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PHOSPHORYLATED SUGARS 1 

Ao Ao Benson 

Radiation Laboratory and Department of Chemistry 
University of California 

Berkeley~ California 

INTRODUCTION 

UCR1=2'584 

Phosphorylated sugars and hydroJcy"acids are the intermediates in the 

primary functions of the plantg sucrose and polysaccharide synthesis. 

Almost all the intermediates and products of phytosynthesis are phosphorylated 

during their inverconversions in the highly organized complex of chemical 

systems maintained in the living cello Their formation~ mediated b,y enzymes 

(kinases~ phosphorylases and phosphatases).l' serves as a step in the conservation 

of energy and in the synthesis of the cell itselfs The number of known compounds 

in this group increases with our understanding of biosynthesis and it is likely 

that the list will eventually include many compounds now kno~ only in the 

hydrolyzed form. 

Sucrose synthesis is almost universal in photosynthetic organismso It 

proceeds via the intermediates of glycolysis well known in animal and microbial 

metabolismo Sucrose~ as well as fructose~ sedoheptulose and glucose» are freely 

transported through the plant to the roots or rapidly metabolizing regionso The 

oxidation of these sugars through a series of phosphorylated intermediates pro= 

vides the free energy necessary for absorption of nutrients and synthesis of new 

(1) The previously unpublished work described in this paper was sponsored 
by the U oSo Atomic Energy Commissiono 
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tissueo The sugars are always phosphorylated, however.~~ when acting as enzyme 

substrates during synthesis and,degradationo 

The sugar phosphate's are not connnonly encountered in plant analysis for 

two reasonso Their concentrations are usually ten or a hundred times lower 

than those of sucrose or the free hexoseso The~ry active plant phosphatases 

rapidly hydrolyze these phosphate esters unless ~hey can be very quickly 

denatured during isolationso 

The metabolic state of the plant determines the concentrations of these 

intermediateso Since their concentrations are low and the amotint of material 

passing throughthese metabolic pools in a short time is great» there may be 

very rapid and profound variations resUlting from external changes prior to the 

analysiso The influence of external conditions upon these interrelationships 

is not yet thoroughly understoodo The value of .the resUlts for compounds of such 

transient nature can only progress ~th our understanding of their metabolismo 

Analytical methods for sugar phosphates in animal and isolated enzyme 

systems are well knowno Leloir (1951) has written an eccellent review o~ the 

isolation.~> structure.~~ properties and analyses of sugar phosphateso Previous 

reviews by Courtois (1941) and Robison and Macfarlane (1941) are also availableo 

A recent summary of transformations of sugars in plants b,r Hassid and Putman 

(1950) deals particularly with polysaccharide synthesis. Occurrence and meta­

bolism of phosphorylated compounds in plants are reviewed b,y Albaum (1952)o 

The identifications of photosynthetic intermediates of carbon dioxide reduction 

are summarized by Buchanan.~~ et alo (1952) and their transformations are discussed -·-
by Bassham.~> et alo (1954)o As yet there is no comparative biochemical study of 

the distribution of phosphate esters in plantso A preliminary survey by Norris 

and Calvin (1954) covers the plant kingdom quite well but much inve~tigation of 

the identity and concentrations of phosphates :remains 1!;) be doneo 
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This section is particularly dedicated to the development of an under= 

standing of the transient status of sugar phosphates in plant materialo 

THE SUGAR PHOSPHATES IN PHYTOSYN.THESIS 

Phytosynthesis is a complex network of energy and material transfer~ 

Each reaction is dependent upon all the others and the status qo is a functi~n 

of the external conditionso Synthesis and degradation9 therefore~ are inter­

dependent and it is not surprising that the intermediates of the two pro= 

cesses are often identicalo 

The first product of C02 assimilation by the plant is phosphoglycerateo 

It is reduced to triose phosphate and thence the newly incorporated carbon 

passes through the members of the glycolytic sequence to the condensation 

resulting in sucrose phosphateo Plants appear to have a very active sucrose 

phosphatase .system which produce~ free sucrose as the major free sugar in 

most plants and a very low concentration of sucrose phosphateo The major 

products of phytosynthesis~ starch and cellulose~ result from condensation of 

glucose=l=phosphate which itself exists in very low concentration during the 

synthesiso S.ir.ailarly the polypentoses are probably formed from: .xylose= and 

arabinose-1-phosphateso Aromatic nuclei appear to be formed from heptose phos­

phates by way of cyclized carbohydrate intermediates,\) possibly shikimic acid 

and its phosphates. The known number of such phytosynthesee which use sugar 

phosphates as substrates grows with our understanding of the identity and 

quantitative relationships of compounds involved in this very active systemo 

Some of the known relationships of sugar phosphates in plants are described 

in Figure lo That these include only a small fraction of the phosphorylated 

compounds is borne out by a very simple experimento If the combined phosphory= 

lated compounds in a leaf which has photosynthesized from cl4o2 are hydrolyzed 
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P~glycolic acid --------------~ co2 

1 11 Photosynthesistt 
Ribulose-1~5-di=P -------------------~ 

11Respiration"~P=p,yruvic4r-phosphoglyceric~P-glyceraldehyde~ + ~glycero-P 
{Krebs cycle) J 

Arabans 

P=Dihydroxyacetone 
Lipids t .· 

Arabinose-5-P ~J·, 

Ribose-5-P < ; Ribulose=5=P , · . 1 . """- · . ~ructr-1,6-di P - Fructose-1-P 

Sedoheptulose~P <:----Sedoheptulose-di-~1-· -Fructose-6...P I . . . 
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·Sucrose phosphate ........,.sucrose 

Aroma tic compounds Glucose-1-P---_.> Uridine-di-P=glucose -?~ Uridine=di-P 

l ~- ' 
Starch, Uridine..,d,i=P-galactose 

cellulose ·. · 

Figo 1 - Transformations of sugar phosphates in pl~u~So 
This tentative scheme represents only a small 
fraction of plant metabolism involving sugar 
phosphates. 
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with phosphata~e~ the resultant sugars~ polysaccharides and hydroxy acids can 

be separated by two-dimensional paper chromatographyo The radioautograph of 

such a hydrolysate shows at least sixty discernable products besides the major 
' . 

ones, glucose~ fructose and glyceric acido This is a challenge to those studying 

the interconversions of phosphorylated compoundso The end is not yet in sig~to 

Oxidative Pathways in Hexose Metabolismo ~ There appear to be two pathw~s 

.for glucose oxidation in plant s,rstems as well as in animal tissuesc The 

Embden=Meyerhof glycolytic sequence has been observed in a variety of experi= 

ments whi~h (Stumpf~ 1951,; Holzer and Holzer.\) 1952) demonstrated the presence 

of the necessary enzyme systemso The same systems were suggested b,y Harttes 

work (1944) on sucrose synthesis in sugar canes She found evidence/for the 

glycolytip __ mechanisms b,y ~udying the effects of specific inhibitors upon. sucrose 

synthesise 

Evidence for glycolytic function is reviewed b.1 Stumpf (1952 9 1952)o The 

identification of all of the intermediates involved constitutes a seccmd line 

of evidence for the function of the Embden=Meyerhof s,rstem (Albaum, 1952)s 

As in animal s,rstems (Horecker~ 1951; Dickens and Glockll 195l)ll it seems 

likely that a major fraction of glucose oxidation proceeds via .the "pentose 

shunt11 from 6-P..gluconate to ribulose=6-P (Axelrod, Bandurski, Greiner and Jang, 

1953; Conn and Vennesland, 195l)o The high activit,r of this enzyme in plant 

systems suggests the major role of this mechanism (Figure 2)o Ribulose and '. 

sedoheptulose ~ split t<:r give ~-glycolic acid, which can be readily oxidized 
,, 

to carbon dioxide b.1 the ubiquitous glYcolic oxidase (Clagett, Tolbert and 

Burris~ 1949$ Zelitch and Ochoa, 1952), and triose phosphate which~ be 

oxidized through pyruvate and the tricarboxylic acid cycle. · The exact mechanism 

of ribulose oxidation is yet undetermined but it is undoubtedly responsible far 
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C02 HOC=H 
+ I 

· H2COH HCOH 
''6=P-G I lfpentose I 

dehydrogenase" C=O isomerase0 HCOH 
I I 

TPN HCOH HCO 
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Ribulose-5~P R=5-P 

Figo 2 = Alternate Path of Hexose Oxidation in Leaves 

(*.) The following· currently adopted abbreviations for the common phosphate esters 

will be usedG TPN~ triphosphop,rridine nucleotide; TCA~ trichloroacetic acid~ 

FGA~ 3-phosphoglyceric acid; DHAP; dihydroxyacetone phosphate; GAP~ glycer­

aldehyde=3=phosphate; R-1-P, ribose-1-phosphate; R-5=P, ribose=5-phosphate~ 

G-1-P, glucose-l=phosphate; G-6-P~ glucose-6-phosphate; 6-P-G, 6-phosphogluconic 

acid; F-6=P, fructose-6-phosphate; FDP, fructose-1 9 6-diphosphate~ ATP9 adenosine 

triphosphate a 

• 
·~.· 
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the observed copious formation of glycolic acid when leaves or algae accumulate 

ribuloseo This occurs especially when plants are exposed aerobically to light 

in the absence of carbon dioxide~ but also can occur during normal photosynthesis 

when the light intensity is high and the norma~ 002 pressure in the air is rate 

limitingo 
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APPLICATIONS OF THE TRACER METHOD- IN DEVELOPMENr 
OF NEW ANALYTICAL METHODS 

The great sensitivity of the tracer method and its c~pacity of allowing 

one to discriminate between like substances from different sources have stimu= 

lated the development of all analytical fieldso Techniques of separation of 

sugar phosphates~ particularly~ have profited from tracer applicationo At the 

same time tracer applications demanded improved ana~tical methodso 

With the simultaneous advent of the "chromatographicn and VJtracerRt tech= 
. 

niques analysis became keyed to the requirements of bothp and the synergistic 

effect of the two disciplines has been phenomenalo The ability of the tracer 

technique to detect and measure impurities in the classically prepared sugar 

phosphates is matched by the elegance of paper chromatographic separation of 

these componentso The completeness of extraction methods 9 stability of the 

compounds and validity of observed physical constants now can be much better 

knowno The techniques required for tracer work are simple and readily adapted 
,' 

to the well-known methods of fractionation and analysis of sugar phosphateso 

The work of Axelrod and Bandurski serves as an excellent example of an appli= 

cation of the tracer _method for control and extension of the classical sepa= 

rations of metabolic intermediateso By simply labeling their phosphorylated 

compounds b,y exchange with radiophosphate in the metabolizing en~e system 

they achieved a great increase in sensitivi~ and reliability of subsequent 

separation and assay methodse 

Radiophosphate as an analytical toolo = When all the phosphorus in a 

tissue is equally> I!ibeled it is only necessary to separate the phosphorus= 

containing compounds !J since the others do not interfere~ and 1116asure the radio= 

activity in eacho The specific radioactivity (counts per mLnute per JJ-go P) is 

t 
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obtained by ordinary phosphorus analysis and radioactivity measurement on an 

identical sample.. With this figure» the amounts of sugar phosphates corres= 

ponding to their observed radioactivities can be calculatedo The advantage of 

this method is primari~ its sensitivityo The micrograms of compounds in a 

few milligrams of plant material can be accurately and reliably determinedo 

The major problem is that of achieving a uniformly phosphorus=labeled 

plant sample. This problem can be solved with microorganisms or small plants 

where the phosphorus turnover is rapido Our knowledge of phosphorus turnover 

rates in tissue of higher plants is not yet established well enough to render 

this a universal~ applicable methode 

Phosphorus activation analysis .. - The problem with which the reader is 

left in the preceding section is not without solutiono .~ain we must resort to 

a tool of the atomic erao The high and uniform neutron flux available in the 

nuclear reactor can s.ynthesize p32 from the p3l of the phosphate esters in a 

plant extracto 
s,ynthesis decay 

n + p31 -----~ p32 + Y -----~tr + 832 

To apply this method one ,need only irradiate a paper chromatogram of 

separated phosphates or merely a sample containing a trace amount of phosphorus 

compound in the nuclear reactor.. Such services are already available.. The 

resulting p32 radioactivity depends upon the time and flux of the irradiation 

and the initial amount of p3l., It can be readily counted with a Geiger counter 

or the ~per chromatogr~ may be exposed to a filiD for a permanent record of 

the radioactivity and its position. A series of phosphate samples or spots ~n 

the paper could be used to standardize the radioassayo 

The major difficulty in this approach is that of radioactive b,yproductso 

The presence of elements with large neutron=capture.cross sections even in 
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trace quantities results in a variety of radioactive species~ Many and possibly 

all of these may be separated by paper chromatography.. The isotopic purity of 

the p32 can be. estimated by observing its decay rate.. The amount of radioactive 

impurity can be minimized by careful control of· adsorbent purity and partial 

purification of the sample, The literature on this type· of phosphorus analysis ,f 

is not yet in existance but it will certainly accumulate rapidly as the obstacles 

are overcome o 

• 
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TRANSIENTS IN SUGAR PHOSPHATE CONCENTRATIONS 

The reliability of a determination of sugar phosphates is determined qy 

the control we may have over the constancy and reproducibility of their coneen= 

trations while the sample is being preparedG Such control requires an under= 

standing of the ~ factors affecting their concentration. ~e can draw some 

conclusions from the available information and develop a respect for the possible 

errors and difficulties arising from such transient concentrationsG 

The concentrations of some of the intermediates of photosynthesis and res= 

piration were measured by Benson (1952) and Calvin and l-1assini (1952) using Ji32 

and c14 e The former grew green algae (Scenedesmus) in p32 -labeled nutrient and 

measured the radioactivity in the paper-chromatographically separated sugar phos= 

phatese The specific radioactivity (counts per minute per gram atom P) was derived 

from a phosphorus analysis arid radioactivit.y measurements on a sample of the uni= 

formly £32-labeled plant materials From the specific radioactivity~ the known 

number of phosphorus atoms in the compounds and their radioactivity the results 

of Table I were ca.lculatede A similar me1.surement was obtained by saturating the 

sugar phosphates with c14 as the algae photosynthesized in c14o2 of know:n specific 

radioactivity.. When c14 concentration in the compounds became constant after 

ten minutes the radioactivity observed on the chromatogram was a measure of the 

concentration of these esterso 

The gross discrepancies between the analyses for the compounds in Table I 

can be att~ibuted only partly to errors in the methode. The concentrations of 

these pho~phates ar~ known to depend on pP (Ouellet and Benson$) 1952) 9 light 

intensity (Calvin and Massinij 1952) and carbon dioxide pressure (Wilson!) 1954)o 

Age of the organisms!) temperature and the cultural conditions have similar 

pronounced effectso 



Table I 

GONCEN'IRATIONS oF PHOSPHORYLATED COMPOUNDS 

- - IN. PHO'i'OSYNT:HEsiziNG-SCENEDESMUS- --

Compound p32 Analysis c14 Analysis c·14 Analysis c14 Analysis 
-1.$ ~02, 200 1% ~02, 20° 1% ~02, 60 o.oo~% co2 , 60 

Phosphoglycerate 5_o 7 X 10""3_ M 1.4 x·1o-J M 1 .. 0 :l(1Q-3 M 2 .. 9 x"lo-.G. M 

Glucose monophosphate 1 .. 1 X lo-3 M 4o0 X 10'"4 M 8.,8 x lQ-3 'M 8.,8 X lcr4 M 

Fructose mo~ophosphate 2,.7 x ur4 M 1o2 x l0:"'4M 3o3 X lG-4 M lo4 X Io-4 M 

S'edoheptulose I!lOn()phospha te loO X l(J4 M 1.8 x'l0'""4 N lo8 x 10-4M 00 

Ribulose diphosphate 1.,0 X 10""3 M 5o0 X 10-4M 5.0 x lQ-4 M 7e5 x 10-4M 

• ,..._ 
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Figure 3 describes the changes occurring in c14-saturated phosphate reser~ 

voirs~ iGe. the concentrations of the sugar phosphates~ when the light is turned 

off o Phosphoglycerate doubles in concentration while ribulose diphosphate» 

labele-d udiphosphates, 11 decreases in an equimolar amount within a few seconds., 

The result is interpreted as being caused by the dark carboxylation of ribulose 
'" '\ 

diphosphate to form two moles of phosphoglycerateo Figure 4 shows the reverse 

shift in concentrations occurring when the photosynthesis substrate is suddenly 

changed from 1% c14o2 to 0.003% a14o2 ., The accumulation of ribulose diphosphate 

again suggests that it is the carboxylation substrate accumulating as the co2 

pressure is reduced. These sudden changes certainly should tend to make one 

cautious in interpreting the meaning of a single determination of a phosphate 

in a rapidly metabolizing systemo 

The concentrations of sugar phosphates in plants.l' then~ are highlY depen= 

dent upon the metabolic state and ·.can change profoundlY within a few secondso 

Their analyses offer valuable information on the function of the planto Since 

this is the case, analyses for phosphates should be accompar~ed by a complete 

description of the condition of the plant material ar~ preparation of the sampleo 
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EX'IRACTION OF PHOSPHATE ESTERS FROM PLANT MATERIAL,. 

One of the current problems in phytochemistry is the effect of treatment 

of fresh plant material upon its sugar phosphateso One may assime that most 

currently used preservation methods resuit in rapid autohydrolysis of the 

phosphorylated sugars by the very active widely distributed plant phosphatasesa t 

The free sugar analysis 9 then~ is in.fact a measure of free and phosphorylated 

sugara The relationship between these is a subject not yet reliably determined~ 

• or soundly understoodo Since the concentrations of the sugar phosphates are · 

usually very small compared to those of free sugars in plant tissue the errors 

in free sugar determinations are negligiblea 

The vigorous activity of plant phosphatases may be described with the 

results of a c14o2 photosynthetic experiment on barley seedling leavesa After 

one minute photosynthesis in c14o2l> the leaves were plunged into boiling el:.hanolp 

only phosphorylated sugars were observed on the radiogram (Figure 5a)a On the 

other handS> when killed by extraction with cold (-50°) ethanol or by grinding 

in liquid nitrogen and then killed in hot ethanol (Figure 5b) a major fraction 

of the sugar phosphates were hydrolyzed and observed as free sugarsa Neither 

the extent nor the precise conditions for obtaining these results are yet well 

understooda The results show quite clearlyy however, that the plant phosphatases. 

are very active over a great temperature range? even in non-aqueous mediuma 

Results from this laboratory have demonstrated that the most stable phosphatase 

activity remains attached to the plant tissuea 

Extraction of phosphate esters$> then~ requires that the phosphatases be 

quickly and permanently destroyed and that cellular material be separated from 

the extracts as soon as pos~ible a This is c·ommonly done by extraction with 

dilute trichloroacetic acid ('roll) in the manner used for extraction of animal 
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tissue.. .Albaum (1952) has reviewed the differences in extractabilit.y of phos~ 

phates from animal and plant tissueso Rapid denaturation in boiling 8~ ethanol 

or methanol insures that the phosphates obtained are in the concentration exis= 

ting at the instant of killingo 

TCA Extraction Method (Umbreit» Burris and Stauffer,\) 1945)o ~Extraction 
.. 

by successive portions of cold (0°) 5% TCA is continued until the extract 

contains·no phosphoruso It is advisable to use an equal volume lq% TCA far 

the initial extraction of wet plant tissue.. The rate of the extraction depends 

upon temperature and degree of subdivision of the material.. With bacterial 

cells~ for examplell it was necessary to treat with acetone to break down the 

cells before ~equate extraction was obtainede Several long extractions were 

necessary to remove all extractable phosphorus.. In general it is not yet possible 

to avoid checking completeness of extraction of organic phosphorus from unfami= 

liar sources .. 

The rate of enzyme denaturation.of green plants by TCA extraction is not 

know.. At the low temperatUres employed· it can be expected to be rapid compared 

to the possible changes in concentrations of intermediates during the extraction .. 

Direct paper chromatograplzy of TCA extracts has not given very good results with= 

out intermediate precipitation of barium saltso 

Hot Ethanol Extraction .. = Boiling one or two minutes in ten to fifty volumes 

of 80% ethanol is sufficient to denature plant phosphatases.. Extraction of free 

sugars» amino acids,\) and plant acids is essentially complete when the chloropQyll 

appears to be extracted.. A major fraction of the sugar monophosphates are 

extracted under these conditionso The tissue still contains a large fraction 

of the PGA and almost all of the ribulose diphosphate and hexose diphosphateso 
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These are extracted by boiling in 2()% ethanol. In some cases ribulose diphos= 

phate is more firmly adsorbed and requires a.hot water extractiono The sepa­

ration in these two extractions suffices to make it a preparative method for 

obtaining ribulose diphosphate in a partially purified stateo Plant tissues 

apparently contain varying amounts of more firmly bound phosphates which are ' 

liberated by subsequent TCA extractions (Lo Po Zill and No Eo Tolbert~ Personal 

communication). The identity of the acid-extractable phosphorus and its 

relation to that extracted by alcohol-water mixtures is not yet clearo 

The presence of high concentration of certain polysaccharides may inter~ 

fere with extraction of phosphate esterso The galactan content.of Iridophycus 

(Bean, 1953) selectively adsorbs the phosphate esterso The usual extraction 

methods failed. As an example, it was necessary to use phosphatase in the 

liberation of dihydroxyacetone for identification of triose phosphate. 

Effect of Killing Methods on Soy Bean Leaves (Ro Bean, Private communica­

tion. - The newly formed sugar phosphates of soy bean leaves were stable when 

killed in hot alcohol even after grinding in liquid nitrogeno When extracted at 

~20° c. in 80% alcohol followed by centrifugation~ a major fraction of the sugar 

phosphates were hydrolyzed. Similar'effects have been observed with Scenedesmus. 

Prompt separation of the extracted cells.presented undue phosphatase actiono 

Effect of Dark Periods Before Killing Soy Bean Leaves (Jo A. Bassham, 

Private communication). -When the dark period is increased from zero to 60 seco 

after a brief photosYnthesis in c14o2 the fraction of free glyceric acid/phospho= 

glyceric acid increased from 5% to 75%o Similar effects have been observed in 

barley seedling leaves (Benson and Calvin, 1950) 9 suggesting an ATP-light rela= 

tionship. 
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SEPiffiATION OF SUGAR PHOSPHATES 
f 

IRECIPITATION METHODS FOR FRACTIONATION OF SUGAR .PHOSPHATES o = LePage and 

Umbreit (1943) developed previously applied methods for separation. and irdenti= 

fication of specific phosphate esters in extracts of r:I:hioba.ci],.lus thiooxidans .. 

The procedure consiste<,l of a deproteinization with TCA and treating the a10id= 

soluble fraction with barium ion at pH 7 or 8o2o The precipitate contained 

barium phosphoglycerate, fructose diphosphate, ATP and ADP.. Under these con= 

ditions barium glucose=l=phosphate~ glucose=6=phosphate and~uctose=6-phosphate 9 

adenylate and DPN were solubleo Phosphoglycerate ·was determined by the method 

of Rapoport (1937)e Hexose diphosphate was measured by~uctose assay (Roe 9 

1934)e In the acid-soluble fraction, fructose was. estimated again to give a 

value for fructose-6-phosphate.. Glucose=l~phosphate was hydrolyzed by 7 minutes 

boiling in N HC1 and the new orthophosphate and freed reducing- sugar were 

determinedo Glucose-6=phosphate was calculated from the phosphorus remaining 

after the subtraction of the DPN value and from its measured reducing valueo 

This general method was found well ad'S.pted to analysis of. animal tissueso With 

Thiobacillua over 90% of the soluble phosphorus was accounted for in the aboye 

compounds.. Albaum (1952) points out from considerable experience 9 that such 

procedures preclude a knowledge of the constituents of the mixture before the 

results can be valid.. It cannot yet be assumed that the major fraction of 

water-soluble phosphorus compolh~ds in plants are known .. 

Albaum and Umbreit (1947) naturally expected that this procedure should 

be applicable for. the fractionation of extracts from oat seedlings.. It was 

immediately clear that the procedure was not to be directly successful.. The 

large amounts of co-precipitated starch gave a charred dark color in the PGA 

estimation instead of the characteristic blue coloro ~en all the possible 
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corrections were made there still remained a large amount of unaccounted-for 

phosphorus.. Part of this turned out to be phytic acid.. -The compounds identi­

fied with certainty were orthophosphate, fructose-6-phosphate, fructose diphos-

phate and phytic acid.. A survey of the possibly labile phosphorus compounds 

in Euglena revealed the source of complication, the presence of the highly 

acid.;,.labile inorganic pyrophosphate (H2P2o7
=) (Albaum, Schatz, Hutner and 

Hirschfeld, 1950)., Inorganic metaphosphate (ro3-) was found in a polysac­

charide fraction and identified by its purple toluidine-blue reaction in 

acid solutiono The' presence of the inorganic ortho-meta- and pyrophosphates~ 

glucose-1-phosphate, fructose...;6-phosphate, hexose diphosphate, PGA were deter= 

mined in the presence of ATP, JADP, OPN and riboflavin phosphate .. 
·''·" 

Large amounts of material arenecessary for separations and identifica-

tions by precipitation msthods (200 1 .. Euglena culture, 5-10 lb~ mung beans)o 

While the scale can be reduced somewhat the specificity must be improved over 

that attainable in these early .experiments.. This is largely due to the greater 

humber of known compounds which are present.. The many complementary methods 

now available have not yet superseded the rather simple separation of phos­

phates by virtue of the.soiubilities of their. barium salts. However, the 

rapid development of purer primary standardsaad more quantitative separation 

methods has placed certain reservations upon our interpretation of results · 

obtained by precipitation methods alone .. 

CHROMATOGRAPHY OF SUGAR PHOSPHATES.,. - Our knowledge of the identity and 

interrelationships between the phosphate esters of plant~ has been expanded 

tremendously by the application of paper ahd column chromatography.. The mul= 

titude of phosphorylated compounds in plants and the very low concentration 

of some of these require a method of great sensitivity and versatility.. Paper 

chromatography meBts this ''exacting requirement and when augmented by ion 

' 
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exchange resin column chromatography the sensitivity and scale of operation 

are almost limitlesso 

Paper chromatography of the phosphates requires special conditions for 

increasing the Rr values of these hydrophilic and readily adsorbed compoundso 

Early chromatograms of plant extracts (Calvin and Benson, 1949) showed almost 

no se,paration of the phosphates under conditions where the sugars~ hydroxy 

acids and amino acids were well separatedo As the importance of these com­

pounds in plant metabolism became more obvious their chromatographic separa­

tion was slowly improvedo 

The major difficulty lay in the adsorption b.y impurities in the paper such 

as calcium.!' magnesium or iron., This was most pronounced when attempts were made 

to chromatograph minute amounts of oxalic acid=Cl4o The compound, -was progres= 

sively adsorbed until no more remained to, move at its characteristic Rto When 

the paper was first washed with oxalic acid to saturate or elute immobile cations 

the result was strikiqgo Labeled oxalic acid and the sugar phosphates were not 

adsorbed and chromatographed satisfactorily in commonly used solvents like 

phenol=water and butanol=acetic acid=watero Besides reducing adsorption the 

treatment resulted in an acidic paper (even after thorough water rinsing) which 

gave higher Rr values for the acidic compounds (Figure 6)o Hanes and Isherwood 

(1949) solved the problem by pre=washing with hydrochloric acid.~> 8=hydro~ 

quinoline and by saturation with hydrogen sulfi.deo Mortimer (1952) replaced 

the 8-hydroxy quinoline by Oo02%.aqueous versene (Bersworth Chemical Cool) 

Framingham,~~ Masso) with improved results o 

Rr Walues of Sugar Phosphateso = The measurement and comparison of 

absolute Rf values is hardly practical for identification of compounds in 

systems of many componentso Variations in paper hydration~ temperature and 

solvent saturation of the atmosphere all affect the absolute Rf values but 
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only rarely can they affect relative Rf values of similar compoundsa For this 

reason Morti~er· (1952) has used the concept of position constant where the 

movement of a compoun~ is compared to that of orthophosphateo 

A number of reported .position constants for sugar phosphates are given in 

Table II a It must be borne in mind that the relative values of the Rr values 

and position constants are useful in identifYing an unknown but not necessarily 

unequivocaL Successful cochromatography, then, does not :treclude identity 

of the two substances., Chemical evidence is always invaluable in identifying 

an unknowna One or more, observations of chemical transformation of a com~ 

pound is more likely to provide conclusive identification than chromatography 

in many solvent systemse Two-dimensional chromatography of a product of a 

chemical reaction of the unknown often provides a simple and unequivocal 

identification, particularly when the properties of the suspected product are 

knowno 

Paper Purificationo - Single sheets can be washed chromatographically 

while suspended in the trougho A saturating rinse with 1% oxalic acid or 

other reagent followed by a complete water washing can be done in a feu hourso 

Larger quantities (100-200 sheets) are washed in a rectangular filter with a 

perforated bottom for applying suction (Hanes and Isherwood, 1949)o Whatman 

Noo 4 gives much faster development of sugar phosphates relative to the amino 

acids than No .. 1 (see Figure 7) o S.chleicher and Schuell Noo 589 paper was 

used by Bandurski and Axelrod (1951) without prior washing and was found to 

give good resultso 

Solvents for Paper C~omatograJihYo - Hanes and Isherwood examined the 

properties of a variety of solventso The following are typical.g 

' 
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Table II-a 

Rf VALUES AND POSITION CONSTANTS FOR 
PHOSPHATE ESTERS IN CHROMi TOGRAPHIC SOLVENTS 

Solvent Ethyl acetate 3.1l Methyl cellosolve 7» Eteylacetate 1.9 
Acetic acid 3» Meteylethy1 ketone 2 9 Formamide 2, 
Water 1 3 N NH40H 3 Pyridine 1 

Temperature 40 . 26° 26° 
Paper Whatman Noo 1 Whatman No .• 1 Whatman Noo 1 

' Reference Mortimer Mortimer Mortimer 
1952 1952 1952 ---- a 0 a.- 0 a b 

Orthophosphate 33 10(!1 21 100 50 100 
Phosphoglycoladehyde •• .... eo; .. .. '00 <'0 

Phosphoglyco1ic acid •• . .. ... .. 0 oe ... 
G;lycerol=1=phospha te 26 79 39 192 54 114 
Glyceraldehyde-3-phosphate 7 22 19 90 00 00 

Dihydroxyacetone phosphate .... 00 "" .. 0 00 00 

2~Phosphoglyceric acid 27 81 41 200 23 47 
3=Phosphoglyceric acid 23 ·71 22 116 28 57 
2 93~Diphosphoglyceric acid 11 35 7 36 15 30 
Phosphop,yruvic acid 00 ... 00 .... 00 ... 
Phosphoerythronic acid .... •• . .. .. .. ""' 00 

Ribose-1-phosphate 15 45 40 197 50 110 
Ribose-5-phosphate e e 0. 0 0 0 0 "" 00 

Ribulose=5-phosphate oe •• eo "" 00 "0 

Ribulose-1»5-diphosphate oo ... 00 00 eo .... 
Glucose-1-phosphate 14 37 36 170 44 89 
Glucose-6-phosphate 12 29 29 140 50 100 
Uridine diphosphate glucose •• ... "" ... "0 00 

Glucose~l»2-cyc1ic phosphate ... ... .. .. •• .. .. 0 0 

G1ucose-l.ll6-diphosphate "" •• .. .. .. .. ... ... 
Fructose~l=phosphate ... ..... oe 0 0 oe oe 

Fructose~6-phosphate 17 48 36 171 54 108 
Fructose~l»6-diphosphate 8 25 8 37 13 26 
Galactose-1.1)2-cycllc phosphate ... .... 00 0 .. 00 00 

Mannose-6-phosphate ... • 0 • 0 0 0 0 0 "0 

Mannohe.ptulose phosphate •• ... .... oe .. .. .... 
Sedoheptulose-7-phosphate 0 0 • 0 GO oo "0 "" Sedoheptulose diphosphate. .... "" 0 0 "0 00 00 

'~ Sucrose phosphate .... "0 0. oe .. 0 .. 0 

--------
(a) Numbers give Hf values in % of solvent travelled 
(b) Numbers are P-constants re~ative to orthophosphate 



Solvent 

Temperature 
Paper 
Reference 

Orthophosphate 
Phospho glycolaldehyde 
Phosphoglyco1ic acid 
Glycerol-l~phosphate 
Glyceraldehyde-3-phosphate 
DiQydroxyacetone phosphate 
2-Phosphoglyceric acid 
3-Phosphoglyceric acid 
2~3-Diphosphoglyceric acid 
Phosphop,yruvic acid 
Phosphoerythronic acid 
Ribose-l=phosphate 
Ribose-5-phosphate 
Ribulose-5-phosphate 
Ribulose-1,5-diphosphate 
Glucose=1=phosphate 
Glucose-6-phosphate 
Uridine diphosphate glucose 
Glucose-1,2-cyclic phosphate 
Glucose-1~6-diphosphate 
Fructose-1~phosphate 

Fructose-6-phosphate 
Fructose~l,~iphosphate 
Galactose-1,2-cyclic phosphate 
Mannose-6-phosphate 
Mannoheptulose phosphate 
Sedoheptulose~7-phosphate 
Sedoheptulose diphosphate 
Sucrose phosphate 

-2lb­
Table II-b 

t-Butanol 80 i-propylether"-90, 
Picric acid 2 g. 9~ formic acid 
Water 20 

. 220 200 
Whatman No. 1 Whatinan No. 1 

Wilson Hanes and Isherwood 
1954· 1949 

b 
100 10(ll 

"" 00 

106 oo 

00 oe 

00 0 e 

00 •• 
eo ... 
85 59 
00 00 

120 eo 

•• 0 0 

00 00 

eo •• 
•• 00 

58 .. 
oo 18 
40 18 

dec. 00 

54 •• 
eo ... 
00 • 0 

61 28 
DO 15 
45 •• 
52 •• 
00 00 

52 oe 
~ 

00 00 

.32 ... ---
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Phenol 72 g .. 
Water 28 

220 
Whatman Noo 4 

b ' a 
22 100 
00 -170 
23 102 "'· 
oe ... 
00 00 

00 170 
00 • 0 

22 100 
00 .. 
26 110 
•• 74 
0. 00 ... 1.39 
0. 147 
8 26 

00 00 

00 113 
26 ill 
00 170 
eo 26 
oe 1.35 
29 125 
00 26 
00 170 
29 125 
•• 11.3 
27 11.3 
eo 26 
00 113 
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Table II-c 

Solvent Butanol lQO, Methanol 80 Methanol 60 
Propionic acid 50 88% Formic acid 15 28% NH40H 10 

\ Water l<Jater 5 H20 .30 
Temperature 22° 20 20 
Paper Whatman No~ 1 SandS sands 

Noo 589 Noo 589 
Reference BandurskiJJ Axelrod Bandurski, Axelr©d 

1951 1951 

Orthophosphate 100 6.3 100 28 100 
Phosphoglycolalde~de -7.3 eo •• "" 00 

P.hosphoglycolic acid 75 .... •• 0" ... 
Glycerol-1-phosphate ... 8" • 0 00 0 0 

Glyceraldehyde-.3-phosphate •• • e ... 0 0 "" Dihydroxyacetone phosphate 59 •• •• 00 00 

2=P.hosphoglyceric acid •• 46 13 18 64 
3=Phosphoglyceric acid 65 50 79 .35 125 
2 93=Diphosphoglyceric acid •• •• • • 0 0 00 

Phosphopyruvic acid 92 52 82 46 165 
Phosphoerytbronic acid 51 •• . .. Q 6 GO 

Ribose=l=phosphate "" • 0 0 0 00 0 0 

Ribose=5=phosphate 49 ... .. .. 0., "" 
Ribulose~5=phosphate 53 •• . .. 0 0 "" 
Ribulose=l~5=diphosphate 22 •• .. .. oo 00 

~luco~e=l=phosphate oe 27 43 60 215 
Glucose=6-phosphate 40 38 60 48 170 
Uridine diphosphate glucose 15 ... ... GO .... 
Glooose=l~2-cyclic phosphate 49 eo 0 .. .. .. 00 

Glucose~l~6-diphosphate 22 "" . " 00 .... 
Fructose-1-phosphate 46 ... eo &0 .. 0 

Fructose=6-phosphate 46 34 54 44 156 
Fructose=l9 Wiphosphate 22 40 63 24 8.6 
Galactose-192-cyclic phosphate 49 .... ... .. 0 00 

Mannose-6-phosphate 46 oe ., 0 • 0 00 

Mannoheptulose phosphate 40 ... .. .. 00 00 

Sedoheptulose=7-phosphate 40 oo •• ~ 0 00 

"' Sedoheptulose diphosphate 22 ... ... 00 00 

Sucrose phosphate 40 .... .... 0 0 00 



_Acid~ water=immiscible solvents = 90 mlo t-amyl alco/90 mlo H20/30 mlo 

90% formic acid; 60 mlo t-amyl alc .. /3,9 mlo H20/2 g., p-toluene 

sulfonic acid 

Acid, water-miscible solvent = 80 mlo t.;.butanol/20 mlo H20/4 go picric 

acid 

Basic,\) water=miscible so~vent = 100 ml. ethyl acetate/40 mlo pyridine/ 

100 mlo H20 

A radical development in solvents was introduced by Mortimer (1952) when 

he replaced water with formamideo Ethylacetate~formamide~p,yridine development 

resulted in a different distribution pattern for which Rf values are given in 

Table II., It must be borne in mind that separ@,tion methods developed for 

equimolar mixtures of pure phosphates may not always be applicable for natUrally 

occurring mixtures where concentrations 9f the phosphates vary b,y a factor of 

a hundred and inorganic and polyphosphorylated impurities are encountered., 

While reagent-grade phenol is satisfactory for sugar and amino acid sepa­

rations, further purification is often necessary for the phosphates and hydro~ 

acids., Freshly distilled phenol is mixed with the calculated amounts (28% w/w) 

of deionized (Dowex 50) distilled water and stored in the cold until used to 

prevent accumulation of oxidized impuritieso Benson, et alo (1950) used phenol= 

water and butanol=propionic acid=water (freshly prepared ld mixture of n-BuOH 

1246 ml., + H20 84 ml., and propionic acid 620 ml o + H20 790 ml o) for twO=dimen-. 

sional separations of plant extracts.. The initial plant extracts contain phos= 

pbate esters at ca., pH 6 and hence in the ionized formo With oxalic-washed 

Whatman Noo 4 paper these solvents separate a wide variety of andno acids~ 

sugars, fats~ polysaccharides and carboxylic acids in addition to the sugar 

phosphates (Figure 7)., 

' 



An excellent two-dimensional. method was developed by Bandurski and 

Axelrod (1951) for separation of phosphate esters in plant extracts.. It 

has been found superior to the above methods by a number of war kers o The 

:mixture of free phosphoric acids on S and S No o 589 paper is developed in an 

acid solvent (80 mlo methanol and 15 ml., 88% formic acid) and a TtMt:sic solvent 

(60 ml .. m.ethanol 9 10 mlo ammonium hydroxide (spo gro 0 .. 9015) and 30 mlo H20) 

at 2° Co -with pre-equilibration of the paper in solvent vaporo The sepa­

rations obtained are illustrated in Figure 8 .. 

Paper Electrophoretic Separation of Phosphate Esterso = The separation 

of phosphate esters by virtue of their differences in transport rates by 

paper electrophoresis has been reported by Schild and Buttenbruch (1953)o 

Direct electrophoretic separation of plant phosphates by this method does 

not yet offer practical possibilities., Sim.ilar successful separation of 

borate complexes of the free sugars (Consden and Stanier 9 1952) could well 

be a.pplied to separation of the sugar phosphateso 

DETECTION OF SUGAR PHOSPHATES. ON PAPERo = Acidity 9 phosphorus content 

and sugar content may be used to detect these compounds on papero 

Acid Spray a = Bromcresol green ( 0.,05% in 9CJI, ethanol) adjusted to a 

blue tint (cao pH 5o5) gives yellow spots for PGA and ot,her acids after 

development in an acid solvento It may be necessary to autoclave the paper 

a few moments in order to remove acidic solvents effectively., 

Phosphorus Spray .. = Hanes and Isherwood (1949) ;r>eagentl> 5 mlo of 6~ 

w/w perchloric acid 9 25 ml .. of 4% w/v 8IIllllonium mo]ybdatep 10 mlo N HCl and 

60 ml o H20 is sprayed on the dry c hro:rra togramo Inorganic orthophospha "tie 

appears as a yellow spot immediately.. The paper is dried one minute at 85° 

whereupon glucose=l=phosphate appears as a yell~~ to brae ·spot., Irradiation 

with a germicidal UoVo lamp for 10 minutes gives blue spots for all organic 



=24= UCRL=2584 

phosphate compounds while inorganic phosphate becomes yellow green (Bandurski 

and Axelrod 9 195l)o Alternatively the pap~r may be heated 5 minutes at 85° 

and autoclaved two minutes at 110°a Treatment with ammonia vapor removes 

the blue background leaving phosphomolybdate blue spotso Exposure to H2S 

intensifies the blue spots and reduces the backgrotL~o 

Sugar Reagentso = Aniline=TCA=acetic acid~ resorcinol=HCl=ethanol9 

orcinol=TCA=acetic acid or Tollenis reagent may be used to detect the sugar 

moiety in the usual mannero Since the amounts of phosphate esters which 

paper chromatography 'Will separate well are usually small '(unless a phosphate 

fraction is chromatographed) such reagents have limited useo 

The characteristic colors exhibited b.Y these reagents with the free 

sugars are generally formed with the phosphate esters as wello The sugar phos= 

phates are hydrophilic; spray reagents should. be dissolved in_alcohol 9 acetic 

acid or other solvent which will not distort the shape of the original spoto 

Glucose=6=phosphate and fructo-se dj:phosphate gave brown spots when sprayed 

with aniline phthalate in butanol and heated (Mortimer~ 1952)o 

ION EXCHANGE SEPARATION OF SUGAR PHOSPHATES o = A sharp digression from the 

classical methods of separating sugar phosphates was made.possible with the 

development of strong base-anion exchange resinso The limitations of partition 

chromatography~ low capacity and appreciable extent of irreversible adsorption~ 

are overcome in anion exchange resin chromatography o The capacity of the resin 

determines the quantities of material which can be separated but this is very 

high indeed compared to that. of cellulose adsorbentso The adsorption of phos= 

phates on paper which becomes critical. with tracer quantities of diphosphates 

appears to be non=existant in the resinso One may compare the exceedingly 

minute amounts of cations which have been chroma.tographed ql;lB.Iltitati-vely in the 

separation of uranium fission products by cation exchange resinso 



Procurement of authentic compounds for characterization of unknowns has 

been a major difficulty for all those studying their metabolism and chemical 

propertieso Exchange resin chromatography shows great promise even though 

it has been used in but a few laboratories in experiments with a limited num= 

ber of compounds o It will undoubtedly make it possible to obtain large quanti= 

ties of analytically pure phosphate esters from plant material with a fraction 

of the effort required b,y the method of relative solubilitiesa Even though 

the process is still in the developmental stage, the method demands a detailed 

discussiono With suitable adaptations. one may expect any mixture of phosphates 

to be separableo 

Ion exchange separation of phosphorylated compounds was developed b,y 

Cohn and Carter (1950) (nucleotides), Benson, et alo (1950) (FGA and HMP)p 

Goodman (195:2) (PGA~ HDP and HMP) and by Kh;ym and Cohn (1953) (borate com'= 

plexing)o The methods used b.1 Goodman and by Kh;ym and Cohn utilize the wider 

range of resin affinities exhibited by the borate complexeso The structural 

similarity and nearly identical dissociation constants of.the biologically 

important sugar monophosphates appear to be obstacles in their direct ion 

exchange separatione The application of boric acid in paper chromatography 

solvents b,y Cohen and Scott (1950) was successful in separating configura­

tionally isomeric pentose phosphates and suggested the application in ion 

exchangeo 

Principles of the Methodo = A strong base anion resin in the chloride farm 

acts as a stationary cation surrounded by a field of mobile chloride ionso The 

mobility of the chloride ions differs from that of other anions!! such as glucose-

6-phosphate ion and an equilibrium between the anions is establishedg 

G=OF03H= + Resin+- Cl= <; :>Resin+- =H03PO=G + 11a= 



Under batchwise equilibrium conditions 9 then9 

Fraction of solute on resin 
--------------------------~- = Constant 
Fraction of ~elution in solution 

and 

Fraction of solute on resin Solution volume 
Kdistribution = x --------------

Fraction of solute in solution Resin mass 

is a characteristic and measurable quantity for each phosphate under a given 

set of resin and pH conditionso 

The separation of polyacidic compou,.'rJ.ds .s> JGA and HDP » from the HMPV s ani 

orthophosphate was found relatively simple by virtue of great differences in 

their adsorption on the resino ~he two acidic groups of PGA and_ the diphosphates 

greatly decrease the probability of the compound being released from the resino 

At low pH the carboJcy"l dissociation of .FGA is repressed and the elution pr((}=> 

perties resemble that of a monophosphateo 

The fo~tion of borate complexes in dilute borate solutions was applied by 

Khym and Calm (1953) for separation of ~be mcnophosphate esterso While the borate 

form of an anion resin can be successfVJly used (Goodman9 1952) for separation 

of hexose monophosphates the interference of the excess borate in subsequent 

operations presents an unnecessary difficultyo· 

Separation Method of Keym and Cohn (195.3)o = The sample of phosphate 

esters in the free acid form was prepared using Dowex=50 cation exchange resino 

The amount corresponding to 5 to 10 mgo of free sugar in 25 nilo dilute ammonia= 

cal solution at pH 8o5 was adsorbed on a 12 cmo x Oo86 sqo cmo column of 200= 

400 mesh strong base anion exchanger (Dowex 1 9 trimetbylammonium polystyrene) in 

the chloride formo Free sugars were washed out with 100 mlo of OoOOl M ammonium 

hydroxideo .A succession of different- eluting agents- in the order described by 
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Figure 9 and Table III was passed through the column at 3o5 mlo per minute 

to desorb selectively the components of the adsorbed mixtureo 

Very small amounts of borate ion radi~ally ~hange the affinities of the 

sugar phosphates in ammonium qydroxide=ammonium chloride bufferso Ribose=5= 

phosphate is affected markedly qy 10=5 M borate followed b,y fructose=~ 

phosphate at 10=4 M and glucose=6=phosphate at 10=2 Mo An elution sequen~e 

of borate solutions in that order will separate these monophosphates~ A simple 

pH and ionic stl"ength adjustment suffioes to accomplish the separation of 

several polYacidic phosphates from the monophosphates~ 

I~Gn Exchange Separation of Polyacidic Phosphateso = Goodman (1952) sepa= 

rated radioactive phosphoglycerate~ phosphoglycolate and ribulose diphosphate 

on a tracer scale., No difficulties were encountered even though carrier phos­

phates were not usedo The mixture of pure a14..:labeled phosphates eluted from 

a paper chromatogram was placed on a 28 x Oo6 cmo Dowex=2 (dill'E! tbylethanol= 

ammonium polysty:rene) ~hloride column and eluted with Ool5 N NaCl + Oo05 N 

HCl at a rate of Ooll mlo/mino The radioactivit,r observed in the effluent is 
• 

des~ribed by Figure lOo When the ca:I!:':!t"ier phosphat®£;~ 9 PGA and FDP 9 were added 

to the radioa~tive extract the result was not seriously distorted by the pres= 

enoe of the added materials 9 Figure llo 

Id.entification of Chromatographed Sugar Phosphateso = In general the 

acid hydrolysis used to determine stability of the phosph~ linkage does not 

release the organic moiety in a form suitable for identificati.ono Levulinic 

acid obtained from the hexoses may be identified as a ~eliminary identification 
.. 

stepo Phosphatase hydrolysis (Benson9 et alo 9 1951) gives the free sugars 

which can be identified paper chromatographioal~o Unless the phosphatase is 

quite free of. sugars precautions must.be taken in interpreting the resulto 



Compound 

Glucose 

Glucose-l-P04 
Glucose-6-ro4 
Fructose-6-ro4 
Fructose-1,6-DiP04 
Inorg .. P04(K2Hro4) 

2~PHA 

ADP 

ATP 
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Table III 

ANALYTICAL DATA. FOR SEPARATION . 
DEMONSTRATED IN FIGo 9 

Assay 
method 

Anthrone 

Anthrone 

Anthrone 

Anthrone 

Anthrone 

Phosphate 

Phosphate 

Orcinol 

UoVo absorption 

u .. v .. absorption 

UoVo absorption 

Wave 
length 
used, 

rqu 

620 

620 

620 

620 

620 

660 

660 

660 

260 

260 

260 

Approxo 
amount 
added,a 
-mg. 

. 5 

10 

10 

5 

10 

2 

4 

5 

a. 

5 

6 

Recov­
ered, % 

101 

99 

93 

92 

~5 

105 

95 

90 

95 

102 

100 

(a) The mg~ quantities given for the sugar phosphate represent the free 

sugar content of these substances.. The quantities given for inorganic 

~phosphate and 2-PGA are calculated as total phosphorus present ... The amount 

cf each adenosine derivative was calculated from extinction coefficients .. 
'" 
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Identification of c14or H3 labeled sugars is not affected by sugar impurities 

in the phosphatase preparation., The free glucose and amino acids in Polidase 

S (Schwarz Laboratories~ Inc .. ~ 202 East 44th Street~ New York, NeYo) for 

example act as excellent identifYing aids for comparing positions of the 

unknown spots .. 

Phosphatase aydrolysiso = The unknown sugar phosphate on a wedge=shaped 

cutout is eluted with 200,300 f./J-o water by attaching it to a wet pap3r wick 

hanging from a vessel of watero This is two or three times that required for 

eluting a sugar or amino acid.. The sample (pH 5) collected in a small centri= 

fuge tube is concentrated~ if necessary~ with a nit~ogen stream and 100=200 ~go 

Polidase-S added in 10 f./J-o' After 1=3 days at 35° under toluene the hydrolysate 

is chromatographed and the position of the sugars compared with those of the 

enzyme preparation alone" Larger samples of exchange resin eluates are hydrO= 

lyzed in the same way except that desalting of the sugar before paper chro= 

matography may be necessary. Such desalting is best effected by treatment 

with a,.cation resin (Dowex=50) and a weak base anion resin.. Horecker,l) Smyrniotis 

and Seegmiller (1951) used phosphatase in the identification of ribulose=5= 

phosphateo Horecker and Smwrniotis (1953) used a potato phosphatase prepa= 

ration to hydrolyze ~trose phosphateo 
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METHODS OF ESTIMATION. OF· SUGAR PHOSPHATES 

The available methods for estimations of sugar phosphates require a 

knowledge of the components of the mixture and their possible reactions 

during the analysiso The problems of estimating a certain ester in a 

plarit extract~ thenp are quite different than those encountered in deter= 

mining the purity of a preparation or the components of an enzymatic reac= 

tion in which one may predict what the products areo This situation places 

more stringent requirements upon the separation method usedo Chromatographic 

separations give the selectivity required to yield products pure enough for 

analysis by moderately specific methodso 

Analysis of phosphate esters has applied a wide variety of their physical 

and chemical propertieso Salt solubilities.)) partition coefficients~ optical 

activity~ hydrolysis ratesp acid strengthsp and infrared spectra are physical 

properties-which are exploited in analytical methodso Infrared spectra have 

not been seriously investigated but will be increasingly usefulo The chemical 

properties of sugar ph?sphates are used in their color reactions~ reducing 

values~ borate complexing characteristics and enzymatic reactivityo 

Leloir (1951) has reviewed the physical and many of the chemical proper-

ties of the natural and synthetic sugar phosphateso Analytical methods for 

compounds involved in glycolysis are given b.1 Umbreit~ Burri~ and Stauffer 

(1945) o The compounds of known and suspected importance in. plant· 

metabolismp and currently applied analytical methods for their determination~ 

are given in the following sectionso 

Anthrone Method for Analysis of Sugar Phosphateo = The .Anthrone reagent 

of Dreywood (1946) has -c-onsi-derable -value as a reliable -n-on=-spe-cific nethod 

for determination of hexose phosphateso Morris 1 (1948) quantitative method 
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was applied by Khym and Cohn (1953) for analysis of effluant samples in ion 

exchange separation of the sugar phosphatesa In this case 1 a specific method 

was,not necessary and the non-specificity of the method was a decided advan= 

tage. 

Four to 5 mla of solution to be analyzed is mixed rapidly and thoroughly 

with 8-10 ml~ of anthrone reagent (2 g. anthrone in 1 la 95% H2so4 ) in a 19=25 

mmo diameter test. tubes After standing 10 minutes the color is measured either 

photometrically at 620 ~ .. against a water blank or by comparison with glucose 

standardso The range over which the color developed obeys Beer 1 s law is 8~200 

~a glucose for the 620 ~o filtero 

The nature of the reaction is dependent upon the temperature rise upon 

• mixing the reagent and sample and upon the temperature fall before measure-

mento Hence the dimensions of the test tube are criticalo With adequate 

temperature control the t.est could readily be adapted to smaller samples and 

colorimeter tubes., There is some variation in sensitivity for sugars, galactose 

having a low { 5/$) glucose value .. 

Colorimetric Phosphorus ::Analysis {Allen, 1940) .. -.Aliquot portions con= 

taining five to fort,y micrograms pposphorus can be readily and accurately deter= 

minE;~d.. The sample and 0.,4 mlo of 72!/o HCl02 and a drop of 30% H2o2 were heated 

in a micro Kjeldahl flask until a yellow color appeared and then disappeared 

and heavy fumes of perchloric acid rose in the tubeo The orthophosphate.~> so 

obtained~ was. determined by adding Oo4 mlo of a reducing solution [10 g., NaHS03 

(meta)p Oo5 g., diaminophenol hydrochloride (acrol) in 50 mle distilled wate~ 

followed b,y Oo2 mlo of 8o3% ammonium molybdate.. After 5 minutes development 1 

the blue solution was diluted to 5 ml ... in a colorimeter tube and the density at 

660 ~o determined (Klett=Sommersen colorimeter).. The amount of P is read from 

the linear=calibration curve. 
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Phosphog~colic acido = A low concentration of phosphoglycolic acid 9 

about 5% of that of fGA 9 is often isolated by paper chromatography from c14 

or :P32 labeled Scenedesmuso Part of this· arises from oxidative degradation 

of ribulose diphosphate (Benson9 1951) and part appears to fluctuate with 

the concentration of c2 carbon dioxide acceptor in photosynthesiso 

Phosphoglycolic acid has been separated from ffiA on a tracer scale by 

elution chromatography on Dowex .2 anion exchange resin by Goodman (195.2)e 

Figure 11 shows separation of phosphoglycolic acid and FGA from ribulose 

diphosphate in the presence of fructose diphosphateo The radioactive com= 

ponents alone (without carrier PGA and FDP) were separated even more cleanlyo 

3=Phosphoglyceric Acido - The extreme stability toward acid hydrolysis 

and the susceptibility to phosphatase hydrolysis are characteristic properties 

of ffiA o It is onJ.jr ';?$ h_ydrolyzed after 3 hours at 100° in N HC·l while it is 

50% hydrolyzed after lo5 hours in 1 N HC.l at 125° (Kiessling.ll 1935) o By 

comparison9 ribose phosphates froniATP in a bariUJn.oinsoluble fraction are 

hydro~zed to the extent of 59% in 3 hours at 100° o .. Free glyceric acid is 

observed in widely varying aniounts in extracts of most leaves .a.il.d usually 

occurs in appreciable cohcentrationso The.ratio of free glyceric acid to PGA 

is often as high as ~0~ being dependent upon the treatment of the tissue before 

extraction and upon the' manner of its extractione . The highest fraction of 

phosphorylated glyceric acid is obtained when leaves are rapidly killed at 

high co2 pressure, low light intensity.\) and the extract separated from the cell 

walls as soon as possible., Free glyceric acid should be included in most values 

for FGA since it could well have been derived from PGA during the sample prepa= 

ratione The barium=insoluble ·fraction9 then9 may not alwys be a true indi= 

cater of the amount of PGA contained in the plant tissue., 
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PGA is strongly adsorbed upon organic plant material as well as upon 

anion exchange resins by virtue of its divalent structure. Extraction of 

PGA from plant material is not complete with 8Q% alcohol and requires 20% 

alcohol or even stronger extraction solvents. In a TCA extraction, the 

repressed dissociation of the carboxyl group certainly enhances its extrac-

tion rate. The presence of pectic substances in Scenedesmus made it diffi-

cult to apply the normal extraction methods for PGA during its isolation 

and identification as primary carboxylation product of photosynthesis 

(Benson, et al., 1950)o 

Isolation of 3-FGA from Scenedesmus. - The acidic extract of 24 grams of 

packed cells was neutralized with sodium hYdroxide. A small amount of FGA was 

adsorbed by the precipitate at pH 7 but was readily eluted when the solution 

was made pH 10. The extraQt, after several washes at pH 10 (where other 

adsorbed anions apparently displaced the PGA), was acidified and barium chlo­

ride added. The acid precipitate contained PGA which was removed b,y carefUl 

washing with 1 N ECl. The extract was adjusted to pH 10 without further pre­

cipitation due to the large volume. The solution was made 6C% alcohol and 

the precipitate separated. It was extracted with a small volume of 0.05 N 

HCl which dissolves the FGA readily. It is reprecipitated b,y adding an equal 

volume of ethanolo The barium salt was purified by repetition of the precipi-

tation. Fructose diphosphate and ATP which would be obtained in these preci-,. 

pitates were hydrolyzed b,y the repeated warming with 0.05 N HCl. 

3-P.hosphoglycerate. - The barium salt (1 gram) of PGA isolated from the 

barium insoluble fraction can be purified b,y dissolving it in 0.05 N HCl. 

The solution is warmed and filtered. An equal volume of warm alcohol is 

added. Crystals of barium phosphoglycerate separate upon standing in the 

cold room. 
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Meyerhof and Schulz (19.38) characterized PGA by its phosphorus content 

{theoretical.~> 8o';% :P)» its molar optical .r~tation inN HCl (~]~8 :;:: =Do27° 
; ··f \' '- ' ' 

(strongly dependent on acidity) and its very high molybdate ion=enhanced rota= 

tion [a.)D, = =745° (4% w/v ammonium molybdate) o The latter is the most specific 

for PGA and only a few a=hydroxy acids interfereo It can be used in extracts 

without extensive pririficationo 

The colorimetric method of Rapoport (19.37) is specific for FGA in the 

presence of a wide variety of compoundss Its great sensitivity (10 ~o) is 

apparently identical for glyceric acid» .3=FGA 9 2=PGA and 2 93=diPGAo 

The sample of free phosphoglyceric acid .(purified through the lead salt 

and ~S) containing 50=400 ;.tgo was pipetted into a short wide test tube and 

dried on the water bath with two drops of HCl (to remove HN03)o The residue 

was evaporated again with two drops HCl and kept on the water bath one half 

hour to remove free HClo Two ml. of a freshly prepared Ool% naphthoresorcinol 

solution in dry HzS04 was added and the vessel kept are hour on the water batho 

The blue solution was transferred to a 25 mlG volumetric flask using fresh 

portions of cone~ H2so
4

o The color was determined in a colorimeter and com= 

pared to a standardo Calculated concentrations varied from 96 to 106% of theo= 

retical over the sample range of 150 to 900 ;.tgo FGAo According to Meyerhof and 

Schulz (19.38) and Neuberg and Lustig (1943) the .method requires considerable 

preliminary pu:rifica tioZL of PGA ~ Carbonize. tion results from polysa!h:l©haride 

impurities which frequently coprecipitate with ffiA obtained from plant extractso 

The purity of the H2so4 is critical for obtaining a blue ~elution free of 

brown color (attributed 'to nitrate impurities). Emerson9 Stauffer and Umbreit 

(1944).concluded that the reliability of this _colorimetric method must be 

checked for each plant tissueo . Apparently there may be other compounds i~ 
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plant extracts which give the characteristic blue color, whether· or not free 

g~ceric acid is included in the sample. 

2-Phosphoglyceric Acid. - The acid hydro~sis rates of 2- and 3-FGA are 

identical. Acid catalyzed migration of the 2-phosphate group is apparently 

responsible for this identity and for many of the difficulties involved in 

obtaining pure 2-ffiA~ Neuberg (1943) found [aj~2 = +23.2° for the barium 

salt. Meyerhof and Schulz found the molybdate-enhanced rotation [a)~O = -68°. 

The great difference between -68° and -745° allows one to readily calculate 

the ratio of the two isomers in a mixture. 

Bandurski and Axelrod (1951) separated 2- and 3-ffiA paper chromatographi­

cally. Ro W. Cowgill (personal communication) improved the separation by 

using molybdate-saturated paper. With an isopropanol-ammonia-water solvent 

2-PGA moved 20% faster than 3-FGA. Ion exchange separations have not been 

reported. 

Phosphoenolpyruvic acido - Phosphopyruvic acid 'is hydrolyzed rapidly in 

neutral or acid solution at room temperature in the presence of HgC12 • In 

N HCl at 100° it is half hydro~zed after 9 minutes and 93% hydrolyzed in 30 

minutes. 

After acid hydro~sis, pyruvic acid may be determined by colorimetry of 

the 2,4-dinitrophenylhydrazone in alkaline solution by the method of Lu (1939) • 

The hydrazone is extracted by ethylacetate. The ethylacetate solution is then 

extracted by 10% sodium carbonate solution and N NaOH is added to give a stable 

red color which is measured with a Wrattan No ... 62 filter after ten minutes., 

The method estimates 2 p,go of pyruvate in 10 ml. with an error of· ::1:1.5%• 

Phosphopyruvic acid reacts with alkaline hypoidite using six equivalents 

of iodine forming iodoform and orthophosphate. This is the basis for the 
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method of Lohmann and Meyerhof (1934)., They obtained barium phosphopyruvate 

in the barium=soluble alcohol=insoluble fraction and pUrified it by recrystal= 

lization as the silver=barium saltQ A neutralized 3 mlo sample of it or of 

the initial. TCA extract was treated with loO m1o of N/10 iodine and lo5 ml .. 

of N/10 Na.OH for 10=20 minutes at room temperatureo After acidifYing with 

1.,0 mlo of N HCl the excess iodine was titrated with N/100 or N/200 thiosul= 

fate solutiono One mlo of N/100 thiosulfate is equivalent to Ool46 mgo pyru= 

vic acido 

Radioactive phosphopyruvate is readily identified b,y the rate of appear= 

anoe of labeled c14=pyruvate or labeled p32=orthophosphateo Since pyruvic 

acid in small quantities is very volatile it is only necessary to determine 

the non-volatile c14 radioactivity in the solution as a function of timeo . 

Triose Phosphateso =·The concentrations of triose phosphates are generally 

quite low in plant tissueso ·B,y far the major ester of the two is di~droxy= 

acetone phosphatee It is the SoUJ:'©e of free dihydrozyacetone often observed 

in sugar concentrateso Utter and Werkman (1941) were able to distinguish 

between dihydroxyacetone and glyceraldehyde phosphateso However the equilibrium 

ratio of the two gives onlY 4% for P=glyceraldehyde which is corroborated b.1 

the observed preponderance of DHAPo It does not yet seem expedient to differen= 

tiate between the two except in studies of triose phosphate isomerase activity~ 

Analyses for triose phosphate have been reported by Arreguin=Lozan6*and Bonner 

(1949)l' Allen (1940) and James 9 Heard and James (1944)o 

The triose phosphates are separated in the ~ium=soluble alcohol= 

precipitatable fractiono They are readily decomposed in both acid and alkali., 

Acid hydrolysis gives orthophosphate and methylglyoxalo In alkali 9 orthophos= 

phate and lactate are formed" The rates of acid hydrolysis of both phospba tes 
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are almost the same; K = 33o7 x. 10=3 for DHA=P and K = 37o5 x 10~3 for GA=Po 

Seven minutes at 100° in N HCl hydrolyzes 44% of the esters and they are 9~ 

hydrolyzed in 30 minutes o 

Triose phosphate is completely decomposed in 20 minutes at room tempera= 

ture in 2 N NaCHo The alkali=labile phosphorus is determined and the lactic 

acid may be determined by the method of Barker and Summerson (1941) and 

Umbreit 9 Burris and Stauffer (1945)o 

Tetrose.Phosphateo =The synthesis of sedoheptulose=7=phosphate probably 

requires tetrose=4=phosphate as substrate for aldolase condensation with 

dihydroxyacetone phosphateo This may be derived from c2=e4 cleavage of a 

hexose phosphateo Horecker and Srnwrniotis (1953) have reported evidence for 

tetrose phosphate as a product of srloheptulose phosphate cleavagee Tolbert 

and Zill (1954) observed tetrose phosphates as products of sedoheptulose 

metabolism b,y barley and sugar beet leaveso 

The above tetrose phosphates have been hydrolyzed for the purpose of 

identification by aniline phthalate spray reagent on papero Charalampoua and 

Mueller (1953) described an enzymatic synthesis of erythrulose-l=phosphate 

and its ion exchange and paper chromatographic propertieso 

Phosphoerythronic acido - Oxidative degradation of ribulose diphosphate 

proceeds readily in alkaline solution (aqueous diethyl amine 9 pyridine» dilo 

NaOH 9 .etc o) to give almost equimolar amounts of R1A» phosphoglycolate and 

phosphoerythronate (readily separable paper chromatographically» Bensonp et alo 

(1952)., 

CH20P C~OP HCO- + HOP= 
I I +2 4 
C=O 02 co2H CO H. 
I + I 2 

'HCOH or C02H HCOH 
I I I 

HCOH HCOH HrOH 
I I 

~COP H:zCOP H2COP 
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There is reason to suspect that phosphoerythronic .acid may be a true metabolic 
(Dickens, 1938) ·· 

intermediate/but it is certain that most of that observed in plant extracts is 

a breakdown product of the copious ribulose diphosphateo 

Pentose phosphateso - The concentrations of pentose monophosphates in 

·plant extracts are ·generally small compared to those of·the hexoseso In most 

photosynthetic tissues ribose and ribulose phosphatespreponderateo Ribulose 

diphosphate accumulates in algae and a large number of higher plantse In soy 

bean leaf 1 for example» ribulose normally appears only as a monophosphate o 

Ribose phosphates, derived from ij.denosine, -·are described in the later section 

on ATPo 

Ribose=5-phosphate and Ribose-3~phosphateo - Albaum and Umbreit (1947) 

used the Mejbaum (1939) test for analysis of ribose phosphates derived from 

hydrolysis of nucleotideso They determined the optimum time for color develop-

ment and observed an important difference in rate of color development for 

R-5-P and R-3-P. The former develops 50% of its color in 5 minutes while 

R-3-P requires about 13 minutes for developing 50% of its final color densityo 

A detailed study of the influence of glucose and polysaccharides in this 

determination was presented by Drury (1948) .. 

Mejbaum Orcinol (Bial) Reaction, Modified by'Albaum and Umbreit (1947) .. = 

To 3o0 mlo sample solution containing 10=30 ~· pentose is added 3.0 mlo of 

o .. ]% FeC13 (or equivalent Fe(NH4)so4) in cone., HCl and 0 .. 3 ml. of 95% alcohol 

containing 100 mg./mlo of orcinol. The mixture js read in a colorimeter at 

660 ~0 and then heated at 100° for 7 minutes, cooled and the color measured 

once more.. Heating is continued for a total of 45 ~nutes and the final color 

determined .. 

.. 
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The maximum color density is identical for ribose 9 xylose» arabinose» 

R=5=P9 R=3=P and for nucleotides but the rate of color development varies 

great:cy~ being slowest for :xylose and arabinose and fastest for ribosell 

lyxose and R~5=P. At 7 minutes heating 2~, of the R~3=P and 65% of the 

R-5-P color is developed.. R=3=P requires 40 minutes to reach the maximum 

color and R=5-P requires 25 minutes. If the components of the mixture are 

known it is often possible to take advantage of the different rates of color 

development in their determination$ Presence of polysaccharides in the sample 

results in decreased rates of color formation and this is often difficult to 

avoid with samples separated by precipitation methodso However~ the final 

color density is not seriously affectedo 

Sedoheptulose and mannoheptulose phosphates react with the orcinol 

reagent and corrections must be made for their interferenceo Horecker 9 

S~niotis and Seegmiller (1951) showed that the chromogenic value of ribulose= 

5-phosphate is about 12% less than that of aldopentose., .. 
Druryvs (1948) examination of the reaction with glucose disclosed that 

optimum accuracy (=2%) is obtained when the ratio of glucose to pentose does 

not exceed lOgl and the amount of pentose does not exceed 25 ~go 

Ribulose=5=Phosphateo = Enzymatic decarboxylation of 6-P=G b,r 6-P~ 

dehydrogenase was demonstrated in higher plants by Conn and Vennesland (1951) 

and further studied qy Axelrod 9 Bandurski 9 Greiner and Jang (1953)o Horecker 9 

Smyrniotis and Seegmiller (1951) were able to accumulate the products of this 

decarboxylation and obtained a mixture containing 25% ribulose-5=phosphate 

and 75~ ribose-5=phosphatee The two pentose phosphates were effectively sepa= 

rated by ion exchange chromatography.. Optical rotation of the samples served 
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to differentiate the products of the elutiono Ribose-5-P and ribulose-5=P 

have specific rotations of +23° .and ~40° respectivelye 

The mixture of phosphoric esters was adsorbed on a 15 em. x 5 cmo2 

column of 400 mesh Dowex=l resin in the formate form.. It was eluted with 

Ool M formic acid ~ontaining Oo03 M sodium formate (pH 3ol) at the rate of 

2 .. 5 mlo/mino Optical rotation was measured in Oo2 N HCl on the barium salts 

precipitated by 8~-alcoholo The ribose-5-P and ribulose-5=P peaks occurred 

at 1 .. 35 1., and lo7 l.of eluant respectivelyo 

The spectrum of the compound given by: ribulose-5=P in the Mejbaum. orcinol 

test (40 minutes heating) is similar to that of aldopentose (maximum~ 670 ~o) 

except for a small peak at 540 ~o Its extinction coefficient at 670 ~· is 

.20»500 compared to 12~500 for ribulose and 24~000 for arabinose. The extinc­

tion coefficient of the 540 ~0 pe~, 6,500~ is much lower than that of ribu= 

lose, llliOOOo Hence enzymatic hydrolysis of the phosphate group increases tre 

540 ~· absorption thus providing a convenient method for analysis of mixtures 

of these substanceso 

Ribulose=lll5=diphosphateo- There is experimental evidence that ribulose-. 

1»5-diphosphate may be the co2-acceptor of photosynthetic co2 fixation (Bassham, 

et aL., 1954) o Ribulose diphosphate is one of the earljer labeled products of 

c14o2 fixation in most~ if not all 1 plants (Benson, 1951) and often occurs in 

large concentrationso · Its concentration)) however 9 is particularly susceptible 

to changes brought about by changes in light intensity and co2 pressure (see 

Figure 4)o Its chemical instability and its tendency to adsorb readily on 

polysaccharides and to precipitate with polyvalent cations also suggests 

that its analysis may be fraught with difficultieso 
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Ribulose diphosphate was isolated from Scenedesmus by ion exchange chro= 

matography by Goodman (1952).. c14=labeled ribulose diphosphate isolated by 

paper ·chromatography was used as carrier for detection of the product during 

the elution of the resin (see Figure 11).. The peak containing the carrier 

radioactivity was precipitated with barium. acetate.. After removing the 

barium with Dowex-50 cation' resin a sample was hydrolyzed in 0.1 m·HCl at 

100°o The half time of hydrolysis for the first phosphate was 12 .. 2 minutes 

(K = 25 x 1o=3) compared to a half time of hydrolysis of 70 minutes (K = 4.,3 

x 10-3) for fructose-l.v6=diphosphate under identical conditions.. Ribulose 

diphosphate, therefore.v appears to be m~ch more acid=labile than FDPo This 

property suggests that it·can be determined by analysis of the ribulose-5=P 

obtained by mild acid hydrolysiso It can also be dephosphorylated and deter= 

mined as free ribulosee 

Ribulose diphospP.ate is oxidized by air in alkaline solutionso The prod-

ucts are phosphoglycolic.v phosphoglyceric and phosphoerythronic acidso. The 

reaction proceeds readily in aqueous organic bases like piperidine or diethyl= 

amineo This probably precludes the use of alkaline solvents for its chro-

matographic separationo 

D~·I\rlose-l=phosphate and D=Xylose-5~phosphate .. - Xylose monophosphates 

are know only as synthetic products.. The physical constants for X-l=P are 

reported by Meagher and Hassid (1946) and those for X-5=P are given by .Levene 

and Raymond (1933). The general occurrence of xylose in polysaccharides 

almost necessarily intimates the occurrence o~ its phosphates in plant tissueso 

Xylulose-l.v5-diphosphate .. - A compound_with the paper chromatographic pro= 

:parties of this diphosphate has been isolated from Scenedesmus in the author's 
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laboratorye It is likely that unknown es.~ers such as this will first be 

identified by paper· chromatography of the free sugar, liberated by phospha= 

tase hydrolysiso 

Fructose~l9 6=diphosphateo - The Roe analysis for fructose (see section 

on the Seliwanoff reaction) may be augmented by determination of reducing 

value (9o5% that of an equal weight of glucose)., Since FDP is the only 

reducing compound in the barium insoluble fraction its reducing value pro~ 

vides a second estimate of its amounto 

The hydrolysis of fructose diphosphate has a first order dependence on 

hydrogen ion concentrationo Its two hydrolysis constants at 100° in N HCl 

are 56.,0 x 10""3 and 4e6 x 10'"".3 (Qoodman.ll 1952); 52 x 10=.3 and 4e2 x 10""3 

(McLeod and Robison9 1933).. The half times of hydrolysis are 5o3 minutes 

and 55o7 minuteso It is 26 .. 5% hydrolyzed in N HCl in 7 minutes at 100°o In 

0.1 N HCl at 100° the half time for the l=phosphate is 70 minuteso 

FDP is often conveniently determined as a1kali=labile phosphorus after 

incubation with muscle aldolase and cyanide (Axelrod 9 Saltman9 Bandurski and 

Baker (1952)o The triose phosphates formed in this specific reaction are 

readily determined. by phosphate analyseso 

The Seliwanoff Reaction for Fructose Determination in Fructose Phosphate 

(Roe.ll 1934) (Roe.ll Epstein and Goldstein, 1949)o = The sample containing the 

equivalent of 10-100 ~" fruct©se was diluted to 2 mlo in a colorimeter tubeo 

Two ml .. of resorcinol solution (Ool% in 95% ethanol) and 6 mle of 30% HCl were 

added and the solution was heated eight minutes at 80° Co The density d.' the 

red color was measured in the Klett colorimeter with a 490 ~o filtero 

Fructose phosphates give a weaker color ~han pure fructo~e (Goodman9 

1952)e Lutwak and Sacks (1952) reported that FMP gave 58% of the theoretical 
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fructose color density and FDP gave 75%o Upon chromatographic purification 

by elution from Dowex-1 the color of the eluted FDP rose to 87% of theoreti= 

calo (Dische, (1951) reports that the phosphates react with the same inten­

sity as pure fructose.) In each case, therefore~ standard solutions of the 

purest obtainable fructose phosphates must be used for preparation of stan= 

dard curves. 

Ribose-5-phosphate gives a pink color~ similar to that of fructose 9 

with a maximum at 529 ~.. Xylulose-5-phosphate gives a green color (Emax = 
620 II}U•) and E 520 only three times less than that of fructose o Ribulose=5=P 

gives a similar gray-green color and its presence requires a correction in 

the fructose absorption. Ketopentoses, therefore.P are the major obstacles 

to a satisfactory application of the Seliwanoff reaction (Dische~ 195l)o 

Dische (1951) applied his diphenylamine reaction (1929) to the deter= 

mination of total fructose esters when ketopentoses were also involvedo The 

fmax for fructose at 635 ~o after 10 minutes heating did not differ from 

that of F=b=J? and FDP and was thirty times as high as that for glucose o A 

correction for G=6=P and for DHAP was necessaryo 

Fructose=6=phosphateo = Fructose content of the barium-soluble alcohol= 

precipitable fraction is a measure of the F=6=P., Its reducing value 9 3lo~ 

of that of an equal wight of glucose and can be used to augment fructose 

determination (see section on Seliwanoff reaction) o Its hydrolysis rate in 

.N HCl is low (1~ in five hours at 100°)o Presumably the fructose moiety is 

destroyed as the hydrolysis proceedso 

Glucose=6=phosphateo = G-6=P is more acid resistant than F-6=Po Its 

·reducing value is l3o2% of that of an equal weight of glucose (Umbreit9 

Burris and· Stauffer~ 1945)o Reducing values.obtained from barium=soluble 
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fractions must be corrected for that of F=6=P9 ~ntose=5=phosphates and other 

possible componentso 

The availability of G=6=P dehydrogenase offers a very specific spectre= 

photometric micro method for G=6=P or for TPN (Horecker and Smyrniotis 9 195l)o 

The amount of reduced TPN is equal to that of G=6=P in the equation (Corm and 

V9nnesland 9 195l)o 
G=6=P dehydrogenase 

6-=P=gluconate + TPNH 

It can also be used as a manometric methodo 

Mannose=6=phosphateo = The concentration of M=6=P in a vari~ty of photo= 

synthetic tissues is about half that of F=6=Po It occurs in low concentrations 

in all plant tissues e:xa.minedo Its hydrolysis rate in N HCl at 100° is given 

by K = Oo33 x 10=3 and it is 5~ hydrolyzed after about 18 hourso Its paper 

chromatographic separation from F=6=P is difficult but its ion exchange resin 

separation from the monophosphates using borate elution should be straight 

forwardo 

Glucose-l=phosphateo = The synthesis of starch and a varie~ of other 

polysaccharides by phosphorylases utilize G=l=P as the immediate substrateo 

The energy derived from cleavage of the phosphate group is conserved in the 

glycosidic bonds of the resultant polysaccharideso Glucose=l=phosphate has 

been identified in a number of plant tissueso Indeed 9 its absence in plant 

tissue would be surprisingo The CJoncentration of free G=l=P. is generally 

very low in spite of the very small 6F0 for the phpsphorylitic reactiono 

Any process in the living cell which causes a decrease in the ratio of inor= 

ganic phosphate to G=l=P favors po~saccharide s,ynthesiso Growth and photo= 

synthesis result in such a decrease in phosphate concentration which9 in turn 9 

results in utilization and diminution of the G=l=P concentrationo 



G=l=P and G=6=P are found in the 88 barium.=soluble18 fraction.. They may 

be well separated by ion=exchange chromatography (Khyin and Cohn~ 1953) .. 

Their great difference in acid hydrolysis rate serves as an excellent means 

of analysis of a known mixture o G=l=P is completely hydrolyzed in 5 minutes 

at 100° in N HCl and 50% hydrolyzed in 4 hours at 37° in Oo25 N HCl (Cori 9 

Colowick and Cori 9 1937)o 

G-l=P is determined as acid labile-phosphorus giving an increase in 

reducing value with the method of Folin_and Malmros (1929) of 66 .. 5% of that 

of an equal weight of glucose o The large number of compounds which may hydro= 

tyze readily to give increased reducing value renders this type of analysis 

somewhat uncertain when the components of the mixture are not kno-wno A chromate= 

graphic separation followed by hydrolysis and determination of reducing value 

would constitute a reliable method when other labile compounds are presento 

Glucose=l,6=diphosphate" = This diphosphate is readily detected amoiD.g the 

c14-labeled products of short photosynthesis in c14o2 0_ It cochromatographs on 

paper with ribulose diphosphate, xylulose diphosphate, FDP and sedoheptulose 

diphosphate .. In very short times of photosynthesis wherefructose phosphates 

predominate there is very little glucose diphosphate as well.. This demon= 

strates the accepted role of glucose diphosphate as intermediate in the con­

version G=6=P to G=l=P (Leloir, et alo 9 1948)o 

Leloir 9 et al$ (1949) repo-rted that glucose diphosphate accumulates 

.,. only to the extent of Oo5% of the concentration of FDP in fermenting yeast,o 

It appears that its concentration in photosynthesizing tissues may be equal 

that of FDPo The exceedingly sensitive method of Leloir 9 et alo for deter= 

mination of this compound involves its use as a coenzyme for phosphogluco= 

mutaseo 
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Uridine dipho~phate glucoseo = Mention must be made of the chemical 
' . 

properties of this labile nucleotide (Leloir!J 1951) which leads to the obser~ 

vation of two glucose monophosphates in plant extractso Glucose=l=phosphate 

and glucose in almost equal amounts were obtained upon mild HCl hydro~sis of 

.unidentified UDPG isolated paper chromatographically from plant extracts a.Jn.d 

led to identification of the unknown as UDPG by Buchanan9 Iqnch9 Benson9 

Bradley and Calvin (1953)o Paper chromatography of UDPG in an acidic solvent 

such as t-butanol=picric acid=water also gives G=l=P as a decomposition pro= 

ducto This ester appears ·to contain most of the labile glucose phosphate in 

many plants and may well be a glucose donor in synthesis of po~saccharides 

(Leloir~ 1951) (Buchanan9 et alo, 1952)o 

Under alkaline conditions UDPG forms the cyclic glucose=l 92=phosphate 

(Paladini and Leloir 9 1952)o This has been observed in plant extracts which 

have been allowed to stand at room temperature and must be attributed either 

to enzyme action or to possibly high pH of the isolation procedureo 

D=ribose UDIG (Leloir) D=glucose 

HC=OP03H
2

· 
I 

HCOH 
I 

HOCH 
I 

HCOH 
I 

HCO 
I 
Cli:20H 

Uridylic acid a=D=glucose=l= 
phosphate 

'f.'' 
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Due to the susceptibility of UDPG to enzymatic and chemical hydrolysis 9 

care must be taken in developing an analysis method for UDPG in plant extracts .. 

The presence of UDPGalactose and UDPMannose in extracts of Scenedesmus sug= 

gests the probable appearance of spurious monophosphates of these hexoses as 

well as those of glucoseo 

6<=Phosphogluconic acid., = The action of G=6='P det~drogenase upon G=6=P 

gives 6=phosphogluconate ( 6=P-G) ~ and Jeduced TPN o The apparent ubiquity of 

this enzyme (Conn and Vennesland 9 1951) (Axelrod 9 Band,urski~ Greiner and 

Jang 9 1953) and the present avalanche of evidence that 6-P=G is a primary 
! 

intermediate of oxidative metabolism places the mechanism of its oxidati~n 

among the most important of biochemical problenis o The mechanism of 6=P-G 

dehydrogenase action to give 002 and R:.5~P is not yet clear o 

Bari~~6=phosphogluconate should presUmably be placed in the category 

of bariUIIl=insoluble compoundso In an experiment with labeled 6=P=G 9 Axelrod 

et alo separated the product~ R=5=P~ in the bariumFsoluble alcohol=insoluble 

fractiono 

Determination of 6-phosphogluconate can best be effected using purified 

6-P=<J. dehydrogenase (Axelrod~ Bandurskii Greiner and Jang~ 195.3)o 2 9 6-Dichloro= 

phenol indophenol reduction9 coupled to TPN oxidation of 6-P=G by pe~t leaf 
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enzyme was measured colorimetricallyo Horecker and Smyrnioti·~:k(l950) demon= 
' . ,. 

strated the stoichiometric relationship between 6-P-G, TPN and pentose in 

the quantitative oxidation of pure 6=phosphogluconateo 

Galactose=6o:phosphateo = .(}a-6-P occurs in plant extracts but rather 

little is known of its phytochemical interrelationships o 

Galactose=l=phosphateo = The presence of galactose in ~rolysates of 

a fraction containing uridine diphosphate glucose (Buchanan 9 Llfnch9 Benson9 

, Bradley9 and Calvin9 1953) demonstrated the presence of uridine diphosphate 

galactose which could lead to occurrence of galactose=l=phosphate and galac= 

tose cyclic l 92~phosphate in plant extractso 

Sedoheptulose phosphateso = All photosynthetic organisms which have yet 

been investigated and a wide variety of animal tissue and heterotrophic 

microorganisms contain sedoheptulose phosphate (Benson9 Bassham and Calvin~ 

1952) o It is intimately involved in the synthesis of the co2-acceptor of 

photosynthesis (Benson9 et alo, 1952)o Plants, as well as animal tissues9 

contain an enzyme system9 transketolase, for the transfer of glycolyl groups 
~1!1 

from sedoheptulose phosphate, ribulose-5=phosphate 9 bydro:x;ypyruvate and probably 

other ketoses (Axelrod, Bandurski, Greiner and Jang, 1953, Racker, de la Haba 

and Leder 9 1953) to a variety of acceptor aldebydeso 

Robison, MacFarlane and Tazelaar (1938) isolated a heptulose phosphate 

from yeast which gave a positive orcinol reac~ion characteristic of mannohep= 

tuloseo This preparation has been recently examined in the authorus labora= 

tory and found to be sedoheptulose phosphateo Its rate of hydrolysis at 100° 

in N HCl was, 4 x 10=b· (Robison and MacFarlane, l94l)o The available evidence 

places the phosphate group on carbon=? o Sedoheptulose=l=phosphate has been 

synthesized enz~tiQally by Horecker (1952) l1 Hurecker and S11zy'l"Diotis (1953) 

and found to hydrolyze several times faster than the naturally occurring estero 



Sedoheptulose phosphate can be detected on the paper chromatogram with 

the orcinol=TCA spray test of Klevstrand and Nordal (1950) by the blu.e colo:!!:' 

characteristic of heptuloseso Its color is more blue than that given by 

mannoheptulose 9 glucoheptulose or guloheptuloseo 

Sedoheptulose phosphate has been determined by Horecker~ Smwrniotis and 

Seegmiller (1951) by virtue of its Emax at 600 JllUo in the Mejbaum pentose 

test modified by continuing the heating 40 minuteso Ribulose has orcinol 

absorption maxima at 670 and 540 lJlUo They found it necessary to appJ.y a 

correction for pentose absorption solving two simultaneous equations for the 

two components .. 

It appears that the Dische CyR I analysis (Dische 9 Shettles and Osnos 9 

1949) can be modified to give good results for sedoheptulose phosphate 

(Axelrod» Bandurski 9 Greiner and Jang, 1952) o 

4~5 M of a mixture of one part water and six parts H2so4 (reagent grade) 

are pipetted into a 16 X 150 mme test tube immersed in ice water. One mlo 

-

of the solution to be tested is added with shaking and continued coolingo 

After a few minutes the tube is placed in tap -water a few minutes and then 

heated for exactly 3 minutes in a boiling water bath and immediately cooled 

in tap waterG To this is added Ool ml .. of 3% cysteine hydrochloride and the 

mixture is shakeno In a few minutes a yellow color appears which is meas'llr'ed 

in the spectrophotometer at 505 IllUo after 18 hourso Figure 12.. The deter= 

minations are possible in the presence of glucose» fructose, G=6=P9 F=6=P9 

F.DP» R~5=P.~> ribosell ribulose and DHAPG Distinction between mannoheptulose 9 

sedoheptulose and glucoheptulose is not possibleo 

A variety of colorimetric methods for heptose determination are given 

by Dische (1953)., His primary method is a modification of the Mejbaum test 
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to give two stable colored productso The specificities of the methods over= 

lap and may be of value in developing colorimetric analyses for hept·.cJ~es in 

mixtures of other sugars and phosphate esterso 

Sucrose Phosphateo = Free sucrose is liberated from phosphate earlier 

than the hexose phosphates during photosynthesis qy most plantso This implies 

that sucrose is the result of condensation of hexose phosphates and that a 

sucrose phosphate i.s particularly sensitive to phosphatase action immediately 

after synthesis o The sucrose phosphorylase of Doudoroff j) Kaplan and Hassi.d 

(1943) catalyzed the b:'eakdow of sucrose in Pseudomonas saccharophila by the 

follo~ng equationg 

Glucose=l~P + enzyme ----..!..-~ glucose = enzyme + P 

Glucose=enzyme + fructose---)~· D=glucose=l=fructoside 

A simil.'ar enzyme system has not yet been isolated from tissues of the higher 

plantse Critical reviews on this subject by Doudoroff (1945~ 1953) and qy 

Hassid and Putman (1950) emphasize the type of approaches which have been 

made to the problemo 

The presence of a sucrose phosphate was detected in the sugar monophos= 

phates forzred during brief c14o2 phot,osynthesis by sugar beet leaves by 

No Eo Tolbert a...'"l.d the author using an invertase=free phosphatase prepared . 

by Bo helrodo The radiogram of the phosphatase hydrolysate showed fructose'j) 

glucose" sedoheptulose and sucrose o Buchar.an (195.3) isolated the sucrose 

phosphate from the mixture by paper chromatography of the monophosphates of 

sugar beet leaf in t.Pbutanol (80 mlo) =water (20 mlo') =picric acid (2 go) 

solvento The Rr of the separated inonophosphates decreased in the orderg 

F=6=Pj) mannose + sedoheptulose=P9 G=6=P&~ sucrose=Po Treatment of the pUI"e 

sucrose phosphate with invertase=free ·phosphatase ( g1 Phosphatase 2> 11 S~hwarz 

• 
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Laboratories 9 Inco) gave free sucrose and some glucose and fructoseo .Acid 

hydrolysis liberated free glucose 9 free fructose and what is tentativeLy 

identified as fructose-l=phosphate. Since the amount of free fructose cor= 

responded to that expected from its simultaneous acid hydroLysis 9 Buchanan 
I 

(1953) proposed that sucrose phosphate is a D~gluccsyl-1-phosphofructoside. 

Its significance in sucrose synthesis is not yet clear. The relatively low 

concentration of this phosphate ester, even in the sugar beet leaf, does not 

preclude the necessity of its participation in sucrose synthesiso 

Floridiside phosphateo = A phosphate ester of a a=D-galactosyl=2=g1ycerol 

(floridiside) has been detected b.1 Bean (1953) in the alga Iridophycus flaccidumo 

Its chromatographic coordinates in phenol and in butanol=acetic acid solvents 

resemble that of triose phosphate.. It is the precursor of the copious amounts 

of floridiside accumulated in this plant. 

Phosphoshikimic acido ~ The phosphorylated shikimic acid identified b,y 

Davis and ~iss (1954) is accumulated in the growth medium by an Eo coli mutant 

requiring glucose and aromatic substrates for growth ani renee is suspected to 

be a precursor of shikimic acid and subsequent aromatic compoundso This is a 

unique example of £ree excretion of a phosphorylated intermediateo 

Phytic acido = Inositol is completely phosphorylated in most plants .. 

Phytic acid usually occurs as the calci~magnesium salt, pr~tin~ and as such 

is the major source of inorganic phosphorus available for cereal seedlingo 

• The concentration of phytic acid in seeds and in seedlings is rather high. 

Increase of inorganic phosphate and concurrent decrease of phytic acid content 

occur during early growth of a seedling (Albaum and Umbreit~ 1943)o This 

observation is the result of increase.d phytase activity during the .fi.rst 

three days of development of the embryo. 
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The salts of phytic acid with polYVaient cations are ~ry insolubleo 

Rapoport)) leva and Guest (1941) precipitat:ed phytate with magnesia mixture 

in ammonia and obtained a reproducible 85% yieldo This property is also 

exploited in the isolation as ferric phytate (Commons.!l 1939» Singson9 1948)o 

Ten grams of finely ground tissue was extracted by three hours shaking 

in Oo5 N HCL. The filtrate was reduced to 25 mlo and neutralized with 25% 

NaOHo Ten mlo of OoOl% ferric chloride solution in Ocl N HCl was added and 

the resulting mixture heated fifteen minutes on a water bath and cooledo The 

precipitated ferric phytate is filtered, washed with ethanol and ether and 

then weighedo 

An inositol phospholipid was obtained by Fuller (1952) from Neurospora 

~celiumo It resembled the inositol metadiphosphate-containing lipid iso­

lated by Folch (1949) from brain cephalino It is likely that such phospho­

lipids may be found in the phospholipids of the higher plantso 

Lindenfeld (1934) obtained complete hydrolysis of phytic acid in two 

·hours by heating at 160=170° in 20% formic acido OrdinariJ.ill however~ phyti© 

acid is very acid=stableo Inositol obtained from hydrolysis of its simple 

phosphates has often been determined by quantitative isolation (Folch,j) 1949)o 

A number of inositol phosphates isolated from wheat bran were shown by 

Anderson (1915) to have been liberated by acid=stable plant phosphatases 

(phytases) during the extraction procedureo His resultsl> therefore~ were com= 

plicated by the appearance ct: partially hydrolyzed derivatives during the iso= 

lationso 

An enzymatic method 9 described by Albaum and Umbreit (1943) used a phytase 

preparation obtained from oat seedlings for quantitative determination of phytic 

acido Homogenates of 72 hour=old embryos were adjusted to pH 6o3 and incubated 

with samples of phytic acid for 6 hours at 37°o Phytic acid was quantitatively 

hydrolyzedo 

• 
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Figure 3. Changes in sugar phosphate concentrations upon darkening in 
Scenedesmus. (Calvin and Massini, 1952) Algae illuminated in 1 em-thick 
vessel, 1% suspension of packed cells in water with light intensity of 
700 foot candles from both sides; curve labeled "diphosphate" consists 
of 90% ribulose diphosphate. 
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Fig. 4. Effect of reduction of C02 pressure upon concentrations of 
phosphoglycerate and ribulose diphosphate in Scenedesmus. (Wilson, 1954. 



BARLEY 
60 sec. PS 

ALANINE 

. GLYCINE 

-59-

GLYCOLIC 

GLYCERIC 

SERINE 

SUCROSE 

UCRL-2584 

MALIC 

ASPARTIC 

PHOSPHO­
PYRUVIC 

PHOSPHATE 

ZN-1010 
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and second (upwards) ~s butanol-propionic acid-water. Both solvents 
are run past the edge of the Whatman No. l sheet to obtain optimum sep­
aration. Organic dyes, tropeolin, crocein scarlet and Ponceau-4R spotted 
near the origin serve as indicators of solvent movement aft er the sheet 
is totally wet. 
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Fig. 7. Separation of photosynthetic products an acid-washed Whatman 
No. 4 paper. Developed in (1) phenol-water to left; (2) butanol­
propionic acid-water upwards. 
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Fig. 8. Two-dimens ional chromatogram of glycolytic inte rmediates . 
Bandurski and Axelrod, 19.51. 
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A. "Barium-insoluble fraction": 1, ATP; 2, orthophosphate; 3, FDP; 
4, 3-PGA ; .5, 2-PGA. 

B. 11 Barium-soluble fraction": 2, orthophosphate; 6, adeonsine-3-P; 
7, phosphopyruvate; 8, G-1-P; 9,F-6-P; 10, G-6-P. 

(l) Acid solvent: 
(2) Basic solvent: 
ascending. 

Methanol-formic acid. 6.5 hours for 28 em ascendli1g. 
Methanol-ammonium hydroxide, 15 hours f or 28 em 
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Fig. 9. Ion exchange separation of sugar phosphates, inorganic phosphate, 
adenosine phosphates and phosphoglyceri.e o.cid in the amounts given in 
Table III. Exchanger Dowex-1 chloride tonn, ca. 300 mesh, 0.86 cm2 x 
10 em, flow rate, 3.5 ml/min. (Khym and Cohn, 1953) 
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Fig. 10. Acid elution of radioactive ribulose diphosphate from a Dowex-
2 chloride column (28 x 0.6 em). (Goodman, 1~52) 
Eluting agent: 0.15 N NaCl ~ 0.05 N HCl; Eluting rate: 0.11 ml/min; 
Fraction volume: 0.4-ml. -
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Fig. 11. Acid elution of phosphoglyceric acid, fructose diphosphate 
and radioactive ribulose diphosphate from a Dowex-2 chloride column 
(28 x 0.6 em). (Goodman, 1952) Smooth curve denotes radioactivity. 
Block curve is obtained from phosphorus analysis. 
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Fig. 12. Adsorption spectra of the reaction products in the Dische test 
obtained with products of spinach enzyme on ribose-5-phosphate (Axelrod, 
et al.,l952). Reaction conditions, 0.2 ml of spinach enzyme, 0.2 ml of 
Thain-'HCl pH 7 .5, 0.15 ~' 0.1 ml of ~0, and 0.5 ml of R-5-P, 0.26 _!:!. 
Reaction temperature, 38°. Reaction stopped by adding 10 volumes of 5 
percent TCA. 1 ml of a 1:2 dilution of this mixture was employed in the 
Dische test. The absorption curves were obtained with a Cary recording 
spectrophotaneter in a 2 em optical path. Spectra obtained with 25 'I 
of sedoheptulosan monohydrate and 194 '{ of Ba G-6-P·7H2o of 97.4 per­
cent purity were used. 




