phosphoglyceric acid53 was fruitlesso 

TABLE 1 

Carbon ~nd Phosphorus Analysis of Barium 
3=Phosphoglyceric Acid Isolated by Method Two 

Theoretical 
Found 

Carbon 

lOo06% 
9oS% 

Phosphorus 

* This work was first carried ~ut in conjunction with Dro Wo Stepka in our 
laboratoryo 
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2o Fructose-1, 6-Diphosphate: Various samples of commercial fruc-

tose-1, 6-diphosphate were tested for purity., They all contained fruc

tose-6-phosphate and ortho phosphate in addition to the desired compounds. 

This was determined by the following procedure.* 

Two grams of calcium hexose diphosphate were extracted with five 

60 c. c. portions of distilled water. A sixth extract WI.S analyzed for 

phosphorus. Since it did not contain any~ it was discarded. The com

posite of the other five extracts was used as a charge solution. Phos= 

phorus analysis showed the solution to consist of 224.6 mg. associated 

with organic phosphates and 46o0 mg., which came from ortho phosphate. 

The solution was then placed on a Dowex 1 column (50 x 2 em.) and 

was eluted with Oo2N NaCl. Three peaks resulted. After collecting each 

peak and precipitating the phosphates with barium acetate, the compounds 

resulting from peak 1 and 3 were purified by reprecipitation from a water 

alcohol mixture. The first peak (22 percent of recovered phosphorus) was 

identified as fructose=6-phosphateo The second peak (20 .. 5 percent of re= 

covered phosphorus) was identified as ortho phosphate.9 and the third peak 

(59o5 percent of recovered phosphorus) was identified as the desired fruc= 

tose-1, 6-diphosphateo 

The identification of peak 2 consisted in showing that all the phos= 

phorus was accounted for by an ortho phosphate color test.. The method 

of identifying peaks 1 and 3 was slightly more involved as follows: 

Aliquots of both peaks were treated with phosphatase and rechromato= 

graphedo They were shown to contain fructose. Also~ solutions of the 

* This work was first carried out by Mro To C. Goodale in our 
laboratory. 



phosphates gave positive color reaction for fructose (Roe reagent)o 

TABLE 2 

Carbon and Phosphorus Analysis of Peaks. 1 and 3 

Peak lg 

Peak 3g 

Found 
Theoretical for Barium 

Fructose Monophosphate 

Found 
Theoretical for Barium 

Fructose Diphosphate 

Carbon 

17o5 
lSol 

10.;5 
llo6 

Phospnorus 

l0o02% 
9o86% 

3o Hexose Monophosphates~ Commercial glucose-1-phosphate (di

potassium salt)~ barium glucose=6=phosphate~ and barium fructose-6-

phosphate were used after reprecipitation from water and alcoholo In 

' the case of the dipotassium salt of glucose=l=phosphate~ actual recrys-

talization of the compound was affected by the water alcohol treatmento 

The glucose-6-phosphate was contaminated with about 10 percent fructose-

6-phosphate and the fructose-6-phosphate contained about 5 percent . 

glucose-6-phosphate and 10 percent ortho phosphateo 

4o Radioactive Compoundsg A radiogram was placed over guide marks 

on a chromatogramo Each spot on the radiogram indicates a compound or 

series of compoundso The corresponding area on the chromatogram be-

neath a desired spot was cut out from the paper and eluted with distilled 

watero This essentially removed the substances from the paperol5 

5o Algaeg Scenedesmus was grown as a continuous sterile culture 

under controlled conditions as described by Bensonj Calvinj et alo47 

The only difference consisted in adding the iron to the nutrient solution 

as a complex with ethylene diamine tetracetic acido54 
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Large cultures of .algae were grown as follows: A 40 liter carboy 

was filled with the same nutrient solution used aboveo The vessel was 

·placed s~ that it received considerable sunshine during the dayo An in= 

noculum of approximately 1 gram of algae' was added and an air stream was 

continuously bubbled through the suspensiono Of course, these condit'ions 

. were not sterile but the equipment for large quantities nece~sitated the 

use of this techniqueo 

'.i. ·.'' 



-24-

III. DISCUSSION AND R!SULTS 

Although much work has been done in the last decade on the separation 

or compounds by ion exchange, very little has .actually been accomplished 
. 59 60 in the field or phosphate separation.41,55,56,57,58 Cohn and Carter ' ' 

. 61,62, 6.3, 64, 65 used this technique to separate nucleotides. Benson, Calvin, 

et a1. 15, 66 employed exchangers initially to isolate phosphoglyceric acid. 

Fager, Gaffron, and Rosenberg4 used ion exchange in their work on phosphates. 

Deuel, et al. 67 utilized ion exchange in the separation of polyphosphates. 

Thus the application of ion exchange to phosphate separation is still in 

its early stages. 

In order to develop a technique for separating a large number of com-

pounds, it seemed advisable to initiate these investigations by using 

simple mixtures or known substances. This foundation can then be extended 

to more complex problems until, ultimately, analysis and id.entification or 

phosphorylated compounds in algae may be attempted. 

A. 3-Phosphoglyceric Acid and Fructose-1, 6-Diphosphate. 

As a starting point, a series or experiments were undertaken to 

effect a separation of .3-phosphoglyceric acid from fructose-1, 6-diphos

phate. It had aiready been demonstrated that neutral elution probably 

would not accomplish the desired separation. These experiments were re-

peated, however, to ascertain the validity of the above conclusion. 

The barium salt of )-phosphoglyceric acid (7.15 mg.), dissolved in 

25 mlo or water, was placed on a prepared Dowex 1 column (.30 X 0.6 em.). 

The eluting conditions were as follows: 

Eluting agent: 0. 2N NaCl 
Elution rate: 0.11 ml./min. 
Fraction volume: 0.40 ml. 
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Figo 7 shows the curve obtained from this runo 
-

An elution of fructose-1, &.diphosphate (7 mgo)~ under the above 

conditions 9 indicated that it came off the same column in the identical 

region as the 3-phosphoglyceric acido Consequentlys it was necessary to 

search for other eluting conditions Whieh might effect a separationo 

Since phosphoglyceric acid contains two anionic groups which differ 

from each other9 ioeo a carboxyl and a phosphate groups while the fructose 

diphosphate1 s groups are both phosphates~ an attempt was made to take ad= 

vantage of this difference by converting the carboxyl group to its union= 

ized formo Thuss the phosphoglyceric acid should come off the column 

more rapidly since it could only react by one phosphate~ while the fruc= 

tose diphosphate would still contain t:wo reactive phosphate groupso Such 

an eluting agent consists of Ool5N NaCl + Oo05N HClo The following ex-

periments were run with this eluting agento 

A solution of barium 3-phosphoglyceric acid (6o8 mgo) was placed on 

a prepared columno The eluting conditions were the same as before except 

for the change in eluting agento Figo 8 contains the resulting elution 

grapho It is obvious that the conditions did in fact Qring the phosphO= 

glyceric acid off the column much earliero 

Fructose diphosphate (6o8 mgo) was run on the same column after it 

was regenerated and washed, under the iderttical conditions as aboveo 

Figo 9 shows the elution curve for this·· runo The acid eluting agent 

brought the fructose diphosphate off the column only slightly faster than 

did the neutral eluting agento 

At this point a mixture qf phosphoglyceric acid and fructose diphos= 

phate was run through the column under these acidic eluting conditionso 



-26-

38 40 42 .44 
VOLUME OF EFFLUENT IN ML. 

Fig. ? 

Neutral Elution of J-Fhosphoglyceric Acid 
from a Dowex 1 column, Chloride Form (JO x 0.6 em. 

Eluting agent: 
Elution rate : 
Fraction volume: 

0.2N NaCl 
0.11 lllJl./min. 
0.4 ml. 
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Fig. 8 

Acid Elution of )-Phosphoglyceric Acid 
from Dowex 1 Column, Chloride Form ()0 x 0.6 ~m.) 

Eluting agent:. 
Elution rate: · 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
o.ll ml./min •.. 
0.4 ml. 
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Fig. 9 

Acid Elution of Fructose-1, 6-Diphosphate 
from a Dowex 1 Column, Chloride Form (JO .x 0.6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.l5N NaCl + O.OSN HCl 
0.11 ml./min. 
0.4 ml. 
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A solution containing barium phosphoglyceric acid (?o6 mgo) and barium 

fructose diphosphate ( 6o 8 mgo) was prepared and placed on a Dow ex 1 cohnnno 

The elution conditions were the same as aboveo Figo 10 shows the resulting 

complete separationo The recovery data on these compounds are contained 

in Table 3o 

TABLE 3 

Recovery of Phosphoglyceric Acid and Fructose Diphosphate 

Micrograms of phosphorus 
Start Recovered Percent recovered 

680o0 
680o0 

92 
95 

Bo 2=Phosphoglyceric Acid and 3-Phosphoglyceric Acido 

The next problem which was attacked involved a separation of 3= 

phosphoglyceric acid from 2-phosphoglyceric acido Since the elution 

properties of 3-phosphoglyceric acid were already determined~ commercial 

2~phosphoglyceric acid was run under various eluting conditions to as-

certain if a small yield of pure 2-phosphoglyceric acid could be separated 

from the 3-phosphoglyceric acido Neutral (Oo2N NaCl and OolN NaCl) and 

acidic (Ool5N NaCl + Oo05 N HCl) eluting agents were used in these experi= 

mentso In all cases the elution peaks coincided exactly with those of 

3-phosphoglyceric acido In addition when aliquots of the peaks were co

chromatographed with known 3=phosphoglyceric acid in saturated phenol/ 

water or in butanol/propionic acid/water~ one spot resultedo 

It was important to determine if the ion exchange treatment had con-

verted the unstable 2-phosphoglyceric acid to the stable 3-phosphoglyceric 
- -. ·- -

acido Some of the commercial 2-phosphoglyceric acid was dissolved and 
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Fig. 10 

Acid Elution of 3-Fhosphoglyceric Acid (first p9ak) 
and Fructose-1, 6-Diphosphate (second p3ak) 

from a Dowex 1 Column, Chloride Form (30 x 0.6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
O.ll·ml./min. 
0.4 ml. 
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placed in a polarimeter [a] ~O "" -l3o8o The value for 3-phosphoglyceric 

acid?3 reported in the literature is [a]~0 ""-l4o5 and for 2-phosphoglyceric 

acid 53 is [a] 20 = +24. 5o It is obvious that the commercial material was 
0 

nearly all 3=phosphoglyceric acid and not 2-phosphoglyceric acido 

A biosynthesis of 2-phosphoglyceric acid was attempted in order to 

insure its authenticityo This was done following Neuberg1 s procedure.52 

However, no 2=phosphoglyceric acid was obtainedo As a result, the pro-

blem of separating 2-phosphoglyceric acid and 3=phosphoglyceric acid awaits 

further experimentationo 

Co Hexose Monophosphateso 

Another series of phosphates which are important in plant metabolism 

are the hexose monophosphateso A series of experiments were designed in 

order to sep~rate some of these compounds. 

Commercial glucose-1-phosphate (dipotassium salt) was recrystallized 

from a water alcohol mixture and 8.63 mgo of it were placed on a Dowex 1 

columno Another aliquot was heated in lN HCl for seven minutes at 100° Co 

It showed the characteristically complete hydrolysiso68 Because of this 

instability, acid elution was avoided. The elution conditions wereg 

Eluting age~: Oo2N NaCl 
Elution rate: Ooll mlo/mino 
Fraction volume: Oo40 mlo 

Figo 11 shows the resulting elution grapho The recovery of the compound 

based on phosphorus was complete. 

When glucose-6-phosphate and fructose-6-phosphate were run under the 

same conditions as the glucose-1-phosphate above, their elution position 

coincided almost exactly with the glucose-1-phosphatea If the eluting 
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Fig. 11 

Neutral Elution of Glucose-i-F.hosphate 
from a Dowex 1 Chloride Column (29 x 0,6 em,) 

Eluting agent: 
Elution rate: 
Fractionc_volume.:._ 

0,2N NaCl 
0,11 ml./min. 
0,4 ml. 
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agent were made acid (0.15N NaCl + 0.05N HCl) no change in the el~tion 

characteristics resulted (Figse 12 and 1.3)o It should be emphasized that 

no differences were really expected in going from the neutral to the acid 

eluting agento This was done to insure that the hexose monophosphates 

could be separated from phosphoglyceric acid and fructose diphosphate if 

all three types were run as one mixtureo A comparison of Figso 10~ 12~ 

and 1.3 certainly indicates that a separation is feasible~· and in fact» 

this separation will be described latera In any case the use of either 

sodium chloride or sodium chloride plus hydrochloric acid as eluting 

agents offers no possibility of'effecting a separation among glucose<-:1-

phosphatej glucose-6-phosphate and fructose-6-phosphate. 

Horecker and Smyrniotis4l$57j58 have developed a technique for sepa= 

rating ribose=5-phosphate from ribulose-5-phosphate using formate as an 

eluting agento These conditions were extended to a possible hexose phos-

phate separation as follows: A Dowex 1 column (20 x lo2 cmo) was con= 

verted to the formate formo41 Approximately 10 mgo of glucose-~phosphate 

and 8.5 mgo of fructose-6-phosphate were dissolved in 25 mlo of water anci 

placed on the columna The elution conditions were: 

Eluting agent: .. QolN fo·rm±c aci"' ~ Oo03M NaOH 
(Oo03 moles)pH ~ 3ol 

Elution rate: lo2 Coc,/mino 
Fraction volume: 4o0 CoCo 

Figo 14 shows the resulting elution patterno The peak was chromatographed 

with picric acid~ t-butanol/water9 as the solvent a 43 The peak contained 

both fructose and glucose phosphateso A minor peak appeared in this 

elution which contained ortho phosphate and three unknown compoundso 

These were traced to contamination of the commercial compounds usedo 
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Acid Elution of Glucose-6-Fhosphate 
from a Dowex 1 Chloride Column (29 x 0.6 em.) 

Eluting agent: 
Elution rate : 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
0.11 ml./min. 
0.4 ml. 
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Fig. 13 

Acid Elution of Fructose-6-Fhosphate 
from a Dowex 1 Chloride Column (29 x 0.6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
O.ll ml./min. 
0.4 ml. 



~ 
i= 

70 

0 60 

~ 
Ul 
=> 
:!5 50 
% 
Q. 

8 
J: 
Q.40 ... 
0 

<II 

~ 30 
a:: 
<!> 

:::1.. 

400 

-36-

G-6-P + F-6-P 
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VOLUME OF EFFLUENT IN ML. 
MU4219 

Fig. 14 

Formate Elution of Fructose-6-Fhosphate and Glucose-6-Fhosphate 
from a Dowex l Formate Column (20 x 1.2 em.) 

Eluting agent: 

Elution rate: 
Fraction volume: 

O.lN Formic Acid + O.OJM NaOH 
(0.03 moles) pH 3.1 

1.2 rnl./min. 
4o0 mlo 
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From the accompanying schematic representation of the picric acid chro= 

matrogram (Figo 15) 9 it is obvious that no complete separation was ef-

fectedo 

The recovery of the two phosphates in the major peak was about 90 

percent~ but the formate elution as used by Horecker41 did not afford a 

solution to the problem of separating the hexose monophosphateso 

The use of complexing agents to aid in the separation of substances 

by ion exchange has been definitely establishedo69 A separation of the 

sugar monophosphates by using borate complexing was attempted since Khym 

and Zill70~71 have shown that this method is applicable to the separa= 

tion of many free sugarso 

It has been shown that the borate complex involves cis=hydroxyl . 
groupso72~73 vlhen the glucose=l=phosphate» glucose=6=phosphate~ and 

fructose=6=phosphate are examined in this light~ glucose=l=phosphate 

shows no cis-hydroxyls while the other two compounds doo· Thus~ the glu= 

cose=l=·phosphate should separate from the glucose=6=phosphate and fruc= 

tose=6=phosphateo To test this the following experiments were carried 

onto 

lo Glucose=l=phosphate (23 mgo)» glucose=6=phosphate (15 mgo)~ and 

fructose=6=phosphate (12 mgo) were mixedo A Dowex 1 column (25 x Oo8 cmo) 

which had been converted to the borate form by running OolM sodium tetra= 

borate through the column until all the chloride had been displacedo 70»71 

The column was then washed with distilled water and loaded ~~th the mix= 

ture of compoundso The elution conditions were~ 

Elut~ng agent~ OolM Na2B~,.o7 Elut1on rateg lo2 Como/mlno 
Fraction volume~ 5 c~co 
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SCHEMATIC REPRESENTATION OF A 
HEXOSE MONOPHOSPHATE CHROMATOGRAM 
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Schematic Representation of a Picric Acid 
Chromatogram of Hexose Phosphates. 
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Figo 16 shows the resulting elution curveso After 415 mlo were passed 

through the column~ the eluting agent was changed to Oo2N NaClo This 

operation essentially stripped the column of the fructose-6-phosphate and 

glucose=6=pliosphateo The first peak contained a compound which hydrolyzed 

completely after seven minutes in lN HCl at 100° C (glucose=l=phosphate)o 

The second peak contained fructose, and enough phosphate to account for 

both the fructose=6=phosphate and glucose-6-=phosphateo The recovery data 

wasg 

Glucose-1-phosphate~ 

Fructose=6-phosphate 
-+ 

Glucose=6=phosphate~ 

100% 

91% 

Thus the borate elution technique offers hope of a complete separation of 

these hexose monophosphateso 

2o The next experiment involved glucose=6=phosphate and fructose=6= 

phosphate only since it was already possible to separate glucose=l=phos= 

phate from theseo The conditions of elution were identical except that 

the change from OoiM Na2B4o7 to Oo2N NaCl was not carried out until a liter 

of eluting agent had passed through the columno Figo 17 shows the resultso 

Peak 1 contained fructose while peak 2 did nota Peak 1 gave about 10 per= 

cent hydrolysis after seven minutes in lN HCl at a 100° C while peak 2 

gave no hydrolysis under these conditionso These observations show that 

peak 1 is the fructose=6=phosphate while peak 2 is the glucose=6=phosphateo 

3o To complete the picture of demonstrating a complete separation of 

the three compounds all three were mixed and run as aboveo Figo lS shows 

the results of this runo A complete separation of glucose=l=phosphate~ 

fructose-6=phosphate~ and gl11cose-6-phosphate has been effectedo It should 
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Fig. 16 

Borate Elution of Hexose Monophosphates 
showing a separation of Glucose-1-Fhosphate 
from Glucose-6-Fhosphate and Fructose-6-
Fhosphate from a Dowex 1 Borate Column 
(25 x 0.8 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.lM Na2B4C7 
1. 2 ml. /min. 

-5.0 ml. 
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Fig. 17 

Borate Elution of Fructose-6-Fhosphate and 
Glucose-6-Phosphate from a Dowex 1 Borate 
Column (25 x 0.8 em.) 

Elution.· agent: 
Elution rat.e: 
Fraction volume: 

O.lM Na2B4 o7 
1.2 ml./min. 
5.0 ml. 

MU4222 
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Fig. 18 

Borate Elution Showing Separation of Glucose-1-Phosphate, 
Fructose-6-Phosphate, and Glucose-6-Fhosphate from a Dowex 
1 Borate Column (25 x 0.8 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

0.111 Na2B407 
1. 2 ml./l}lin. 
5.0 ml. 

1200 
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be pointed out that in order to elute the glucose=6-phosphate from the 

column using the borate, more than three liters of eluting agent must be 

passed througho Consequently, after the first two components came off, 

the eluting agent was chapged to the much stronger Oo2N NaClo 

Do Glycol Phosphate and 0rtho Phosphateo 

Dro Jo Ao Bassham supplied a sample of glycol phosphate which WaS 

contaminated with a considerable amount of ortho phosphatee This mixture 

was run on a Dowex 1 column under the acid eluting conditions described 

aboveo Figo 19 shows the resulting separationo The glycol phosphate 

comes off in the monophosphate area while the ortho phosphate is ·eluted 

between this and the phosphoglyceric acid areao Thus, these two com= 

pounds have been placed in the scheme of elutiono The recovery data 

showed that 83 percent of the glycol phosphate and 100 percent of the 

ortho phosphate were recoveredo 

All the work which has just been described consisted essentially of 

calibration experimentso The purpose was to develop an approach for 

separating various known phosphates into types of phosphates, such as 

monophosphates~ ortho phosphates, phosphate~ which contain carboxyl in 

addition to phosphate groups» and diphosphates~ etco The first extension 

of this ground work involved the addition of radioactive compounds obtained 

from photosynthetic experiments with radiocarbon or radiophosphate and the 

comparison of the elution characteristics of the radioactivity with those 

of the inactive compoundso 
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Fig. 19 

Acid Elution of Glycol Phosphate and Ortho Phosphate from a 
Do1.o1ex 1 Chloride Column (29 x 0.6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

0.15 N NaCl + 0.05N HCl 
0.11 ml./min. 
0.4 ml. 



Eo Glucose=b=Phosphate. Phosphoglyceric Acids Fructose Diphosphate. 
and Radioactivityo 

The first experiment consisted of combining solutions of barium 

glucose=6-phosphate (6o75 mgo)~ barium 3=phosphoglyceric acid (7o38 mgo)~ 

barium fructose diphosphate (6o75 mgo)~ and approximatelY 236,000 counts/ 

minute of phosphoglycerate and monophosphate areas eluted from paper 

chromatograms of a 40 second barley leaf photosynthetic experiment with 

cl4o2 and placing them on a prepared Dowex column (35 X Oo6 cmo)o The 

elution conditions were as follows: 

Eluting agent~ Ool5N NaCl + Oo05N HCl 
Elution rate~ Ooll mlo/mino 
Fraction volume~ Oo4 mlo 

Figo 20 contains the resulting separationo In the last section an allusion 

to a separation of the monophosphates from phosphoglyceric acid and fruc= 

tose diphosphate was madeo This experiment certainly shows clearly the 

complete separation achieved among these compoundso 

The graph shows also that the major part of the radioactivity elutes 

with the monophosphates and that no radioactivity appeared in the diphos= 

phate areao It remained then to ana~yze the radioactive constituents of 

the first two peaks in order to identify the compoundso 

In a given peak~ if the radioactivity and carrier phosphate were 

identical9 the ratio of counts/minute/fraction over the ~go of phosphorum/ 

fraction would be constant over the entire peako Tables 4 and 5 show this 

calculation per peaks 1 ~nd 2o 
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Fig. 20 

Acid Elution of Gl.ucose-6-.Fhosphate (first 
peak), .Fbosphoglyceric acid (second :peak}, 
and Fructose Diphosphate (third peak}+ 
Carbon Labeled Phosphoglycerate and Mono
phosphate .Areas Eluted from 40 second 
Barley Leaf Chromatograms from a Dowex 1 
Chloride Column (29 x 0.6 em.). Smooth 
Curve ~notes Radioactivity. Block curve 
is obtained from F.hosphorus analysis. 

Eluting Agent: 0.15N NaC1 0.05N HCl 
Elution rate: 0.1 ml./min. 
Fraction volume: 0.4 ml. 

20 

~I 
2 

~ 
lOa 

5 



Fraction 

31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 

Fraction 

61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
11 
72 
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TABLE 4 

Ratio of Radioactivity and Micrograms 
of Phosphorum in Each Fraction 

Ctso/mino · 

850 
2,300 
5,000 
79800 

11,300 
13,650 
16,400 
19,000 
20,000 
18,600 
13,600 
89 700 
4,900 
2,700 

900 

TABLE 5 

j.J.go of p 

7o2 
l4o4 
22o4 
25o6 
30o8 
37o6 
4lo6 
4SoS 
62o2 
46o6 
40o4 
3lo6 
23o2 
l5o2 

So4 

, Ratio of Radioactivity and Micrograms 
of Phosphorus in Each Fraction 

Ctso/mino j.J.go of p 

2,340 l6o4 
3,180 26o4 
5,440 48o4 
7,440 66o0 
8,820 82o9 

10,000 92o8 
10,600 106o2 

9,540 100o9 
6,600 60o2 
2,880 23o5 
1,960 l3o2 
1,080 9o6 

Ratio 

118 
160 
223 
306 
369 
364 
394 
390 
320 
400 
340 
276 
210 
177 
lOS 

. Ratio 

140 
120 
112 
112 
109 
109 
100 

95 
109 
112 
140 
113 



It is evident that peak 1 does not show a constant ratio 9 while peak 

· 2 doeso One possible conclusion is that radioactivity in the monophosphate 

peak is made up of many compounds while the radioactivity in peak 2 is 

essentially all phosphoglyceric acido To test this explanation, the follow= 

ing experiment was undertakeno 

Aliquots of both peaks were desalted by passing the solution over an 

acid washed Dowex 50 column and washing with distilled watero The re= 

sulting solutions were taken to dryness under vacuum over a liquid nitro= 

gen trap 9 and then the compounds were redissolved in a small amount of 

distilled water and made pH + 6 with NaCHo Phosph~tase was added a~d the 

solutions were incubated for two days after which the material was chro= 

matographed two dimensionally in phenol/water and butonal propionic acid/ 

water and this was followed by radioautographyo Peak 2 gave only radiO= 

active glyceric acid while peak 1 gave many compounds 9 among them glucose, 

fructose, sedoheptulose9 mannose, and ribuloseo 6»15»5l 

The recovery data in experiment E was as follows~ 

Glucose=6-phosphate~ 
Phosphoglyceric acid~ 
Fructose diphosphate~ 
Radioactivity~ 

9S% 
100% 
100% 

90%. 

Fo Phosphoglyceric Acid. Fructose Diphosphate. and Radioactive 
Ribulose Diphosphateo 

A diphosphate was discovered in photosynthetic experiments51 with 

c14o2 which on the addition of phosphatase gave a sugar identified as 

ribuloseo5l It was of interest to determine the elution characteristics 

of this compoundo Consequently9 the following experiments were under= 

takeno 
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Solution·~ of barium 3-phosphoglyceric acid ( 9o 5 mgo) and barium fruc

tose diphosphate (10 mgo) were mixed with 250~000 counts/minute of ribulose 

diphosphateo The activity was obtained from a uni-dimensional chromatograms 

of five minute photosynthetic experiments with Schenedesmus in phenol on 

which was chromatographed a strip of algae extract (Figo 2l)o The strip 

above the origin contains the desired compoundo This was eluted with 

water from the paper and mixed with the carrierso A column (28 x Oo6 cmo) 

of Dowex 2 was prepared in the usual manner and loaded with these compoundso 

-The elution conditions were~ 

Eluting agent: Ool5N NaCl + Oo05N HCl 
Elution rate: Ool mlo/mino 
Fraction volume~ Oo4 mlo 

Figo 22 contains the result of this runo The ribulose diphosphate 

separated from the fructose diphosphate indicating that this might offer 

a method of obtaining ribulose diphosphate in pure form for chemical 

characterizationo The activity in the phosphoglyceric acid peak was identi-

fied as phosphoglyceric acid by paper chromatographyo The second radio= 

active peak contained phosphoglycollic acido This was determined by co= 

chromatography after the addition of phosphatase with authentic glycollic 

acido The origin of these compounds can be explained by assuming that 

the ribulose diphosphate has phosphate groups on carbons one and fiveo If 

the cumpound split between carbons 3 and 4$ phosphoglyceric acid and phos= 

phoglycollic acid would ariseo 

CH20POH 
I 
c=o 

LcoH 
I 
iCOH 

CH20POH 

Air Oxidation) 

fH20POH 

CHOH 
I 
QOOH 

COOH 
I ~-- . 
CH20POH 
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Uni-Dimensional Chromatogram of the 
Concentrates of a Scenedesmus Photo
synthetic Experiment Chromatographed 
as a St:t:jlp. 
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Acid Elution of Phosphoglyceric Acid, Fructose Di
phosphate, and Radioactive Ribulose Diphosphate from 
a Dowex 2 Chloride Column.(2g x 0.6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O•l5N NaCl + 0.05N HCl 
0.11 ml./min •. 
0.4 ml. · 

Smooth curve denotes radioactivity. Block curve 
is obtained from phosphorus analysis. 
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Another experiment was run under identical conditions except that 

no carrier phosphates were addedo Figo 23 shows the resulto The main 

peak (ribulose diphosphate) was subjected to hydrolysis in lN HCl at 

100° C. Samples were withdrawn every ten minutes up to 100 minutes and 

placed on paper to·be chromatographed one dimensionally in phenol. It 

was hoped that three spots would result~ namely9 ribulose diphosphateJ 

ribulose monophosphate and ribuloseo However~ the chromatogram gave no 

clear cut hydrolysis pattern from which a curve could be drawno 

Go Glucose-1-Phosphate. Glucose-6-Phosphate. Fructose-6-Phosphate and 
Radioactive Monophosphate Area Eluted from a Chromatogram. 

I . 

It was shown that glucose-1-phosphateJ glucose-6-phosphate, and 

fructose-6-phosphate could be separated by using the borate elution. To 

these three compounds was added a sugar monophosphate area from a Scene-

desmus ten minute photosynthetic experiment with radiophosphate. The 

mixture was placed on a Dowex 1 col~ (2S X OoS em.) in the borate form. 

The elution conditions wereg 

Eluting agent~ 

Elution rate: 
Fraction volume~ 

O.lM Na~B"'-0? 
lo3 _mlo/nUl'lo 
40 mlo 

Fig. 24 shows the resulting elution pattemo It is interesting that 

radioactivity appeared in the glucose-1-phosphate areao. The second radio= 

active peak contains another phosphate in addition to the fructose-6-

phosphateo From other experiments this has been shown to be mostly mannose-

6-phosphate.6 Table 6 shows the percentage of-radioactivity in each peak. 

TABLE 6 

Percentages of Radioactivity in the Peaks 

Peak 1: · 6% 
Peak 2: 35% 
Peak 3: 59% 
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Fig. 23 

Acid Elution of Ro.dioactive Ribulose Diphosphate 
from a Dowex 2 Chloride Column (28 x 0.6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
0.11 ml./min. 
0.4 ml. 
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VOLUME OF EFFLUENT IN ML. 

Fig. 24 

Borate Elution of Glucose-1-Phosphate, Glucose-6-
Phosphate, and Fructose-6-Fhosphate + Phosphorus 
Labeled Hexose Monophosphate Area from Scenedesmus 
Chromatograms from a Dowex 1 Borate Column 
(28 x 0.8 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.lM Na2B4o7 
1.3 ml./min. 
40 ml. 

Smooth curve denotes radioactivity while the 'block 
curve is obtained from phosphorus analysis. 
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The final extension of this technique involved an examination of some 

of the phosphates cont.ained in algaeo Paper chromatography6.?l5.?49~ 5l~ 7!...,~ 75~ 76 

is adequate for separating microgram and tracer amounts of compounds while 

precipitation methods supply only gross separations of these compoundso 

Ion exchange9 however, could be used for separations of particular com= 

pounds on a milligram scaleo 77:.7f3 The following experiments are an at= 

tempt to develop this methodo 

Ho Algae Experiments Io Isolation of Metaphosphateso 

Scenedesmus were harvested every day for a month~ centrifuged from 

the growth medium.!) resuspended in water~ and killed in ao percent boiling 

ethanol while photosynthesing with 4 percent C02 bubbling through the 

suspensiono After 75 mlo of algae had thus been killed~ the cell residues 

were filtered off and extracted with 20 percent boiling ethanolo The SO 

and 20 percent extracts were combined and concentrated to 100 CoCo and 

extracted with alcoholj petroleum ether, to remove the phospholipids and 

most of the chlorophyllo Table 7 shows the.gross analysis data on these 

alga eo 

TABLE 7 

Phosphorus Content of Various Extracts of Algae 

la Total phosphorus (75 CoCo of algae) 
Milligrams of Phosphorus 

325 
2a Phosphorus in SO and 20 percent ethanol 

extracts before petroleum ether extraction 
3o Phosphorus in SO and 20 percent ethanol 

extracts after petroleum ether extraction 

160 

90 

A Dowex 1 column (35 x lo6 em.) was prepared in the usual manner 

and loaded with the purified algae extract~ ioeo after petroleum ether 
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additiono The elution conditions were: 

Eluting agent: 
Elution rate: 

Ool5N NaCl + Oa05N .HCl 
Oo22 mlo/mino 

Fraction volume: lo2 ml. 

Figo 25 shows the distribution of phosphorus obtainedo The order 

of elution and paper chromatography were used to identify most of the 

compoundso In the latter technique, aliquots of a peak were treated 

with phosphatase and chromatographed one dimensionally in butanol pro

pionic acid/water with side spots of known compounds, or run two di-

mensionally.in the standard solventso Table 8 shows the compounds or 

groups of compoun,ds identified and their percents of the extractable 

phosphate and percents of the total phosphorus in algaeo 

TABLE 8 

Fractionation of Certain Phosphates in Algae 

Percent of total phosphorus 
placed on column 

Sugar monophosphates l 
Nucleotide phosphates~ 
Ortho phosphates 
Phosphoglyceric acid 
Diphosphates 
Metaphosphat es 

3o5 

28o8 
3o 5 
lo2 

63o0 

Percent of total phosphorus 
in the algae 

loO 

9o8 
loO 
Oo3 

2lo0 

The nucleotide peak was determined solely on the basis that it con-

tained compounds which absorb in the ultraviolet with a maximum of 260 m~o 

The repeat experiment gave essentially the same results as above 

except that one peak of metaphosphate appeared instead of twoo This 
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Fig. 25 

Acid Elution of Algae Extracts. I. from Dowex 1 
Chloride Column ( 35 x 1. 6 em.) 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
0.22 ml./min. 
1.2 ml. 

In order of elution: 1) monophosphates, 2) nucleotides, 
3) ortho phosphate, 4) phosphoglyceric acid, 5 and 6) 
diphosphates, 7 and 8) metaphosphates 



peak was taken to dryness in vacuum over a liquid nitrogen trap and analyzed 

for carbona It contained a maximum of one carbon per phosphoruso Phytic 

acid is the only known compound which has this ratioo When phytic acid is 

hydrolyzed~ inositol resultso A test for this compound was negativeo 

From these data~ it was assumed that the carbon was merely a contaminant 

and that there was actually no carbon in the peako 

A f d kn t h h t 
19~20~21~79»go~g1~g23g3» group o compoun s own as me ap asp a es 

g4~g5~g6jg7 which consist of polymerized phosphates have been isolated 

from various organismso The.y hydrolyze completely in seven minutes in 

lN HCl at 100° C and give a purple color with toluidine blue in acid solu-

tiono Both of these tests were positive when run on the large peaks from 

both experiment so In this manner j the identity of the metaphosphate peak 

was establishedo 

When these experiments with algae were repeated a third timej no 

metaphosphate peak could be detectedo In additionj when stored frozen 9 

chlorella were run under identical conditions~ no metaphosphate was 

foundo 

At this pointj the technique for growing large quantities of algae 

in a short time was devised~ ioeo using the 40 liter carboyo Three 

separate experiments under the above conditions yielded no metaphosphate 

peakso The metaphosphates may have been in the algae to begin withj but 

they either decomposed in the living cell or in the process of extractiono 

Howeverj a separation and identification of some other phosphates was ob= 

tainedo The following experiments show a study of the phosphates which 

were present in the algae after the workupo 
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Io Algae Experiments II. Hydrolysis Studies of Diphosphates. 

Scenedesmus were grown in the 40 liter carboy and harvested after one 

week; 60 c.co of packed cells resulted. The algae were killed with 500 mL 

of boilin~ 80 percent ethanol, centrifuged and re-extracted with 500 mlo 

of 80 perpent boiling ethanolo This was followed by five 506 ml. ex

tractions with 20 percent boiling ethanolo The cell residues were then 

extracted with 500 c.c. of an ethanol ether (3:1) mixture for three minutes 

at 100° Co After centrifugation, the cell residues were extracted with 

10 percent trichloracetic acid at 100° C for five minuteso Table 9 ·con=·. 

tains the results of the various extractions: 

TABLE 9 

Fractionation of Phosphorus in Algae 

Mgo of total Mg. of ortho 
phosphorus phosphorus 
extracted extracted 

SO% ethanol extractions 5 ** 
20% ethanol extractions 

a 2S 20 
b 24 19 
c 16 11 
d 10 a 
# a a 

·Ether ethanol (1: 3) 16 ** 
Trichloracetic acid sa 6S 
Residual 200 ** 

* Since "e" contained only ortho phosphatej it was discarded. 
** The chlorophyll color made it impossible to test for 

ortho phosphate. 

The 80 percent ethanol and the combined 20 percent ethanol extracts 

were concentrated separately under vacuum at room temperature to 20 CoCo 

They were then placed in an ultracentrifuge for fifteen minutes at 20~000 
' . . ' 

r.p.m. to clear the solutiono The SO percent ethanol extract was then 



treated with alcohol and petroleum ether to remove the phospholipids and 

m.ost of the chlorophyllo The _80 and 20 percent extr~cts were combined.o 

In addition, the concentrates (80 percent + 20 percent ethanol extracts) 

from 10 and 25 minute photosynthetic ·experiments with radiophosphate on 

Scenedesmus were addedo 

The eluting conditions were the. same as th<?se described in the oth.er 

algae experimentso Figo 26 contains the resulting elution patterno 

It is very difficult to explain the large concentration of ortho. 

phosphate both in the 20 percent alcohol extracts and in the trichlor= 

acetic acid extracts without assuming that the .metaphosphates have been 

hydrolyzedo Since these algae were grown and harvested under different 

conditions from the first series~ no direct correlation is possibleo 

At present no explanation can be offered to explain why the metaphosphates 

hydrolyzed so completely in this experimento 

The peak.9 which is labeled diphosphate II.9 was examined to determine 

the identity of the compound or compounds in ito This examination pro~ 

ceeded as follows~ The peak ( 160 lJ,go of phosphorus) was split into two 

partso Part 1 consisted of the fractions from 108 to 114, while part 2 

contained fractions 115 to 124o The phosphate in part 1 was precipitated 

with barium acetate and dissolved in 1 CoCo of watero Some Dowex 50 

(acid form) was added to remove the_pariumo. A hydrolysis curve was run 

on this (Figa 27) in OolN HCl at 100° Co-

At this point a series of hydrolysis curves88 of fructose diphos

phate were run in OolN HCl at 100° C and lN HCl at 10o° C (Figo 28)o It 

is interesting to note the first order dependence of the hydrolysis rate 

on hydrogen ion concentrationo In any case~ the unknown diphosphate is 
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SCALE 

VOLUME OF EFFLUENT IN ML. 

Fig. 26 

Acid Elution of Algae Extracts. 2. In order of 
elution: 1) monophosphates and nucleotides, 2) 
ortho phosphate, 3) phosphoglyceric acid, 4) and 
5) diphosphates. 

Eluting agent: 
Elution rate: 
Fraction volume: 

O.l5N NaCl + 0.05N HCl 
0.22 ml./min. 
1.2 ml. 
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Hydrolysis of Unknown Diphosphate. O.lN HCl 
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Hydrolysis of Fructose 1, 6 Diphosph~te. 



much more labile than fructose diphosphateo 

Half of part 2 was hydrolyzed under identical conditions (Figo 2S)o 

It appears that both parts contain the same compoundo Table 10 contains 

the kinetic data obtained from these experiments and Table 11 contains 

data obtained from the literatureo 

TABLE 10 

First Order Hydro~ysis Constants of 
Fructose Diphosphate and Unknown Diphosphate 

Fructose diphosphate (100° C) 
OolN HCl 
loON HCl 

Unknown diphosphate (100° C) 
Fractions lOS to 114 

OolN HCl 

Unknown diphosphate ( 100° C) 
Fractions 115 to 124 

OolN HCl 

t 1/2 mino 

a)* 70 
a) 5o3 
b)* 55o 7 

a) 12 

a) l2o5 

a) 4o3 
a) 56o0 
b) 4o6 

a) 25o0 

a) 24o0 

* a) denotes phosphate in number 1 position and b) denotes phosphate 
in number 6 positiono 
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TABLE 11 

First Order Hydrolysis Constants of 
Various Phosphates Obtained from the Literature 

a glucose-1~ 6-diphosphate (30° c) 88~89~90~91 
l;,ON HCl 

~ glucose-1~ 6-diphosphate (30° c)
88 

loON HCl 

Fructose-1~ 6-diphosphate (100° c) 88~93~94 
loON HCl 

Fructose-1-phosphate (100° C)88,93 
OolN HCl 
loON HCl 

Ketopentose-1-phosphate (100° c)92 
loON HCl 

t 1/2 mino 

a)* 384 

a) 95o5 

a) 5o75 
b)* 7lo5 

34o4 
4o29 

k X 103 

a) Oo 78 

a) 3ol5 

a) 52 
b) 4o2 

9 
70 

86 

* a) denotes phosphate in number 1 position and b) denotes pho~phate 
in number 6 positiono 

These data were calculated assuming that in the OolN HCl only one phos= 

phate group is hydrolyzedo The other remains essentially unhydrolyzed. 

The remaining half o.f part 2 was desalted by passing it over a 

Dowex 50 columno The solution was taken to dryness and the phosphorus 

was redissolved in Ool CoCo This solution was neutralized to pH 6 and 

phosphatase was addedo It was then run one dimensionally in phenol with 

side spots o.f glucose, fructose, ribose, and glucose=6-phosphate and 

fructose-6-phosphate which had been treated with phosphataseo 

Aniline trichloracetic acid was used to spray for the aldoses while 

resorcinol-ethanol-HCl was used for the ketoses. The unknown was sprayed 

with the aniline in the glucose area and with the resorcinol in the fruc= 

tose and ribose areao A faint spot resulted which moved further t~~n 
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riboseo Figo 29 contains a schematic representation of the chromatogramso 

The unknown sugar chromatographed in the ribulose areao This chromato

graphic evidence, together with the elution properties (section F), in

dicates diphosphate is ribulose diphosphateo 
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SCHEMATIC REPRESENTATION OF A SUGAR CHROMATOGRAM 
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Schematic Representation of Phenol Chromatogram 
of Glucose, Fructose, Ribose, Glucose-6-Fhosphate, 
Fructose-6-Phosphate, and Unknown Diphosphate. 
The last three compounds were treated with phos
phates. 



IVo CONCLUSION AND SUMMARY 

In the introduction~ the author presented a derivation of a distri-

bution coefficient (Kd) which could be oQtained from the elution charac

teristics of particular anions unqer spe9ified condition~o34 Consequently, 

Kd's can be calculated for all the compounds which were runo Table 12 

contains this determination for several of the compounds which were eluted 

from a columno 

TABLE 12 

Kd's from Elution of Several Phosphates with Ool9M NaCl +Oo05M HCl from 
a Dowex 1 Chloride Column (29 x Oo6 cmo) ==Column Volume = 6ol mlo 

Grams (oven baked) of Resin in Column = 3o44 

* ** Fmax Kd 

Fructose 6 phosphate 2o0 3o52 
Ortho phosphate 2o6 4o5S 
Phosphoglyceric acid 3o4 5o99 
Fructose diphosphate 6oO lOo60 

* Fmax = Noo of column volumes necessary to bring anions off the columno 

** Kd = Fmax x column volume in mlo/grams of resin in columno 

Kd's may also be calculated from the batchwise equilibration of a 

particular ion between resin and solution phaseso Table 13 shows this 

determination for the same compounds as in Table l2o 

' 
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TABLE 1.3 

Kd's from the Batchwise (8 hour) equilibrations of Several Phosphates with 
Dowex 1 Chloride Resin-- 1 • .3 ml. of solution containing O.l5M NaCl ~ 0.5M 

HCl added to 0.51 grams of Resin 

Total P added in solu. M* * K** p Ms 
in pg. after equilo R d 

F-~P 78 65 0.;19 0.89 0.61 
OP 270 186.0 Oo3l 0.69 lol"l 
PGA 80 50o 5 Oo43 0.57 1.96 
FDP 100 46o5 Oo54 0.46 3o05 

* MR an~ M5 on the fractions of phosphate on the resin and in solution. 

** K "" MR x vol. of solution in ml. 
d Ms grams of resin (oven baked) 

The values for Kd' s obtained in both Table 12 and Table 13 vary in 

the same order, i.e. fructose-6-phosphate has the lowest Kd and fructose 

diphosphate has the highest. However, they do not agree in absolute 

magnitude. Several possible explanations can be offered. If the batch-

wise calculations were made under non-equilibrium conditions, the Kd1 s 

would be too low. If the columns were run under non-equilibrium condi= 

tions the· Kd' s calculated would be too high. In any case, further experi

ments are necessary to test the relation between the distribution co= 

efficients calculated by both methods. 

Wheaton and Baum.an38 have calculated Kc for the reaction: 

from the equation: 

H2Po
4

- + Dowex 1 Cl --- Dowex 1 H2Po
4 

+ Cl-

K .. c "" Oa25 (13) 



Kc may b~ calculated from the data in Table 13 for the same reaction as 

aboveo 
'' . 

(14) 

where 84 is the micrograms of phosphorus in 1 mlo of resin (wet volume 

basis)~ 186 is micrograms of phosphorus in 1 mlo of solution~ Oo2 is the 

chloride ion concentration in solutioni and lo2 is the chloride ion con-

centration in the resina 

A correction must be made for the fact that there is present in the 

solution Oo05M H+ which converts most of the H2Po4 = to Hf04~ When this 

correction is calculatedi it shows that only 2lo2 percent of the phosphate 

in solution exists as H2Po
4

= o If this value is substituted into equation 

(14): 

(15) 

which is essentially in agreement with the . .valve reported by lfueaton .and 

Ba~ano38 

. Asid.e from the theoretical implications above~ the method of ion 

exchange has proved useful in separating phosphateso The pr~vious sec= 

tions of this work amply described the techniques usedo However~ much 

work remains to be done in this fieldo Some of the experiments initiated 

here may beprofitably extended as follows: 

lo Borate Elution: The separation of some hexose monophosphates 

has been demonstratedo However~ the regeneration of the pure phosphates 

has not been attemptedo It has been suggested95 that the solution con= 

taining the borate complex may be broken up by evaporating to dryness and 

adding methyl alcoholo Methyl borate~ a volatile ester 9 can then be 

distilled offo 
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In addition, it would be interesting to elute many other, phosphates 

such as sedoheptulose phosphate, phosphoglyceric acid, ~ glycerol phos

phate; fructose diphosphate, etco together with the hexose monophosphates 

to determine the feasibility of using borate as a general eluting agento 

2o 2-Phosphoglyceric Acid: A chemical synthesis.of this compound 

has been described by Neubergo 52,53 An unequivocal synthesis .of 2-

phosphoglyceric acid is essential before the elution characteristics of· .. ·· 

it can be obtainedo 

3o Algae Experiments: In addition to extending the investigations 

to determine the identity of many of the unknown phosphates, the algae 

experiments should be repeated to further characterize the metaphosphat.es 

and the ribulose diphosphateo 

The conditions for the accumulation of metaphosphates should be 

determined 11 for this will certainly give clues as to their function in 

the cello It has been suggested that these polymerized compounds are 

storage reservoirs for phosphateo However, there remains the possibility 

that they are actually energy storage p~ints from which the cell can 

draw energy when neededo To further characterize the metaphosphates 

experiments to determine their molecular weights and titration curves 

should be undertakeno 

The unknown diphosphate has been identified as ribulose diphosphateo 

However, additional experiments such as chemical degradation of the 

molecule and determination of optical rotation are necessary to establish 

definitely the identity of the sugar moiety and the positions of the 

phosphate substituentso 
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To. summarize the work contained in this dissertation~ the author has 

presentedg 

lo Methods of separating phosphates by anion exchange te:chniques. 

These techniques have been applied to the separation and characterization 

of phosphates contained in green algae. 

2. The hydrolysis constants of a diphosphate which was identified 

as ribulose diphosphate. 

3. The isolation and characterization of a group of highly poly

merized phosphates~ i.e. metaphosphates. 

4• A brief analysis of the theory of ion exchange. Certain re

sults have been correlated with the theory. 
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