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ABSTRACT 

1. The dimethyl ester-trimethylaily1 ether derivatives of sugar 

phosphates were investigated and found not to be suitable for 

quantitative ar►aiysis. 

2. The trimethylsilyl ester-trimethylailyl ether (TMS) derivatives 

of sugar phosphates and other organic aoids were prepared using the 

silyl amides, bis(trimethylsily1)-acetamide and bis(trimethylsily1)-

trifluoroacetamide. 

3. The silicone liquid phases SE-50, SE-52, OV-1 and 07-17 

and the supports, Chromosorb W (acid washed, dimethylchlorosilane 

treated, 80-100 mesh) and Gas Chrom Q (100-120 mesh), were suitable 

for gas Chromatographic aralyais of TMS-derivatives. 

4. Temperature programmed analysis from 100-240°C at 2o or 4o 

per minute was used to separate the TMS-derivatives. 

5. Quantitative data could be obtained for succinate, fumarate, 

malate, oc-glycerophosphate, citrate, glucose, fructose-6-phosphate 

and glucose-6-phosphate when they were analysed as their TMS-derivatives 

by temperature programmed analysis. 

6. The mass response curves of the phosphate containing 

derivatives did not pass through the origin in -contradistinction to 

the non-phosphate containirg derivatives. 

7. The relationship between peak height and peak area was consistent, 

and either could be used in mass response curves. 



8.- 	Three methods of silylating tissue samples were investigated:-

Up to 10 mgpf tissue which had been freeze dried 

could be silylated in 100 p3. silylation reagent. 

606 aqueous ethanol was the most suitable tissue 

extractant. Up to 100 mg of tissue which had been extracted 

with it could be silylated in 100 p3. silylation reagent. A 

linear drop in sensitivity of detection was observed in 

these ethanolic extracts with increasing amounts of tissue. 

Considerable purification of ethanolio extracts could 

be achieved using AG 1 (formate form) and AG 50(e form) 

resins. Hass recovery figures 4naicated that there was a 

lower limit of ig tissue which could be investigated. 

9. The radioactive gas chromatography method has been used to 

study the effect of experimental diabetes on intermediate levels in 

rat heart, the effect of anoxia in rat heart on the metabolism of 

[u-14C] -glucoseand the differential metabolism of 14C-glucose by the 

plasmodia of Physarum nolycschalum. 

10. In Appendix A.1 some observations on the carbohydrate 

biochemistry of P.Dolveenhalum are noted. 

11. In Appendix A.2 a, computer programme for the calculation of 

peak areas in complex chromatograms is described. 
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ABBREVIATION'S 

The author is using the abbreviations laid down by the 

Biochemical Journal in their instructions to Authors (1972) 126$  

4-19. The following abbreviations apply to this thesis. 

AW-DMCS 	Acid mashed, dimetbylohlorosilane treated 

BSA' 	-(trimethylsily1) -acetamide 

BSTFA 	N',1T-bis-(trimetbylsily1)-trifIuoroacetamide 

DPG 	2$3-diphosphoglycerate 

F6P 	fruotos e-6-phosphate 

FDP 	fructose-1,6-di'phosphate 

FID 	flame ionization detector 

GLC 	gas liquid chromatography 

GIP 	glucose-l-phosphate 

G6P 	glucose-6-phosphate 

DIMS 	1,1,1,2,2,2 -hexamethyldisilazane 

m/e 	mass to charge ratio (in mass spectrometry) 

P1LP 	phosphoenolpyrm7ate 

2PGA 	2 -Phosphoglycerate 

3PGA 	3-phosphoglycerate 

6PG 	6-phosphoglaoonate 

P 	h 	 polytetrafluoroethylene 

metabolic quotient - p1 02  consumed or evolved/mg tissue/hour
1)2  

LUstance travelled by the compound  
RF 	in TLC distance travelled by the solvent front 

in GLO the retention time of a compound under certain 

defined conditions 



TLC 	thin layer chromatography 

TMCS 	trimethylohlorosilane 

TMS 	trimethylaily1 (of a derivative) 

[U-14a1 	tmiformaily labelled with 14Carbon 

w/w 	weight by weight 

w/v 	weight by volume 
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CHAPTEH 1  

INTRODUCTION 

1) Introduction  

Previously quantitative estimation of the levels of carbo-

hydrate intermediates in tissue have been made by enzymatic methods 

(see Bergmeyer, 1963). Home-very the specificity of the enzymes used 

meant that separate assays for each intermediate were necessary, 

consuming both time and sample. This approach can become too laborious 

unless only a few compounds are being studied. Other methods such as 

ion-exchange chromatography are even more laborious and although the 

many types of carbohydrate intermediates can be separated by this 

technique a single detection system for them all is not available, and 

thus at best multiple analyses are necessary. Therefore a method of 

estimation for the many intermediates of glucose metabolism in a enele 

assay would be a large improvement on the current position. 

Radioactively labelled materials have been used for the study 

of metabolic pathways, and in this the most useful measurement to be 

made was the specific radioactivity of each compound. To be able to 

estimate the specific radioactivity it is necessary to separate each 

compound first. The components of a pathway are generally closely 

related compounds and this can make their separation difficult. 

The bidemensional paper chromatographic method with automatic computer 

aided radioactive scanning described by Chain et al6(1971) anhieved a 

separation of a wide range of compounds and detsrminntion of their 

individual radioactivities. However, mass measurements still had to 

be made separately for the determination of specific radioactivities. 

With gas liquid chromatography (GLO) it is possible to 

determine the mass of a wide range of compounds in a single assay 

providing they are, or can be made to be by suitable chemical modifica- 
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Lion, sufficiently volatile. It has been used with success in the 

study of fatty acid biosynthesis. It has the advantage over most 

other chromatographic techniques of being quantitative for the most 

part'and also being amenable to simultaneous determination of 

radioactivities of the compounds being studied. 

The purpose of this study has been to investigate and 

evaluate separation methods for the estimation of mass and radio-

activity of the metabolites of glucose using radioactive gas liquid 

chromatography. It became necessary to devise extraction and 

purification procedures to clean up tissue samples so that the 

intermediates present could be studied. 

Some applications of the analytical methods reported in this 

study have been applied to the metabolism of glucose in rat heart and 

in the plasmodia of the myzomycete, Physarum volycethalmn. Since 

there was only a very scanty knowledge of the carbohydrate metabolism 

of the myzomsete some general studies of its carbohydrate metabolism 

were mr0e, and these are reported in. Appendix 1. As a rider to the 

analytical methods a computer programme for demilTig with the chromato-

graphic data was developed and its form is reported in Appendix 2. 

2) Chromatographic separations of carbohydrate intermediates, 

Paper chromatography, WTI layer chromatography (TLC) and 

ion-exchange column. chromatography have bemused. for the separation 

of glycolytio intermediates. Both paper chromatography and thin 

layer chromatography suffer from the disadvantage of being qualitative 

rather than quantitative. It is possible to elute irrlividual spots, 

but the elution is by no means quantitative for the levels found in 
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tisaue samples (Kuksie & Prioreschi, 1967). These methods are however 

much simpler and cheaper than  ion-exchange column chromatography or gas 

liquid chromatography. 

Ion-exchange chromatography systems have been developed for 

the separation of sugar phosphates (Bartlett, 1959; Lefebvre et al, 

1964). However, multiple detection systems are necessary for each 

type of compound being eluted. This involved collection of fractions 

and then time-consuming separate assays. The system described by 

Bedetti et al (1970) involved a 60 hour chromatographic separation, 

multiple concentration of the appropriate fractions to remove borate, 

and then enzymatic analysis. 

In contrast gas chromatographic analyses rarely exceed two 

hours and the flame ionisation detector (FID) used in this study was 

both non-specific and linear in response over a wide range of concen-

tration. Lack of specificity of detection may not be a serious 

disadvantage if resolution is adequate. Almost all organic compounds 

give a response to this detector. 

3) Gas liquid chromatographic analysis of carbohydrate intermediates  

GIG was initially developed for compounds which are naturally 

volatile at room temperature (James & Martin, 1952), or by suitable 

heating can be made to be volatile. It was extended to those compounds 

which cannot be made sufficiently volatile, even at high temperatures, 

by preparing volatile derivatives of them (James & Martin, 1956). 

Carbohydrates such as glucose cannot be chromatographed directly. 

The first volatile derivatives of carbohydrates to be prepared and 

assayed. by GLC were the 0-methyl ethers (McInnes et al, 1958). 
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A significant advance in the ease•of preparation of a suitable 

derivative was made when the trimethylsilyl (ms) ether derivatives of 

a very wide range of carbohydrates were prepared and chromatographed 

(Bentley et al, 1963). The method of preparation using a reagent 

containing anhydrous pyridine, hexamethyldisilazane (BMW) and 

trimethylchlorosilane,(TVICS) was very simple and. was quantitative. 

The only disadvantage was that this method separated the individual 

anomars of each carbohydrate. 

Attention was then given to the sugar phosphates and so 

glucose-6-phosphate (G6P), fructose-6-phosphate (F6P) and fructose-1, 

6-diphosphate (FDP) were converted to volatile forms by first methylating 

the phosphate groups mith. diazomethane, and then farm91.1g the trimethyl-

silyl ethers of the sugar moeity (Wells et al, 1964). However, no 

further publications on this method or its applicatiaa, have appeared 

in the literature. The first section of Chapter 3 in this study is 

concerned with an examination of these derivatives. 

A second derivative of the augarphosphates-has been proposed 

(Haahizume & Sasaki, 1966), the trimethylsilyl ester-trimethylsilyl 

ether. The use of this derivative for the examination of sugar 

phosphates after incubations with pure enzyme systems (Eisenberg, Jr. 

& Bolden, 1969;' Sherman et al, 1969; Sherman et al, 1971) was reported 

during the course of these studies. However, no applications to 

compounds in tissue, or in extracts derived from tissue, have been 

reported. It was this derivative which was used for the determination 

of sugar phosphates in this study. 
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4) Gas liquid chromatographic analysis of compounds from the Krebs cycle  

GLO analysis of the members of the Krebs cycle was first 

reported for their methyl esters (Kuksis & Vashwakarma, 1963). These 

derivatives have been used for the estimation of the acids in plant 

tissue (Kellog et al, 1964; Humsey et al, 1964; Canvin, 1965). 

The problems associated with the much lower levels in animal tissue 

have been discussed by Wads 8G Prioresohi (1967) and &aura & Metcoff 

(1969). A procedure for nr4mal  tissue using the recovery of added 

radioactively labelled compounds has been reported (Barnett et al, 

1966). 

An alternative derivative, the trimethylsilyl ester-

trimethylsilyl ether, has been prepared for many of the Krebs cycle 

intermediates (Horii et al, 1965). The oc-keto acids pyruvate, 

oxaloacetate, and oc-ketoglutarate whether silylated or methylated 

give multiple forms because of enolisation. To prevent thin Horii 

et al (1965) converted them to their oximes before forming the 

trimethylsilyl derivative. Similarly quinoxalones of oe-keto acids 

were prepared by Hoffman S3 Killinger (1969). The trimethylsilyl 

ester•trimethylsilyl ether and dimethyl ester-trimethylsilyl ether 

derivatives of the Krebs cycle intermediates and other organic acids 

found in the urine have been studied by Dalgliedh et al (1966). 

It therefore seemed possible by isolating the Krebs cycle 

intermediates with the sugar phosphates from tissue, to form 

trimethylsilyl derivatives of both groups of compounds and estimate 

all of them in a single ohromatographio assay. 
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5) Radioactive gas liquid chromatographic analysis  

The first apparatus to simuitaneously measure the mass and  

radioactivity of a sample utilised a liquid scintillation cell placed 

after the mass detection system (a gas density balance) where the eluted 

materials from the column were condensed and counted (Popjak et al, 

1959). Essentially the same apparatus was used in this studya 

Although the scintillation cell measured the radioactivity 

less efficiently than  the gas flow proportional counter (James & Piper, 

1961, 1963), it was more sensitive overall since the whole peak was 

trapped in the cell. The flow through systems cannot contain all of 

each eluted peak inside the detector at once without losing the 

resolution obtained on the GLO column, and cannot retain the compound 

for long enough to measure the radioactivity present in weakly radio-

active peaks. Other detection systems have used either a scintillation 

detector such as an anthracene crystal, the vapour passing over the 

crystal, i.e. a flow through system (Karmen et al, 1962b), or an 

ionisation chamber (Cacace et al, 1961). 

The mass detector originally used for the liquid scintillation 

system was a gas density balance. With this detector there was no 

loss of sample during detection. The sensitivity of this detector 

was adequate fox the concentration of fatty acids bound as lipid in 

tissue. However, in this study much greater sensitivity was required. 

The katharometer detector was even less sensitive than the gas density 

balance. Of the high sensitivity detectors the flame ionisation 

detector (PID) gave the most linear response. However, the sample 

was destroyed during the detection process. This could be overcome 

by the use of a stream splitter before the VID dividing the sample 

into two parts, one for mass detection, the other for radioactivity 
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detection. Splitters have been used for preparative chromatogTagy 

(ratio 100:1) and with capillary columns (ratio up to 1000:1). A 

sulitter was used with an apparatus with an PD) mass detector and a 

gas flow proportional counter (Simpson, 1968). In this study a split 

ratio of 1:1 was investigated. 
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CRAP.e.Lit 2  

iTATLRIALS ID IliailiaDS  

A. l'ateriala. 

1) Chemicals and enzymes  

purchased from Boehringer The follauing materials were 

(London) Corporation: 

glucose-1-Phosphato (disodium salt) 

aucose-6-phosphate (disodium salt) 

6-phosphossluconate (trisodimm salt) 

fructoso-6-phosphate (disodium salt) 

riboso-5-phosphate (barium salt) 

fructose-1, 6-diphosphate (tetra-
sodium salt) 

3-phosphoglycerate (trisylima salt) 

2, 3-diphosrhoElycerato 
(nentaoyolohexylammonium salt) 

otglycerophosphate (disodium salt) 

pyruvate (sodium salt) 

succinate (disodium salt) 

fumarate (disodium salt) 

malic acid 

oxaloacetio acid 

0(-ketoGlutaric acid 

L-calate : IILI. oxidoreduotase 
(0.0. 1.1.1.37) 

citrate oxaloacotate-Iyase 
(E.G. 4.1.3.6) 

adenosine diphosphato 

adenosino mono-ohosphato 

nicotinnmide  adenine 
dinuoleotide 

Peroxidase and Fermcysyme for the Glucose oxidaso assay were 

Obtained from athes C.; Enches Ltd. Ribulose-5-phosnhato (barium salt) 

and ITri7m 1  base were purchased from Sigma (London) Ltd. Absolute 

ethanol was purchased from Burroughs. 
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All other chemicals used were obtained from British Drug 

House Ltd. or Fisons, except where stated and were the bast grades 

available. 

2) Chromatographic materials  

The ion-exchange resins AG 1-X4 (100-200 mesh) chloride 

form and. AG 501.1-X4 (200-400 mesh) hydrogen form were purchased. from 

Biorad. Powdered cellulose 0041 was purchased. from Whatman, and. 

Kieselguhr G (mach Stahl) from Anderraen. 

Hexamethyldisilazane (BMDS),,trimethylchlorosilane (TMCS) 

and N-methyl-N-nitroso-p-toluenesulphonamide were purchased from 

Kachlight. Eigi,bis-(trimethylsiIy1)-trifluaroacetamide and the 

silicone liquid phase SE-30 were purchased from Field Instrument Co, 

N,0 bis-(trimethylsilyl)acetamide, the liquid phases SE-52 and OP-17, 

the solid support Chromosorb W (acid washed, dichlorometbylsilane 

treated) 80-100 mesh, the column pacl;ings'3% w/w SE-30, SE-52 and OV-17 

on Chromosorb W (acid washed, dichloromethylsilane treated) 80-100 

mesh, and 0.25% 	OV-17 on Corning glass beads 110 (80-100 mesh) and 

the 51 	outer diameter coiled glass columns were purchased from 

Phase Separations Ltd. The column pa/Sic-ire 10% 	on Chromosorb G 

(80-100 mesh) and 51  x i" outer diameter coiled glass columne with a 

sealed glass to metal connection at the eluting end were purchased 

from Pye Macon Ltd. The column packing 3% OV-1 on Gas Chrom 

(100-120 mesh) was purchased from Field Instrument Co. as was the 

methoxylmmire hydrochloride. 

Oxygen free nitrogen, compressed air and hydrogen were purchased 

from British Oxygen Co. and helium from Air Products Ltd.. 
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• A.U. solvents were the best grades available and were 

redistilled in some cases. These were pyridine over potassium 

hydroxide pellets, acetonitrile aver phosphorus pentoxide, and diethyl 

ether, ethyl acetate and triethylsmine after drying first with anhydrous 

magnesium sulphate. 

3) Chemicals for sointillation counting 

2,5-diphenyloxazole (PPO) and 1,4-bis-2-(4,methy1-5-

phenyloxazole)-:bennene (POPOP) were obtained from Packard Instrument 

Co. 	Nalohthalane (0.A.5. grade) was obtained from B.D.H. Toluene 

and 2-methoxyethanol were A.R. grades from Fig= Ltd. 

4) Radioactively labelled chemicals  

[6-.146]-fructose, [1-14.0]-glucose, [2..144-glucose, 5i-1461-

glucose and [U-140]-glucose, ar.1461_81mose-1—'Phosphate, [U-1461-

glucose-6-Phosphate, [U-146-fruotose-6-phosphate and ty-140]-fructose-1, 

6-diphosphate, [1,5-14C2-citric acid, 12,5-140;1-funtaric acid, 

[20-14021.;aalic acid and t2,3-140;1-succinic acid, 11-1401-nhexadecane 

and [11-14C)-Toluene were purchased from the Radiochemical Centre, 

Ameraham. 

B. Methods  

1) The isolation of tissue and. metabolic fixation 

Method_ A 

In metabolic experiments with myxoulguete plasmodia, the time 

required for centrifugation was too long. To minimise metabolism 

after sampling, aliquots of the incubation mixture were pipetted 



-26- 

directly into liquid nitrogen in a beaker. The resulting frozen 

pellet was treated as if it were all tissue. 

Method B 

Since glycogen breakdown in rat liver was very rapid after 

death, the liver was freeze clamped in situ with tongs cooled in 

liquid nitrogen (Wollenberger et al, 1960). Rat heart was excised 

and washed with ice cold saiine to remove blood. before freeze clamping. 

Perfused rat heart was treated similarly to remove extracellular 

materials particularly glucose in the perfusion medium. 

2) The extraction of frozen, tissue with solvent  

The frozen tissue was 'percussed in a stainless steel mortar 

cooled with liquid` nitrogen, and then ground to a pOwder in a pestle 

and mortar cooled, with solid CO2. Cold (-20°C) 60% eillmnol or in some 

cases 7.2%wiv perchlorio acid was added to the powder (4,mi/g or 10 ml, 

Whichever was the greater) and. the mixture homogenised. 

The homogenate mma centrilUged (10,000 for 10 minutes) in 

a refrigerated centrifuge at -5°C and the supernatant decanted. The 

pellet was further extracted with the same volume of 6036 ethanol as 

before, the two supernatants being combined. A few drops of 0.880 

ammonium hydroxide were added to make the extract slightly Oknliro. 

The extract was concentrated to 1 ml under vacuum (water pump) using 

a rotary evaporator at 30°C. The extract was transferred to a centrifuge 

tube, and with washings of the flask:made up to 5 ml. 5 ml magnesium 

acetate solution (30 m8) was added, followed by a few drops of 0.880 

ammonium hydroxide. The white floc precipitate of magnesium ammonium 

phosphate was removed by centrifugation (2000 g, for 10 minutes) and 

the supernatant decanted carefully. 
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3) The preparation of ion-exchange resin columns 

AG 1-X4 resin (100-200 mesh) chloride form was added as a 

slurry to fill a 12 x 0.5 cm column. Saturated sodium formate 

(50 ml)  was passed through the column to convert the resin to the 

formate form. This was followed by formic acid (50 ml)' aril then 

with deionised distilled water until the eluant was almost neutral. 

The same procedure was carried out after the column had been used 

for the purification of a tissue extract. The flow rate through the 

column was increased to approximately 1 mi/minute by applying up to 

5 p.s.i. of nitrogen to the reservoir. 

AG 50W resin (200-400 mesh) hydrogen form sufficient to 

exchange all the sodium ions from 40 ml 0.5M sodium formate was aimed 

to a column 30 x 2.5 ams. The resin was washed twice with 40 ml 

iON hydrochloric acid and then with deionised distilled water until 

neutral, usually three times with 40 ml was adequate. When 

regenerating, if ammonia :had been used to elute the amino acids, the 

column was washed with water before passing through the lam hydro-

chloric acid. Pressure was not needed to increase the flow rate with 

this column. Smaller 12 x 0.5 ems columns were prepared in the same 

way. Ground glass wool filters were used for the sm31  columns, 

porous polythene disks for the large columns. 

4) The purification of tissue eALLdcts using ion-exchange resins  

The extract was applied carefully to the AG 1 formate column. 

The column was washed with a further 9 x 10 ml deionised distilled 

water stepwise, each 10 ml being run through the column before the 

next 10 ml was added to the reservoir. This procedure removed all 
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the glucose (the precursor in incorporation studies). The carbo-

hydrate monophosphates were eluted using 4 x 10 ml 2M formic acid, 

the diphosphates being retained completely.. The myxomycete pigment 

was eluted as well to some extent. 

The monophosphates and diphosphates were eluted with 

4 x 10 ml 0.5M sodium formate. Sodium formate eluates were passed 

through the AG 50V (30 x 2.5 ems) column, a further 40 ml distilled 

water being added to wash the extract through. The formic acid 

solutions from the AG 1 columns were in earlier experiments extracted 

with 3 x one volume of ethyl acetate and then 3 x one volume of diethyl 

ether. This removed the pigment present. The samples eluted with 

sodium formate did not have contamination with pigment. 

The formic acid solutions were finnlly evaporated to dryness 

under vacuum (water pump) using a rotary evaporator at 30°C. The 

dried residues were eluted with 3 x 1 a 3( aqueous 	 

Originally 80% aqueous ethanol was used, but losses of ]DP were 

significant (see Chapter 5). The eluted extracts were pipetted into 

snecimen tubes (75 x 12 mm). The aqueous ethanol was removed in a 

vacuum desiccator over phosphorus pentoxide overnight. A few p1  of 

triethylpminq were added when the tubes were almost dry (at the 

beginning of the day : by mid morning the tubes were dry). 

5) The formation of dimethvl ester-trimethylsilvl ether derivatives  

of sugar phosphates  

Method A  

The method of Wells et al (1964) was used. Sodium salts of 

the sugar phosphates were passed through AG50W-X4 (20-50 mesh) hydrogen 

form resin (12 x 0.5 cm column) to convert them to the free acid. The 
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column vas washed with 5 volumes of distilled Crater and the eluate 

concentrated to dryness under vacuum (water-pump) at 50°C using a 

Mohler Evapomix. Ethereal diazometlinne was prepared by distilling 

the reaction mixture obtained by adding 40% KOH dropwise into an ether 

solution of 17-methyl, N-nitrose-v-toluene sulphonamide contairing a 

little methanol. A metIvnol soNtion ( 1 ml) of the sugar phosphoric 

acid was treated with ethereal diazomethare until there was a permanent 

yellow colour. The methylatian reaction mixtures were taken to dryness 

under vacuum (water-pump) at 20°C, and were further dried by adding 

chloroform-methanol (4:1 v/v) and re-evaporating. The dry material 

was reacted with pyridine:EMDS:TMCS (10:2:1 by vol) at room temperature. 

Method B  

An alternatim,method of preparing the free acid of the sugar 

phosphates was to shake the sodium salt (10 mg) with AG50W-k4 (20-50 

mesh) hydrogen form resin (1 g) in a test tube with 2 ml me4nnol. 

Vigorous shaking dissolved the salt. The solution was removed with 

a pasta= pipette Wring care not to transfer any resin beads. The 

resin vas shaken with another 1 ml methanol and this removed. The 

methanol solutions were combined and methylated with diazomethane and 

saylated as described above. 

6) Formation of trimethylsilyl ester,fltrimethylsily1 ethers of  

carbohydrate intermediates 

a) Reaction using the reagent of Bentley et al 0963)  

This reagent consisted of anhydrous pyridine:hexamethyldisi- 

lazane (BI S):trimethylchlorosilane (TMCS) (10:2:1, by vol). 	hen 

mixed this reagent had a white opalescence which was cleared by 



centrifugation (2,000 jg for 5 minutes). Salts of the sugar phosphates 

and the Krebs cycle intermediates reacted slowly with this reagent 

(ratio 5 rag to 1 ml reagent), presumably because the TMCS reacted to 

form the acid 

01113 	

I

OH 3 
1  

R --- 0-Na+  + Cl --Si ---CH3  —1) R --0 --Si — CH
3 
---+ Na+Cl- 

I 	I 

CH3 	
CH3 

The ammonium salt reacted more quickly since the ammonium chloride 

formed was precipitated because of its insolubility in pyridine. 

Ammonium chloride was also formed by the combined actions of HMDS and 

um on the hydroxyl groups. The free acids of intermediates (where 

stable) reacted most readily because of their greater initial solubility 

in the reagent. 

The oximes and methoxime derivatives of the cc-kebio acids 

were prepared by reacting the salts or the free acids in pyridine 

(5 rag to 1 ml pyridine) containing 2 mg hydroxylamine or methoxylamine 

hydrochloride at 400C for 45 minutes. Then 0.2 ml HMDS MIA  0.1 ml 

TMCS were added to form the trimethylsilyl derivative. • 

b) Reaction using! bis(trimethylsily1)-acetamide (BSA)  

This compound could be used on its own to silylate the free 

acids, ammonium or triethylammonium salts of the intermediates (ratio 

1-2 mg to 0.5 ml BSA). Each was freely soluble in the reagent at 

room temperature, or at 4°C. Auxiliary solvents were used with it, 

acetonitrile, pyridine and Oimethylformamide. With TMCS present the 

sodium salts could also be reacted, an effect also reported by Sherman 

et al (1969). With material isolated from tissue a reagent consisting 
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of BSA, TKOS and pyridine (2:1:1, by vol) was used. Samples were 

stored overnight at 400 to react. 

c) Reaction using bis(trimethvisilv1)-trifluoroacetamide.  
(BSTEA), 

This compound was used as for BSA, particularly for slay-lotion 

of tissue exL.Lacts where 100 pl was used for the reaction. This 

reagent also contained added hydrocarbon standards, hexadecane nna  

docosane (0.08 pmole of each per 100 pl). 

7) Gas.chromatograyhic analsis 

a) The gas chromatography materials  

All the silicone phases except OV-1 were coated onto Chromosorb 

W (acid washed dichlorodimethylsilane treated, 80-100 mesh) at a loading 

of 3% w/w. OV-1 was coated onto Gas Chrom Q000-120 mesh) also at a 

loading of 30/0 w/w. Apart from the SE-30 column packing all the other 

column packings were purchased ready made. 

3% SE-30 (methyl silicone) on Chromosorb W was prepared by 

dissolving SE-30 (1.5 g) in dichloromethrne (200 ml), adding Chromosorb 

W(50 g) and removing the solvent under vacuum using a rotary evaporator 

in a 1 litre flask. The flask was rotated slowly, and evaporation was 

continued until the material was free running. The coated material 

was placed in a large petni dish and heated overnight at 100°C. 

b) The loadinxof the column yakking into the glass columns  

used for GLO  

A silanised glass yarn plug was placed at the outlet end of 

the column (51  x 	and the glass to metal connector was attached 

(Pye Unicam). (NB - the rubber part of the connector was replaced by 
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one made of polytetrafluoroethylene (P EE) so that analyses could be 

continued up to 25000) For the recently introduced glass columns with 

the metal connector sealed into the glass the plug was not necessary 

as a porous sintered stair-tees steel plug was already present. The 

connector was attached to a vacuum line. The column packing was 

added in 1 g amounts with a filter funnel attached to the top of the 

column. Each aliquot was sucked through to the end of the column, the 

column being lightly tapped until there was no more settling before 

adding the next aliquot. The column packing was added until the level 

was 4.5 ems from the top of the column. Another glass yarn plug was 

pushed down on top of the packing to prevent the packing moving. The 

top 5 OMB was replaced after every 50 injections. 

c) The treatment of the gas chromatographic column before  

Analysis  
. 	. 
The column was placed in the gas chromatograph (Pye Unlearn 

104 series, models 44 and 64), without being connected to the detector 

to prevent contamirotion. Gas was passed through the column (20 ml/ 

minute). For OV-17 helium was used, for the other liquid phases nitrogen 

was used. The temperature of the oven was raised to 5000. Every 

two hours the temperature was raised a further 50°C until the maximum 

operating temperature was reached (for PEGA this was 2000C, for the 

silicone phases this was 25000. The column was left at this tempera, 

ture for 48 hours. The carrier gas was changed to nitrogen if helium 

had been used in the "bleeding in" stage, anti the flow rate adjusted 

to 60 ma/Minute at the temperature of operation. Measurement of flow 

rate were made with a soap bubble flow meter. 

The column was connected to the inlet of the flame—ionisation 

detector and was left until the baseline was stable. For the column 
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packings, 	SE-52 and Vo OV-17 on Chromosotb W (A17.4UMCS, 80-100 mesh) 

it was necessary repeatedly (at least 12 times) to inject with BSTFA: 

pyridine:TMOS (2:1:1, by vol). A sample of TMS-G6P was injected and 

this repeated until consistent size peaks were produced. Each day 

before analyses were begun the column was injected with the silylation 

reagent and an aliquot of the first sample to be assayed at 250°C. 

At the end of each chromatographic run, an aliquot of the next sample 

was injected before cooling the oven. This was observed to give the 

most consistent results, presumably saturating all the active sites. 

However, with 536 011-1 on Gas ,Chrom Q (100-200 mesh) column 

packing, these methods were less necessary. The first injection onto 

a column containing this material produced a relatively normal 

chromatogram (see Figure 2.1); admittedly each intermediate was present 

at 25 nmoles, enough to saturate all the active sites. An important 

difference with this column packing was that the sample was injected 

into the head space above the column packing. This did not cause the 

severe discolourationwhidh occurred When samples were injected into 

the column packing. It also increased the 'life' of the column and 

also meant that deactivation of the column each day was not so necessary. 

For example, the two chromatograms shown in Figure 2.2 were the result 

of injection of two identical aliquots of a standard solution, the 

first being injected only 40 minutes after starting up the GLC 

apparatus. 

(contd. on p.38) 
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Figure 2.1  

 

The kiss chromatoFram obtained for the first inlection  

of TMS-derivatives onto a new 3% OV-1 on Gas Chran  

(100-120 mesh) 5'  x -,,111  column  

  

    

A 5 pi aliquot, containing 25 nmoles of each of the TME-
compoundn, in BSTFA:pyridlne:VICS (2:1:1 by vol) was injected onto a 

new 3% OV-1 on Gas Chrom Q (100-120 mesh), 5' x 1" column. The 

column after packing had been 'bled in' at 260°C. The temperature 

Programme: 100°C isothermal for 5 minutes, then lirPar temperature 
programming at 4°C per minute 100-250°C was used. 

Peak identification: 1., succinate 	2. Imamate 

3. malate 	4. hexadecane 	5. 0(-glycerophosphate 
6. citrate 	7. pa-glucose 	8. a-glucose 

9. docosane 10. fructose-6-phosphate 

11. glucose-6-phosphate 
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Figure 2.2 	Comparison between successive inflections of TABS  

compounds without prior column deactivation  

Two 5 	aliquots of a sample derived from tissue (a 

recovery experiment) were injected onto a 3% OV-1 on Gas Chrom Q 

(100-120 mesh), 50  2:e' column. The GLO apparatus was started up, 

i.e. nitrogen gas flow, heating to 250°C prd flame ignition, 40 

minutes before the injection of the first sample. The temperature 

programme: 100°0 isothermal for 5 minutes, then limaar temperature 

programming at 4°C per minute 100-250°C, was used. 

Peak identification: 1. phosphate 	2. auccinate 

3. 	fumarate 	4. pnl   ate 	5. hexadecane 

6. (x-glycerophosphate 7. citrate S. hexadecane 

9. fructose-6-phosphate 10. glucose-6-phosphate 
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It is likely that injection onto the column packing caused 

stripping of the liquid phase from this part of the packing, thus 

exposing the support material and the active sites. Injection above 

the column packing resulted. in the solvent being in the vapour phase 

before it reached the column pacidng and thus reducing the stripping 

out of the liquid phase. 

8) The radioactive gas liquid chromatography apparatus  

a) The scintillation cell  

This was a modification of that described. by Popjak et al 

(1959). Replacable transparent Helinex windows formed the walls of 

the cells unlike the original model where the faces of the photo-

multiplier tubes were the walls of the cell. With other minor modifi-

cations the apparatus could. be  readily taken apart for inspection and 

then fitted together again. A fuller description of the modification 

is to be published (A.E. Lowe, persnrml communication). 

The scintillation cell was emptied and,filled. by means of an 

automatic dispenser similar to that described by Popjak et al (1959). 

An important difference was that incoming fluid was loaded from the 

top, through the nh•inney, the cell being emptied from the bottom. 

This prevented fresh scintillant from being contaminated before 

entering the cell (see Figures 2.3 and 2.4). 

The sointillation fluid consisted of 2,5 -diphenyloxazole 

(P20) 4g, 1,4»bis -(4-metby1-5-phenyloxazole) -benzene (POPOP) 0.2 g 

per litre of toluene. The scintillant (2.5 litres) was stored over 

250 g anhydrous sodium sulphate to keep it dry. 'Wet' sointillant, 

or with an alcohol added, caused loss of radioactivity as shown in 

(unkct. on p.4s 
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Figure 2.3 , The scintillation cell for radioactive gas chromatograrhv  

This apparatus was similar to that reported by Popjak et al 

(1959). The arrows parallel to the pipes ilidicate.the movement• of 

the scintillation fluid. 
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Figure 2.4 	The automatic scintillant dispenser 

This is a diagramatic representation of the apparatus. 

It was similar in principle to that described by Popjak et al (1959). 

The valves were controlled by a 6-channel Letromec programmer. 
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Figure 2.5 	The effect of lwet' scintillant on the stability of, 

TITS-G6P 

fg-1461-G6P was added to powdered frozen plasmodia. The 

plasmodia were extracted with 6C aqueous ethanol, and the extract 

purified by passage through ion-exchange resin columns (see Chapter 

5). 	After silylation 5 p1 were injected onto 3% SE-52 on Chromosorb 

(AU-DMCS, 80-100 mesh) column and temperature programmed. 

In A freshly made scintillant was added. to the cell. 

In.t3 the same batch of scintillant was stored over anhydrous 

sodium sulphate overnight. The disappearance of radioactivity seen 

in A could be also obtained by adding 2-methoxyethanol. 
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Pigure 2.5. The radioaotive derivative TITS4-141-G6P was hydrolysed 

by the 'wet' scintillant and came out of solution in the pipewark out 

of sight of the photomultiplier. A normal radioahromatogram is also 

shown for comparison. 

b) The katharometer version of the apparatus  

The outlet of the model 44 katharometer was connected to f' 
0.D. stainless steel tubing with a Swagelock fitting. A piece of 

brass, its and tapered to fit the entry to the scintillation cell, was 

silver soldered to the other end of the tubing. A cylindrical screw 

with a hexagonal head was fitted onto the tube. 

Insulated copper constantan thermocouple wire (Saxonia, 

gauge 26) joined at one end (silver soldered) was wound around the 

tubing. Woven glass sleeving was wrapped around this wire, a 

thermocouple being inserted halfway along. The total resistance of 

the heating wire was 12 ohms, the temperature being maintained at 
200°C. A brass cotton reel was fitted over the cylindrical screw. 

Copper constantan thermocouple wire was wound around the cotton reel, 

and after inserting a thermocouple, the whole was covered by woven 

glass sleeving. The resistance of the heating wire was 16 ohms. 

Again the temperature was maintained at 200°C. Adjustment of the 

temperature was crude, -Wiring different tappings off the transformer 

used, and. by varying the length and hence the resistance of the heating 

Wire • 

This apparatus is shown in ripiure 2.6. The flame ionisation 

version with stream splitting had. the same external appearance. 

(contd. on p.4-8) 
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rim's() 2.6 	The Kathgrometer version of the radioactive gas liquid  

chromatography apparatus  

This shows the layout of the apparatus used for radioactive 

gas liquid chromatography. The flame ionisation version looked 

exactly the same from this viewpoint except that the pipe leading to 

the scintillation cell came through the wall of the oven rather than 

from the detector as for the KathP7rometer version. The pneumatically 

operated scintillant dispenser was not built when this photograph 

was taken. 
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c) The flame ionisation version of the apparatus  

A stream splitter was used to prevent all the sample being 

burnt in the detection system. A split ratio of 1:1 was aimed for. 

To ensure that the split ratio was rna•ffected by other pressure effects 

a large pressure drop was put into both arms of the splitter. Stainless 

steel tubing (0.0625" O.D., 0.0160" I.D.) was used in the, building of 

the splitter. Stainless steel wire (0.0148" 0.D., 8 ems long) mars 

pushed up the two arms of the splitter from the ends to be connected 

to the splitter.. Test measurements showed a pressure drop of 44 cm 

mercury across this resistance. The ends of the splitter arms were 

threaded (10 BA). 

The stream splitting occurred in a flat hexagonal piece of 

stainless steel. Holes were dalled.perpendicularly into three alternate 

sides meeting in the centre (see Figure 2.7). This ensured minimum 

dead volume; the holes were also threaded (10 BA). The threads of 

the arms were sprayed with teflon to give a gas tight seal when screwed 

into the sides of the hexagon. The swagelock connector was severed 

from the glass to metal column connection and the bare stump of 0.0625" 

stainless steel threaded (10 BA). This was also sprayed with teflon 

before the hexagon was screwed on. All the connections were checked 

to see if they were gas tight. 

The arm to the flame ionisation detector was 8.5 cm long and  

connection vas made by fitting the swagelock connection removed from 

the gas to metal connector to the tubing. The other arm was 25 cm 

long and connection to the scintillation cell was made as described 

for the katharometer version except that a ring of teflon was compressed 

between the mating surfaces to ensure a gas and liquid tight seal. 
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The splitter was heated using the copper-constantan thermo-

couple wire. Both arms of the splitter were heated since it was 

found that the flow rate in each varied during temperature programming 

(see Table 2.1). A thermocouple was included in the arm to the 

scintillation cell, woven glass sleeving being wound round both arms 

of the splitter. The resistance of the heating wire was.16 ohms. 

The cotton reel heater as described earlier was again used. After 

the mains were stepped down to 25v, a dual rillmmel variable transformer 

(Regular-Claude Lyons) was incorporated into the oircuit to control 

the temperature. The temperature of both the heaters was maintained 

at 250°C. 

d) Testing of the Y.I.D. version of the radioactive GLC  

apparatus  

The ratio of the flow rates in the two arms of the splitter 

was shown to vary unless the splitter was heated throughout (Table 2.1). 

The ratio when both arms were heated to 250°C was 1.19:1 (mass detector: 

Scintillation* cell). This was also the ratio of splitting when 

DI-141C.1-m.thexadecane and. 14-140)-Toluene were injected and arnlysed, 

either isothermlly at 250°C or during a temperature programme. The 

condensed radioactive materials in toluene in this experiment were 

measured by withdrawing the contents of the scintillation cell manually 

with a syringe and than counting in scintillation vials in the Beckman 

Scintillation Spectrometer (L5-200). This was compared with sming the 

same amount injected onto the column into the same amount of scintillant 

present in the scintillation cell in vials and also counting in the 

Benkrum Scintillation spectrometer. 

(conEci. on p.52.) 
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Figure 2.7 	The construction of the stream splitter, 

A flat hexagonal piece of stainless steel formed the basis 

of the splitter. Holes were drilled perpendicularly into three facing 

sides of the hexagon. They were threaded (10 BA). Stainless steel 

pipe (0.0625" 0.D., 0.016" I.D.) which was also threaded (10 BA) 

formed the arms of the splitter. Stainless steel wire (0.0148" 0.D.) 

was inserted into both arms. The entering stream from the column was 

also in stainless steel pipe (0.0625" 0.D.). 

The diagram opposite is not to scale. 



Since only very smn11 amamats of sample (5 p1) were injected 

onto the column the quenching of scintillant did not vary during a 

dhromatographio run. The measured efficiency for the cell varied 

between 60%-70%. A porportian of the sointillent could not at any 

one time be seen by the photomultiplier since it was in the pipework, 

not in the cell. Although loss of toluene during a run was small 

(about 0.5 ml out of 24 ml) a coolinghead wan put on the chimney since 

the measured efficiency was sensitive to the total volume. • For 

volumes greater than 23 ml, the efficiency rises as toluene is lost 

since a lesser proportion is in the pipework (the volume in the cell 

remains constant). Below 23 ml the measured efficiency decreases as 

toluene is lost since a lesser proportion is in - the cell. The automatic 

syringe was consistently able to add 24 ml of scintillant to the cell. 

The scintillation data was analysed with a Packard Scintillation 

Spectrometer (model 3022) which produced a continuous output of counts 

per minute (i.e. as a ratemeter). The measurements' were carried out 

using a gain of 10 and a window of 50-700. Under these conditions 

the measured efficiency was 60. This meant the correction factor to 

give disintegrations per minute from counts per minute was 3.64. The 

background was about 100 counts per minute when the data from the two 

photomultipliers was used with a coincidence circuit. A lower 

background could have been obtained by encasing the cell in lead and 

fitting an anticoincidence guard counter. The lowest amount of radio-

activity to be measured with an accuracy of less than 10 standard 

deviation was about 200 cpm, i.e.", 800 dpm. In Figure 2.8 Ti S 

derivatives of 14C succinate, rumarate, malate and citrate were separated, 

the radioactivity associated with each peak being about 1200 dpm. 

This radiochromatogram shows clearly the need for good chromatographic 

(coned. on. p.56) 
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Table 2.1  

The variation of the split ratio during temperature proceed analysis  

Only the arm to the scintillation cell was heated, the 

temperature being measured with a thermocouple with the reference 

junction in melting ice (0?0). The temperature of the other arm was 

given as the temperature of the oven. measured with a thermometer. 

The temperature was allowed to stabilise in the oven for 15 minutes 

before measurement of flow rate was carried out. These measurements 

were made in triplicate with a soap bubble flow meter. 

To the P.I.D. To the scintillation 
cell Total 

, 
Split 

Temperature 
in  00 Flow rate 

mis/min 
Temperature 

in ct 
Flow rate 
mls/min 

Flow rate 
mls/min Ratio 

25 	'  25.5 •25 27.3 52.8 1.07 

25 17.1 220 34.3 51.4 2.01 

70 20.3 220 30.8 51.1 1.52 

120 21.8 220 29.6 51.4 1.36 
170 23.5 220 27.8 51.4 1.19 

200 23.5 220  27.9 51.4 1.19 
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Figure 2.8  

 

Separation of trimethylsily1 ester-trimethylsily1 ether 

derivatives of some 140-intermediates =int): the radio-

active GIG apparatus (F.I.D. version)  

  

    

The derivatives of citrate, fumarate, succinate and malate 

were prepared usingpyridine:BEDS:TMOS (10:2:1, by vol). A 3% SE-52 

on ChromosorbIi (WITBNOS, 80-100 mesh) column was used for the 

Chromatographic separation. The temperature programme 70-180°C at 

200 per minute was used. 
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separation of the compounds under study. TMS-succinate and TMS. 

fumarate are separated according to their mass trace, but the radio-

activity record is difficult to interpret to give good accuracy:. 

The longer the peak can remain in the cell without further peaks being 

eluted the better. 

9) Thin laver chromatograpbw of sugar phosphates anti their derivatives 

The materials used were Kieselgnhr G (Hach Stahl) and Uhaimmin 

C041 cellulose powder. To make five 20 x 20 cm plates (250 pm thick 

layer) 25 g of solid was taken and was shaken with 56 ml distilled 

water (sufficient to give the correct slurry consistency). For silver 

nitrate impregnated.  plates 22.5 g of Kieselguhr G (Hach Stahl) was 

taken and shaken with 50 ml distilled water cantaining 2.5 g silver 

nitrate. The slurry was spread onto clean glass plates with a Shandon 

thoplan spreader. The plates were removed from the spreader immediately 

after spreading, and were tapped to remove any lines made by marks on 

the spreader. The plates were left on a flat surface to a4. When a 

matt finish could be seen they were transferred to an oven at 120°C 

and left to activate for 90 minutes. 20 x 5 ems plates were made 

similarly. 

After spotting the plates and drying each soot with a cold 

draught, they were placed in a Shandon Chromatank containing the 

appropriate solvent. Filter paper lined the walls of the tank, and 

the solvent was added by pouring onto the filter paper at least 20 

minutes before the plates were ready. 
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Solvent systems used: 

Solvent A n.propano1:0.880 ammonium hydroxidemater 6:3:1 by vol 

Solvent B ethyl acetateliso-propanolswater 65:24:11 by vol 

Solvent C benzenesetlinnol (proportions specified each time) 

Solvent D petroleum ether (40-60°C):diethyl ether 9:1 v/v 

Spray reagents for locating materials on TLC plates: 

1. 2.5M H2SO4  - for all organic materials - the plate was heated at 

150°C for 10-20 minutes. 

2. ,Nolybdate reagent (Hanes & Isherwood, 1949).  Plates were 

developed under an ultra-violet lamp. 

3. AtimneDiphencylamine (Buohan. & Savage, 1952). Rieselguhr G 

plates were heated at 130-140°C for 15 minutes, longer if 

necessary. Cellulose plates were not heated above 100°C 

since the background became strong. 

4. Aniline Phthalate (Fernez & Stoffyn, 1959) 

TLC plates were heated at 105°C for 5 minutes. 

5. Silver nitrate (Trevelyen et al, 1950). 

Saturated silver nitrate solution (1 ml) was added to acetone 

(200 ml). Distilled water was added to just dissolve all the white 

precipitate. After spraying, the plates were heated at 45-50°C. 

They were then sprayed with 0.5•% (w/v) potassium hydroxide in methanol• 

The spots were fixed with 2.5% (w/v) sodium thiosulphate solution. 

The radioactive scprmiylpz of TIC plates  

20 x 5 cm plates were used so as to fit the track on the 

scanner (Nuclear Chicago, Actigraph II model 1025). A scanning rate 
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of 30 ams/hour was used for analysis. A rate of 100 met/hour was used 

to determine on which sensitivity range the analysis was to be carried 

out. 

10) Colorimetric Analysis  

a) The determination of phosphate  

1. Inorganic phosphate (Martin&Dotv, 1949) a minor 

modification of that of Berenblum & Chain (1938)  

The following reagents were used: 

A 5M H2SO4 
  

B 10% ammonium molybdate 

C iso-butanol:benzene 1:1 v/v  

D 10% stamoun chloride in concentrated Hell  

diluted before use with 0.5M H2SO4  

E 3.2% 	H2SO4  in ethanol. 

To 3 ml of sample (if necessary diluted with water) A (0.5 ml) was 

added followed by C (5.0 ml) and. B (0.5 ml). The tube was vigorously 

shaken and then centrifuged (1000E, 2 mins). An aliquot (1 ml) of 

the upper layer was taken and was diluted with E (4.0 m1). D (0.5 ml) 

was added and the tube shalren vigorously. The absorbance of the blue 

solution was read at 625 nm against a blank prepared similarly containing 

water (3 ml) instead of the sample. A standard curve was prepared 

using potassium dihydrogen phosphate. Each analysis was carried out 

in duplicate. 

2. Total phosphate (Fiske & Subbarow_._ 1925)  

The material for analysis was hydrolysed with 5M H2SO4 

(0.5 ml) in a digestion flask at 160°C for 3 hours. Hydrogen. peroxide 

(2 drops) was added and. heating continued for a further 90 minutes. 
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To each digest water (4.4 ml) was added followed by 5% 

azaraonimamolybdate (0.2 ml) and the Fiske-Subbarow reagent (0.2 ml). 

This reagent was prepared by adding sodium sulphite (0.1 g) and 1-smdro-

2-naphthol-4-sulphonic acid (0.1 g) to 15% sodium matabisulphite solution 

(40  ml), stirring for 30 minutes and finPily  filtering to remove fine 

particles. 

The incubation mixture was heated in a water bath (at 100°0) 

for 7 minutes. The absorbance of the blue green colour was read at 

830 2ira against a blank prepared similarly containing water instead:_of: 

the sample. A standard curve was prepared using potassium dibydrogen 

phosphate. 

b) The enzymatic determination of glucose using glucose oxides° 

Medium samples were not deproteinised before assay. Glycogen 

hydrolysates were neutralised to pH 6 with potassium hydroxide. Each 

sample was diluted where necessary to give a concentration between 

20-100 pg glucose/mi. 

The method of assay using an autoansaysez. (Tenhricon) procedure 

was that of Marks & Lloyd (1963). The protein precipitation step was 

omitted. The sample was mixed with an enzyme-dye reagent, and the 

colour produced measured at 660 nm. The enzyme-dye reagent was 

freshly prepared before use. Its composition was as follows: 

0.0511 sodium acetate buffer pH 5.0 	 800 ml 

peroxidase (20 mg in 500 ml of the above buffer) 
	

50 ml 

o-tolidene (1% solution in absolute ethanol) 
	

10 ml 

fermcozyme (glucose oxidase mixture) 
	

10 ml 

This mixture was made up to 1 litre with the buffer. 
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A series of standard glucose solutions (5, 10, 20, 40, 60, 

80, 100 pg per ml) were prepared for each analysis add run before arA  

after analysis of the unknowns. 
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GRAPIER 3., 

THE PREPARATION OF VOLATILE D 

 

PavBS OF THE COMPOUNDS TO Dr 

 

BE STUDIED BY GAS CHROMATOGRAPHY 

At the outset the volatile derivatives of the carbohydrate 

intermediates whose preparation had been previously described in the 

literature were investigated. 

A. The dimethyl estertrimethylsily1 ether derivative of sugar phosphates  

This was the first volatile derivative reported for the sugar 

phosphates (Wells et al, 1964). There has however been no further 

application of the method. The investigations reported below indicated 

that this derivative,was only suitable for the quantitative analysis of 

G6P, and even then it gave rise to minor peaks which would have 

invalidated radioactive measurements. For F6P quantitative formation 

of the derivative was not possible. Unsuccessful attempts were made 

to find a method of preparation for the derivative of GIP. 

1) The products of the methylation of fructose-6-phosphate and zlucose-

6--ohosphate with diazomethane 

The methylation with ethereal diazomethane of the free acids 

of G6P and F6P (prepared either by passirg an aqueous solution of the 

disodiam salts down a short column of AG 50(e) resin, or by shaking 

with the same resin in methanol) led to multiple products as judged by 

TLC of the reaction mixture (see Figure 3.1).  For G6P two spots were 

observed when the plate was sprayed with 2.5M sulphuric acid, whereas 

only the less mobile spot was visible when an identical plate was sprayed 
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with silver nitrate spray reagent (see Methods 2.9). This effect was 

also observed. when the, methylation products of GIP were ernlysed (see 

Section 3.4). The more mobile spot could. be  a non-reducing sugar, i.e. 

blocked in the C-1 position by a methyl group. This would be 0<- or 

A-methyl glucoside-6-d.imetly1 phosphate. 

0 
If HO — P• 

OH 

0 

 

 

 

OH 

  

and. 

Iihen [4-146]-G6P was used. to investigate this reaction radioactive TLO 

scanning of the spots indicated. that both were radioactive (see Figure  

5.42).0 
(contd. on p.65) 
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Figure 3.1 	Thin layer chromaturaPlxv of the products of methylation 

of sugar phosphate with diazomethmne  

Each sugar phosphate was converted to its free acid with. AG 50 

(e form) resin in methanol. The resulting solutions were treated 

with ethereal diazomethane. ' The reaction mixtures were spotted onto 

20 x 20 cm Kieselguhr G plates (250 pin thick layer) at two concentrations, 

one three times the other. The plates were developed twice with 

bensene:ethnnol (4:1 v/v), drying carefully in between each xun. The 

'plates were sprayed with silver nitrate spray reagent (A) and 2.5M 

sulphuric acid (B) respectively and treated as described in Methods. 

A Glucose-I-phosphate 

B 	Glucose reference 

C 	Glucose-6-phosphate 

D 	Fructose-6-phosphate 
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When the methylated G6P reaction mixture was taken  to dryness 

and then treated with pyridineshexmnethyldisilazane CUNDS):trimethyl-

ahlorosilane (MS) (10:2:1 by vol) at room temperature, GLC analysis 

using 3% SE-30 on ChromosorbIT showed two major peaks with a shoulder 

preceding them (see Figure 3.3).  When the two spots on the TIC mentioned 

above were eluted separately with methanol and then silylated, it was 

,found that the less mobile spot (the reducing spot) gave rise to the two 

major peaks and the more mobile spot (non-reducing) to the shoulder. 

For 116P the methylation reaction mixture gave rise to many 

spots on the TLC plate. This after silylation gave rise to one peak 

with a precealre shoulder when analysed by GLC (see Figure 3.4). 

However it was likely that the observed peak was a mixture of unseparated 

peaks. 

(conhsl. on p.72) 



Methylated 

n "" 1111111111111" i 1 1111111 111 111-111 111 1 
G6P on Kiese GI 	Bent 0lguhr 

_ 

Et • II 4, 

i 

. 	

- 

1.

. 

_ . 	_ - 	- — 1 . 	• i_ 

Ilk • 

i 

I 

. 

. - _ _Hp 

- 

f 1-1 - 

11 1 
1  1 
, 

1 I 

. 

_ 

_ 

. _ 

.... 

- 	- 

lid 

Ilk 

t 

1 	i  
i 

11 

1  

lc t 

I 

Ittlii 

. . 

( 

. 	... 

, 

_ 

- 

1 

I 

I 

, 

.1 

_ 
1 

i 

lit! 

- - - - -41-1-  
i 	I 

- 	-'i- 



- 67  - 

Piure 3.2  

 

Radioactive scanning of the TIC plate on which the  

separation of the produots of the methvlatian of G6P  

with diazomethane had been carried out  

  

    

[U-140]-G6P was converted to the free acid. with AG 50(e) resin in 

methanol. The resulting solution was treated with ethereal 

8ip7omethane. The reaction mixture was spotted onto a 20 x 5 cm glass 

plate coated (250 pm thick layer) with Xieselgtihr G. The plate was 

developed with benzene:ethanol (7:3 v/v). It was scanned for radio-

activity at 12"/hour. After scsrming it was sprayed with aniline 

diphenylamine reagent (Methods) to locate the spots. The plate after 

location was compared with the radioactivity scan as shown opposite. 



1 1 1 I I 

Temperature: 200° 

G6Pdimethyl ester TMS-ether 
Column packing: 3•/ SE-30 on Chr• sorb W 

25 	20 	15 	10 	5 

4------ minutes 
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Figure 3.3  Gas chromMximamhy of the products of the treatment  

of G6P with diazomethane. and their easement  

silylation  

 

Disodium G6P was shaken inmethnnol with AG 50(S' form) 

resin to form the free acid. This solution was treated with ethereal 

diazomethmie until there was a permanent yellow colour. The solution 

was evaporated to dryness under reduced pressure and then treated with 

pyridine:BEDS:TUGS (10:2:1 by val), 0.1 ml 5 pl aliquots were analysed 

using a 3% SE-30 on 0hramosorb W (AW-DMUS, 80-100 mesh) column at 200°G. 
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Figure 3.4  ' Gas chromatography of the products of the,treatment of 

F6P with diazomethane and their subsequent silylation  

Disodium F6P was treated. in a similar fashion to G6P (Figure 3.3). 

An aliquot was injected onto a 3% SE-30 on Chromosorb W (AW-DMCS, 

80-100 mesh) column, 51  x 	at 200°C. 
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2) The Quantitative Analysis of G6P and F6P by GLO  

Since the formation of the derivative for GLO was a two stage 

process, the reproducibility of both stages was investigated. Four 

separate solid samples of G6P add F6P were taken and methylated and 

slaylated individunTlye The response per pg of G6P and F6P injected 

onto the GIC column was determined for each sample (see Table 3.1). 

G6P gave a reproducible response whereas F6P varied from sample to 

sample, and in each sample with respect to time. 

In the next experiment the four samples were combined and 

methylated together. The methylation mixture was divided into four 

equal parts, and each silylated. The response per pg was determined 

.(see Table 	Again G6P gave a reproducible response. F6P, whilst 

still varying with time, was reproducible between different samples 

at each time point. A similar experiment was carried out starting with 

aqueous solutions of G6P and F6P, methylating the combined solutions 

and dividing again prior to silylation. The results are given in Table 

Once again G6P gave a reproducible response, whereas that for 

F6P was more variable. 

Thus G6P could be analysed as its dlmethylester-trimethylsilyl-

ether derivative by GLO starting with a pure aqueous solution and 

quantitative data be obtained. F6P was not converted to its derivative 

reproducibly. 

(contd. on p.76) 
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Table 3.1, 

The reproducibility of formation of derivatives 

of G6P and F6P - (separate samples)  

Each sugar phosphate sample was converted to its free acid 

in methanol and treated with ethereal diazomethane. It was taken 

to dryness and reacted with lividine:BEDSOINGS (10:2:1 by vol). 

Chromatography was carried out on 5;6 SE-30 on ChromosombIf 

(AW-IOCS, 80.400 mesh) at 2000C, inject-Ire  5 p1 aliquots. Samples 
were silylate& 45 minutes before the first chromatographic run.. For 

F6P the final analysis was carried out the followihg day. Areas of 

peaks were determined by cutting out and weighing them. 

Sample Peak area/jag G6P 
injected S ample Peak areabgF6P 

injected 

1 1.55, 1.68 1 1.43, 1.72, 1.92 

2 1.53, 1.47 2 0.31, 0.36, 0.46 

3 1.62, 1.53 3 1.67, 1.77, 1.78 

4 1.59, 1.57 4 0.90, 0.95, 1.16 
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Table 3.2  

The reproducibility of the silylatica step in the formation 

of derivatives for G6P and F6P 

G6P and F6P were methylated with ethereal diamomethane and 

then divided into 4 samples, each of which was separately silylated. 

Chromatography was carried out on 3% SE-30 on ChromosombIl (AVIDNMS, 

80-100 mesh) at 20000, injecting 5 ILI aliquots. Samples were 

silylated 45 minutes before the first chromatographic rim. - For F6P 

the finAl  analysis was carried out the following day. Areas of 

peaks were determined by cutting out and weiaing them. , 

Sample Peak area/yg G6P 
injected Sample Peak area/pg F6P 

injected 

1 1.84, 1.90, 1.80 1 1.16, 1.41, 1.55 

2 1.88, 1.88 2 1.27, 1.61, 1.61 

3 1.88, 1.83 3 1.30, 1.41, 1.57 

4 1.85, 1.87 4 1.39, 1.39, 1.66 
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Table 3.3 

The reproducibility of derivative formation of aqueous  

solutions of G6P and F6P  

4 equal samples were taken of aqueous samples of F6P and 
G6P. Each was taken to dryness under vacuum. The free acids were 

dissolved in methanol and reacted with ethereal diazomethnne. The 

reaction mixtures were taken to dryness and each treated with pyridine: 

EIOS:TDIGS (10:2:1 by vol). 

Chromatography was carried out on 3% SE-30 on Chromosorb W 
(IN-3140S, 80-100 mesh) at 200°C, injecting 5 p3. aliquots. Samples 

were silylated 48 hours before chromatography. For F6P the final 

analysis was carried out the following day. Areas of peaks were 

determined by cutting out and weighing them. 

S 	le amp Peak area/pg G6P 
injected S ample Peak area/pg F6P 

injected 

1 1.20,.1.29, 1.23 1 0.78, 0.70, 0.82 

2 1.19, 1.20 2 0.48, 0.54, 0.66 

3 1.17, 1.20 3 0.65, 0.65, 0.75 
4 1.16, 1.16, 1.12, 4 0.97, 0.95, 1.06 

1.19 
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3) Investigations on the products of the reaction between glucose-1- 

Phosnhcric acid and ethsreal diazamethane, and their stibseqprnit 

.siIylation  

When GIP was treated as described by Wells et al (1964) 

for the preparation of the dimethyl ester-trimethylsilyl ether 

derivative of other sugar phosphates, GIG analysis of the product -

indicated EIS-0-D-glucose as the major peak. This was to be expected 

since concentration of an aqueous solution of the free acid of GIP 

mould cause it to catalyse its own hydrolysis to glucose and phosphoric 

acid. 

It was evident from the work of Wells et al (1964) that the 

free acids of sugar phosphates were soluble in alcohols. It was 

hoped that the rate of hydrolysis of GIP would be reduced in these 

solvents. The most effective way of preparing the free acid was to 

shake the disodium salt in the alcohol used with AG 50 resin in- the 

hydrogen form. Tests were carried out with disodium salt of 

[U-140.1-G1P which showed that all the GIP was dissolved by this, 

treatment in methanol QE1 the disodium salt was precipitated frOm an 

aqueous solution by methanol at a percentage composition of 5%). 

The stability of the free acid so prepared, in methanol at 

0°C was investigated. Aliquots were removed from a mehi-mnol solution 

after periods up to 60 minutes. The aliquots were neutralised with 

ammonium hydroxide, and: TLC analysis on cellulose (Solvent A - See 

Methods) carried out. No free glucose could be detected, or free 

inorganic phosphate could be seen when the plates were sprayed with 

aniline-diphsnylamine reagent (for sugars), or the molybdate reagent 

(for phosphate), there being a single spot of glucose-l-phosphate. 
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Glucose oxidase assay of the 60 minute sample Showed a glucose content 

of 1% of the theoretical amount that could be released on complete 

hydrolysis, Spectrophotometric assay for inorganic phosphate ilidicated 

a small amount of hydrolysis (5% after 60 minutes, see Fide 3.5). 

Since dissolving GIP in methanol and transference of the solution to 

another tube took only two minutes When carrying out a-methylation, 

the extent of hydrolysis before addition of'ethereal diazomethane was 

very ama_ll.  

Addition of ethereal diazomethmle to the methnnolic solution 

of GIP produced a vigorous reaction, and'TIO analysis on cellulose 

(solvent A, see Methods) showed that no GIP salt remained. However, 

When the reaction mixture was subsequently silylated, GLC analysis 

again showed TMS-, 0c-D-glucose to be present as well as other compounds 

of shorter retention times (see Figure 3.6). 

4) The estimation of the glucose content of the products of reaction 

between GIP and diazomethane 

The amount of glucose present in the methylation reaction 

mixture was assayed spectrophotometrically using glucose oxidase, and 

also by GLC analysis after silylation. The results of these assays 

for eight separate samples are shown in Table 3.4. The large 

difference between these assays, 646 for glucose oxidase and 3O for 

CIO, was consistent. The GLC data was confirmed in a separate 

experiment (Table 3.5). Sample 1 in this set of data gave rise to a 

GIO chromatogram quite rrlike the other samples. A peak of much greater 

retention time was observed (see Figure 3.7). The percentage glucose 

content of this sample vas low (11,) compared with all other samples. 

This result could be repeated by adding excess ammonia after the addition 

(combd . on. P. 32.) 



4 

minutes 
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Figure 3.5 	Hydrolysis of glucose-1-phosphoric acid to inorganic  

phosphate 

A solution of Glucose-1-phosphoric acid in methanol was 

prepared by - elcing the disodium salt with AG 50 (Hi' form) resin in 

methanol. The concentration. was 10 mg MP per ml. 1 ml aliquots 

were removed at the times indicated and were immediately neutralised 

with 0.880 ammonium hydroxide. This solution was tested for inorganic 

phosphate by the method of Martin & Doty (1949).  A further 1 ml 

portion was analysed for total phosphate (Fiske & Subba Row, 1925). 

This value obtained was made 100% and the values for the other 

aliquots related to it. 



G1P methylated and silylated 
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Figure 5.6 	Gas chromatography of the products of the treatment of  

G11,  with diazamethane and silylatian reagents 

The disodium salt of ot-GIP was shaken in methanol with 

AG 50 (E) resin to form a mathanolic solution of the free acid. 

Ethereal diazomethane was added until a permanent yellow colour remn3n.d. 

The solution was taken to dryness and reacted with pyridine:ENDS:TMOS 

(10:2:1 by vol). 5 Al aliquots were injected onto a 3% SE-30 on 
Chromosoxb II (AW-DMCS, 80-100 mesh) column at 180°C. 

* 	This peak corresponds to MIS -0C-D-glucose 
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of ethereal diazometilared However the large number of peaks in the 

chromatogram prohibited the use of this method for quantitative 

analysis. 

TLC results indicated that both the estimations of the 

percentage glucose content of the G1P methylation reaction mixtures 

were high. Chromatography was carried out on Kieselguhr G (nnilb  

Stahl) (solvent: benzene:ethanol 4:1 v/v). When silver nitrate 

spray reagent was used a spot of BF  the same as glucose was the major 

spot. However when an identical plate was sprayed with 2.51rI sulphuric 

acid and then 01P7rred, the spot corresponding to glucose was minor 

compared to a spot of greater B (see Figure 3.1).  This spot had the 

same BF  as a-methylglucoside. Using CU-140]-labelled GIP, radioactive-

TLC scanning of a similar plate (20 cms x 5 ams) Showed that the major 

radioactivity was associated with the major spot (Rii, similar to 

04 -matioglaucoside) and little or no radioactivity with glucose (see 

Figure 3.8). 

Kuhn and Baer (1953) reported that glucose could react with 

diazomethane in a methanol:water mixture (9:1) to give predom3nsntl4y 

u-methylglucoside. 

CH
3 

Thus if glucose were released during methylation, formation of ot-methyl-

glucoside would be possible. Further methylation of the sugar ring 

could also occur. This would account for the spots of greater Br  than 

0‹-metby1glucoside which were observed. 
(COnk.ct 	p.88) 
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Table 3.4  

Glucose content in reaction mixture after methylation of 

GIP by diazamethane (8 separate samples 

10 mg GIP disodium salt was reacted in methanol with AG 50 

resin (e form): The resulting solution was reacted with excess 

ethereal diazomethmle. A 1 ml aliquot was diluted to 10 ml with water, 

and analysed for glucose content by the glucose oxidase procedure. 

Another 1m1 aliquot was taken to dryness and silylated with 1 ml 

pyridine:ENDS:TMCS (10:2:1 by vol). The glucose content was determined 

by gas chromatographic analysis on 5% SE-30 on Chromosorb W (All-DMCS, 

80-100 mesh) at 180°C. The results of both analyses were related to 

the glucose that theoretically was present asG1P initially. 

% glucose formed Sample No. Glucose oxidase. CIO 

1 4:1.1 21.9 

2 62.7 33.4 
3 59.6 31.5 
4 65.8 34.o 
5 60.4 33.2 
6 48.2 30.4 
7 57.8 32.9 

8 51.1 33.1 

Table 3.5  
Glucose content after methylation of GIP by diazomethane  

(4 separate samples)  

Sample No. % glucose formed, 
by GLO  

1 11.1 

2 28.8 

3 31.4 
4 32.4 



* 
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Figure 3.7  

 

An unuenal chromatogram obtained for the products of the  

methylation of G'IP with diazomethane and their subsequent 

siltation  

  

    

This sample was prepared identically from GIP as all the 

others mentioned in tables 3.4  and. 3/2i It was unusual in that the 

glucose peak was smn11 and that the large peak was unique to this 

sample. 
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Figure 3.8  Radioactive scarring of the TLC plate on which the  

separation of the products of the methylation of GIP  

with diazomethane had. been carried out.  

  

    

[u-14C)-G1P was converted to the free acid in methanol with 

AG 50(11+) resin. The resulting solution was reacted with diazomethane. 

The reaction mixture was spotted onto a 20 x 5 cm glass plate coated 

(250 pm thick layer) with Eleselguhr G. The plate was developed with 

benzenn:ethanol (3:2 v/v). It was scanned for radioactivity at 

12"thour. After scanning it was sprayed with sriline-diphenylamine 

reagent to locate the spots. The plate was lined up with the radio-

activity scan as shown opposite. 
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5) The form in which phosphate occurs after methylation of G1P with, 

diazomethane  

Since methylation of glucose-I-phosphoric acid in methnrol 

led to the formation of either glucose or %-methylglucoside it was 

of interest to find out in what form the phosphate was in the reaction 

mixture. 

The likely product of this reaction would be trimethyl 

phosphate. If phosphate were released extra diazomeihnre would be 

used to convert it to trimethyl phosphate. Indeed when higher 

alcohols such as isopropanol or sec-butanol were used in place of methanol, 

smaller amounts of ethereal diazamethnre were necessary to give a 

permanent yellow colour than reaction with the same amount of GIP 

in Methanol. The gas chromatographic analysis of the silylated 

products of the methylation gave chromatograms similar to that in 

Figure 3.7.  However, TLC of the methylation products of GIP from 

different alcohols indicated no differences from the results Obtained 

by using methanol as solvent. 

Naas spectral nrnlysis was used to look for the presence of 

phosphate in the reaction mixture uningmethnrol as solvent. Firstly 

potassium dihydrogen phosphate was treated with AG 50 resin (Ht form) 

in methanol to form the free acid. The resulting methanol solution 

was exhaustively treated with freshly prepared ethereal diazomethane, 

and then evaporated down to about 0.5 ml at 30°C under a mild vacuum. 

This solution was analysed by courtesy of Dr. Weight in the Department 

of Chemistry, Imperial College, using an MS-9 mass spectrometer. The 

mass spectra Obtained is shown in Figure 3.9 along with data from the 

work of Bafu$ et al (1966). 
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MI.!, reaction mixture of GIP in methanol with diazomethaue 

was purified. by TLC on cellulose using Solvent B (see Methods). The 

top three cm of the plate were scraped off and eluted. with methanol. 

' The plate was not dried. using heat to prevent loss of trimetbyl 

phosphate. The ^methanol extract was carefully concentrated at 1000 

under -vacuum. This concentrate was analysed using the 2•-9 mass 

spectrometer (see Figure 3.9). 

The data obtained. was not conclusive. Dr. Haight is of the 

opinion that trimethyl phosphate is present in the TLC extract. 

Certainly all the peaks measured. for the methylated. phosphoric acid. 

are present in the mass spectra of the TLC extract; however maw 

others are also present. More importantly the ratio between peak 

height for the peaks at m/e ratios of 27, 30, 32, 45, 47, 65, 79, 80, 

127 and 140, see Table 3.6,  showed. no correlation. 
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yiaure_ 3.9  Mass spectral data used to demonstrate the presence of 

trimetlkyl phosphate in the reaction mixture of GIP aria.  

diazomethane.  

   

The mass spectra opposite were obtained using the 112-9 mass 

spectrometer. Orthophosphoric acid was reacted exhaustively with 

diazomethane. The reaction mixture was concentrated under reduced 

pressure. The TLC extract was a methanol extraction of the top 

three ems of TLC plate (cellulose) on which a preparative separation 

of the products of the reaction between GIP and diazomethane had been 

carried out (solvent B, see Methods). No spray reagent was used 

before removal of this fraction. The methanol extract was concentrated 

carefully under reduced pressure. The literature values for the mass 

spectrum of trimethyl phosphate were those reportedly Bafus et al 

(1966). 
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Table 3.6  

Comparison of the Heights of Mass Spectral Lines in Mass Spectra 

reported in Figure 3.9  

The lines, corresponding to mie ratios of 27, 30, 32, 45, 47, 

65, 79, 80, 127 and 140 were compared one against another in the mass 

spectra for trimethyl phosphate (prepared by methylating phosphoric 

acid) and the TIC extract (see Figure 	Each value in the table 

is the ratio of the heights of line We ratio in the row across the 

table to the heights of the mie ratio in the column down the table. 

For each pair of data, the higher one is for the methylated phosphoric 

acid and the lower one for the TLC extract. 

Inie values 27 30 32 45 47 65 79 80 127 140 

27 - 
- 

2.92 
1.08 

1.69 
3.50 

1.00 
1.33 

1.38 
2.58 

2.31 
0.75 

3.92 
5.33 

2.31 
3.75 

0.92 
0.67 

1.92 
1.75 

30 - 
--  
- 

A 

0.58 

3.23 

A 

0.34 

1.23 
0.47 

2.38 
0.79 

0.69 
1.34 
4.92 

0.79 
3.46 

0.32 
0.62 

0.66 
1.62 

32
.  - 

- 
- 
- 

- 
- 

0.59 
0.38 

0.84 
0.74 

1.36 
0.22 

2.32 
1.50 

1.36 
1.07 

0.55 
0.19 

1.24 
0.50 

45 
- 
_ 

- 
- 

- 
- 

- 
- 

1.38 
1.94 

2.31 
0.44 

3.92 
4.00 

2.31 
2.81 

0.92 
0.50 

1.92 
1.31 

47 - 
•.• 

0. 

MP 

••• 

MI 

M. 

1011 - 
1.67 
3.44 

2.83 
2.06 

1.67 
1.49 

0.67 
0.26 

1.39 
0.68 

65 
- 
MD 

00 

OM 

011, 

OW 

.. 

OM 

WO 

- 

SO 

, 

- 

- 

1.70 
7.11 

1.00 
5.00 

0.40 
0.89 

0.83 
2.33 

79 
.0 

- 
On 

- 
=11 

NM 

OW 

.. 

.M. 

0. 

ow 

.0 

." 

'M  

0.59 
0.70 

0.24 
0.13 

0.49 
0.33 

80 
.. 
- 

- 
- 

- - OM 00 .. 

, 

''' 0.40 
0.18 

0.83 
0.47 

, 

127 
- 
OM 

---- 

- 
NM 

• - 
••• 

.r- 
.0 0110 
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- 
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33. The trimethylsilylester, trimethylsily1 ether derivatives of  

sugar phosphates  

Preparation of the derivatives  ... 

Although the derivatives of G6P and P62 could be prepared 

by the method of Hashizume and. Sasaki (1966), a more satisfactory 

procedure was looked for that did not include heating under'reflux. 

A more powerful silylating reagent than the Htfl)S/TI.TCS system was 

described by :M.04:(1964)$  bis-(trimethylsily1)-acetamide (BSA). 

This compound reacted with'-OH groups thus:-
.CH.. 

CH3  si .CH3  •  —CH3  

+ ROH 	CH3  C 	CH3  

	

9H3 
 C 	CH 

3, 
Si — CH 3 	 °FLO 
CH3 	RO — Si — CH

3 

CH
3 

R = alkyl , aryl , aikanoyl , phosphate 

0 

	

R 1  OH 	R. OH 	RC 	HO 	P 	OH 

OH 	OH 

It had the advantage that there was no precipitation during 

saylation as occurred with BUDS/TKOS/pyridine silylationa. 

cH3f  
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H 

(CHO Si—N—Si(CH7) 
3 	 3 

+ 3 HO—R-4 3 (0B0 at — OR 
3 

+ HH401 

The free acids of GET, F6P, FDP and. G1P were prepared from 

their sodium salts by passage in aqueous solution through an AG 50 

(R:+  form) column (12 x 0.5 cm). The eluates were lyophilised at 

30°C. The dry material was reacted with 0.5 ml BSA (maintaining 

anhydrous conditions) at room temperature. Aliquots were analysed 

using 3% SE-52 on Chromosorbli (AW-DMDS treated) column pankirg at 

200°C. A single_peak was observed for F6P, and double peaks for 

G6P and FDP. GIP gave rise to several peaks, not surprisingly since 

it presumably decomposed during lyophilisatian. To prevent this the 

ammonium salt of G1P was formed by allowing the free acid being eluted, 

from the column to drip into cold dilute ammonium hydroxide. This 

was taken to dryness and reacted with. BSA (0.5 ml). This time a 

single peak of similar retention time to that for F6P was obtained. 

The derivatives for G6P, F6P and FDP were co-chromatographed with this 

sample (see Figure 3.10). The same peaks could be obtained by 

converting the sugar phosphates to their triethylammonium salts a"d  

then reacting with BSA:acetonitrile (3:2 v/v). The retention times 

relative to TMS-F6P are given in Table 3.7. The lability of the TMS-

GIP compound was shown by the addition of TMCS to the reaction. mixture. 

TMCS reacts with -OH groups to give R01. As a result the peak almost 

completely disappeared (see Figure 3.11a1p). 
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Attempts were made to obtain mass spectra for each of the 

peaks given in Figure 3.10,  but this was not possible since a Bybage 

molecular separator was needed so that the heavy molecules OTT 792 for 

TMS-G6P) could enter the spectrometer. Such a separator is under 

patent and can only be obtained with an LEB 9000 GIO-mass spectrometer. 

Using this machine Sherman et al (1969) have obtained mass spectra for 

TMS-G6P and TMS-inositol-1 -phosphate. 

Derivatives of some other sugar phosphates were prepared 

with BSA and each gave single peaks when dhromatographed on SE-52 or 

U7-17. Their retention times relative to TMS-P6P are recorded in Table 

(COnEcl On 13.102 



Separation of TMS derivatives of G1P,F6P,G6Pand FDP 
Column packing 37. SE-52 on Chromosorb W 

Temperature. 200° 

F6P 

I 

GIP 

i 1 
	

1 
	

i 
	

1 
40 	30 	20 15 10 5 0 

<----minutes 
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Figure 3.10  The chromatographic separation of the trimethvIsily1  

eater-trimethylsilvl ether derivatives of GIP, Apj  

G6P and. FDP.  

   

Rath compound was reacted separately with BSA. 1 pl of 

each was drawn up in the same syringe and injected onto a 51  3:in 00 

glass column containing 5% SE-52 on Chromosorb W (AZT-DEDS, 80-100 mesh) 

at 20000 and with a nitrogen flow rate of 60 ml/minute. 
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Table 3.7  

The relative retention times of TMS ester . 

OE ethern,•.ar phosphate derivatives using 3% SE-52 on 

Chromosorb W  

Each compound was converted to its triet4ylammanium salt and 

reacted with BSAsacetonitrile (3:2 v/v). 5 p1 aliquots were analysed 
on 3% SE-52 on Chromosorb W (AW-DMOS, 80-100 mesh) in a 51  2: 
column, the flow of the nitrogen carrier gas being 60 ml/min. 

Compound 2000C * 2200C 	* 

GIP 0.92 0.90 

F6P 1.00 1.00 

G6P 1.61, 1.74 1.58, 1.63 
FDP 4.49, 5.16 4.25 

* relative to TMS-F6P, flow rate of nitrogen carrier gas 

60 ml/min. 

TMS-F6P 200
o 

 . 7.62 minutes 

TMS-F6P 17220 C = 3.15 minutes 
-T 



TMS-G1P prepared from 

the free acid. 

TMS-G1P after the 

addition of TMCS 

C 

I 	I 	I • 	I 
8 6 4 
<-- 

TMS-G1P prepared from 

the ammonium salt 

2 0 

1 	I 	1 	i 
8 6 4 
0._--- minutes 

2 0 

I 	I 	ii 	i 
10 8 6 4 2 0 

<----minutes 
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Figure 3.11 	The stability of the trimethylsilvl eater -  

trimethylsilyl ether derivative of GIP  

Figure .11a The free acid of GIP was formed by passage of the 

disodium salt through an AG 50 (e) resin column. It 

was lyophilised and reacted with:BRA:acetonitrile 

(3:2 viv). 

Figure 3.11b 	Similar to Figure 3.11a except that the free acid was 

immediately converted to the ammonium salt before lyophilise,-

tion. 

Figure 3.11c 	TMCS was added to the reaction mixture giving the 

chromatogram in. Figure 3.11b. In aliquot was immediately 

injected. 

The column. packing used. in each case was 3910 SE-52 on Chromosorb W 

(ATJ_Di1CS, 80-100 mesh). The column temperature was 200°C. 
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Table 3.8, 

The relative retention time of some TMS-sugar 

rhosnhates on 3% SE-32 and 396 0V-17  

Each compound was converted to its triethyleamonium salt 

and reacted with BSAsacetonitrile (3:2 v/v). 5 p1 aliquots were 

analysed an 3% SE-52 or 3% OV=17 on ChromoSorbli (AW-DMCS, 80-100 

mesh) in a 5/ xi" column. Flow rate of nitrogen carrier gas, 

60 ml/min. Temperature of the analysis, 210°C. 

Compound 3% SE-52 * . 396 OV-17 + 

F6P 1.00 1.00 

G62 1.66 1.84 
EDP 4.25, 4.87 5.41, 6.14 

6PG 
••• 	OM 	••• , 	1.80 

Bibulome 5P 0.60 0.76 

Ribose 5P 0.59 0.70 

2, 3 Diphospho-
g4reerate 

oC-Glucose 

0.83 

0.26 

1.34 

0.23 

* relative to TMS-F6P on SE-52 at 210°C R2 	5.15 minutes 

+ relative to TMS-F6P on OV-17 at 210°C ET  . 4.36 minutes 
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2) The quantitative analysis of sugar nhosthate derivatives  

It was noticed immediately that it was essential to de-activate 

all materials with which these derivatives came into contact. In 

particular the GLC column needed de-activation every day. A dozen 

5 pl samples of BSA prevented a very marked depression of the peak 

area when first starting a series of injections. Careful drying of 

the molecular sieve used to dry the carrier gas, caused an increase 

in the response to very small samples. As a result the molecular 

sieve was re-activated each time when a fresh cylinder of nitrogen 

was necessary. Of the many column paokings tried, only those with 

liquid phases with no active groups such as hydrocarbons and 

silicones could be ueed. In addition the support really had to be 

inert, Chromosorb W (AW-DMCS) or Gas Chrai Q, being suitable. The 

silicones were the most suitable liquid phases because of their low 

volatility at the temperatures needed to elute these derivatives. 

Methyl silicone (SE-30) was used in earliest experiments, but was 

rapidly superseded by methylphenyl silicone (SE-52 and 017-17). 

The triethylammaaium salts of the sugar phosphates, G1P, G6P, 

andFDP dissolved immediately in BSA, an advantage when these 

derivatives were to be silylated in a tissue extract. Auxiliary 

solvents such as acetonitrile, dimethylformamide and pyridine could be 

used with BSA, again useful for dealing with tissue extracts if unwanted 

contamirmits were present. 

The reaction of the triethYlammonium salts of G6P, F61,  and. FDP 

with BSA:acetonitrile (3:2 v/v) was reproducible (see Table 3.9). In 

this experiment the samples were stored overnight at 4°C. To see if 
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temperature affected the reaction six aliquots of a mixture of G6P, 

F6P and FDP were silylated with Basacetonitrile (3:2 v/v). Three 

samples were stored overnight at 4°C 'and three at room temperature 

(20-25°0). The following day gas chromatographic analysis on each 

was carried out. No differences could be seen for G6P and F6P, but 

FDP was not silylated at room temperature (see Table 3.10). Addition 

of more BSA did give rise to small peaks for FDP, so it would appear 

that a large excess of BSA was needed for IMP, some losses of BSA 

having occurred in the warm. 

The recovery of trimethylsilyl derivatives from the chromatographic  

column 

Since adsorption by the column had shown itself to be a 

problem in obtaining reproducible results when the column was first 

used each day, a check was made to ensure that all the derivative was 

elated under optimum conditions. Jansen and Baglan (1968) had. 

reported poor recoveries of some TMS sugar derivatives from silicone 

columns. 

This was tested using the Katharometer unit as mass detector 

so that the whole peak could be collected without decomposition. 

Early results with TMS-[U. 140]-(Aucose, trapping the peak with the 

scintillation cell,' indicated no losses during chromatography. 

Similrers results were obtained by merely bubbling the column effluent 

throught 10 ml toluene sointillant in a vial. The recoveries for 

TMS-[17-146,]-glucose, 7MS407-146-fructose and TM-41,5-14C21-citric 

acid are summarised in Table 3.11. As can be seen the adsorption 

was low, the figure of 8024 for TMS-[1-1401-fructose was due to its 

not being purified before use, 

(contd. on p.106) 
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Table 3.9  

Reproducibility of oeak heights of TS-sugar 

'phosphates in a mixture (separate samples)  

A mixture of G6P, F6P and. FDP was dissolved in water and 

divided into three. Each sample was converted to the triethylammonium 

salts (as desoribed earlier) and reacted with BSAsacetonitrile 

(3:2 v/v) overnight at 4°C. 

Chromatography was carried out lining 3% 5E-52 on Chromosorb W 

(AW-DMCS, 80-100 mesh) at 200°0. 

P-terphenyl was used to correct for errors in injection and 

for adsorption, by the column. 

Sample6P Peak ht. Peak ht. 
F6P 

Peak ht. 
FDP 

Peak ht 
added. 

zterphenyl 

1 21.5 9.7 ' 2.8 13.3 

2 , 	21.7 10.1 	. 2.9 13.7 

3 21.5 9.4 3.0 13.6 



Table 3.10  

Effect of temperature on the silylation process  

A mixture of G6P, F6P and FRP was made up in solution and divided into six equal parts. Each was converted 

to the tzeiethylnnimmium salts, lyophilised and reacted with 0.5 ml MSA:acetonitrile (5:2 v/v). Three were stored at 

4°C and three at room temperature overnight. Chromatography was carried out the following day at 200°C on 5,,‘ SE-52 

on Chromosorb W (AW-DICS, 80-100 mesh). As for Table 3.9 peak heights were used to estimate the amount of each peak. 

Sample 
400 room temp. 

G6P F6P , 

406 room temp. 4°C 4 

FDP 

room temp. 

1 
2 
3 

Wean 
+ S.E.M. 

15.9, 16.1 
15.8, 15.7 
16.8, 16.4 

15.1, 16.2 
17.7, 16.1 
16.2, 16.1 

4.6, 5.1 

4.7, 5.2 
5.6, 5.8 

4.7, 5.5 
5.9, 5.5 
5.2, 5.6 

' 
7.6, 7.5 
7.3, 7.4 
7.5, 7.2 

WM el. OM 

••••• 	011b 	1.1,  

one 	OM 	••• 

ay.16.1 ± 0.1 (6)-  16.2 ± 0.3 (6) 5.1 ± 0.2 (6) 5.4 ± 0.2 (6) 7.4 ± 0.1 (6) 

S.E.H. = standard. error of mean 
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The sugar phosphate derivatives were tested using the flame 

ionisation detector with splitter (1:1) (for fuller description see 

Methods). Data is presented for TMS-[5-140-G6P and TMS-b-14t1-F6P 

in Table 3.12. TMS-N-144-PDP did. not give a rise of activity which 

coincided with the peak., attributed to it; instead activity was eluted 

continuously from the point of injection.. GlP was not investigated 

since the reagent used, conta4Tling triMethylchlorosilane, would have 

decomposed it. 

C. The trimethylsilyl derivatives of Krebs mole intermediates  

'gains the method of Horii et.al,(1965) derivatiVes were 

successfully prepared for lactate, pyruvate, succinate, fumarate, 

malate, oxaloacetate, c4-ketoglutarate, isocitrate, and citrate. 

Their method involved first converting the 0(-keto groups; to oTire,s 

with hydroxyl: mine. 

-r NH2OH 

pyridine 
C .1111•11Y 

  

 

NOH. 

This prevented side reactions ocourrin4k such as have been reported 

for the attempted methyiations of pyruvate and pt-ketoglutarate 

(Enksis & Prioreschi, 1967). Derivatives for lactate, succinate, 

gnmarate, malate$  isocitrate and citrate were prepared using BSAOMCS: 

pyridine (2:1:1 by vol). The Ce-keto,acids.could not be converted to 

a volatile form with this reagent. The method used-by Bora et al (1965) 

would not be suitable for tissue analyses of keto-acids because it 

would be necessary to have a large amount of silyla.tion reagent for 

the excess hydroxylamine. A better idea would. be *to use methoxylamine 

(COrtEd. on p. r 09) 
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Table 3.11  

The -percentage recovery of 14C-labelled TMS-derivatives  

after chromatoTralohlt  

The figures for the Popjak cell were obtained by two 

procedures. 5 pl of material under teat was injected down the column, 

condensed and counted by the scintillation equipment connected to the 

CIC apparatud. This was compared with the value obtained by injecting 

5 pl directly into the scintillation cell. The radioactive scintilla-

tion fluids were also counted in vials in the Beckman Scintil3ntion 

Spectrometer and the reunite compared. The figures for cold toluene 

were obtained by collecting the eluted vapours in 10 ml toluene cooled 

in ice so that there was minimal loss of toluene. 

The figures for hot toluene were obtsoired by collecting the 

eluted vapours in'10 ml toluene not kept cool, up to 70% of the toluene 

being lost by evaporation. Toluene was added to the vial to make the 

volume up to 10 ml before counting. 

Compound Popjak cell Cold toluene Hot toluene 

TMi-(0-1401glucese 97.0 ± 3.0 (3) - - - - - - .»- 

TMS 411-140] -fructose 80.0 ± 1.1 (6) 73.1 -I 2.5 (5) 79.6 ± 2.1 (4) 

ms-[1,5-14021-citric 
.c. 	acid.  '90.3 ± 2.0 (3) 78.4 ± 1.9 (4)  74.0 i 6.7 (4) 

Means ± standard error of mean 
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Table 3.12  

.The percentage recover/ of TMS-14C-labelled compounds  

from the chromatographic column  

Each of the compounds below (1)mmole, 1 11.01) was passed 

through an AG 50 (H+) resin column (12 x 0.5 am) and treated with 

triethylamine. The samples were lyophilised and treated with 

BSZEA:pyridine:TMCS (2:1:1 by vol), 0.1 ml. AliqUots (5)11, 50 mmoles) 

of each were injected onto a 5'  x 	gldss:2dalumm_doritainiaig 	SE-52 

on Chromosorbif (NW-DMCS, 80-100 mesh). The column was previously 

deactivated thoroughly by repeated injection of the silylation reagent. 

The column effluent was divided into two parts with a stainless steel 

splitter. One part went to the flame ionisation. detector, ana the 

other was passed to the scintillation cell.- The correction factor to 

the radioactivity measured in the cell for splitting and counting 

efficiency was determined with [1U-1401-toluene and found to be 3.64, 

The radioactivity which was eluted during the simultaneous appearance 

of the mass peaks was corrected and compared to that injected to give 

the recovery. 

Compound Recovery 

[U-140]-G6P 92.1 ± 6.0 (4) 

[u.140]-;p6p 89.8-1' 8.2 (3) 
, 

mean t standard error of mean 
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instead to form methoximes, the excess reagent not reacting with the 

silylating reagent. This method has been used for converting keto 

groups in steroids to their methoximes (Pales & Ironletesillen, 1965). 

Recently some methoxylamine hydrochloride became available and 

methoximes were made of pyruvate, oxaloacetate and oc-ketoglutarate by 

reacting their free acids in dry pyridine conta5ringmethoxylamine hydro-

chloride at 1 mewl at 40°C for 45 minutes. The mothoximes were treated 

with HISSITMCS so as to give a pyridine:HMS:MOS ratio of 10:2:1 

(by vol). Chromatography of these derivatives was carried out on 

3,6 OT-1 on. Gas Chrom Q using the program 100°C isothermal for 5 minutes, 
then temperature programming at 4°C per minute (see Figure 5.12). The 

retention times of the methoxlmes were much lower than for oximes 

prepared in a similar marmmr. The speoimm of oxaloacetate was found 

to contain substantial amounts of pyruvate by this method. 
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Figure 3.12  

 

The GM separation of oximes and methoximes of pyruvate,  

oxaloacetate and a(-ketoglutarate as their TMS-

derivatives on 3% OV-1 on Gas Chran Q.  

  

    

The oximes were prepared from each c‹-keto acid by reaction 

in pyridine with hydroxylsmine hydrochloride. The oximes were converted 

to TMS-derivatives with hexamethyldisilamane and trimethylchlorosilane. 

The methoximes were prepared using methoxylamine hydrochloride in a 

similar manner. 

Gas chromatography was carried out on 	OV-1 on. Gas Chram Q 

using the temperature programme: 100°C for 5 minutes, then linear 

temperature programming 100-250°C at 4°C per minute. 

A.. Separation of the oximes  

Peak identification: 1. pm:vats 	2. unknown impurity 

. 3. phosphate 4. succinate 5. fumarate 6. malate 

7. oxaloacetate 	8. hexadecane 	9. o4-ketoglutarate 	10. K-glycero- 

phosphate 	11. 'citrate 	12. N-D-glucose 	13. A-D-glucose 

14. docosane 15. fructose-6-phosphate 16. glucose-6-phosphate 

B. Separation of the methoximes  

Peak identification: 1. pyruvate 	2. unknown impurity 

3. phosphate 4. succinate 5. fumarate 6. oxaloacetate 

7. 	mat  ate 	8. 0<4cetoglutarate 	9. hexadecane 

10. 9c-glycerophosphate 	11. citrate 	12. 0C-D-glucose 

13. /5-D-glucose 	14. docosane 	15. fructose-6-phosphate 

16. glucose-6-phosphate 
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CHAPTER 4  

Development of a suitable method for GLO arP3vois of the intermediates  

being studied  

In the previous chapter it was demonstrated that ms. 
derivatives of both sugar phosphates and organic acids could be prepared 

relatively simply, and that there were conditions for separating them. 

In this chapter investigation of temperature programmed analysis was 

carried out in order to separate all of these derivatives in a single 

chromatographic run. This entailed the use of a new silylating reagent, 

bis-(trimethylsily1)-triflUoroacetamide (HM). Chromatographic data 

for three liquid phases was determined. 

1) The development of a temperature programme  

The chromatographic conditions used to separate TM-G1P, 

TMS-G6P and TMS-F6P mentioned in.the previous chapter (isothermal 

analysis at 200-22000 were not suitable for the more volatile TMS-

derivatives .suCh as lactate, fOmarate, suocinate and malate. 

Operation at lower temperature would have increased the retention 

times of TMS-G6P and TMS-F6P to impractical times, Ora also spread out 

the peaks such that they would be difficult to distinguish from the 

standing current. Temperature programmed annlysis has the advantage 

that a wide range of volatile substances can be examined in a reasonable 

length of time, and since the steadily increasing temperature sharpens 

the peaks, their width does not increase with increased retention time. 

The starting point of the programmes used was 1000C (a few 

analyses were started at 11000). This was higher than in the programme 
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of Horii et al (1965) but still enabled lactate to be separated from 

the solvent front. The programming rate was decided by examining the 

chromatography of an extract of liver (for details of isolation see 

Chapter 5). The difference between 2°C and 4°C per minute is shown 

in. Figure 4.1. Por the work with radioactive measurements there had 

to be a sufficient separation between individual peaks to enable the 

count rate in the scintillation cell to be measured. This was not 

possible in every case (see fumarate and succinate). The rate of 200 

per minute was about the slowest rate which was compatible with a 

reasonable length of anAlyais for radioactive compounds. Then only 

mass measurements were to be made a higher rate of 4°C per minute was 

possible. 

The last compound to be eluted, TMS-G6P, came off the columns. 

used at 230-240°C so the programme was continued to 250°C. When 

radioactive extracts were being studied if the programme was terminated 

below 250°C a steady accumulation of radioactivity occurred in the 

scintillation cell at the start of the next run. 

The temperature programme 100250°C at 2°C per minute was 

used with the column packings 3% SE-52 and 3%  OV-17 on Chromosorb W 

(AI-DMCS, 80-100 mesh). Specimen chromatograms are shown in Figure 4.2. 

Retention times of many intermediates are given in.,Table 4.1. 

The most recent studies have been carried out using the column 

packing 3% OV-1 on Gas Chrom Q (100-120 mesh) and the separations obtained 

are shown in. Figure 4.3.  Since radioactivity measurements were not 
made the temperature programme s 100°C for 5 minutes, than 100-250°C at 

4°C per minute was used. This cut the analysis time down from 65 

minutes to 42 minutes. 
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2) Problems associated with temperature programmirpz 

The work carried out with the liquid phases SE-52 and,OV-17 

used a dual column analysis, the second column being a blank, to 

compensate for the marked increase in the blee&Jng of these liquid 

phases with increased temperature. With 07-1 as the liquid phase, 

once the column had been heat treated at 260°C for 48 hours, there was 

very little baseline drift and a single column anmlysis was possible 

at all sensitivities used (dawn to attenuation X100). 

In the dual column studies using the silylatiaa reagent BSA: 

EMS:pyridine (211:1, by vol) a hump appeared in the ohromatograms 

from 180-230°C (see Figure 4.1).  Elimination of other possibilities 

showed that the BSA was responsible. Yellowing a suggestion of 

Homing et al (1967) the stationary phase was addition:111y silylated 

with BSA and TMOS dissolved in toluene before being coated with SE-52 

liquid phase. This had no effect on the hump however. 

Gehrke et al (1968) used a derivative of BSA, bis(trimethylsily1) 

-trifluoroacetamide, for the silylation of amino acids. They found it 

to be a superior silylating reagent, being a more powerful silyl donor, 

and also that monotrimethylsilyl trifluoroacetamide was very much more 

volatile 'than monotrimethylsilylacetamide, the latter compound being 

elated some way after the solvent front, interfering with analysis of 

TMS-glycine. 

BSTFA was used in place of BSA in this study and the hump was 

almost eliminnted. Also it was noticed that the tailing and extent of 

the solvent front was due to the pyridine when BSTFA, was used. With a 

few exceptions all the silylatians reported from here on used BSTFA 

instead of BSA. 

(contd.. on  p. 122 
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Figure 4.1  

 

The effect of changing the temperature" programming rate  

on the separation by gas-liquid chramatolpa ,pay of  

trimethylsily1 derivatives of compounds isolated from 

  

  

liver 

  

     

Rat liver was freeze clamped insitu, and. 5 g of frozen liver 

extracted twice with 60% aqueous ethanol. The extract was absorbed. 

onto an. AG 1 (formate form) resin column (12 x 0.5 cm). After warli-ring 

with 10 x 10 ml water, the.column was eluted with 4 x 10 ml 2.1.1 formic 

acid.. The eluate was evaporated •  to dryness and. then reacted. with BSA: 

pyridinesSICS (2:1:1 by vol) 0.1 mi. 5 /1.7,1 was injected. onto a 3% 

SE-52 on Chromosorb W (AW-DMCS, 80-100 mesh) 5 1  x 	column. The 

temperature programmes used. were 110-230°0 at 2°C per minute (Figure A), 

and 110-230°C at 4°C per minute (Figure B). 
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Figure 4.2  

 

Temperature programmed gas chromatographic analysis  

of some trimethylsily1 ester-trimethylsily1 ether 

derivatives on SE-52 and OV-17 liquid phases  

  

    

A mixture of each of the compounds named was treated with 0.1 ml 

BSTFA:pyl dine:TMCS (2:1:1, by vol) after lyaphilisation. 5 pl of 
the reaction mixture was injected onto either 3q6 SE-52 or 3%  07.17 on 
Chromosorb w (AW.DEDS, 80-100 mesh) columns (51  3:in) using the 

temperature programme 100-250°C at 2°C per minute. 

Identification of peaks: 

1. /3-hydrokyblityrate 2. succinate 3. fumarate 4. malate 

5. o4-glycerophosphate 	6.. citrate 	7. 04-glucose 	8. id-glucose 

9. ribose.-5-phosphate 10. fructose-6-phosphate 

11. glucose-6-phosphate 
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Table 4.1, 

The retention times of some TMS-derivatives on SE-52 sn0. 0V-17  

The TMS-derivatives of these compamnds were ahromatographed 

on 	SE-52 and C7-17 on ChromosozbW (NWDMCS, 80-100 mesh) using a 

temperature programme 100-250°C at 2°C per minute. The nitrogen 

carrier gas flow rate was 60 ml/Minute. 

Derivative SE-52 	' 07-17 

A-bydroxybutyrate 3.6 mins 3.3 mina 

'ruminate 7.3 9.5* 
fumaxate 9.6 9.5* 
malate 16.9 16.4 

0(-glycerophosphate 32.4 31.7 

34.7 33.4 citrate 

3-phosphoglycerio acid 36.4* 37.2 

o(-glucose 37.6 35.4 
p,-glucose 40.2 39.4 
ribose-5-phosphate 50.6 50.6 

2,3 diphosphoglycerate - - - 58.3 

fructose-6-phosphate 56.5 55.0 
glucose-6-phosphate 63.0  61.6 

* Not separated in mixture, the value given is that obtained 

in a separate assay with the pure substance. 
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Figure 4.3 	GLC separation of TNS-derivatives on 396 OV-1 on Gas Chrom Q, 

A mixture of the ammonium salts of each compound (500 nmole each) 

was reacted with 0.1 ml BSTFAmmidine:TYMS (20:1, by vol). Gas 

chromatographic smaysis  was carried out using 3% OT-1 on Gas Chrom Q 

(100-120 mesh) column packing in a 51 x it/  column. The temperature 
programme : 10000 for 5 minutes, then temperature programming 100-25000 

at 40C per minute was used. The temperature of the P.I.D.E detector was 

,25000. Nitrogen flow rate was 60 ml per minute measured at 10000. 

5 pg. aliquots were injected (i.e. 25 moles). The attenuation setting 
of the amplifier was 1 x 104. 

Peak identification: 

1. succinate 2. ftmamate 	3. malate 4. hexadecane 

5. wglycerophosphate 	6. citrate 	7. d00-glucose 8. A-D- 
glucose 9. docosane 10. fructose-6-phosphate 

11. glucose-6.'-phosphate 
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3) Reproducibility of quantitative analyses 

Relative molar responses were detarmirPd for a range of 

compounds (1 el:mole of each present in the silylation mixture) separated on 

the SE-52 and a7-17 columns. The interml standards, 2-terphenyl and 

1, 1, 2, 2-tetraphenyl ethylene were used. -terphenyl interfered 

with 121E-G6P on 07-17, and 1, 12. 2, 2-tetraphenylethylens with TMS- 

G6P on SE-52. Thus although they could be used to correot the 

injection aliquot for volume differences they were not suitable as 

reference peaks. Instead MS-glucose (combined peaks) was used, and 

the relative molar responses given in Table 4.2 are relative to =- 

glucose. The responses were the same for each column. 

The reproducibility and the relative molar responses of 

certain compounds have been studied in more detail on the column, 3% 

on Can Chrom Q (100-120 mesh), 51  x f'. This phase was superior 

to those mentioned before, showing a greater efficiency (2600 plates 

per 51  column measured at 200°C with docosane) than SE-52 or 0.7-17. 

There was no noticeable deterioration of this efficiency over five 

months whereas intensive use of the 3io SE-52 on Chromosorb w (AW-DMCS 

80-100 mesh) column resulted in tailing of the type shown in Pigure 4.2A. 

Relative molar responses have been calculated relative to =-

glucose (for comparison with previous data) and also relative to the 

two standards used, the straight ehniTI hydrocarbons, hexadecane (016) 

and docosane (022). These values were determined at three different 

concentrations of the compounds being studied, at 0.5junole, 0.2 umole 

and 0.04Amole (see Tables 4.3 and 4.4). The values for the phosphate 

containing compounds show a decrease of the relative molar response with 

decreasing concentration. The organic acids and glucose gave consistent 

values with decreasing concentration. 

(Conext on p.127) 
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Table 4.2, 

The relative molar rearbonse of some MS-derivatives  

'on 376' SE-52 and 3% OV-17 on Chronic sorb It (AW-DNCS)  

A mixture of the compounds was made up so that a 5;41 

aliquot after silylation contained 0.05Amoles of each. Also 

irdividual injections of 0.05)qmoles of each intermediate were 

carried out on 3°j6 OV.17 and SE-52 on Chromosomb V (AW-MCS, 80-100 

mesh), 5,  xi" columns. No difference was found for each compound 

between each columnt 'or between 4rd4vidual injections and group 

injections. 

. MIR* Compound i . 	. 

. 	Succinate 0.56 

Pumarate 0.47 

Malate .  0.63 

Citrate 0.97 

3PGA ' 0.63 

Glucose 1.00 

F6P ' 0.41 

DPG 0.47 

6PG' 0.78 

G6P 0.84 

* relative to the response for glucose 
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Table 4.3  

The relative molar responses of some TMS-derivatives 

to TMS-glucose (c,e and j forms combined) on 3% OV.1 on Gas Chrom  

The test compounds inclrairg glucose were mixed in aqueous 

solution so that each was present at a. concentration of 1 m1,14 1 ml 

aliquots of this solution were passed throudh 2 x 0.5 cm columns of 

AG 50V (n form) resin (100-200 mesh). The columns were mashed with 

4 x I ml distilled water. 1 drop of triethylamine was added to farm 

the triethylammonium salts. Prom each eluate 2.5, 1.0 and 0.2 ml 

aliquots were removed and were evaporated to dryness in separate 

specimen:tubes (75 x 12 mms) over phosphorous pentoxide Under vacuum. 

The compounds were reacted with 100 p1, of silYlatian reagent (BSTFA: 

pyridinesTMUS, 2:1:1 by vol) which also contained0.16smole of hemp, 

decane and docosane internal standards (see Table'4.4). The samples 

were stored overnight.at 4°0. Gas chromatographic analysis was 

carried out by injecting 5;41 aliquots on a 3 OP-1 on Gas Chrora 

(100-120 mesh) 5' 	column. The temperature programme used was: 

Isothermal 1000C for 5 minutest  then linear tempexature prograaming at 

4°C per minute, 100-250°C. Peak areas were determined by triangulation. 

The values presented below are the ratio of the peak area of each 

coMpound to that of the combined areas of IFIS-ot-D-glucose and. TMS.406-,  

D-glucose. Since the compounds were present in equinolar amounts no 

further correction was necessary. Results are expressed as arithmetic 

means ± the standard error of the mean based on 8 results, 

(contd. on next page) 
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Table 4.3  

(contd. from previous page) 

• 
Compound 

'Amount of Compound Reacted 

0.51gmole . 0.2Amole 0.04 	mole 

Succinate 0.500 ± 0.029 0.'504 ± 0.038 0.479 ± 0.023 
PUmarate - 0.456 ± 0.029 0.479 ± 0.034 0.450 ± 0.027 
Nalate  0.615 ± 0.036 0.652 i 0.033 0.655 ± 0.031 
et-Glycerophoopliate 0.442 ± 0.025 0.421 ± 0.030 0.225 ± 0.014 
Citrate 	- 0.775 ± 0.026 0.816 i 0.020 0.749 i 0.026 
Fructoee-6Phosphate 0.598 i 0.017 0.465 i 0.031 0.315 ± 0.033 
Glucose-6.47honlihate 0.934 ± 0.027 0.854 1 0.051 0.586 ± 0.044 
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Table 4.4  

The relative molar response of some TME-derivatives to hexadecane  

and docosane internal standards on 07.4 an Gas Chrom Q, 

The samples were treated and mutlyeed as described in Table 4.3. The 

values presented below are derived from the ratio of the peak area of each 

Compound to that of the internal standards heiadecane and docosane. 

Correction to give the relative molar response was carried out by multi-

plying this ratio by the ratio of the:amount of standard present (0.16 

umole) to that of the test Compounds in the samples (0.5, 0.2 and 0.04 

umoles). Results are expressed as arithmetic means ± the standard 

errors of the mean. based on 8 results. 

a) Hexadecans  

'Compound 	' 0.5)1mole 	' 0.2)4mole 0.04 mole 

Suocinate   0.736 ± 0.044.  0.674 t 0.024 0.831 i 0.039 
Fumarate  0.648 -1 0.011.  0.664 t 0.028 0.802 i 0.040 
ilhlate  0.884.  ± 0.015,  0.895 ± 0.014 1.094 t 0.027 
104.41yeerophosPhate 0.630 ± 0.005 0.588 ± 0.014 0,395 ± 0.026 
Cit.rate 	' 1.136 ± 0.074 1.155 ± 0.012 1.247 ± 0.055 
Glucose (x:i-Aforms) 1.505 ± 0.086 1.411 I 0.034 1.653 t 0.036 
Ntuotose-6-Phosphate 0.947 i 0.059 0.681 * 0,045 0.563 t 0.017 
Glucose-6-Phosphate 1.381 I 0.075 1.221 t 0.063 1.004 i 0.046 

b) Docosane 

Compound 0.5 mole 0.2)qmole 0.00xmole 

Sucoinate 0.566 ± 0.045 0.512 t 0.023 0.564 t 0.011 
Fumarate 0.499 i 0.020 0.504 i 0.028 0.544 t 0.022 
Ehlate 0.682 ± 0.034 0.684 t 0.024 0.744 t 0.031 
04.43.yeerophosphato 0.490 t 0.024 0.452 ± 0.025 0.202 ± 0.020 
Citrate 0.874 t 0.055 0.880 ± 0.033 0.864 ± 0.033 
Glucose (vc+Aforms) 1.098 i 0.075 1.076 ± 0.039 1.144 ± 0.025 
Ftuotose-64thosphate 0.685 i 0.038 0.524 t 0.040 0.392 ± 0.010 
Glucose-6Phosphate 1.062 ± 0.052 0.932 ± 0.059 0.664 ± 0.055 
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By plotting the product of the relative molar response and 

the amount of each compound present against the amount of each compound 

present amass response curve vas obtained (see Figure 4.4).  As may 

be seen, the curve for each compound was essentially linear, even for 

the phosphate containing compounds. The lines for the phosphate 

compounds however did. not pass through the origin. when extrapolated to 

the txt axis. The intercept in each case was about 20 nmoles. This 

would. mean that for each injection onto the GIG column used about , 

1 nmole would be irreversibly bound to the column. 

To examine this curve in greater detail a standard mixture 

of the test compounds was made up, and aliquots corresponairg to 25, 

50, 100, 200, 500, 400 and 500 =les taken and silylated. GIG was 

carried out on the X6 07-1.an Gas Chrom Q,column. The relative area 

response to a single concentration of docosane ,../(internal standard)was 

plotted against the concentration of the test compounds (see Figure 4.5). 

As can be seen, the lines were indeed straight as suspected above. 

Best straight line calculations showed that G6P,andF6P had large 

negative values for the conetant'in the'equationy = roc + o (Table 4.5). 

oc-alycerophosphate however had only a 7s11  constant, .becauseof the 

curved nature of the lower part of its response curve. 

In addition at each concentration the amount of the standards 

added vas also varied to, see whether a linear relationship held. between 

each substance and the standard (see Table 4.6).  Docosane gave a 

reasonably close oorrelatian to the efla,d ratio of 10:2:1. Hexadecane 

was not so good, there being a deviation at the lowest.  amount added 

(0.016Amoles). 

Taking the chromatograms used.to obtain the data in Tables 

4.2, 4.3. 4.4  the correlation between peak area and peak height was 
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mamined. As can be seen in Table 4.7. tbis correlation was good, the 

percentage standard error of the mean did not exceed 2.5% and was 

malay around 
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Flgure 4.4 	The area response versus concentration curve calculated 

from the relative molar response at each concentration 

' 	The compounds In the diagram were made up in three mixtures 

containing 40, 200 and 500 nmoles of each compound as its triethyl-

ammonium salt. Each was ieacted. with 0.1 ml BSTMAtpyridine:TMDS 

(2:1:1 by vol) containing 160 nmoles of docosane. Analysis was 

carried out as described in Fables 4.3 and 4.4. The relative molar 

responses at each concentration so calculated were multiplied by the 

amount of each compound. This was the area response with respect to 

a single amount of docosane. It was then plotted against the amount 

of each compound. 

Identification:, 

() glucose 

C) glucose-6-phosphate 

41 citrate 

malate 

e. fructose-6-phoephate 

It succinate 

fumarate 

❑ -slycerophosphate 
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Pihure 4.5 	The area response relative to a single amount of docosane  

versus the amount of substance present 

The compounds in the diagram were made in mixtures containing 

the following amounts, 25, 50, 100, 200, 300, 400 and 500 nmoles, as 

their triethylammanium salts. Each was silylated with 0.1 ml BSTPA: 

pyridine:TMCS (2:1:1 by vol) containing 80 nmole docosane. Gas 

chramatographio analysis was carried out on 3g OV-1 on Gas Cbrom Q 

(100-120 mesh) column packing in a 5t xi" column using the temperature 

programme : 10000 for 5 minutes, then temperature programming 100-250°C 

at 4°C per minute. Peak areas for each compound were divided by the 

area of the standard to give the relative area response. This was 

plotted against the total amount of each compound in the silylation 

reaction mixture. 

Identification: 

42) glucose 

0 citrate 

C) glucose-6-phosphate 

malate 

Ai fraotose-6-,phosphate 

p fumaxate 

• suocinate 

0C-glycerophosphate 
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Table 4.5  

Statistical analysis for the best straight line  

25, 50, 100, 200, 300, 400 and 500 nmolea of each of the 

compounds below were silylatedtwith docosane as internal standxrd, 

and Ryinlysed  by GIG on 3r6 OV-1 on Gas Chram Q (100-120 mesh), 5' x .1117n  

column, .The relative area response to docosane was plotted against 

the amount of each compound present (see Figure 4.5). 

The best straight line for the response curve for each 

compound was calculated statistically, as y = mx + c. x vas the 

amount of compound in. nanombles. 

Compound Values of m Values of c 

ve-glycerothosphate 1.41 x 1072  -0.09 

. sucoinate 1.37 	" +0.009 

fumarate 1.44 	" +0.003 

' malate 1.98 	" -0.02 

P6P ' 	2.06 	" -0.38 

G6P 2.29 	" -0.25 

citrate 2.54 	" -0.06 

glucose 3.74 	" -0.08 

!' 



Table 4.6  

The relationship between the responses'for the internal standards and the test compounds. Effect of vary-in the internal  
standards 

The internal standards, bexadecane and docosane, were mimed in three amounts, 0.016, 0.08 and 0.16 )qmole, to 
groups of silylation mixtures containing  TMS-derivatives at the levels shown in the table. The ratio a"are: 

 of 
 T=Ivative 

was calculated for'each amount of the standard at a given cancenixatian of the TM-derivatives. These values were then 
no,'mmitsed by makine the value for 0.08,qmole of standard equal, to 5.00. GLO analysis was carried out on a 3% OV-1 on Gas 
Chiam,Q (100-120 mesh), 51  x: ill column using the programme mentioned in Table 4.3. 

BEXADECANE =MANE 

0.5).vaole 0.2,umole 
K 

" 	0.04A:tool° 0.5 Almole , 	0.2 }pole 0.04 }mole 

Succinate 1.00 5.00 9.8 '0.90 5.00 9.6 0.91 5.00 10.3 0.81 5.00 9.9 
,.. 
0.78 5.00 9.9 0.85 5.00 11.2 

Fumarate 0.92 5.00 10.2 0.95 5.00 10.3 0.87 5.00 10.3 0.80 5.00 10.4 0.83 5.00 10.4 0.81 5.00 11.2 

Mhlate 0.97 5.00 10.4 0.96 5.00 9,8 1.01 5.00 11.0 0.85 5.00 10.5 0.84 5.00 10.1 0.96 5.00 12.3 

0C-Glycerophosphate 0.93 5.00 10.3 0.97 
• 

5.00 10.6 1.02 5.00 11.6 0.83 5.00 10.3 0.85 5.00 11.0 0.81 5.00 11.5 

Citrate 0.98 5.00 10.1 1.00 5.00 10.2 0.99 5.00 11.0 0.85 5.00 10.2 0.92 5.00 10.4 0.93 5.00 11.6 

Glucose (0<+/5) 0.97 5.00 295 1.08 5.00 9.9 1.00 5.00 10.8 0.85 5.00 9.6 0.94 5.00 10.1 0.93 5.00 11.5 

Fructose-6 Phosphate 0.91 5.00 ogi1 .1.18 5.00 10.5 1.02 5.00 13.2 0.79 5.00 9.2 1.03 5.00 10.8 0.92 5.00 13.0' 

Glucose-6-Phosphate 0.96 5.00 9:,29 1.03 5.00 10.9 1.00 4:45 11.2 0.84 5.00 9.9 10.91 5.00 11.1 0.99 5.00 12.7 

* only one result available - ncremmlised on 1.00 
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Table 4..2 

The relationship between peak height and peak area during temperature  
programmed analysis of some EIS-compounds on 5/0 OV-1 on Gas Chrom  

The data from chromatograms obtained for samples in Table 4.3  

:and 4.5 was used to obtain'these results. The values presented. below 

are the ratio of the peak area of each compound (calculated by triangu 

'Iation as'sq."cma'of chart) to the vertical height of the peak above the 

;baseline (in ems). The ratio was studied at three amounts of each 

compound in the reaction mixtures  0.5, 0.2 and 0.04iumole. Values were 

also Obtained.for'hexidecane and docosaue at the amounts, 0.16, 0.08 and 

0.016,Almole. Each result was an arithmetical mean ± the standard error 

of the mean for 8 values (unless otherwise stated). 

Gas,chrematagraphy was' carried out using 3% OV-1 on Gas Chrom 

(100-120 mesh) 51 	column. The temperature programme was: Isothermal 

100°C for 5 minutes,. than linear temperature proms at 4°C per 

minute, 1007250°C. The chart speed of the recorder was 3 cm per minute. 

• • 	Compound 	. .0.5 ,umole 0.2 /ample 0.04)mmole 

Duccinate   0.76 t:0.014 , 0.74 ± 0.018 0.75 ± 0.014 (9) 
Fumarate 0.745 ± 0.017 • 0.76 ± 0.018 0.78 ± 0.011 (9) 
Malate  0.72 ± 0.007 0.72 ± 0.006 0.80 t 0.014 (9) 
m.Glycerophosthate 0.71 ± 0.007 0.70 ± 0.004 , 0.75 ± 0.008 (9) 
Citrate • 	• 	• 0.705 ± 0.004 0.70 ± 0.006 (7) 0.695 ± 0.005 (9) 

Glucose (o(+Aform) 0.71 ±0.006 0.695 ± 0.004 0.69 ± 0.004 (9) 
FtuctosePhospate 0.78 ± 0.009 0.76 i 0.013 0.78 ± 0.008 (9) 

Glucose-6Fhosphate 0.72 ± 0.004 0.71 ± 0.007 0.76 ± 0.006 (9) 
Eexadecane 	' 0.71 ± 0.006 (9) 0.72 ± 0.006 0.74 ± 0.015 
Docosane. 0.70 ± 0.008 (9) 0.71 ± 0.010 (7) 0.74 ± 0.012 
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°RAPTOR .5  

	 DEVELOP= OF PROCEDURES FOR THE SILYLATION OF COMPOUNDS IN TISSUE;  

The previous two chapters have considered the problem of 

preparing volatile derivatives suitable far gas chromatography, and 

then separating these derivatives and estimating them. However, there 

is a, big difference between farming derivatives in a mixture of known 

pure compounds and forming derivatives of compounds in tissue, or in 

ex 	Lacts derived froth tissue. 

In this chapter ailylation on freeze dried tissue, on tissue 

extracts, and on tissue extracts further purified by ion-exchange 

chromatography has been studied. 

A.; Direct silylation of tissue  

The levels of the intermediates in the tissues isolated were 

very low when compared with those of the polysaccharides, free sugars, 

inorganic phosphate and proteins, all of which would be also silylated. 

Some samples of liver frozen in liquid nitrogen (liollenberger et al,, 

1960) were freeze dried,. crushed into a powder and.  further dried in a 

vacuum desiccator over phosphorus pentoxide. Attempts were made to 

silylate the samples in 100)41 BSTFA:pyridine:TM0S,(2:1:1 by. vol). 

10 mg of wet tissue Welding about 2 mg of dry tissue) was the largest 

quantity which could be silylated satisfactorily and not give a fine 

suspension which would clog the syringe needle used for injection onto 

the GLC columns Figure 5.1 shows the chromatogram obtained when 5jul 

of the 10 mg sample was injected. at attenuation setting x 500. The 

two major peaks are- EIS-0( and. MIS-AD-glucose. Peaks can be tentatively 

(conld on p.139) 
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Figure 5..1 	Direct silylatian of 10 mg of liver after freeze drying 

10 mg of liver which had been freeze clamped in liquid 

nitrogen CUollehberger'et al, 1960) was freeze dried. It was, 

powdered and further dried over phosphorous pentoxide,under vacuum. 

It was then treated with 100)ul of silylatian reagent (BMA.: 

pyridine:TFICS, 2:1:1 by vol). 

5 Al of this was injected onto a 51  xi", 3% 0V-1 on Gas 
Chrom Q (100-120 mesh)' column using the temperature programme: 

100°C for 5 minutes, then linear temperature programming at 4°C per 

minute, 100-250°C. 

Tentative peak identifications based on retention times are 

as follows: 

1. phosphate 2. malate 3. hexadeoane 4. K-glycerophosphate 

5. citrate 6. oC.-D-glucose 7. A-D-glucose 8. docoaane 

9. glucoae-6-phosiPhate. 
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identified for malate, N-glycerophosphate, citrate and glucose-6-

phosphate. However, this is not a very satisfactory method, the limit 

of 10 mg MnItee it hardly suitable for mass analysis, and not at all 

suitable for radioactivity Analyses since there would be insufficient 

for measurements. 

B. Silylation of tissue extracts  

If simply an ex 	act of tissue were to be silylated the 

extractant would have to be readily removed. Perchloric acid 

(7.2% w/v) whilst being. an effective protein precipitant was difficult 

to remove. Al]. the last traces had to be removed before silylation, 

precipitation as its potassium salt at 000 was not sufficient. In 

addition it left large amounts of polysacnbanide in solution, a greater 

problem with regards to silylation than having protein present. 

The best extractants were the volatile ones, ant of these 

aqueous ethanol was chosen as it e4Uacted at neutral pH. The optimum 

concentration of ethanol to give the highest eAraction and at the same 

time greatest precipitation of protein and polysaccharide was 603. 

The compound most'sensitive to high concentrations of ethanol, FDP$  was 

added to portions of tissue at -20°C which were then extracted with 

various aqueous ethanols. The recoveries of FDP$  as [J-140]-FDP, are 

shown in Figure 5.2. 6036 aqueous ethanol gave a much clearer super-

natant after centrifugation than 40% or 50'b aqueous ethanol. This 

was more apparent when the solvent was removed, the least residue being 

with 60% aqueous ethanol. 

of the 140-labelled compounds were determined for GIP, G6P, F6P Ara FDP 

using 5036, 6036 and 8036 aqueous ethanol an  also 7.2% perchlorio acid as 

a reference (see Table 5.1). 
(con&d. on p.143) 

otion figures as the percentage recoveries 
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FiAure 5.2 	The recoveries of EU-14011abelled FDP from plasmodia 

by extraction with aqueous ethanols  

I 14 1 CU- 0j-1a:belled IMP (1,14c, 1 mole) was added to each of 

seven 2.5 g portions of frozen powdered plasmodia, and Mixed. 

ction was carried out with aqueous ethanol in concenLeations of 

40,6-10036 (v/v) on separate samples as for Table 5.1. 
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Table 5.1  

The recovery of added 14C-labelled sugar phosphates from rat heart  

and P.polycephalum -plasmodia by extraction with aqueous ethanol  

The 14C-labelled sugar phosphates (1 mole, 1 ACi) were 

added to 2-3 g portions of powdered frozen plasmodia or rat heart, and 

the powder mixed. The powder was extracted twice with 4 volumes of 

the solvents as described in Methods. Aliquots of the extracts were 

taken for determination of radioactivity. 

d 
96 recoverydpm

pm 
 added 
recovered  x  100%  

% recovery in each solvent 

Sugar 
Phosphate 

50% 
ethanol 

60% 
ethanol 

60% 
ettmnol 

80% 
ethanol 

7.2% 
PCA 

plasmodia heart plasmodia plasmodia plasmodia 

[17-1401-C1P 98, 	99 97, 100 100, 95 93, 91 94 

[Y 140]0-613 89, 	91 88, 	92 85, 89, 88 82, 80 89 

J.-14C]-F6P n.m. n.m. 93, 94 n.m. n.m. 

[U-140]-0P 78, 	82 87, 	81 83, 80 37, 34 80 

n.m. = not measured 

PCA = perchlorio acid 
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Frozen pulverised liver (1 g)'was extracted at -5°C with 

2 x 10 ml 60% aqueous ethProl and extracts corresponding to 10 mg and 

100 mg of liver evaporated to dryness. These were silylated with 100 

jul of BSTFA:pyridine:TMCS (2:1:1 by vol). The extract of 100 mg of 

liver was about the limits of material that could be used without 

blocking the syringe. However, with rat heart tissue larger amounts 

could be used because of the lower proportion of polysaccharides. 

Figure 5.3  shows the chromatogram obtained by injecting 5 A.1. of the 

extract of 10 mg liver. Again 013-V- and TMS-A-D-glucose were the 

major peaks; extra peaks could be seen and the baseline movement was 

less pronounced. For the sample corresportaIng to an extract of 100 mg 

of liver the Chromatogram in Figure 5.4  was obtained. This chromatogram 

of 10 times the amount of liver was at 10 times less sensitivity than 

those in Figures 5.1 pro 5.3.  The individual compounds can be seen 

more clearly, the baseline being muda more stable. It is conceivable 

that mass measurements could be made with this amount of liver. 

However, for measurements of radioactivity in the irAividual 

compounds at least a gramme of tissue would. be  needed so that accurate 

measurements could be made. This would mean that 1000 )l of the 

silylation reagent would. be  needed which is wasteful and expensive. 

Also large volumes would have to be injected onto the column to get 

sufficient radioactivity in each compound. Thus a greater amount of 

purification of the tissue extract was needed. 

C. Purification of the aqueous ethanol extract necessary for silylatian 

As the radioactive studies involving incubation of tissue 

were to be made with 140-labelled glucose, and as liver as extracted 

(Corthci on  p. /48) 
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Figure 5.3 	Silylation of 10 mg of liver after ethanol extraction 

10 mg of liver which had been freeze clamped in liquid 

nitrogen (Uollenberger et al, 1960) was extracted with 2x1m1 

0,6 aqueous ethanol. The eAluact was evaporated to dryness under 

vacuum and over phosphorous pentoxide. It was treated with 100ju7. 

silylation reagent (BSTFAspyridine;TMCS, 2:1:1 by vol). 

5 pi of this was injected onto a 51 x in, 336 CV-1 on Gas 

Chrom Q (100-120 mesh) column, using the temperature programme: 

100°C for 5 minutes, then 1171Par temperature programming at 4°C per 

minute, 100-250°C. 

Tentative peak identifications based on retention times 

are as follows: 

1. phosphate 2. malate 3. hexadecane 

4. X-Tayterophosphate 	5. citrate 	6. OD-glucose 

7. /3-D-glucose 	8. docosane 	9. glucose-6-phosphate 
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Figure 5.4 
	

Silaylation of 100 mg of liver after ethanol extraction 

100 mg of liver was treated aa described in Figure 5.3. 
5 AL of the silylation reaction mixture was analysed at ten times less 

sensitivity of detection (to counteract the ten times increased mass). 

Tentative peak identifications based on retention times are 

as follows: 

1. phosphate 	2. malate 	3. hexadecane 	4. ix-glycerophosphate 

5. citrate 	6.*ot-D-glueose 	7. A-D-glucose 	8. docosane 

9. fructose-6-phosphate 10. glucose--6-phosphate 
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contained very large amounts of glucose (see Figures 5.1, 5.3 and 5.4) 

compared with the intermediates to be studied, en important step in a 

purification procedure would. be  the removal of free glucose. 

Similarly for the incubations of plasmodia since they could not be 

centrifuged down quickly enougliialiquots of medium containing the 

suspended plasmodia were sampled and frozen. The frozen lumps were 

treated as if they were all tissue and this further increased the ratio 

of glucose to the intermediates. In. addition, large amounts of 

inorganic phosphate were present and this would be an interference when 

silylation was carried out. 

1) Removal of inorganic phosphate from tissue extracts  

Since phosphate was a major contaminant all water used in 

the purification of the extract was deionised prior to use. Phosphate 

was removed immediately after tissue extraction since it was not 

convenient to do so later and because the method eventually used 

effectively clarified the extract. This was most noticeable with 

liver extracts. 

Precipitation of phosphate as barium phosphate in 5056 

aqueous ethanol was not satisfactory since some co-precipitation of 

the sugar phosphates, particularly FDP, occurred. However, precipitation 

as magnesium ammonium phosphate was successful since no losses could 

be detected for the sugar phosphates, G6P, G1P, P6P and. IMP (1 )4mole 

present). Since the .tissue extracts would be milikay to contain 

greater amounte"than lAmole no lasses should be expected. In fact 

no losses of radioactivity were detected when inorganic phosphate was 

precipitate from extracts of plasmodia incubated with 140-glucose 

(incubated until the external concentration of glucose fell to zero, 

i.e. all soluble radioactivity present as intermediates, not as free 

glucose). 
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However it was important that the pH should not rise above 

10 as magnesium hydroxide would start to be preoipitated. This caused 

a sudden fall off in the recovery. This is shown clearly for F6P 

in Figure 5.5. 

2) Removal of -polysaccharides and free augers from the tissue extmt 

by ion-exchange chromatography, . 

The contaminants remaining in the extract at this stage 

included neuLr'al sugars, polysacohnrides and amino acids. In all 

metabolic experiments the most important contaminant was glucose. 

Since it was invest excess to the sugar phosphates, it was essential 

to remove it completely. 

Since all the intermediates to be,assayed were organic acids, 

separation from the neutral sugars by selective absorption onto an 

anion exchange resin was investigated. With the resin in the borate 

form elution with 2M formic acid, whilst giving a separation between 

glucose and the sugar phosphates, resulted in bad tailing of the 

glucose (see Figure 5.6A). With the resin in the formate form and 

if 0.2M formic acid. was used instead of 21'I formic acid as the initial 

eluting agent, glucose vas effectively removed with only slight elution 

of GIP (see Figure 5.6B). It was noticed that eluting with small 

increments at a time rather than  loading the reservoir with all the 

eluting agent, reduced tailing of the peaks. 

When the resin was in the borate form, water did not elute 

glucose at all. However, with the resin in the formate form glucose 

was eluted with water immediately, and the sugar phosphates completely 

retained. The sugar phosphates were not eluted by 0.2M formic acid, 

but were readily eluted by 2.0M formic) acid or 0.5M sodium formats. 

(coni-d. on p.154) 
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Figure 5.5 	The effect of excess ammonia during; the removal of.  

shosuhate on the solubility of P6P  

[u-/40]-F6P (1 Apicgx4 2 jzOi) was dissolved in 5 ml water 

with l dgmole each of succinate, fumarate, mPlate, 0<-glycerophosphate, 

citrate, glucose and G6P. Three such solutions were made up and 1 ml 

magrftsimn acetate (containing 30 mg) added to each. To the first 

0.2 ml distilled water was added, to the second 0.2 ml 15 mM potassium 

phosphate buffer, and to the third 0.2 ml 200 Of potassium phosphate 

buffer. Each was carefully titrated to pH 10 with ammonium hydroxide 

ane the volumes adjusted so that they were equal. The precipitate of 

magnesium ammonium phosphate was centrifuged (2000 L: for 10 minutes) 

and an aliquot of the supernatant removed for radioactivity determination. 

One drop of 0.880 ammonium hydroxide was added, the samples shPlcen and 

centrifuged. Another aliquot of the supeTratant was removed. Seven 

further drops of 0.880 ammonium hydroxide were added dropwise, the soluble 

radioactivity being determined at each stage. 

Identification: 

4) 	F6P + 0.2 ml distilled water 

F6P + 0.2 ml 15 mM potassium phosphate buffer 

CI 	F6P + 0.2 ml 200 mM potassium phosphate buffer 
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Figure,5.6 	Separations of 63-14CI-glucose ara [II-14C1suffar  

phosphates in AG 1.resin columns  

AG 1 resin (chloride form, 100-200 mesh) was packed into 

12 x 0.5 cm columns. 

In Vigure A triethylmmuonimml borate (0.5N pH 8.4) was passed 

through the, resin column to convert it to the borate form. It was 

washed with distilled water to remove the borate. In separate runs 

CU-14C1-glucose and [U-14C1-glucose76-phosphate were carefully loaded 

onto the top of the column. 211 formic acid was added to the reservoir 

and 1 ml fractions eluted from the column were collected, and the 

radioactivity in them determined. 

A. Er-140]—glucose 
EJ-1401-glucose;6-phoophate 

In Figure B sodium formats (21) and formic acid were passed 

successively through the resin colmna to convert it to the formate 

form. .Distilled water was passed through the column until the eluate 

,was neut,al. In separate runs [U-14C]-glucome,10.-140]-glucose-1-

phosphate and [4-1401-glucose-6-phosphate were carefully loaded onto 

the top of the column. 0.21[ formic acid (10 ml) was added to the 

reservoir. Once the level of fluid reached the topof the resin a 

further 10 ml was added. Six further amounts of 10 ml were added to 

the reservoir. Eluate fractions were the corresponding 10 ml added. 

Then 4 x 10 ml zn formic acid was passed through the column. Aliquots 
of each fraction were used for the determination of radioactivity. 

[i71401-glucose 
ti 	

[U-14o]-glucose-l-phosphate 

[U-14C]-glucose-6-phosphate 
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Conaiderable amounts of'radioactivity were present in 212 

formic, acid and 0.511 sodium formate elrntes from resin columns in the 

formate form from which glucose had been previously eluted by water. 

To,check whether this 'was due to impurities in the glucose, or glucose 

interacting with active sites in the resin, two identical AG 1 columns 

in the formate form were prepared. [U-14C]-glucose was passed through 

the first column and the first 10 ml aqueous eluate collected, divided 

into two, and, 5 ml transferred to the second column. Both columns 

were then eluted with water, 0.2M formic acid and 0.5E sodium formate 

as in Table 5.2.  Since an impurity was found to be present which 

would contaminate the sodium formate elution fraction containing the 

sugar phosphates, all 140-glucose used in experiments from this point 

was purified by passage through a small AG 1 formate resin column. 

3). The recovery:of 14C-ldbelled intermediates from the AG 1 resin 

column (formate form)  

0.511 sodium formate was gennrally preferred as the eluting 

agent despite the ready removal of formic acid under reduced pressure. 

This was because FDP was not eluted at all by any concentration of 

formic acid. 0.511 sodium formate was the lowest concentration needed 

to elute it in a reasonable volume (40 m1). As shown in Table 5.3  
the other sugar phosphates and citrate, fumarate, malate nra succinate 

were eluted with this reagent. The recoveries, except for PDP, 

were near to 100% since the 14C-labelled materials were not purified 

before use. 

(contd. on p .157) 
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Tdble  

The contamination of commercial DJ-140.1-glucose 

Two AG 1 resin columns (12 x 0.5 cm) in the formate form were 

med. [U-140]-glucose (8 mole, 8,1401.) in solution was passed through 

column A, wasbirg with 10 ml distilled water. The first 10 ml 

collected. was divided into two, and one portion applied to column B. 

Both columns were further washed as indicated in the table. 10 ml 

amounts of the elutirtg agent were added at a time to the column 

reservoir. 

, 	. 

... 
Elution median 

Column A 

dpm/ml 

Column. B 
(purified
glucose) 
dpm/ml 

4 x 10 ml water 223,116 239,237 
, next 10 ml 21 7 

4 x 10 ml 0.2M formic acid 3013 14 

next 10m1 ----- 3 

4 x 10 mi 0.511 sodium formate 1,176 6 

next 10m1 OM MO IMO WM 2 
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Table 5..3  

Percentage recoveries of various intermediates from 

AG 1 formate form resin 

Each of the 14C-labelled compounds (1 Wole, 1)401) were 

added to 2 g of frozen powdered plasmodia and the powder extracted 

twice with 60% aqueous ethanol (4 volumes). Each extract was applied 

to an AG 1 column (12 x 0.5 cm) in the formate form. The column was 

washed with 10 x 10 ml distilled water and then the compounds eluted 

with 4 x 10 re 0.5M sodium formate. 

Compound % recovery 

G6P 98.7.1" 

GIP 99.5+  

PDP 93.3+  

F6P 96.  8* 

Citrate 96.0 

Funarate 97.2* 

Halate • 97.7
*  

* 
Sucoinate 100.0 

+ mean of three values 

mean of two values 
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4) The concentration and purification of the sodium formate eluate  

The sodium ions were removed by passing the eluate (40 ml) 

through an. AG 50 (Bt form) dolma (30 x 2.5 cm). The column was 

washed with a further 40 ml deionised distilled water. This eluted 

greater than 90% of all the compounds studied, the remathiing 1036 

only being eluted by vastly increasing the elution volume. The 

resulting formic acid solution was evaporated to dryness under vacuum 

at 3000. Because of the risk of loss of volatile acids the flask was 

removed from'the rotary evaporator as soon as dryness had. been achieved. 

In the experiments where 2.an formic acid was used as an 

eluant, an orange pigment was eluted from myxomycete plasmodial 

extracts which was removed before evaporation of the eluate to dryness. 

This pigment was particularly difficult to remove because of its ionic 

character. In acid conditions, however, it could. be  extracted into 

diethyl ether, ethyl acetate, sec-butanol or tert-amyl alcohol. 

Diethyl ether and ethyl acetate were used with these formic acid 

eluates. A check with ciL.cate, fumarate, malate and saccinate showed 

that they were extracted to differing extents by diethyl ether or ethyl 

acetate (see Table 5.4), citrate and malate hardly at all, fumarate and 

sumcinate considerably. 

,The 2M formic acid eluates were also passed through a Pmmll  

AG 50 	form) column prior to evaporation to dryness. The dried 

residues were taken up in 33% aqueous ethanol. At one stage 80l4 

ethnliol was used, this preventing some white solid going into solution, 

but it was found that losses occurred with PDP. Water was not used 

because the small amount of fluid present formed droplets which were 

not quantitatively removable from the flask. Triethylamine was added 

to the extract to prevent the loss of volatile acids such as lactic acid 

during evaporation to dryness in the specimen tube. 

(cored. on p. 159 
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Table 5.4 

The removal of some Krebs cycle intermediates from 2n 

formic acid 'bv diethyl ether and ethyl acetate  

14C-labelled compounds (2 pmnle, 1 pc) were added to 40 ml 
21 formic acid in a separating funnel (100 ml). Diethyl ether or 

ethyl acetate (40 ml) was added and the funnel shnIcen. Aliquots of 

the upper and low phases were taken (to give the partition ratio). 

The solvent phase was removed and the aqueous phase exi.1.-acted twice 

more. The final aqueous phase, and the three solvent phases after 

comblnirg and concentrating were sampled (to give ratio between 
aqueous phase and combined solvent washings). 

Compound 

Partition ratio 

_ 

Ratio between 
phase era 

aqueous 
all solvent 

washings 

Diethyl 
Ether 

Ethyl 
Acetate 

Diethyl 
Ether 

Ethyl 
Acetate 

. 

Citrate 
' 

61 
. 

31 20 10 
. 

Puniarate 2.0 3.3 0.44 0.82 

Nalate 86 14 29 4.3 

Succinate -- 0.97 -- 0.14 
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The recoveries of intermediates from tissue as far as this 

stage, i.e. extraction with 6036 aqueous ethanol, the precipitation of 

phosphate, the purification using ion-exchange AG 1 and AG 50 resins. 

and the evaporation to dryness in small specimen tubes prior to 

silylation, are summarised in Table 5.5. 
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Table 5.5  
The nercentakn recovery of some 14C labelled tissue intermediates  
from rat heart and P._polycephalizn plasmodia after solvent extrac-

tion from the tissue and -purification of this extract for sas  

pbromatogranhy  

Porh intermediate (1 pc 1 pmole) was added to frozen powdered 

'plasmodia or heart (about 2.5 g) and extracted twice with 10 ml cold 

aqueous ethanol. The combined eAracts were neutralised with 0.880 

ammonium hydroxide and evaporated to dryness. The inorganic phosphate 

present was precipitated as magnesium ammonium phosphate. The extract 

was absorbed onto an AG 1 formate column which was washed with 9 x 10 ml 

distilled water. The intermediates were eluted with 4 x 10 al sodium 

formate (0.5M). The combined eluate was passed through an AG 50 (H+  

form) column, mashing the column with a further 40 ml water. The eluate 

and washings were combined and evaporated to dryness. The dry solid was 

eluted with 3 x I a 3576 aqueous ethanol and transferred to a specimen 

tube (75 x 12 mm). The livid was removed under vacuum over phosphorus 

pentoxide. The ratio of the radioactivity present in the dry sample to 

that added originally was the recovery. Each sample when trimethyleily-

lated and subjected to GIC analysis gave rise to a single peak except for 

IMP and. GIP. GIP gave two peaks which corresponded to c(- and/a-glucose. 

IMP was not chromatographed successfully. 

Compound Plasmodia 
.. 

Rat Heart 
. 

GIP 82, 81 85 
G6P 82, 80 85 
F6P 84, 81 
pDp 

citrate 
66, 79.5, 
95, 95 

66 75 

fumarate 88, 99 -- 
malate 88, 97 . 
succinate 94, 94 , 	- 

- 
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CHAPTER 6  

APPLICATION OF GLC MEMODS TO W1± DETERMINATDM7 OF  

COMPOUNDS FROM TISSUE  

In Chapter 4 the determination of the intermediates in 

standard solutions by GLO was developed, and in Chapter 5 methods for 

extracting and purifying these intermediates from tissue were examined. 

These examinations were carried out using 14C-labelled compounds and 

covered'extraction of tissue, and purification as far as the dried 

solids awaiting silylation. 

In this chapter the recovery of 140-labelled compounds through 

the entire method, inclnaing silylation and elution from the GLC column 

into the scintillation cell, has been studied. In addition the mass 

recoveries of intermediates prided to tissue extracts have been determined. 

Interference by contaminating compounds has also been examined. Finally 

the method used for measurement of mass and radioactivity of intermediates 

in tissue is laid out in detail. 

1) The recovery of 140-labelled intermediates from tissue, 

The recoveries of 14C-labelled intermediates as far as the 

dried solids ready for silylation ware in the range 8O-95% except for 

FDP (60-8c (seeTable 5.5). Recoveries of so-called 'pure' 14C-

labelled citric acid, F6P and G6P from the GLC column were previously 

found to be about 9C hen using the scintillation cell (see Table 3.10). 

If no interference occurred in the samples ex-la:acted from tissue then 

firm, recoveries of 70-9036 would be anticipated. This in fact was 

what was found when 1 male (1 pni,) of each intermediate was added to 
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2.5 g of powdered tissue, and then taken through the entire procedure 

(see Table 6.1).  Only radioactivity associated with the mass peak 

of the compound under test was used for the calculation of recovery. 

This radioactivity was corrected for the splitting of the sample and 

for the efficiency of counting, and after correction for the amount 

injected onto the GLC column, was compared with that originally added 

to the powdered tissue. 

The accuracy of the specific radioactivity estimation relied 

on all the radioactivity associated with a given mass being eluted 

from the GIL column. The recoveries from the GIC column in Tables 

3.11 arcs  3.12  were about 9C, There is every likelihood however 

that for the amount of sample being injected (50 nmoles) that the 

recoveries were closer to 100%. The radio purity of the 140-labelled 

compounds was in doubt. It was noticed that for [13-14C]-P6P and. 

[II-14C]-C6P that 4-5% of the radioactivity present was,not:retained by the 

AG 1 resin column (formate form) despite these compounds being 

chromatographically 'pure' by paper chromatographic methods. Also 

recoveries of samples purified from tissue extracts just through the 

final radioactive CIO stage, i.e. comparison of the amount of radio-

activity injected onto the column and the radioactivity eluted off it, 

were in the range 95-100%. This was also true of samples arising from 

incubations of tissue with 140-labelled glucose. Similar anomalies 

have been reported for some 14C-labelled amino acids (Chou et al, 1970) 

where bidimensional paper chromatography both by the isotope manufacturer 

and the authors iraicated a purity greater than  98%, whereas ion-exchange 

elution analysis showed the presence of impurities ranging from 1% to 2( 

depending on the source of the isotope. 

(Conkct. oh p. 164 
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Table 6.1  

Ass percentage recoveries of 140-labelled compounds. Which were added 

to tissue, after extraction from the tissue, partial purification by 

ionexcbange analysis, formation of trbilethylsily1 derivatives, and 

separationbygas-liouid chromatography  

Each compound (1 mole, 1 p.Ci) was added to frozen powdered 

tissue (2.5 g) and extracted with 2 x 10 ml 60,% aqueous ethanol. The 

phosphate present was removed as a precipitate of magnesium ammonium 

phosphate. The extract was loaded onto an AG 1 (formnte form) resin 

column (12 x 0.5 ems) and the column washed with 9 x 10 ml water. The 

intermediates were eluted. with 4 x 10-m1 sodium formate (0.5M) and the 

eluate passed througa an AG 50 (e form)•  resin column (30 x 2.5 cms), 

washing the column with a further 40 ml water. The combined eluate 

was evaporated to dryness and transferred to a specimen tube (75 x 12 mm) 

by 3 x I a 33% aqueous ethanol. It was evaporated to dryness overnight 

over phosphorus pentoxide under vacuum. After converting the acids 

present to their triethylammonium salts, the sample was treated with 

BSTPA:pyridine:TMCS (2:1:1 by vol) at 4°C. Aliquots (5 pl) were 

injected onto a 5f x 'It?  CID glass column containing 3% SE-52 on Chromosorb 

(AW-DEUS, 80-100 mesh). A stainless steel splitter (1:1) was fitted 

onto the end of the column. One half of the column effluent was passed 

into the scintillation cell where the radioactivity was continuously 

monitored. The radioactivity associated with the peak this to the compound 

under test was corrected for splitting and counting efficiency (P . 3.64) 

and compared with that initially added to the tissue. 

r 

Compound Plasmodia Rat Heart 

G6P 75, 77 79 
r6p 74 77 
GIP 80, 84 84 
citric acid 86 __ 
fumaric acid 84 — 
relic acid 84 ... 
sucoinic acid 85 -- 
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2) The recovery of intermediates added to tissue, 

a. Samples taken throw the purification procedures  

When making measurements of specific radioactivity it is 

important that both the mass and radioactivity of the compound being 

studied be eluted to the same extent. Since the recoveries of 

radioactivity from tissue found in: Table 6.1 were for radioactivity 

associated with mass peak, and that only one radioactive compound was 

studied at a time, it would be expected that for these samples mass 

and radioactivity were eluted to the same extent. It is also unlikely 

that if any losses occur during the work-up and analysis that the non-

radioactive material should behave any differently from the radioactive 

material. 

However, since the amount of each intermediate added in the 

radioactivity recovery studies (1 pmole) was in the higher physiological 

range it was of interest to measure recoveries of mass of different 

amounts of each intermediate and in the presence of differing amounts 

of tissue. The results of these measurements are shown in Table 6.2. 

Recoveries of the 500 nmoles were 70% or greater for all intermediates 

except F6P in the presence of the most tissue (500 mg liver or 175 mg 

heart). With leas tisane (liver 50 mg and heart 17.5 mg) many recoveries 

were lower than 7034 the heart data being lower than the liver data 

in most cases. It would seem from this data the amount of tissue has 

a marked effect on the recovery by blocking 'active sites' possibly on 

glassware, ion-exchange resins, etc. -wpm' the recovery of inter-

mediates (500 nmoles) in the absence of any added tissue was less tlinri  

50%measured an two separate occasions. By extrapolating up to the 

conditions used for measurement of radioactivity recovery, i.e. 2.5 g 

tissue and 1 pmole of each intermediate, recovery of mass and radio-

activity are essentirmy the same. 

(UmEd.6n pJ6b) 
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Table 642  

The percentage recoveries of the mass of intermediates added in two.  

different amounts (00 nmoles and 200 nmoles) to differ-TINT amounts  

of tissue extracts 

A solution containing 500 nmole per ml of sucoinate, rnmarate, 

malate, g-glycerophosphate, citrate, fructose-6-phosphate and glucose-

6-phosphate was added (1 ml and 0.4 ml) to liver extracts (500 and 50 mg 

wet weight) and heart extracts (175 and 17.5 mg wet weight). Each 

sample was purified as for the legend to Table 6.1. The resulting 

extract was treated with triethylamine (3 drops) and re-evaporated to 

dryness. Silylatian reagent (0.1 ml) containing BSTPA:pyridine:TMCS 

(2:1:1, by vol) was added. The pyridine contained the internal, 

standards n-hexadecane and n-docosane. A standard curve of area 

response aclInnt concentration was determined using the same stock 

solution of the intermediates and the same silylation reagent. Gas 

chromatographic analysis was carried out by injecting 5 pl aliquots 

onto a 3% OV-1 on Gas Chrom Q (100-120 mesh) 5,  xi.," column using the 

temperature programme: 100°C isothermal for 5 minutes, then linear 

temperature programming at 4°C per minute, 100-250°C. The amount of 

each intermediate present in the test solutions was corrected for the 

amount in the tissue extracts without any additions. 

Command Tissue 
500 nmoles 200 nmoles 

10 vole 1 vol 10 vole 1 vol 

WWI= 

MAME 

MALATE 

Liver 
Heart 
Liver 
Heart 

Heart 
r 

Hear 

(Liver 
Heart 
rver 
Heart 
rver 
Heart 

120 
93 
87 
74 

70 
75 

2 
1889 

69 
78  
36 
50 

75 
68 

131 
77 

78  
39 
78 
45 

152
0 

40 
36 
- 
39 

43 
64 

44
ver  

55 
92 

60 
47 
28 
75 
109 
98 

53 
21 

50 
39 
64 
71 

88  
44 
28 
30 

56 

95 
22 

29  
12 

30 
- 
28 
28 

W-GLYCEROPHOSPHATE 

CITRATE 

FRUCTOSE-6-PHOSPHATE 

GLUCOSE-6-PH0SPHATE 
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For the radioactive gas chromatographic, method to have enough 

radioactivity in each peak, fairly large samples of tissue, certp.iT17 

not less than 1 g, would. be  needed. This would avoid the problems 

created by the drop in recovery with small amounts of tissue. Indeed 

to measure the mass in small amounts of tissue an alternative method 

described in Chapter 5 could. be  used. 

b. 	Samples not purified before silvlation  

As suggested in the previous chapter, it might well have been 

possible to measure the level of carbohydrate intermediates in tissue 

without the purification procedure. That is to extract the tissue 

with aqueous ethanol, and then to simply avaporate the extract to 

dryness in a specimen tube. This dry sample mild then be saylated. 

This was the procedure used to give the chromatograms in Figures 5.3  
and 5.4. 

Since the impurities normally removed were still present in 

the aqueous eillimmolic tissue extxuct it was necessary to see whether 

they interfered with the silylation of the carbohydrate intermediates. 

To test this aliquots of liver extract of 0.1, 0.4 and 1.0 ml (represen-

ting about :7:54 20 and 50 mg wet weight of liver tissue) were taken, 

and aliquots of a standard mixture of carbohydrate intermediates (50, 

200 and,500 nmoles) added.-  Each was dried down in vacuo and then 

silylated. 

The results presented in Figure 6.1 showed quite clearly that 

for all the compounds that were added tissue did interfere with the 

response. This could be most ably demonstrated when the slope of the 

response curve of a compound was plotted against the amount of tissue 

extract present. Even. when 0.1 ml of liver tissue extract (5 mg of 
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liver) was present there was an interfering effect (see Figure 6.2). 

However, in most intermediates the response curve was linear so that 

quantitative determination could be carried out by dividing the sample 

into two and Fulrling a known amount of a standard to one  	This 

would be internal standardisation very similar to that used in 

enzymatic assays. 

3) 	Investigations carried out to determine to what extent contamination 

occurred of tissue extracts by the reagents used in the purification 

procedures 

Because of the nature and the amount of reagents used in the 

purification of tissue extracts it was of importance to test whether; 

impurities in the reagents contributed to the peaks observed in GLO 

chromatograms of tissue samples. For instance if an impurity in the 

ethanol used in the extraction of tissue, passed through the purification 

procedures, at a level of 5 parts per million this would give a peak 

larger than most seen from tissue samples. 

20 ml of 6% aqueous ethanol was, treated as an imaginary 

tissue extract. It was worked up with 5 other genuine samples so 
that it would not be given special treatment, and using an ion-exchange 

column which :had been previously used for the purification of at least 

two tissue extracts. This sample after ailylation was chromatographed 

at the highest sensitivity used In the analysis of tissue (attenuation 

setting x 100). As can be seen in Figure 6.3, the peaks present were 
very minor, TMS-c<.. and TMS./5-D-glucone being present. This contamina-
tion represents a carry over of less than 0.050. However, the object 

of the purification was to reduce the very large amount of glucose 

present in tissue extracts to as low amounts as possible. The glucose 

was not being assayed itself. There was no evidence of any other gross 

interference. 	
(cor&a. on p. 172. 
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Figure 6.1 	The effect of increasing the amount of tissue extract 

on the standard curve  

An aqueous etalanolic extract of liver was used. Aliquots 

corresponding to 5, 20 and 50 mg wet weight of tissue were taken. A 

standard solution of the intermediates was added to each aliquot 

(40, 200, 500 nmoles of each). Each was then evaporated to dryness 

and, then treated. with 100 711 of BblIA:pyridine:TMOS (2:1:1 by vol). 

5 xi of this reagent was analysed on a 51  xi" column of 3% 01T-1 on 

Gas Chrom Q. Temperature programmed analysis: 10000 for 5 minutes, 

then 100-250°C at 4°C per minute, was used. Docosane was added 

(80 nmoles) as internal standard and gave a constant response with 

changing amounts of tissue extract. Hexadecane also added as an 

internal standard decreased with decreasing amounts of tissue. 

The relative peak area response was Obtained by dividing the 

peak area of the compound. by the peak area for docosane.' This response 

'was then plotted against the amount of the compound added to the extract. 

Similarly the relative peak height response was calculated. 

Identification: 

A. F6P + 5 mg liver 

0 	G6p + 5 mg liver 

AL 	P6P + 20 mg liver 

40 	Gee + 20 mg liver 

V6P + 50 mg liver 
C) 	G6P + 50 mg liver 

B. /I 	sues:a:nate + 5 rag liver 

fumarate + 5 mg liver 

AL 	sucoinate + 20 mg liver 

• fumarate + 20 mg liver 

L 	sucoinate + 50 mg liver 
C) 	fumarate + 50 mg liver 
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Figure 6.2 	The variation in the slope of the peak area response  

versus amount of compound added with differing amounts  

of tissue extract  

These results were Obtained from the data presented in 

Figure 6.1. The slope of the response curve was measured and plotted 

against the amount of liver extract used. 

Identifications 

Op P6P 

0 G6P.  
auccinate 

fumarate 
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As mentioned earlier phosphate was a problem but it could. be  

removed by precipitation. The use of deionised distilled water kept 

contamination during purification down to low values. 

4) The removal of amino acids from tissue extracts  

It was necessary to remove amino aoids from tissue extracts 

since they would not be silylated at 4°0 and would therefore Give 

erroneous recoveries of radioactivity if they were radioactive, and 

if they were converted to volatile derivatives by suitable heating 

these might interfere with the analysis. Amino acids eluted from the 

AG 1 column with 0.5M sodium formate would be retained by the AG 50 

column when the sodium formate eluate was passed through. This was 

checked by passing the twenty common nmillo acids (1 }Foie each) through 

the purification procedure. Only 5% of the original iiirthydrin 

response remained after elution from the AG 50 column (probably the 

dicarboxylic amino acids, glutamio and aspartic acids). 

In addition, the amino acid mixture was silylated as was 

the sample taken through purification procedures. GLO analysis 

indicated that the amino acids did not interfere with the analysis 

(Figures 6.4A and 6.4B), the peaks at the end of the analysis eluted 

after TMS-G6P. The extra peaks in the purified sample corresponded 

to those derived from the purification procedure (Figure 6.3). 

5) The method used for the analysis by GLC of intermediates in tissue  

A schematic diagram to summarise the isolation and purifica-

tion step is shown in Figure 6.5. Very rapid freezing of tissue was 

necessary to obtaint the result which reflected the metabolic situation 

(Con.Ed. on p .176 



An aqueous bliFink taken through the entire purification procedure and silylated 

6.3 

Amino acid mixture purified, sitylated, and chromatographed. 

'Amino acid mixture silytated and chromatographed. 

I 	I 	I 	I 	1 	1 
70 60 50 40 30 20 

.4------ minutes 
10 	0 

6.4A  

r 	 
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Figure 6.3 	An examination of those peaks observed in chromatoprams  
which did not arise from tissue  

20 ml of 6O) aqueous ethanol was treated as an imaginary tissue 

homogenate. It was evaporated to dryness and the residue dissolved in 

10 ml water. This was absorbed onto an AG 1 (formate form) resin column 

(12 x 0.5 cm), the col= being washed with 9 x 10 ml water. The column 

was eluted with 4 x 10 a oom sodium formate. This eluate was passed 

through an. AG 50 (H+  form) resin column (30 x 2.5 cm) washing the column 

with a further 40 ml water. The combined eluate and washings were 

evaporated to dryness, and the concentrate transferred to a 75 x 12 mm 

specimen tube with 3 x 1 ml 33% aqueous ethanol. This was evaporated 

to dryness and reacted with 0.1 ml ofBSTFA:pyridine:TMOS (2:1:1, by vol). 

5 )43. of this was injected onto a 34 SE-52 on Chromosorb W (AVI-MMOS, 80-

100 mesh) column (51  3: *9 using the temperature programme 100-250°0 at 

2°C per minute. The sensitivity of the analysis was the highest used in 

any experiment (attenuation x 100). 

Figure 6.4 Examination of the Interference by peaks derived from amino 
acids during the gas liquid chromatographic separation of trimet471-

sily1 derivatives of carbohydrate intermediates from tissue  

Figure 6.4A A. mixture of the 20 common amino acids (1)nmole each) was 

evaporated to dryness and reacted with 0.1 ml BSTFA:pyridine:TMCS 

(2:1:1, by vol) at 4°C. 5,t1 were injected onto a 3g SE-52 on 
Chromosorb IT (.MtTDMCS, 80-100 mesh) column using the temperature 

programme 100-250°C at 2°C per minute. 

Figure 6.4B A mixture of the above amino acids was absorbed onto an 

AG 1 (formate form) resin column (12 x 0.5 em) and the column 
washed with 10 x 10 ml water. It was then eluted with 4 x 10 a 
0.5M sodium formate. This fraction was passed through an AG 50 
(1+  form) resin column. (30 x 2.5 cm), washing the column with 40 ml 
water. The combined eluate and mashing was evaporated to dryness. 
The concentrate was transferred to a specimen tube and silylated with 
0.1 ml BSETA:pyridine:TMCS (2:1:1, by vol) at 4°C. 5).11 was anelymeN 
bSP gas liquid Chromatography as described for Figure 6.4A. 
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Pig= 6.5 	Schematic representation of purification and silylation 

procedures  

Freezinrc of tiimus in liquid nitrogen j 

Peri 	aon 	owder 

^1 

	606 aqueous ethanol 

Homogenisation and centrifugation  

SuPernataRt 1 
PeLlet J 

60; aqueous 
ethanol 

add. evapqrated to 1 ml 

...........Ne 	 ..........1  
Na cesium acetate added and 
ammonium Precipitate centri-
fured down  

Supernatants 

Ammonia 

Loaded onto AG 1 formats colunat  
washed with water. 

	 eluate discarded 

AG 1 column eluted 

A.j elutionvith 0.,J5 sodium formate 

°lust° passed through large 
AG 50 (n+) column. 

,  Cam; washed.  

eluats evaporated to dryness  

13. elution with 2M formic acid. 

j eluate eva-oor4ed dote to 5 In;  

passed through mr#11  AG 50 
(I1+) column.  Column imehod 

e uato evamorated to 

flask eluted with 3075 aqueous ethanol 
transferred to specimen tubes  

evaporated to dryness aver P2o5  and 
converted to trietbylamonium salts  

aniylated at 4w0 	, 

1 	 
le 

GLO analysis 	radioactive GLO analysis 
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being studied. For in vivo studies the tissue was freeze clamped 

in situ with flat-faced tongs cooled in liquid nitrogen (Wollenberger 

et al, 1960). For perfusion studies freeze clamping was also used. 

For tissue suspensions, the suspension was not centrifuged, but poured 

in toto into a beaker contninirig liquid nitrogen. The frozen tissue 

was percuesed in amounts not exceeding 5 g in a stsiniess steel mortar 

cooled in liquid nitrogen. The tissue was then powdered in a pestle 

and mortar cooled with solid 002. The powder was transferred to a 

cold plastic centrifuge tube (50 ml). Cold (-10°C) 60% aqueous 

ethanol was added (for up to 2.5 g, 10 ml, and for 2.5-5 g,  4 ml/g). 

The mixture was homogenised until all the tissue was dispersed, the 

solvent initially partly froze. The homogenate was allowed to stand 

at 000 for ten minutes, its temperature not rising above -10°C. It 

was then centrifuged (10,000 for 10 mins) at -5°C and the :supernatant 

removed. The pellet was re-extracted with the same volume of 60% 

aqueous ethanol and centrifuged. 

The two supernatants were combined, and 0.880 ammonium 

hydroxide added dropwise to pH 8-9. The extract was concentrated to 

1 ml under vacuum (water-pump) using a rotary evaporator at 30°C. 

The concentrate was carefully transferred to a centrifuge tube, and 

with the washings of the flask made up to 5 ml. 	Nhgnesium acetate 

(30 mg in 5 ml) was added followed by a few drops of ammonium hydroxide 

to pH 9. The white floco precipitate of magnesium ammonium phosphate 

was removed by centrifugation (2000 ED= 10 minutes) and the supernatant 
carefully decanted. 

It was loaded onto en AG 1 (formate form) resin column 

(12 x 0.5 cm, 100-200 mesh). When it had all been absorbed onto the 
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'column, the column was washed with a further 9 x 10 ml deionised distilled 

water stepwise, each 10 ml being run through the coltmn before the next 

10 ml was added to the reservoir. 

The intermediates rata-113  d on the AG 1 column were eluted with 

4 x 10 ml 0.5M sodium formate, or with 4 x 10 ml 211 formic acid. (an 

alternative method. not used. in the applications). The sodium formate 

eluate was then passed through an AG 50 (R form) resin column (30 x 

2.5 ems, 200-400 mesh). The column was washed with 40 ml water. The 

Waste and washings were combined and evaporated to dryness under vacuum 

(water pump) using a rotary evaporator at 300C.. The flask was removed 

from the evaporator as soon as it was seen to be dry. The dry residues 

were eluted with 3 x 1 ml 33% aqueous ethanol. .The eluted extracts were 

pipetted into a specimen tube (75 x 12 mm). The tube was stored under 

vacuum over phosphorous pentoxide overnight. The following morning 

triethylnriTIA (50 p1) was added and the tube dried for a further 4 

hours. 

The silylation. mixture (bis(trimethylsily1)-trifluoroacetamide: 

prx 	 dine:trinethylchlorosilane, 2:1:1 by vol) (0.1 ml), was added and the 

tube sealed, &Wren and placed in a refrigerator at 400. Samples gave 

repeatable chromatograms for over two weeks when stored at this temperature. 

Samples left overnight at 4°C were ready for analysis the following morning. 

5 $ aliquots were analysed. by gas liquid chromatography. The 

column packing used. was 	0-52 on Chromosorb IT (AW-DMCS, 80-100 mesh) 

in. 51  x*vl C6 1D. glass columns for the radioactive GLC; 3% 0-1 on Gas 
Chrom Q (100-120 mesh) in a 51 x 	column was used for mass analyses. 
The column packing was deactivated before use by repeated injection of 

the silylation reagent. The flow rate of the carrier gas, nitrogen, was 

adjusted to be 60 mi/min in the analytical and reference columns* A 
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temperature programmed analysis was used, 100-250°C at 2°C per minute 

for the radioactive GIG, and 100°C for 5 minutes, then 100-250°C at 

400 per minute for the mass analyses. When analyses were not being carried 

out the temperature of oven was maintained at 250°C. Before use the oven 

was cooled to 6000 and then heated to 100°0 and left to equilibrate for 

15 minutes. Detection of the eluted compounds was carried out with a 

flame ionisation detector (with reference detector for backing off) in 

a separate oven maintained at 250°C. The hydrogen flow rate in each 

detector was 80 mi/minute and the air flow rate 250 ml/minute. The 

amplified detector output was recorded in parallel on a Kent Mark III 

recorder (10 mV) and Rikadenki B-341 three channel recorder (10 mV). 

The Kent recorder was used to retransmit the analogao signal to an 

minlogue to digital convertor for =Wing  and recording onto punched 

tape. 

For analyses involving radioactive compounds a stainless steel 

splitter (1:1) was fitted to the and of the glass column. The vapours 

diverted to the scintillation cell were condensed into the scintillation 

fluid, and the radioactivity present monitored using a Packard model 

3022 spectrometer. The output of this instrument was recorded on Channel 

2 of the Rikadenki recorder. Channel 3 of this recorder was used to 

check the temperature of the heating line (250°C). 

Determinations of the mass of peaks present were made by 

comparing the areas of each peak in the unknown mixture and the areas of 

each peak in a standard mixture vhidh was worked up in parallel with the 

unknown. The increase in radioactivity in the scintillation cell as 

each compound was eluted (corrected for the split ratio and efficiency of \\ 

countiag, F = 3.64) was divided by the mass to obtain the specific radio-

activity of each compound. 
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0HAPTER:7 

SOME SIMPLE APPLICATIONS OF THE METHODS DEVELOPED FOR THE 

STUDY OF CARBOHYDRATE 

   

IATES IN TISSUE I UN' MO 

   

Three situations have been studied. Firstly, the effect of 

streptozotocin induced diabetes on the levels of intermediates in adult 

rat heart has been examined. Secondly, the effect of anoxia on the 

catbonydrate intermediates and the metabolism of [11-14C4-glncose in rat 

heart has been studied. Finally  the metabolism of {1-140.1-glucose and 

[6-1401  j-gIucose by P.nolycehalum plasmodia, an organism strongly suspected 

of having a pentose phosphate shunt pathway (see Apperaiv 1), has been 

studied. 

1) 

	

	The effect of streptozotocin induced diabetes on the in vivo concentra- 

tions of carbohydrate intermediates of rat heart  

A diabetic state, i.e. blood glucose greater than 300 mg%, was 

induced in a 250 g male rat7) by the injection of streptozotocin (16 mg) in 

saline (Rakietan et al, 1963) via the tail vein. After 48 hours this 

Animal and =untreated control rat from the same group were ether 

anaethesized, their chests were opened and their hearts freeze clamped 

in situ. with tongs cooled in liquid nitrogen (Wolleriberger et al, 1960). 

Obviously blood was not washed out of the hearts before clamping so that 

some contamination did occur. The hearts were treated as described in 

the Method in Chapter 6. GLC analysis was carried out on 3% SE-52 on 

Chromosorb II (AW-DMOS, 80-100 mesh) column packing (see Figure 7.1 and 

Table 7.1). 
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Certain gross effects were obvious; G6P:,and citrate were both 

elevated and (1-glyeerophost)hate and malate were reduced in the diabetic 

rat heart. Similar trends have been observed in alloxad induced 

diabetic rat hearts (Newsholme & Randle, 1964; Garland & Randle, 1964), 

but these hearts were perfused in vitro so that the absolute figures 

may well be different. 

2) The effect of reduced oxvoen tension on the concentration of 

carbohydrate intermediates in the isolated ierfused rat heart  

Hearts of 250-300 g rats were excised and perfused according to 

the methods of Chain et al (1970). In each experiment the heart was 

perfused in Krebs-Hanseleit (1932) bicarbonate buffer (50 ml) 

containing glucose (11 mii). For high potassium buffer the KCl concentra-

tion was raised from 5 mM to 15 mM and to maintain an ionic balance the 

BaC1 concentration was lowered fraM 118 mM to 108 01. The heart was 

preperfused for 15 minutes and then perfused for 30 minutes with fresh 

buffer containing 125 uOi10-140]-gIudose (purified by passage through 

AG 1 resin (formate form) just before the start of the experiment). 

The buffer was recirculated and continuously gassed with either 95% 

02/5% CO2  or 95% N2/ 5% CO2. The non-working Langendorff heart 

preparation was used for each experiment. At the end of the perfusion 

period the hearts were washed through with ice-cold saline and then .  

rapidly freeze clamped with tongs cooled in liquid nitrogen (Wollenberger 

et al, 1960). 

The results of the experiments carried out are summarised in 

Table 7.2. Both lactate and ol-glycerophosphate had increased 

specific radioactivities when the hearts were anoxic. Curiously no 

radioactivity was associated with TMS-G6P despite it being present in 

con d. on p.184 ) 
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Filyre 7.1 	The effect of streutozotocin induced diabetes on the  

in vivo levels of carbohydrate intermediates in rat  

heart . 

Both hearts were freeze clamped in sitR (Wollebberger et 

all  1960) after opening the chests of the FinimalS under ether axiaethesia. 

The frozen hearts were extracted and the extract worked up as described 

in the Method in Chapter 6. 5,41 aliquots were analysed on 5% SE-52 

on Chramosorb W (ANDMES, 80-100 mesh) using the programme 110-230°C 

at 2PC per minute. 

Peak identifications 

1. lactate 	2. phosphate 	3. =slate 	4. 04—glycerophosphate 

5. citrate 6. fructose-6..phosPhate 7. glucose-6-phosphate 

Chromatogram A 

Rat treated with streptozotooin 48 hours previously. 

Chromatogram B 

Normal rat (250 g). 
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Table 7.1, 

The levels of G6P. Fp.k  ot-gly_ceronhosuhate. citrate and  

malate in hearts from the normal fed rat,-And the strerto-

zooin induced diabetic rat as determined by the GIC method 

The hearts were obtained as described in the text and than 

purified as described in the Method in Chapter 6. Gas Chramatographio 

analysis was =tied out on 5% SE-52 on Chromosoi311 (111-DMOS, 80-100 
mesh) as described in the legend to Figure 7.1. The results are 

expressed as Amolec/100 g wet weight of tissue. They were obtained from 

the chromatogTams in 113Aure 7.1. 

Compound Normal Fed Bat Streptozotocin 
Diabetic Rat 

G6P 33 63 

F6P 7 11 

at-g3,ycerophosphate 27 16 

12 20 citrate 

malate 22 14 
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large amounts in the aerobic heart (see Figure 7.2). Reduced °vent 

tension lowered the G6P level considerably. High K+  concentration 

although stopping the heart beating, and reducing the glucose uptake 

and lactate production into the medium, did not alter the Intracellular 

levels or specific radioactivities of lactate or oc-glycerophosphate. 

3) The distribution of the 140-label in glucose metabolites from 

L1-1401-glucose andf6-140)-glucose after incubation with the 

Plasmodia of P.volrcenhalum 

The myxomycete, Pbyearum rolvcerhalum has only been recently 

pure cultured and very little if any is known about its carbohydrate 

metabolism. In Appendix 1 some preliminary experiments to determine 

the nature of its carbohydrate metabolism were nwrried out. 

Evidence is presented there indicating that C1-140]-glucose 
f 	1 was oxidised to 14CO2  more rapidly than to-

14  Cj-glucose by the plasmodia 

of P.rolycenhalum. This was demonstrated by a positive effect (more 

14C-label in 002  from C1-140]-.glucose thml  ..141-glucose) and a 

negative effect, less 140-label in lipid after incubation with 

D-144glucose than [6-140]-glucose). Both these observations inclicated 
that the pentose phosphate shunt was operating during aerobic incubation 

of these plasmodia. If this was so then it would be expected that 

certain intermediates would have different specific radioactivities, 

depending on whether the glucose was labelled with 14carbon on the 

C-1 or 0-6 position. In fact any intermediate after 6-phosrhogluconate 

in the metabolic sequence should show a lower specific radioactivity 

from 1-14C ...glucose than from [6-1401-glucose because of the 14002 
lost going from 6-phosphogluconate to ribulosehosphate. 

(co- &d. on p.122 
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Table 7.2  

Effect of reduced mem tension era  high potassium  

concentration on certain metabolic parameters in the 

perfused isolated rat heart 

Hearts from 250-300 g rata were perfused according to the 

methods described in the text. Each was perfused in buffer containing 
11 mM glucose (0.19 gibmole). Hearts were perfused in the following 
manner: 

1. aerobic preperfusion (15 minutes), aerobic perfusion 

(30 minutes) active heart. 
2. aerobic preperfusion (15 minutes), anoxia perfusion 

(30 minutes) heart activity declined. 

3. anoxic preperfusion (15 minutes), anoxic perfusion 
(30 minutes) heart activity low. 

4. anoxic preperfusion (15 minutes), anoxic perfusion 

in high e (30 minutes) heart activity ceased. 

After freeze clamping of each heart (Vollenberger et al, 
1960) the metabolic parameters in the table below were determined. 

The extracellular glucose and lactate concentrations were determined 

enmymaticallybyMiss P. Owen: The-Intracellula-r lactate and 
o<-glycerophosphate specific radioactivities and concentrations were 

determined by the radioactive GIC Method detailed in Chapter 6. The 

radioactivity associated with the 'amino acids was that which was eluted 

with ammonium hydroxide from the AG 50 resin column. 

specific radioactivity units pOibmole 
concentration units mole& 

EcTR  A m 	1 t: INTRACELLULAR 
LACTATE  o(-GP 

m ULM/ 
RADIOACJavITY 

HEART Glucose Lactate Specific Concen- Specific Comeau- IN AMINO 
Uptake Output Activity tration Activity ACIDS (uCi) tration 
umoles umoles + * + * 

1 30 30 0.009 2.5 0.007 0.4 0.17 
2 115 125 0.015 3.0 0.018 1.8 0.21 

3 115 135 0.023 2.2 0.022 2.2 0.07 

4 go 	,, 65 0.023 2.3 0.019 2.1 0.07 
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Figure 7.2  

 

The effect of redueed oxygen tension and high e  

concentration during incubation with [S-14  0-glucose  

on the carbohydrate intermediates in perfumed  

isolated rat heart  

  

    

Each heart was perfumed with Krebs Henseleit (1932) buffer 

cautaining 11 mM glucose (specific radioactivity 0.19p.Cibmole) for 

30 minutes after a preperfusion period of 15 minutes with the same buffer 

containing no radioactivity. At the end of the 30 minute period the 

hearts were washed through with 20 ml ice-cold saline, add then freeze 

clamped with tongs cooled in liquid nitrogen (Wollenberg .x: et al, 1960). 

The heart w&3 extracted, purified and silylated as described,in the 

Method. in. Chapter 6. GLC analysis was carried on 3% SE-52 on Chromosorb 

W (AN-DMOS, 80-100 mesh). 

Peak identification for each chromatogram: 

1. lactate 	2. phosphate 	3. unknown 4. ocaycerophosphate 

5. citrate 	6. cc-D-glucose 	7. A-D-glucose 	8. glucose-6-phosphate 

Chromatogram A 

Heart preperfused with 93% 02/9%002  and perfumed with the 

same gas. 

Chromatogram B 

Heart preperfused with 97/6 02/5% 002, perfumed with 99% 
N2/9% CO2. 

Chromatogram C 

Heart preperfused with 93% N2/5% CO2  and perfUsed with the 

same gas. 

Chromatogram D 

Heart preperfused with 95% N2/5% CO2  and perfused with the same 

gas, but in. high Xt concentration (15 mM) buffer. 
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•An experiment was set up to study the movement of the 14C-

label from [1-140]-glucose and ,J40]-glucose through gdycolysis to 

the Krebs cycle when metabolised by the plasmodia of P..golycenhalum. 

Plasmodia from the active phase of growth were incubated in 

standard medium less glucose and peptone. Glucose was added to give 

a concentration of 1 roll and the plasmodial suspension was party:led at 
24°C with 95'/0 02/596 CO2  for 5 minutes. Then [1-140]-glucose (to give 

a specific radioactivity of 0.75 7.1.Cibmole) was added. Aliquots of 

the plasmodial suspension were removed at 1 minute and 6 minutes, and 

were immediately frozen in liquid nitrogen. An identical incubation 

was performed in parallel MAire  [6..144]-glucose (to give a specific 

radioactivity of 1.50 nCi/plaole). 

The frown samples (also containing metabolites from the media) 

were treated as described in the Method in Chapter 6. Radioactive GIG 

on the silylated samples was carried out using 3% SE-52 on Chromosorb 

(AW-UMCS, 80-100 mesh). 

The radiochromatograma so obtained are shown in Figure 7.3. 

As could be seen no radioactivity was associated with lactate, malate, 

fumarate, succinate or citrate after incubation for 1 minute. However, 

after six minutes radioactivity could clearly be seen with lactate, 

malate and citrate after incubation with [6-14C]-glucose. Radioactivity 

may well also have been associated with fumarate and succinate, but this 

was in doubt because TMS-fumarate and TMS-succinate were eluted on the 

trailing side of the large TES-phosphate peak. In contrast only a 

very small amount of radioactivity was associated with these compounds 

after incubation with [11-14C]-glucose. This was further evidence for 

the existence of the pentose phosphate pathway. The specific radioactivities: 

for G6P, F6P and malate (see Table 7.3) show this very clearly as well. 
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FiRare 7.3  The distribution of 140-label in cai#bohydrate inter-

mediates from E1.1403-Rlucose and. (6_1401 -Al: MOM after 

incubation with the -plasmodia of P.uolvccrohaltna  

   

Plasmodia from the active phase of growth were incubated in 

standard medium lacking peptone and glucose. Glucose was added (1 m./1) 

and the medium was perfused. at 24°C with 951‘ 02/5X, CO2. After 5 minutes 

incubation. [1.140].glucose (to give specific radioactivity 0.75 xOi/ymole) 

and (6.14C)-glacose (to give specific radioactivity 1.50 p.Cibmole) were 

added to separate but similar flasks. Aliquots taken for assay were 

frozen immediately in a beaker of liquid nitrogen. The.extraction 

purification MIA  subsequent radioactive GLC assay were as described in 

the Method in Chapter 6. 

Peak identification: 

1. lactite 2. phosphate 3. malate 4. citrate 

5. 	04 -D -glucose 	6. 	-D -glucose 	7. fructose-6-phosphate 

8. glucose-6-phosphate 

Chromatogram A 

Aliquot of plasmodia removed after 1 minute incubation with 

[1 -14C] -glucose. 

Chromatogram B 

Aliquot of plasmodia removed after 1 minute incubation with 

L6140J-glucose. 

Chromatogram C 

Aliquot of plasmodia removed after 6 minutes Incubation with 

(1-14CJ -glucose. 

Chromatogram D 

Aliquot of plasmodia removed after'6 minutes incubation with 
{6.1403 ...50.1200130. 
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Table . 

The specific radioetctivities* of G6P. F6P and. malate  

after incubation of P.polycephalum plasmodia with  

(1.140-glucose and (6.1401.glucose after 1 rnirinte 

and 6 minutes 

The measurements of specific radioactivity were obtained 

using the radioactive gas liquid. chromatography technique desoribed 

in Chapter 6. Plasmodia of P.po3soephalimi were incubated in standard 

medium lnigang peptone, and. at a glucose concentration of 1 m11. 

b-14C]-glucone (to give specific) radioactivity 0.75 )aCibraole) and 

[6-14C1-glucose (to give specific radioactivity 1.50 p.Cihamole) were 

added and aliquots of the plasmodial suspension removed at 1 minute and. 

6 minutes and immediately frozen in liquid nitrogen« 

r [1-140]-glucose [6-1403-glucose 
.-_ 

1 min 6 mins 1 min 6 mins 

G6P 0.28 • 0.40 0.65 1.14 

F6P 0.14- 0.18 0.38 0.50 

Nalate 0.00  <0.01 0.00 0.04 

* units of specific activity peihnaole 
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CHAPTER 8 

DISCUSSION 

1) The preparation of volatile derivatives for gas chromatography 

a) The dimethylester-trimethvlsiI71 ether derivatives of 

sugar phosphates  

The work on these derivatives of the sugar phosphates, G6P, 

F6P and G1P, showed clearly that they were not suitable for quantitative 

measurements in tissue. The work of Wells et al (1964) who introduced 

these derivatives has been quoted (Hancock, 1968) as being a means by 

which sugar phosphates could be analysed. However, the problems of 

reproducibility prayed to be insurmountable (C.C. Sweeley & W.W. Wells -

personal communications). 

G6P could be reproducibly analysed from aqueous solution 

(Table 5.5;4.75), but this was far removed from tissue. Even for 

G6P there was a side reaction; diazomethnrc could react with the 

unblocked 0-1 position to give Do- and AS-methyl gluposide-6-dimethyl 

phosphate in the same way that oc-methylaucoside could be prepared from 

oc-glucose (Kuhn & Baer, 1956). The shoulder preceding the major 

peaks of the G6P derivative on GLC was due to TM8-0<- or flb-methylglucoside- 

6-dimethyl phosphate.' The two spots obtained by TLC of methylated 

G6P (Figure 	64) if eluted separately and. then silylateci give 

rise to the two major 'peaks (most probably the 0(- and ,- forms) and 
the shoulder respectively. 

The derivative for F6P was not even formed reproducibly from 

an aqueous solution. The problem seemed to lie with the methylation 

step of the reaction. The silylation step was reproduoible (Table 3.2, 

p.74 ). Although only one peak could be observed during GLO analysis 
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it was likely that it was au occlusion of several peaks. TLC analysis 

of methylated F6P which gave many spots would support this. 

Attempts to form the derivative of GIP were not successful. 

The use of methanol which reduced the number of protons present so 

, that the free acid ,of GIP ,could be handled without hydrolysis (see 

Flpure 3.5, p.79) did not lead to a suitable derivative. Breakdown 

to glucose occurred although the amount formed varied according tot, the 

method of analysis. TIC indicated less than 20,% of the theoretical 

amount, whereas CIO gave results from 21.9% to 34.0% and enzymatic 

analysis with glucose oxidase results from 414% to 65.8%. It was 

possible that hydrolysis occurred in the pH5 acetate buffer used for 

the enzyme analysis. 

Mass spectral antllysiswas not conclusive as to whether 

trkaethylphosphate was present after methylation of GIP with 

diazomethane (Figure 	p. 91:and Table 3.6, p. 92). Even if it 

was present, it could be that this was due.to impurity in' the GIP, or 

to inorganic phosphate liberated from GIP free acid in methanol, 

albeit that those would be small quantities. 

b) The trimethylsilvl ester-trimethvlsilyl ether derivatives  

i) Phosphate containing compounds  

These derivatives first described by Hashizume & Sasaki 

(1966) were turned •to.after the failure of the methyl ester-trimethylsily1 

ether derivatives. The method for silylation used. by these authors, 

refluxing the compound to be silylated in anhydrous conditions with 

pyridine:BEDS:TMCS, would not be convenient for routine analyses. 
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The silyl amide, bis(trimethylsily1)-acetamide was found to 

convert compounds to their TME-derivatives at room temperature, or 

lower temperature (see Chapter3.B, p. 93). Since BSA was a good, 

solvent. it could. be used on its own which meant that silylations could 

be carried out on a smaller scale. This reagent was also used for the 

silylation of GIP and G6P by M.G. Homing et al (1967). For the 

derivative of GIP this was not anted. until 2700 on OV-17 according 

to M.G. Horning et al (1967). However, in this study, this derivative 

was eluted rapidly at 200-210oC on OV-17 with a retention time almost 

identical with TME-F6P,(see Figure 3.10, p.97). It would seem very 

unlikely that the peak reported for GIP 'by M.G. Horning et al (1967) 

wan a derivative of GIP since it was eluted so far after TMS-G6P.• 

Treatment of GIP with BMW and THOS in.  pyridine led to 

multiple products of Shoit retention time (see Figure 3.11, p.100). 

Eisenberg& Bolden (1969) reported that TMS-phosphate was present, 

but could not, identify TMD-4- or -/3 -glucose. They suggested that 

on-column pyrolysis was occurring, however, the compounds which might 

be formed in these circumstances, for example, a 1, 6-anhyclDoglucan 

or a glycoceen, were not present. The cause of this breakdown was 

almost certainly the presence of TRW in the silylatingmixture. 

121.1-41P mule, be prepared with BSA in slknline conditions to give a 

'single peak (see Figure 3.11b, p.100). The subsequent addition of 

TMCS to this sillation mixture resulted in the Almost complete 

diaappearance of the peak for TMS-GIP and the appearance of peaks of 

much shorter retention time. Since TMCS generated H01 when it reacted 

with active hydrogen atoms it was quite likely that the TMS-GIP 

derivative was unstable in acid conditions. Whether decomposition 
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occurred on-column or in the reaction tube was not clear, but the broad 

peak seen (Figure 3.11c, p.100) might well be due to on-column decompo-

sition throughout the column. 

Sherman et al (1969) extended the compounds (sugar phosphates) 

which could be converted to TMB-derivatives by using the mixed reagent 

BSAty4IldinesTMOS (515:2 by vol). With this mixture 'sodium salts 

could be silylated as well as the ammonium salts and the triethyl-

ammaninm salts, but not barium salts (Sherman et al, 1971). 

cs 
crEf3 i  

11 3  
R. --Na + 01— Si — 	-7—t• R 	. 0 — Si — CH3 + Na Cl 

CH3  ' 	CH3 

This type of mixed reagent was used in this study'as E.C. Horning et al 

(1967) reported that a mixed reagent of BSA andiTYS, was more efficient 

for silylating steroids, particularly stericaily hindered groups. 

Other ratios of the silylation reagents were used, less BSA could be 

• used with pure solids, but this reflected the' irmreased contaminations, 

one was faced With'when studying samples which need some degree of 

purification (see Chapter 5). ' 

Gas chromatographic analysis of TNS-sugar phosphates has 

been carried out on pc-710 silicone fluid, JXR,,SE-50, OV-1, CV-17 and 

OV-25 liquid phases (Sherman et al, 1971). in this study no peaks 

were obtained when using 3% OV-25 on Clxmmosorblipaoking or on 

polyester phases; peaks were obtained on SE-30, SE-52, OT-1 and OV-17. 

The retention data on OV-17 for TMS-F6P relative to T]S-o(-G6P was 

similar to that reported elseeere (0.54 in this study at 21000, 

• 
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0.52 at 17800 for Sherman et al, 1971). Similarly for TMS-ribose-5-

phosphate the relative retention time was 0.38 in this study against 

0.35 for Sherman et al (1971). 

Sherman et al (1969) and Zinbo Ea Sherman (1970) have 

confirmed that the peaks seen for TMS-sugar phosphates were simply the 

fully trimethylsilylated sugar phosphate. For G6P they found the 

mass ion to have a m/e of 692 consistent with tetra 1,2,3,4-0-tetra 

(trimethylSily1)-glucose-6bis(trimethylsilyl)phosPhate. 

Si(03)3  

(CH
3
)
3
Si --- 

\ 

C 

(og3)3si-0-Sge153)3 11,/, N0-si(cH
3
)
3 

t Si(CH3)3  

Mass spectral confirmation of the structure of all peaks seen in chromato- 

grams from samples of undefined origin, i.e. from tissue, is essential if 
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correct interpretation of the qualitative and quantitative data is to 

be made.' This was not done in this study because of a lack of the 

necessary equipment to be able to pass the compound being eluted from 

the GIC column into the mass spectrometer successfully. 

Complete formation of the TMS-derivative was found to have 

occurred after several hours at room temperature'in BSA (RG. Horning 

'et al, 1967) and after 30 minutes to 3 hours in the slaylatingseagents 
(Sherman et al, 1969, 1971). In this study such formation occurred at 

4°C overnight. This was sufficient in this study since the major 

part of the day was spent preparing samples and analysing::from previous 

days. The completeness of the silylation step was irdicated indirectly 

by the recovery of 14C-labelled compounds through the GLC column (see 

Tables 3:9, p.104and 3.10, p.105). The data presented showed recoveries 

greater than 90% for glucose, citric aoid, 76P and. G6P. This data 

was in.cantrast to the data of Jansen & Raglan (1968) who reported 

recoveries of 30% for TM-glucose. This marked difference was not 

likely to be due to their collection procedure, since crude collection 

of the eluted chromatographic vapours where 70% of the solvent was lost 

during trapping did not lead to significantly large decreases in 

recovery (Table 3.9, p.104). The most likely explanation would seem 

to be that they used a fresh column for each series of analyses. Such 

columns are prone to completely adsorbing a sample until 'active sites' 

in the column are saturated. , Such•phenomena have also been reported 

by Sherman et al (1971) Prui as they founa the extent to which this 

occurs can vary considerably between batches of the same column. packing. 

Since Jansen & Magian (1968} used a Chromosorb G support which was not 

deactivated, there is a strong passibility that adsorption onto the 
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column was occurring. Thus they would be correct to report that 

decomposition of the derivatives occurred.' in their columns, but it was 

not true of all column materials and their problem my have been resolved 

by changing to a more 'inert' support. 

ii) Nan-"Phosphate derivatives  

The derivatives of the organic acids,' lactate, pyruvate and 

those of the Krebs cycle, were readily prepared using hexamethYldidilazane 

and trimethylchlorosilane in pyridine (as for Horii et al, 1965 and 

Dalgliedh eta, 1966) and using the mixture BSTFA:TMCS:pyria3rP. 

BSTFA:pyridine was used by Horning & Horning (1970) to form derivatives 

of Krebs vole intermediates in serum. 

The oximes of the oc-keto acids were prepared for pyruvate, 

oxaloacetate and 00(-ketogluiarate, and then were converted to the TMS-

derivatives as described by Horii et a3. (1965). 

e.g. CH
3 

— c co2H 	cH3  — 0 — coo 	cH3 	— cops 

0 	NOH 	ROMS 

However, these derivatives were not practicable since the excess hydroxy-

lamina used to form them would also react with the silylatian reagent, 

thus increasing the volume required for satisfactory formation of 

derivatives. The methoxlmes were prepared in a similar manner. 

These have the advantage that the excess methoxylamine does not react 

with the silylation. reagents. Treatment of keta-groups with mexthoxy-

lamipp was introduced. by Pales 80 lavabainan (1965) for steroids. 

Horning et al (1968) and Horning 80 Horning (1970) have described 

the use of methoxylaNi.ne to stabilise the oc-keto acids. Without the 
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formation of the methoxime a keto-enol transformation can occur 

CH --C— 	CH C, 	 --OH=C--- 

I 2 	
0
11 

OH 	OTIOi 

The enol-ether can very readily give up the OH group which leads to 

losses on the column, Quinoxalones of pyravic acid and o(--keto 

glutaric acid which were then silylated were used by HammmieaKillinger 

(1969), but theme derivatives were comparatively involatile and also 

retained the keto group. 

Similar problems of keto-enol transformations occur with the 

methyl esters of v4 keto acids (Dalgliedh et al, 1966; Simmonds et al, 

1967) and the methyl esters-trimethylsily1 ethers (Dalgliesh et al, 

1966): The methyl enters have been used widely for the measurement 

of Krebs cycle intermediates in plant tissues (Kellog at al, 1964; 

Ramsey et al, 1964; Canvin, 1965) where the leVels are higher, but 

where the levels are lox considerable losses occur after derivatisation 

making it necessary to use a radioactive recovery determination on 

every compound (Barnett et a]., 1968). Since methyl lactate has a 

boiling point below that of the solvent chloroform which was concentrated 

down from 20 ml to 100 ul prior to chromatography, it is a wonder that 

any was left. This method was briefly investigated with the plasmodia 

of PeTlo;voephalimn (see Appendix 1, Figure A.6, peas). It was not 

taken any further since it was later found that carbohydrate inter-

mediates could be studied in a single run using the trimethylsily1 

derivatives. 
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2) Chromatographic separation of TMS-derivatives and -production of 

Quantitative data  

Gas chromatographic, armlyses of the TMS sugar phosphates 

reported in the literature (Haahizume & Sasaki, 1966; Eisenberg & 

Bolden, 1969; Sherman et al, 1969, 1971) have been mainly carried out 

isothermally; M.G. Earning et al (1967) used temperature programmed 

analysis for the separation of TMS-G6P and so-called TMS-GIP. 

Analyses of the Krebs cycle intermediates as their trimethylsily1 

derivatives have been carried out on a temperature programme (Horii 

et al, 1965; Dalgliesh et al, 1966), 

In this study it was found that using a temperature programme 

starting at 100°C and increasing at 2°C or 4°C per minute up to 25000 

the TMS derivatives from lactate to G6P could. be separated in a 

single run, taking 65 minutes (at 2°C per minute) or 42 minutes (at 

400 per minute). The anm:17ses at 2oC per minute were used for the 

radioactive samples an 334 SE-52 or ,),/) OV-17 on Chromosorb W (A11-DEDS, 

80-100 mesh). The analyses at 4°C per minute were on 3% OV-1 on Gas 

Chram Q (100-120 mesh). This column packing was superior to all 

others particularly because of its law column bleed at all temperatures. 

This resulted in a stable baseline during temperature programming. 

The column packing-0.12Z 0V-1 on Corning glass beads used. by Sherman 

eta' (1969) whilst giving good separations when operated in the region 

200-220°0 isothermally, gave rise to very broad peaks when used for 

temperature programming. The explanation for this lies with the low 

surface area of glans beads compared with diatomaceous earth and the 

low level of liquid phase loading possible with the glass beads. 

This meant that at the starting temperature (100°C) the injected 
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derivatives mould all try to congregate at the top of the column. 

This mould not be possible due to the small amount of liquid phase in 

this region, it would become saturated and the sample would. be  spread 

over a greater volume of the column thus leadirg to broader peaks. 

In the most recent work of Sherman et.al (1971) 0.1% DC-710 silicone 

oil on glass was used. Temperature programming with this column 

packing would be even less likely to succeed. At high temperatures 

used for isothermal arnlysis of--sugar phosphates the solubility of 

the TILLS derivative in the liquid phase would. be  higher than at 100°C, 

so this combined with the immediate movement along the column by the 

derivative, would. not lead to averionilirg of the column. 

Funarate and succimate were separated on the SE-52 liquid 

phase and OV-1, but not on OV-17. The lack of separation on OV-17 

was also noted by Hoeing & Horrire (1970). Since OV-17 has a higher 

proportion of phenyl groups than OV-1 and SE-52 it is hard to understand 

m4y this should be. The interaction of the double band in fumerate 

with the phenyl groups might have been anticipated to increase the 

retention time compared with suocinate. The separations of the TNB 

derivatives achieved on OV-17 on Chromosorb W (AW-DMCS) and OV-1 on 

Gas Chrom Q were superior to those on SE-52 on Chromosorb W (Figures  

a, p. 118 and 1.1, p.I21). However, SE-52 on ChromosombIT (W-DMCS) 
worked very satifactorily for the radioactivity pralyses. The radio-

activity in each injection recovered from this column was very close 

to 100%, for a very long period. despite increased peak tailing 

(Figure 4.2a, p.I18). This was from a separate batch of 3% SE-52 

on Chromosorb W (AW-DMCS) than the one which was investigated during 

the collection of data (in Chapter 4). Variation of the usefulness 
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of columns made from separate batches of a particular column packing 

has been reported by Sherman et al (1971). 

Quantitative_analveis of carbalkvdrate intermediate TMS-derivatives 

No systematic studies of the quantitative estimation of T?IS-

derivatives of sugar phosphates by gas chromatography have been reported. 

Sherman et al (1971) have commented, as in the previous paragraph, 

about variability of usefulness of,column packing for armlysis of sugar 

phosphates: They also mentioned that with anew column several injections 

of TMS-derivatives were necessary before they appeared out of the column. 

After sufficient injections the height of the peak obtained reached a 

plateau, the number of injections varying from column to column. The 

worst columns did. not even show a plateau effect. These observations 

are identical with those in this study. All the column packinta with 

ChromosorbIi (.0.-D22CS) showed a pronounced adsorption effect, at least 

6-12 injections being necessary before the plateau was reached. For 

these packing° at the end of the analysis, i.e. at 250°C, the next 

sample to be analysed was injected. This saturated all the sites to 

which the compounds in this sample might be sensitive. Of course it 

also provided information on which sensitivi#ranges to set the 

detector and the scintillation ratemetere It was found necessary to 

saturate the column at the beginning of each day in this study. 

These effects were mrtrimal  for the 3% CV-1 on. Gas Chram Q coluna, in 

fact when the first column uhiCh was used was rejected for other 

quantitative considerations, it was still capable of establishing a 

plateau within 2 injections. The new column of Vo 0V-1 on Gas Chrom 

that was made up was injected with a MS derivative mixture (see Figure  

2.1, p.35) without prior injection of any silylation reagent and with 
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no noticeable adsorption of any of the compounds present. After 

several days use two successive injections of the same sample without 

any prior column deactivation, indeed only 40 minutes after the apparatus 

being started up, gave essentially identical chromatograms (see YiKare. 
?lb P.37  ). 

Sherman et al (1971) observed that leaving a column out in 

the atmosphere caused a profound 'adsorption' effect due to water 

absorption, and that Net' carrier gas could also create problems. 

Certainly 'wet' carrier gas could well hydro Be;TMS-esters, and for 

all of the G1C analysis in this study a molecular sieve filter was 

fitted to the carrier gas stream, and was regenerated at 250°C when 

a fresh cylinder  of carrier gas was necessary. 

Allison & Stewart (1971) noted that when analysing samples 

containing TMS-ascorbic acid, that repeated opening of the sample 

resulted in a reduction in response. They suspected it was due to 

moisture being introduced into the sample. Addition of 1 pl of water 

had a similar effect, as indeed did. bubbling the carrier gas through 

water. The latter effect was abolished. by placing a molecular sieve 

filter between the water and the column. 

For the work with SE-52 and OV-17 on Chranosotb lithe columns 

were maintained at 250°C over night with carrier gas still flowing. 

However, with 3g. 07-1 on. Gas Chrom Q this was not necessary, and. both 

the heating of the column and the passage of carrier gas overnight 

were stopped. The column, however, was effectively sealed under 

nitrogen. The lank of awed to heat the column overnight may have been 

in part due to the different method of injection used. for this column. 

For the SE-52 and OV-17 on Chromosorb w (AW-DMCS) column packings, 
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injection of sample was made about 1.5 ems down into the packing, 

whereas for the CV-1 the sample was injected 1.5 cms above the plug, 

i.e. into the gas space above the column packing. The top of the 

column packing was deeper down into the column than usually used so 

that the injection took place inside the column oven. This prevented 

injections in the cold spot region. The use of the injection heater 

although improving the chromatographic separation of TMS-N- and 

A-G6P brought the useful life of the column rapidly to an end. by 

affecting the compounds with the longest retention times (phosphate 

esters). Increasing the temperature only made matters worse. It 

was apparent from this that the top few inches of the column were 

critical. Direot injection of the sample onto the column resulted 

in the gradual dissolving away of the liquid phase since the solvent 

was in the liquid phase after injection. This bared the support to 

the TES-compounds. Injection above the top of the column pnclring 

allowed the solvent to evaporate before reach the column packing 

thus preventing the denudation. In addition non-volatile compounds 

at worst only reached as far as the glass wool plug. In practice this 

was what was observed. The injection zones of the SE-52 oz 07-17 on 

Chromosorb W (AWDMCS) column packingn became black very rapidly. 

AS a result the top few inches were replaced every 50 injections. In 

contrast no colour changes (remained white) were seen for the 3% 07-1 

on Gas Chrom Q column packing, the glass wool plug only becoming brown. 

Formal investigation of the quantitative responses of the 

TMS-derivatives during temperature programming were made in this study. 

There were some fears as to whether it was possible to obtain quantita-

tive data during a temperature programmed analysis. However, with 

an isolated isothermal detector operating above the temperatures in 



- 205 - 

the column oven quantitative data was obtained. This problem has 

been eynmined in detail by Poulson & Jensen (1971). They examined 

the molar responses of the nparaffinn from 06  to 032  during 

temperature programming and, found them to increase linearly with 

Increasing number of carbon atoms. In addition they found no 

difference between injection into the head space above the pang and 

injection on-column. 

Horning et al (1963) have investigated temperature programmed 

analysis using a P.I.D. and showed that quantitative data can be 

determined. These results were Obtained for methyl esters of fatty 

acids, and it was also shown that the argon ionisation detector was 

not suitable for obtaining quantitative data. Ettre et al (1962) 

also obtained quantitative data during temperature programming and 

showed that keeping the pressure drop across the =lima constant, i.e. 

with decreasing flow rate with increasing temperature, was more 

satisfactory than attempting to maintain the flow rate by adjusting 

the pressure drop. This was because the 	was not so sensitive 

to flow rate as for instance the katharometer. 

Horning et al (1966) have looked at certain urinary acids 

as their TMS-derivatives and quoted response factors for them. 

However, no details on the shape of the response curves for each 

compound were given. 

In this study there was a difference in molar response 

between hexadecane and docosane on the 3% OV-1 on Gas Chrom Q packing 

(1:1.30) which was close to that expected (ratio 16:22 carbon atoms, 

i.e. 1:1.375). The relative molar responses of TES-derivatives were 
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calculated against TMS-.glucose, hexadecane and docosane on this column 

packing (Tables 4.3,  p.12/4  and AA, p.a6). The values against 

TES-glucose were calculated to compare with results obtained with the 

SE-52 and. OV-17 on ChromosorblIcolumn packinga (Table 4.2, p.123). 

These results were similar considering that they were carried out aa a 

different marbille. As seen in Tables 4.3, p.I24and AAA, p.I24the 

relative molar response remained the same over the range 0.5 pmole to 

0.04 gaols (25 nmoles to 2 nmoles injected onto the column) for the 

non-phosphate containing Tom-derivatives. The phosphate TMS-derivatives 

all showed a decreased relative molar response with decreasing cancan-

tratiou. When these results were plotted out (FiFure 4.4,  p.I26) they 

were found to lie on a straight line for each compound, the phosphate 

derivatives not passing through the origin. This was verified by 

measuring the response curve in more detail (Figure 4.5,  p.132.). The 

value of C in the equation of the beat straight line y = mx + o (Table:  

p.133) for the data obtained confirmed what could be seen on the 

graph that apparently the column packing needed saturating with about 

one nmole of TMS-phosphate containing derivative before any peak 

appeared. This was also seen when operating isotherm11y at 25000. 

At the lowest concentrations the response could be seen more satis-

factorily when operating isothermally at 25000 because of peak,sharperlrg. 

The saturation effect was still aeon when a sample at the lowest 

measurable concentration was injected approximately 30-40 seconds after 

a sample which had high concentrations of phosphate compounds, so that 

the small sample peak was eluted in the tnil-higedgec:of the large sample 

peak. 

Since the response curves for the TMS-derivatives of the 

acids of the Krebs cycle all passed through the origin, the fact that 
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the phosphate esters did not do so was because they were phosphate esters, 

rather than because they were TMS-esters. The TMS derivative of 

ascorbic acid has been reported to intereact with the column when in 

low amounts (Allison & Stewart, 1971). However, this could be because 

the tissue was freeze dried and not purifie41 before silylation. There 

is of course another possible explanaticn of this effect,,in.the chemical 

reaction itself. The phosphates could bind to the glassware despite 

it being well silanised. However, the evidence is against this. 

Sheen  et al (1971), Zinbo & Sherman (1970) and Quayle (1959) all 

reported difficulties with volatile phosphate derivatives adsorbing 

onto surfaces in the GM instrument at elevated temperatures, degrading 

to phosphoric acid which itself caused further degradation. This 

effect also upset the attempts by Sherman et al (1971) to use the 

electron capture detector for the estimation of TMS-phosphate esters. 

It must be noted in this context the use by Sherman et al 

(1971) of the thermionic detector for phosphorus compounds. They 

claimed an enhancement of sensitivity over. F.I.D. of one huraved 

fold. This would be very useful when dealing with tissue extracts 

where certain phosphate containing compounds were minor since the 

thermionic detector was also specific for phosphorus. This detector 

was not used in this study. A very useful arrangement would have been 

to modify one of the flame ionisation detectors in the heated double 

detector head on the model 64 Chromatography to be a thermionic detector. 

By using a splitter of the type desoribedin Chapter 2 for the radioactive 

gas chromatography apparatus a constant part of the vapours elated 

through the column could. be  passed to the thermionic detector. The 

two signals, one from the F.I.D. and the other from the thermionic 

detector could. be  fed into two channels of the Bikadenki recorder 
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(3 channel) so that the two could be readily compared. The unknown 

factor here is whether the thermionic detector could give quantitative 

data, and also whether on the columns used in this study the useful 

range of sensitivity (sub  5 nmoles injected onto the column) was in 

the region where the amount of adsorption of derivatives was very high. 

Sherman et al (1971) do not give any indication of whether the hundred 

fold increase in sensitivity represented a hundred. fold decrease in 

the minim= detectable quantity, or a hundred fold increase in sensi-

tivity over the response given by the P.I.D. It may be that less 

decomposition occurred on etched glass beads than on the 'inert' 

diatomaceous earths used in this study. 

As the area responses for the TMS-derivatives reported in 

Table 4.3,  p. 124 and.&A, p.120 were reproducible and obviously indicated 
that comparison of area responses could lead to quantitative data, it 

was of much interest to see whether a constant relationship held 

between the area of the peak and the peak height. Table 4.7,  p.I35 

shows this clearly to be so. The greatest variation occurred for the 

first two compounds to be eluted, T1'S-sucoinate and TMS-fumarate. 

This was to be expected since they would be most sensitive to variations 

in the initial starting temperature. There seemed to be two approaches 

to the problem of cooling the oven down at the end of one analysis 

before starting another. One was to cool the oven below the initial 

starting temperature and then to heat up to the starting temperature 

and allow to stabilise for 5-10 minutes. This was the ideal method. 

The other method was more practical when working in the routine situation. 

This was to open the oven door for a set time (7 minutes) - this dropped 

the oven temperature to 75°C in this study (from 250°C). The door 

was closed, heating switched on immediately (100°0 and sample injected 
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1 minute later. It was this method that was used to obtain data in 

Tables 4.3. 4. 5, 6 and 7, pp.124)26,133d344W.Y. It is clearly amenable 

to automation. 

As a rider to this work and in contrast, Fmnhizume & Sasaki 

(1967) have shown that tris-trimethylsilyl phosphate could be Chromato-

graphed on a polyester column, neopentylglycol eliminate on Celite 545, 

and more importantly the response curve was linear and passed through 

the origin (range 80-750 moles). These authors also state an intention 
. 	. 	- 

to study bionhemically important organic phosphates which has not been 

realised. 

3) Neasincement of carbohydrate intermediates in tissue 

Whilst organic) acids (non-phosphate) from tissue have been 

studied as their MS-derivatives (Daigliesh et al, 1966; M.G. Horning 

et al, 1967; Horning et al, 1968; Horning & Hornirtg, 1970) no studies 

have been carried out on the sugar phosphates. The biological 

applications have been limited to the products of the reaction between 

ATP and hydrolysed sucrose, catalysed by hexokinase (Eisenberg & 

Bolden, 1969), and the work with the bovine enzyme D-gaucose-6-phosphate-

myo-innsit4-1-phosphate cyclase (Sharma et al, 1969; Sherman et al, 

1971). This again was a purified enzyme preparation with little 

contamination apart from tris(hydroxymethyl) aminomethgme, the 

buffering ion which was removed. by Dow= 50 (e) resin. 

In this study three approaches to the measurement of carbo-

hydrate intermediates in tissue by gas liquid chromatography were tried 

(Chapter 5). The simplest, freeze drying the tissue biopsy, of course 

in no way purified the tissue other }ha„  to remove the water present. 
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The largest amount of sample which could be silylated in 100 pi, of 

reagent (see Figure 5.1, p.138.)was 10 mg wet weight (2 mg dry tissue).. 

No attempts were made to see whether quantitative data could be obtained. 

To help silylation the dry tissue was powdered with a clean spatula. 

The fine particles however blocked the syringe needle which put a 

limit on the amount of sample that could be treated. It is milletay 

whether the sugar phosphates Could be detected inrsuch small amounts 

of tissue although if the thermionic detector could give quantitative 

data at the lowest concentration there would be strong justification 

for investigating the quantitative aspects. For measurement of the 

radioactivity in individual compounds there would just not be enough 

in these size samples. Concentration of silylation reagents always 

led to decomposition of the TMS-ester derivatives, a point noted by 

Eisenberg & Bolden (1969) for TMS-G6P, so that effectively larger 

samples could not be applied to the column. 

An alternative which has not been tried in this context, 

but has been used for capillary columns, is to use a small pre-column 

maintained say at 60°C, which at the beginning of the run would not be 

attached to the main column. The carrier gas and the solvents from 

the sample (50-100$) would be allowed to vent into the atmosphere 

and after a set time connected to the main column (using a three-way 

tap). The RmPll column would be rapidly heated to vaporise the TMS-

derivatives, and they would be transferred to the main column. Such 

small columns would have to be replaced regularly because of effect 

of the large amount of solvent on them. Thus large samples could be 

applied to the column without the enormous solvent peak and solvent 

tailing, and without damaging the main column. 
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Such a method could equally well apply to the second approach. 

This involved extraction of the tissue as a method of removing the 

major contaminants, protein and polysaccharides which interfered with 

the silylation by demanding much of the silylation reagent present. 

The ideal extractant should be itself readily removed by simple procedures. 

7.2% perchlorio acid has been widely used for protein precipitation 
and intermediate extraction (see for example Opie & Newsholme, 1967)- 

when enzymatic assays were to be used. It was removed itself by 

preoipitation as its insoluble potassium salt, but also precipitated 

some of the phosphates (Bieleski &Young, 1963). Whilst this was 

sufficient for enzymatic procedures the amount of perdhlorate ion 

remaining  in solution was sufficient to interfere with silylations 

and to be absorbed irreversibly onto the anion exchange resin AG 1 

used in this study. In some early tests during this study it was 

'sham to limit  biTillirg of the organic acids to the resin from 25-75'%.- 

Another common e4euotant and protein precipitant is triehloroacetio 

acid (Bartlett, 1959). However, it also extracted lipids and pigments 

and required exhaustive extraction with, diethyl ether to remove it 

which mould also remove the more non-polar organic acids. 

Since extraction and precipitation were not satisfactory 

enough for the removal of the extractant ready evaporation seemed a 

much better choice. The lower alcohols were good in this respect. 

Bieleski and Young (1963) used a complex medium methanol:dhloroform: 

water (12:5:3 by vol) which inhibited phosphatases (in plants) during 

extraction. Cole & Ross (1966) growl frozen tissue with formic acid 

and then extracted with SCP/o aqueous ethanol. Enksis & Prioreschi 

(1967) used 75% aqnsoun ethanol for the extraction of Krebs cycle 

intermediates from rat liver. In this study 60% aqueous ethanol was 
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the best solvent tried (Table 5.1, p.14.2. and. Figure 5.2,  p.141). 

Aqueous ethanol bad. the advantage of precipitating polysaccharide which 

7.2% PCA. did not. It was also a mild extraotant in that it was a 

neutral solution. To ensure this a few drops of 0.880 ammonium , 

hydroxide were added to the extract before evaporation to dryness. 

Eatraotion was carried out at -10°0 to prevent any enzymatic degradation 

of the intermediates present. By grinding to a powder at -80°C 

and homogenisation in 6Z aqueous ethnnol at -15°0, rapid. mixing of the 

sample with the solvent was achieved. 

The supernatatittafter centrifugation, of the 60,36 aqueous ethanol 

extract was dried down over phosphorus pentoxide in. vaeuo and then 

silylated. By this procedure up.to 100 mg of tissue could. be  silylated 

in. 100 p1 of reagent (Figures 5.3,  p.14 and 11.4, p.147). As to whether 

the results Obtained by gas chromatographic analysis could be related 

to give quantitative data, it was Shawn (Figure 6.1, p.169) that the 

rnmnining camoomads in the tissue,extract did interfere with silylation. 

However the shape of the standard curve was not affected, and so 

quantitative data could be obtained. by adding a known amount of each 

of the compounds being studied to an equal volume of the extract. The 

difference between the two extracts would give rise to the slope of the 

standard curve in that sample and hence by extrapolation the amount 

of sample there originally. This is the procedure used for many , 

enzymatic assays to standardise the system. The effect of the tissue 

extract appeared to be linear with the amount of the extract (Figure 6.2, 

p.171). The maximum amount of tissue which could be analysed according 

to Figure 6.2 did not appear to be more than 100 mg. Again this by 

normal injection methods was not enough to examine the radioactivity 

in each peak. Interference, by other compounds present in large 

amounts which could be converted to TMS-derivatives on the silylation 
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of compound being studied has been reported. by Margosis (1968). 

In his work sucrose interferes markedly with the formation of the 

TNS-ethers of linomycin. 

The third approach was to rid the sample of as mach of the 

impurities as was possible. Since all the compounds which were under 

study were organic acids and therefore capable of giving anions, ion". 

exchange purification seemed a useful method of separation. nksis 

& Prioreschi (1967) examined the problem of puri4ing Krebs cycle 

acids from rat liver. They concluded that TIC or ionr-exchange procedures 

were the most suitable for the low levels found in arimPl  tissue. TIC 

was a simple technique and a preliminary separation of the classes of 

intermediates was possible. However, elution of material from the 

support was not quantitative. On the other hand, the ion-exchange 

method was tedious, but elution was quantitative. They passed their 

extract through a column of Dowex-1 resin (formate form), washing the 

column thoroughly with water to remove neutral (such as saccharides) 

and. basic compounds (amines). The intermediates were eluted from the 

resin with 6M formic acid, and the formic acid removed by evaporation 

under reduced pressure. 

Zaura & Netcoff (1969) used Dowex-2 resin (formate form) in 

a similar fashion, eluting the intermediates with 12N formic acid 

presumably to keep the elution volume t15 a minimum. They took care 

not to leave the extract under vacuum once it had. dried because of the 

volatility of some acids (fumaric and succinic acids). 

.Bieleski & Young (1963), when purifying the phosphate esters 

extracted from plant tissue, used Cellex: D resin (bicarbonate form) to 

absorb the phosphate esters. These were eluted with 15% ammonium 
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bicarbonate solution. The ammonium bicarbonate was removed by 

lyophilisation. Ralph & Morena (1961) used triethylammonium bicarbonate 

as eluant because of its greater volatility. However, Zaura & Metcoff 

(1969) criticised the use of this method with Krebs cycle intermediates 

becauscrof losses by evaporation during removal of the eluting agent. 

In this study AG 1 resin (formate form) was used, and the 

intermediates were eluted with 0.5M sodium formate or 2M formic acid. 

Recoveries were high for all compounds studied (Table 5.3,  p.150. 

Prior to this ion-exchange procedure the phosphate in the 

extract was removed by precipitation as magnesium ammonium phosphate. 

It should be pointed out that this preoipitation should be carried out 

with care. The pH should not exceed 10 otherwise magnesium hydroxide 

precipitates causing co-precipitation of sugar phosphates (see Figure  

ala, p.151). 'The myxomycete exUacts have an advantage that the pigment 

extracted has a subtle but definite colour Change at pH 10 (Sullivan, 

Jr., 1953).  All the water used from there on during the purifications 

was freshly deionised before use to prevent phosphate contamination. 

The main aim of the ion-exchange procedure was to remove 

glucose. This was a major contaminant since it was present in 

extracts in large amounts, both of mass and radioactivity. Also the 

radioactive contamination of glucose was very important since if not 

removed it would have contributed greater amounts of radioactivity 

than was present in the tissue carbohydrate intermediates after 

incubation. The purification using a small column of AG 1 resin prior 

to incubation was effective (see Table 5.2,  p.15s). 
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The conversion of the sodium formate eln:qnt (sodium formate 

very usefully prevented elution of the yellow pigment of the myxomycete) 

to a formic acid solution by passage through a column of AG 50U resin 

(e form) was inconvenient with regards to time, but it did remove 

the wino acids. These did not interfere with GIG' separation (see 

Figure 6.4, p.173) since most of them were not converted to TMS-

derivatives with BSTPA at. the temperature of the reaction (4°C). - 
nbrmAlly heating to temperatures in excess of 100°C was required 

(Stalling et al, 1960. 

The aqueous formic acid (0.25M) was evaporated readily at 

50°C, and= losses of meanie acid or fumaric acid could. be  detected 
using the procedure laid down (Chapter 6) unlike in the studies reported 
by Zaura & Motcoff (1969). Neither were losses observed during storage 

of the eluted (33% aqueous ethrnol) residue in a vacuum desiccator 
over phosphorus pentoxide. If the purification procedure was carried 

out exactingly the dried out residue in the specimen tube was scarcely 

visible. If the AG 50W resin column was not thoroughly washed with 

deionised water after regeneration a white solid residue was observed, 

probably of sodium chloride. "Unless the AG 50 cola= had been recently 

regenerated by passage of several oolunm volumes of concentrated 

hydrochloric acid an orange material was eluted from the column. 

Interference of the GIC separation by the materials used in 

the purification did not occur. An. aqueous ethanol extract only gave 

rise to peaks of pc.. and /3-glumose when analysed by GIC after 

purification (Figure 6.3, p.173). Inorganic phosphate was sufficiently 

high in distilled water to be a problem, but the use of deionised 
distilled water overcame this. 
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Other methods of tissue rurification 

Solvent extraction of biological material has been used by 

Dalgliesh et al (1966) using diethyl ether or ethyl acetate extraction 

of urine (i.e. partition), to examine organic acids. This was a one-

step purification before conversion of the acids to volatile forms. -

Just how effective this was for the more polar members of the Krebs 

cycle acids (malate and citrate) was investigated in this study (Table  

54A, p.158). Citrate and malate were only poorly exleacted whereas 

sucoinate and fumarate were readily GAL:acted. H.G. Ho-ming et al, 

(1967) commented that organic acids containing four or more functional 

groups could. not be extracted. by organic solvents. Nalate with three 

functional, groups was also unextractable. These results have been 

confirmed by Hornisz& Horning (1971). 

Other methods which have bemused inolude column chromato-

graphy similar to the ion-exchange method used in this study, and TLC. 

E.C. Homing et al (1967) suggested the use of DEAB-sephadex, an anion 

exChanger.. The organic acids and the sugar phosphates could be 

absorbed onto the column, the column washed with distilled water and 

the absorbed compounds eluted with a volatile buffer, pyridine acetate. 

This was based on the work of Jaakonmaki et al (1967) who examined 

ethyl-45-glucosiduronic acid in urine. Horning & Horning (1971) now 

recommend this method for collecting the total acid fraction from 

tissue extracts. It should be noted that in some separate studies 

in this laboratory problems were encountered when trying to absorb all 

the sugar phosphate onto the DRAT11-seplinfiex. Conditions could not be 

found where 100,i6 of the sugar phosphates were initially absorbed.. 

Also it was difficult afterwards to elute all of the material which had. 

been absorbed. 
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TLC was used by Kuksis &Prioresahi (1967) as a preliminary 

separation.procedure for their CIO analyses with column packings of 

teflon as the support. This material gave superior quantitative 

data compared with Chromosorb W (aiksis & Vishwakarma, 1963), but 

gave a very low efficiency column (800 plates per 5 foot column). 

This low efficiency demanded some degree of primary separation. 

Using this column pack-trig a linear response curve against amount injected 

in the region 0.25 to 10 pg of sample was observed. This compares 

well with the results for the 5MS derivativesAn this study (0.25 to 

5pg range). 

4) 	Recovery. of carbohydrate intermediates from tissue, 

The recovery of carbohydrate intermediates from tissue by the 

Method in Chapter 6 was studied. by two methods, one with 140—labelled 

compounds, and the other by, the addition to the tissue of known amounts 

of mass of each compound. The results are shown in Tables 64  and 

6.2, pp. 1631465 respectively. 

The recoveries of the 140—labelled compounds were 80% or 

greater, a quite useful and usable recovery for calculation of 

quantitative data. These recoveries were in the presence of 1 umole 

of nonradioactive carrier and about 2.5 g of tissue. The recoveries 

of nmn11  amounts of mass tended to be lower (Table 6.2, p.ICU) and this 

was accentuated by smniler amounts of tissue. Kuksis & Prioresohi 

(1967) observed recoveries in excess of 90% for the members of the 

Krebs cycle. However, they were using from 10 to 50 mg of each 

intermediate, i.e. 60 to 300;umoles, with 5 g of tissue homogenate. 

They also reported that recoveries remained high down to 1 mg (i.e. 

5-6 }moles), but less than that losses occurred, both overall losses 
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and losses specific to a compound. This seemed to be due to adsorption 

' onto surfaces such as vessel walls. The observation in this study 

(Table 6.2,  p.its) that losses increased with decreased amount of 

tissue mould support this, on the basis that other'sdbstances in the 

tissue extract could fill up the adsorption sites rather -Than the 

compounds being extracted. 

Thus to ensure good recoveries the amount of tissue purified 

by this procedure should not be less theft 1-2 g. This would mean at 

the lowest level the heart of an adult rat (about 1 g)., This meant 

that there were no procedures available which could cope with 100 mg 

to 1 g of tissue unless the normal silylation reagent volume (100 p].) 

was altered. No advantage would be gained. by silylating the aqueous 

ethanol extract of 200 mg of tissue with 200 pl of silylation reagent 

compared with 100 mg of tissue and 100ju1 of silylation reagent since 

the concentration of the compounds per }s1. mould be the name. The 

problems of concentrating the TIM-derivatives reported by Eisenberg & 

Bolden (1969) for TIN-G6P prevented any movement round this problem. 

The extraction of TMS-ethers into cycldhexane as used by Margosis (1968) 

to clean up TMS-linomycin derivatives would not work because of the 

lability of the TMS-ester derivatives in the presence of added water, 

and their lability in the absence of excess silylating compounds. 

The observation by Sherman et al (1971) that silylation 

reaction mixtures, if kept long enough, formed two phases neither of 

which contained the TNS-derivatives vas seen in this study, but only 

if the sample in question had been opened to the atmosphere on several 

occasions. Such samples when the two phases were observed (this was 

also seen with the dimethyl ester-trimetbylsilyl ethers) did not fume 

when opened to the atmosphere. Addition.of trimethylchlorosilmie 
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(THCS) restored the single phase system and the peaks for the TMS-

derivatives. The two phase system consisted of a colourless upper 

phase and a yellow lower phase. in the early part of this study a 

bottle of TMCS which :had, been left in a refrigerator at 4°C was found 

to have a, broken top and on examination the TMCS was found to have 

darkPred and a yellow oil was found at the bottom. WO analysis at 

10000 of the upper phase revealed many peaks not seen in a fresh bottle 

of TMCS. TMCS would react with water to give trimethylsilanol which 

in turn would react with THOS to give hexamethyldisiloxane. 
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The action of water on. BSTPA would result in the production of mono-

trimethylsilyl trifluoroacetamide and trimetbylsilanol which again 

would react to give hexamethyldisiloxane. Since the BSTPA and its 

breakdown products would be miscible with pyridine it would be the 

accumulation of hexamethyldisiloxane, a compaund with properties like 

a paraffin, which would form the second phase. The colour in this 

phase may well be due to the partitioning into this phase of components 

of the silylation reaction mixture which always gave a yellow colour to 

such samples. 



- 220 

Radioactive gas liquid chromatoRraphv apparatus 

The advantage of the liquid scintillation cell described by 

Popjak et al (1959) over the apparatus with flow-through detectors, 

the proportional counter (James &Piperi 1961, 1963), the scintillation 

crystal (Karmen et al, 1962b), a combination of these two (Simpson, 

1968), and the ionisation chamber (Masan et ali 1959) was that all of 

the sample that was passed to the cell was condensed and contained within 

the measuring system. This meant that a peak containing 100-200 dpm 

could not only be detected, but providing another radioactive peak was 

not immediately eluted after it, could also be measured with accuracy. 

The problem with a flow-through type of detector was that at any ons 

time only part ofthripeak was insider. the detector. By increasing 

the size of the detector so as to contain all of the peak a very large 

loss of resolution was observed. Even with a detector of this size a 

sample would not remaill in it for sufficient time to establish accurate 

data with small  amounts of radioactivity. To maintain the resolution 

achieved on the GLO column the detectors had to be reduced to small 

volumes such that accurate measurements were difficult with less than 

5-10,000 dpm. 

Of course an alternative approach to this problem would be to 

collect the peaks being eluted by trapping them discontinuously in 

vials contszining scintillant, or to which scintillamt coald be added. 

This could be carried out manmily by an operator each time a peak was 

observed (either in a radioactivity flow-through counter, or from the 

mass trace), or could be carried automatically sampling every set time 

intauval. The vials could then be counted in a separate scintillation 

counter, measuring for as long as was necessary for each sample. Such 

procedures have been described (Karmen & Tritch, 1960; Karmen et al, 

1962a). 

••• 
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However, in this study the intention was to limit the amount 

of operator control of the analysis. The amounts of radioactivity 

which were anticipated to be in peaks from samples derived from tissue 

were low. The flow-through detectors would. not have been able to 

cope despite their qualitative sensitivity. The apparatus described 

by Simpson (1960 using a proportional counter with a scintillation 

photoMultiplier used in anticoincidence with it, had awry low back-

graand (about 1-2 counts per minute) and could detect a bolus of 10 dpm 

passfrig through it. 

Thus the scintillation cell (Popjak et al, 1959) seemed the 

most suitable apparatus for this study. The background for the 

apparatus as described in Chapter 2 (100 cpm for 14Carbon) was higher 

than could have been achieved. The cell was not cooled below room 

temperature and the amount of lead shielding w•ras small. The use of 

complete shielding of the apparatus with an anticoinoidence gamma guard 

counter would have eliminated the high energy background. 

This method relied on adequate separation between the peaks 

of activity, more so than for quantitative measurements of mass, and 

more so than needed for flow-through detectors. The major disadvantage 

of the apparatus was when peaks followed each other too closely1 and 

when a smpri radioactive peak followed a large radioactive peak (James 

& Piper, 1961). The latter point could be overcome by emptying the 

scintillation cell once the large peak :had been eluted and. measured, 

Pra adding fresh scintillant to the cell, adjusting the sensitivity 

range accordingly. Manually this was slow and unpleasant. It was 

made very much easier by the pneumatically operated automatic:santillant 

dispenser which was started•by a button fixed to the display controls 

on the gas chromatograph (see Chapter 2 and Figures 2.3 and 341, 

pp. 40 Y,  42 ). Automatic range changing (Popjak et al, 1962) was 
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not used in this work. The presence of an. operator for the super-

vision of the equipment could not be avoided. 

Where two peaks were poorly separated (from the radioactive 

viewpoint), for instance 501B-Eruccinate and 11/1S-finaarate on SE-52 

(Figure 2.8,  p. SS), estimates of the radioactivity in each had to be 

made. Thin situation could be overcome by the interrupted elution 

tenlinique. An apparatus for interrupted elution radioactive GLC 

.has been described (Cacace & Perez, 1967). An ionisation chamber 

was used for the detection of radioactivity (3H-labelled alkanes). 

The effluent of the CIO column was diverted into the ionisation chamber 

When a flow ionisation cheap= (25 ml) placed between the chamber and 

the ohromatograph detected radioactivity being eluted from the column. 

When the radioactivity eluted from the column returned to background, 

chromatography was halted by closing a valve at the end of the column, 

and also the outlets of the ionisation chamber. The chamber was of 

. ,eufficient size (2 litres) to contain the whole peak and associated 

carrier gas and counting gas. Counting was continued long enough to 

obtain sufficient statistical accuracy. The ionisation chamber was 

flushed and chromatography continued. The original application was 

for substanced volatile at room temperature, but with a combustion-

fu race with copper oxide and zinc dust placed between the column and 

the flow ionisation chamber, substances of high boiling point were 

converted to CO2  and H2  (Cacaos & Perez, 1969). 

The problem with this apparatus was that the interruption of 

the chromatography caused loss of resolution of the peaks still on the 

column (kinetic diffusion effect). A superior method would be to use 

the technique of Scott et al (1967) which was originally designed to 

separate peaks, and then carry out infra-Ted absorption measurements. 
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In their method the gas pressure in the column was released from the 

top when the valve at the end of the column was closed. This 

resulted in 'backwards chromatography' during the period of interruption 

of the gas flow. A precolumn was employed so that flow-back past 

the injection point could occur without loss of the samples "Gang 

this terair4que peak broadening during the interruption was less than 

5% over a period of thirty minutes. 

The lack of sufficiently high sensitivity non-specific non-

destructive detectors meant that the flame ionisation detector and the 

argon ionisation detectors were the only possibilities for the measure-

ment of mass. However, the argon ionisation detector did not give 

a sufficiently linear detector response with increasing concentration. 

With the F.I.D. a stream splitter attached to the end of the column 

was used so that a part of the eluted vapours was passed unchanged to 

the scintillation cell. The constancy of the split ratio with variables 

such as flow rate and concentration of substance in the eluted vapours 

(viscosity effect) was investigated by Karmen- et al (1963) and Ettre 

et al (1962). Karmen et al (1963) found that the flow rates down each 

arm of the splitter were in the same ratio as the ratio of the amounts 

of mass and radioactivity over a range of flow rates and concentrations. 

The split ratio of the stream splitter used in this study (1:1.19) 

would. be  anticipated to be even less likely to give non-linearity than 

the 1:8 ratio used by Karmen et al (1963). Their stream splitter 

was lengths of capillary tube of internal diameter 0.010". They did 

not observe alterations in the splitting ratio when the arm for radio-

active measurements was attached to the collector. Tffeconstrictian 

of the stream splitter used in this study was much higher because of 

the stainless steel wire (diameter 0.0148") inside the capillary 
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(internal diameter 0.016"). This high degree ofooastriction and the 

constant conditions under which the stream splitter was kept (by the 

heating wire) carefully controlled the split ratio and also the total 

flow rate during temperature programming (Table 2.11  p. 53 )• 

Some investigations were pursued to see if the combunted 

gases passing out of the flame ionisation detector could be absorbed 

into the scintillation fluid thus eliminating the stream splitter. 

Ethanolamine was added to the scintillant to absorb the 14C-carbon 

dioxide. Nethoxyethanol was also added to give a one phase system. 

However, this system did not work because of the large amounts (about 

3 ml per hour) of water which were formed in the flame ionisation detector 

condensing into the scintillant. 

Bavooshian et al (1971) devised a system whereby the combusted 

gases from a 	were passed through a furnace and then to a 

proportional counter. This arrangement was similar to that used. by 

James & Piper (1961), but had the advantage of greater sensitivity 

because of F.I.D. detection. It also did not require stream splitting• 

Much simpler methods of measuring radioactivity by GLC have 

been reported. The simplest was that reported by Bobbins & Bakke 

'(1967). It involved attaching a pipette which had been wetted on the 

inside with ethanolamine to the exhaust of a F.I.D. when a peak appeared 

on the mass trace. The 14O-carbon dioxide was trapped by the ethanolamins 

and the pipette was washed with sointillant and the washings counted 

in a vial. 

Beiham & Neal (1972) condensed the water being emitted from 

a F.I.D. so as to measure the tritium (3H) radioactivity of a peak. 

Another simple method was to use a stream splitter and condense the 
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eluted vapours in a short length of cold column packing, the radio-

activity being subsequently eluted. This was used by Karmen& Tritch 

(1960). However, when dealing with biological extracts the systems 

which involved continuous monitoring (the flow through detectors and 

the accumulative detectors) were more satisfactory than the discontinuous 

detectors since a major radioactive peak might occur without an 

accompanying mass peak (James & Piper, 1961). 

Applications of the Method developed for the study of carbOhydrate  

intermediates in tissue  

The applications were carried out using in vivo rat heart, an 

in vitro perfumed rat heart preparation, and the plasmodia of the 

myxomycete, P.polycephalum. Liver was not used as it gave complex 

chromatograms (see Figure 4.1, p.116) and would have made radioactive 

AnRlyses too complicated for the apparatus used in this study. The 

interrupted elUtion apparatus described earlier in the discussion 

would have been necessary to sort out the peaks. An alternative 

procedure mould be to fractionate the tissue extract. Some preliminary 

liquid anion exchange chromatography data (K. Blanahard - private 

communication) has shown that sugars, monophosphates, diphosphates, and 

Krebs cycle intermediates could be separated as discrete groups. GIO 

nralysis of each of these groups would be relatively straightforward. 

In this study it was found that 2M formic acid elution of AG 1 resin 

resulted in a complete separation of G6P, F6P and. GIP from MP. 

Yet another approach would be to use higher efficiency 

columns, such as capillary columns. Since in capillary columns there 

is no support, the liquid phase being coated onto the inner glass wall, 

the problem of active sites in the column would be much reduced. 
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Because of the greater efficiency the elution volumes would be small, 

this would help the detection. The disadvantage of capillary columns 

is their low loarl-hig capacity (like using glass beads as the support). 

However, most of the sample to be injeoted would be solvant.so that 

an arrangement using a small precolumn which would allow the solvent 

to vent into the atmosphere before passing the derivatives into the 

capillary column by rapid heating, could be used. This arrangement 

could have the smitional advantage that only the volatile compounds 

would pass into the capillary column. The non-volatile residues 

which would be likely to cause loss of column performance on accumulation 

would not (-contaminate the capillary column. 

The studies (Section 7.1) on the levels of intermediates in 

the heart of a rat treated with a diabetogenic dose of streptozotocin 

showed olearly the differences between this rat and a normal rat of 

the same weight and sex. The values observed for these hearts showed 

that G6P and citrate were both elevated, and oC-glycerophosphate and 

malate were depressed in the diabetic rat heart. The same trenda 

have been observed in perfused in. vitro rat hearts by Newsholme& 

Randle (1964) and Garland & Randle (1964). The absolute values were 

not identical, but then the tissue preparations were different, one 

being in vivo and the other ink.  Unfortunately no experiments 

with radioactive glucose were carried out because of the nature of the 

preparation. 

The most interesting results from the experiments which studied 

the metabolism of [U-140-glucose in the in vitro perfused rat heart 

preparation was the absence of radioactivity associated with TMS-G6P 

(Figure, 7.2,  p.!87). This occurred in all four metabolic situations 
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studied, even for the heart perfuned with 95% 02/5% CO2  When the G6P 

concentration was greater than. 1 pnclelg wet weight of tissue. This 

result would indicate that the G6P estimated in these experiments 

originated from the breakdown of glycogen which would be unlabelled at 

the start of the perfusion, and not from the phosphorylatian of glucose. 

That is not to say that [1r-140]-glucose was not being converted to G6P, 

this obviously occurred since the intracellular lactate and oc-glycero- 

, phosphate were labelled. An explanation would be that the pool size 

of G6P originating directly from glucose was very small compared with 

that from glycogen, and that they were separate pools. Possible 

evidence for this arose out of further investigatione carried out on 

the erbracel.W.m• lactate (P., Owen - private communication). This 

lactate was found to have almost the same specific radioactivity as 

the substrate glucose as opposed to the intracellular lactate and 

o'-glycerophosphate which had specific radloactivities of one-tenth of 

the substrate glucose (Table 7.2,  p.185). 

These observations could all be explained if one considers 

the physical shape, and size of the heart and its cells. If glycolysis 

(conversion of glucose to lactate or pyruvate via G6P) occurred on the 

outside of the heart or cell (this would be the method of entry of the 

glucose) the f5?1P1 product of metabolism, lactate, which freely diffuses 

through the cell membrane, could diffuse out of the cell without 

excessive dilution of the specific radioactivity. The other substrate 

of glycolysis, glycogen, would be inside the cell, arid. would be separated 

from the metabolic products of glucose (in fact a concentration gradient 

of radioactivity would occur frtViTkg off towards the centre of the 

cell). Thus if the glycolysis from glucose proceeded rapidly the 

concentration of the intermediates would be depressed providing there 
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were no rate limiting steps in the sequence, nyul  therefore the 

contribution of [U-140]-glucose to the whole G6P pool would be very 

mll,  possibly as observed unmeasurable. 

The existence of two pools of G6P in skeletal muscle has 

been proposed (Shaw & Stadia, 1959). Further investigations were 

carried out by Landau & Sims (1967), who also looked for a pathway for 

the synthesis of glycogen which did not have G6P as an intermediate 

(Antony et al, 1969). However, their results could be equally well 

interpreted as there being two pools of G6P. 

Kalant & Beitner (1971) have Chown the probable existence 

of two metabolic pools for G6P in rat diaphragm, by incubating with 

14C-glucose and 14G-pyruvate, and measuring the specific radio-

activities of the idhosidhorylated intermediates. This required 14 

diaphragms per result. Measurement of specific radioactivity was by 

thin layer chromatography after tissue extraction with perchlorio acid, 

and precipitation as barium salts by ethanol* The compounds after 

being eluted from the thin layer plate were separately assayed for mass 

(enzymatically) and radioactivity. The specific radioactivities of 

76P, FDP and PEP after incubation for 2 hours were very close to that 

of the substrate, whereas those for G6P and 2PGA and 3PGA (not separated) 

were only 10-20% of that of the substrate. 

Differential metabolism in a multi-type cell system has been 

observed in the small intestine of the rat. The epithelial cells 

	 the mucosa were found to be the major producers of lactate 

(Porteous & Pritchard, 1972a; Iemhoff et al, 1970 and ammich, 1970). 

Since the glucose substrate for these cells was provided by active 

transport from the mucosa side of the intestine, if this glucose was 
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radioactively labelled then the lactate produced was hardly diluted 

with cold material. This lactate then diffused towards the aerosol 

side. However, the carbon dioxide evolved came from all of the cell 

types and therefore had a variety of precursors, many of them unlabelled, 

so there was considerable dilution of the radioactivity (Porteous & 

Pritchard, 1972b). 

The effect of anoxia was to increase the specific radioactivities 

of intracellular lactate and 0-‹-glycerophosphate. At the same time 

the intymeenifip.r level of 04-glycerophosphate also rose. The level 

of intracellular lactate would have risen, but for the fact that it 

diffused out of the cell. The level of lactate extracellularly rose 

during anoxia. The rise in *-glycerophosPhate was because of a need 

to provide NAD+  during anoxia. 

HADH +le 	HAD + CH OH 	 CH OH 

1 2 
	

1 
i  2 

0 = 0 	-.---___----.. 	CHOH 

I 
CH2OPi 	 CH2OPi 

dihydroxyacetons phosphate 	oc-glycerophosphate 

Anoxia also affected the amount of radioactivity appearing 

in the amino acid fraction (Table 7.2,  p.i85). The extra radioactivity 

in the amino acids from the anoxic heart which was preperfused in 

95% 02/5g CO2  was dun to the greater amount of glucose taken up (and 

1 hence CU-14  CI-glucose taken up). 

The studies of the incubation of P.rolvterhalum  with E1-1401- 

glucose and [6-1401-glucose Showed very clearly the existence of the 
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pentose phosphate shunt« This pathway was suspected of occurring from 

observations on the rate of 14CO2 production from these substrates, 

and the rate of 14C-incorporation into lipid (see Apperatr 1). 

The disadvantage of the isolation procedure for plasmodia 

was that in order to stop the, metabolic reaction quickly enough, the 

medium could not be separated from the plasmodia. Filtration and 

centrifugation were net sufficiently rapid. Thus the small amount 

of radioactivity appearing in lactate could be either extracellular 

or intracellii rer, or both. After 1 minute's incubation no activity 

could be detected in Krebs cycle intermediates or in lactate, but 

after 6 minutes several of the members of the Etas eyelet. malate, 

oitrate and possibly succinate and fumarate, were labelled in the 

incubation with [6-140]-glucose. very much less activity was associated 

with these compounds in the incubation with b1-140]-glucose (Table 7.3, 

p.(91). This was not due to a slower metabolism since G6P and F6P 

were both labelled from [1-140]-glucose. The equilibrium values of 

specific radioactivity were not investigated in this study. 

Some studies on the specific radioaotivities of carbohydrate 

intermediates in mouse liver using P2Pi-orthophosphate have been 

reported (Till et al, 1968; Reich et al, 1968). However, 20 livers 

were necessary to obtain the data, consuming over 1 mCi ofP2A-

orthophosphate. The purification procedure was very tedious, a 

separate method. being required for almost every compound. This was 

evidenced by the number of authors, nine, for this work. In contrast, 

in this study, one worker could carry out up to six experiments per 

week. This included vowing the organism, incubating with substrate, 

extraction and purification, radioactive GLC analysis and processing 

of the data. 
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Some extensive studies of the specific radioactivities of 

Krebs cycle intermediates have been carried out by Sauer et al (1970). 

Recommerdations  for the use of this method  

A. Type of interest 

1. Qualitative studies 

Take up to 10 mg wet weight of tissue and freeze dry. 

Silylate with 100 pl of silylation reagent. It is difficult to 

detect sugar phosphates in such a sample since these will be very low. 

2. Quantitative mass studies 

Extract up to 200 mg wet weight of tissue with os aqueous 
ethanol and divide into two equal parts. To one past add 100 nmoles 

of each compound to be studied. Take to dryness and silylate each 

part with 100 ).11 silylation reagent. The difference in responses 

for each compound in the two parts enables the slope of the standard 

curve to be calculated. This, like A.1, requires little work up and 

takes 24-48  hrs. 

3. Quantitative mass and radioactivity studies 

This requires not less t//ATI1 glint weight of tissue. 

tion is with 6gs aqueous ethanol. The extract is purified as 
described in Chapter 6. This purification is slow (48 hours). Up 

to 6 samples can be treated. in a Trorleing day (9 a.m. to '6 p.m.), 

using one rotary evaporator. This is the llmiting piece of apparatus. 

The purification on ion-exchange column can be partially automated by 

using a peristaltic pump (i.e. sucking the columns rather than blowing 

them). This is easier for the operator. 
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There is no limit to the number of samples which can be 

treated per day for methods A.1 and A.2 (at least 40-50). However, 

not more than  10 samples could be Analysed by GLC per day per machine. 

B. Compounds to be studied and their concentration 

If the interest is in the hexose phosphates isothermal 

analysis at 230-250°C should be used. This gives maxim= sensitivity 

for the sugar phosphates.. 

For a complete spectrum of phosphate and non-phosphate 

organic acids use the programme: 100°C isothermal then temperature 

programming 100-250°C at 2°C per minute (for radioactivity analyses) 

or 40C per minute (for mass pnAl4ses). If there is particular interest 

in lactate,A-hydroxYbutyrate or pyruvate, start the programme at 80°C. 

For the non-phosphate organic acids there is no lower limit 

that can be investigated in the silylation reaction mixture, but from 

tissue less than 40 nmoles would be adversely extracted. For the 

phosphate organic acids the lower 71m4t  that could be studied would. be  

100 nmole total. If less than 1 nmole is injected onto the OM 

collmintoresults at all would. be  obtained. 

C. Choice of Chromatography materials 

The 'inert' support, Gas Chrom:(1, was superior to Chromosorb W 

(AW-UMOS). The best liquid phase used was OV-1 although SE-52 and OV-17 

were also useful. Non-silicone phases were not suitable for ArAlysis. 

OV-1 gave only a smAil  bleed during temperature programming and did not 

need, a backing off columns 
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APPENDIX 1 

BIOCEMELSTECY OP THE MCICOTTICETE. PHYSARITM POLYCEPHALIDI 

One of the tissues used for recovery data of sugar intermediates 

in the evaluation of the GIO method was the plasmodia of the myxomycete, 

Phvearum polycenhalum. In addition it was used for experiments 

designed to demonstrate the radioactive-Ole technique. Since little 

is known about the biochemistry of this organism some studies were 

carried out so that the data from the radioactive CIO could be better 

interpreted.' in,this Appendix a brief outline is made of this organism, 

its growth and the biochemical studies which have been made by other 

workers. Then,a description is given of some simple experiments which 

were carried out. 

1) Introduction 

a) The Wyxonwcete, PhysarumPolycenhalum  

The true slime moulds, the myxomycetes, are acellnlar And  

highly multinucleate in the plasmodial phase, in contradistinction to 

the cellular slime moulds, the acrasiales. The plasmodium of Thlrearum  

nolycenhalum Schweinitz is a sheet of naked protoplasm which is organised 

into an extensive network of veins through which the tool' protoplasm 

flows. These veins are prominent and are readily visible to the naked 

eye. Under the objective of a low power microscope interconnections 

between the veins can be seen as well as capillaries throughout the 

'gel' protoplasm. Within the veins the 'Golf protoplasm streams in 

one direotion with reversals of the direction of flow occurring every 

one to two minutes. On agar the plasmodium can be many centimetres 

across. 
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When nutrients are exhausted, or under some environmental 

conditions, the plasmodium changes form and becomes a sclerotium. 

This consists of many thick-walled spherules which are very resistant 

to adverse conditions. When the conditions become favourable for 

growth, for example through inoculation into fresh medium, the spherules 

germinate rapidly and plasmodia appear. Physarum nolyceohalum has 

been grown throaghout,its life cycle in the laboratory although not all 

stages in pure culture. The plasmodium is formed 'by.the fusion of 

uniuuoleate amoebae of differing mating type. In some other myxomycetes 

the plasmodium can arise w-101-111 clones of amoebae. 

b) Growth of P.Polycenhalam in culture 

The strain used, except where otherwise stated,was a +34, 

formed by the mating of two amoeba clones, mating types a and i (Dee, 

1962). The plasmodium of P.nolvcetbalum was first grown in pure culture 

on sterile oat flakes (Cohen, 1939). Pure culture in soluble medium 

was introduced by Daniel &Bunch (1961). In the present study the 

plasmodium was drown as described by Carlile (1971), the medium and 

methods being a modification of those of Daniel & Baldwin (1964). 

In liquid culture the plamnodia,are tiny (just visible to,  

naked eye) and are known as mioroplasmodia. They grow vigorously 

after a short lag phase. During the exponential:. growth phase the 

elongated mioroplasmodia separate into smaller pieces, a large number 

of dadb-bell shapes being seen. Vigorous at-roan-Ng occurs along the 

central axis, being most apparent in the *hirer connection between 

the ends of the dumb-bell. After maximum yield has been attained the 

microplasmodia present are mostly spherical. These rapidly become 

microsolerotia, spherules enclosed in a membrane which often breaks 

open releasing the spherules. 
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c) Biochemistry of the plasmodium 

Kamiya (1968) has carried out extensive studies on the 

protoplasmic streaming of plasmodia. This aspect hasi been supported 

by limited studies on respiration and carbohydrate metabolism. However, 

almost all this work has been carried out with material grown on oat 

flakes, the resulting plasmodia probably not being pure cultured. 

Recently investigations into =oleic acid metabolism and protein 

synthesis (see Busch 1970 for review) have been carried out with 

plasmodia grown in pure culture. 

Since pure cultured material is now available it was decided 

to investigate the carbohydrate metabolism of plasmodia, Already 

Carlile (personal communication) has investigated with pure 

cultured material whether the plasmodium can survive anaerobically or 

not, and supports Ritohirg & Pirenne (1940) who reported that it could 

not survive anaerobically. Other workers (Seiftiz & Urbach, 1944; 

Loewy, 1950; Allen & Price, 1950) contended that it could survive. 

Respiration and the effect of inhibitors has been studied by 

several workers (Seifriz & Urbach, 1944; Allen & Price, 1950; Ohta, 

1954). The effect of carbon substrates to increase respiration has 

been reported by Ohta (1954), only glucose, acetate and formate being 

effective of those studied. 

Differences between plasmodia and solerotia in the content of 

a glycogen-like polysaccharide has been observed (Sullivan, Jr., 1953). 

A large decrease in the level of this polysaccharide accompanied the 

formation of solerotia from plasmodia induced by either transfer to 

salts medium (McCormick & Rusch, 1969) or, by the addition of rromnitol 

(to 0.5M) to the growth medium (Chet & Busch, 1969). 
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Korn et al (1965) reported the fatty acid composition of the 

plasmodia when grown on oat flakes., However, lipid droplets and 

particles of oat can be seen in the,veins of plasmodia when grown in 

this manner and thus the true lipid composition (i.e. less the fat content 

of the oat flakes) maybe different. 

2) Methods for the experimental work with 3317orgrcete plasmodia 

a).  The culture of'microp1Ssmodia  

The microplasmodia were grown in standard medium; composition 

as below;- 

Glucose 	 lOg 

Peptone (bacteriological) 	lOg 

Biotin 	 5mg 

Thiamin hydrochloride 	 42mg 
KS
2
PO4 	 2000mg 

Ca012 2H20 	 900mg,  

M004  7H20 	 600mg 

Ethylenediaminetetracetio acid (disodift salt) 	224mg 

Fe012 4H20 	 60mg 

ZnS04  7H20 

	

	 34mg 

Distilled water to 1 litre. 

The pH was adjusted to 4.6 with concentrated H01*. The 

medium was dispensed in 50 ml amounts into 500 ml Erlenmeyer flasks and 

autoclaved at 15 lbs per square inch for 15 minutes. Hanm, an essential 

growth requirement, was made up separately since it is unstable at pH 4.6. 

Haemitin (25mg) was dissolved in tg,NaGH (50 ml) and autoolaved at 15 lbs 

* for'semi-defined medium citric acid (3.54g) was included in the 

medium, 1( NaOH being used to adjust the pH to 4.6. 
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per square inch for 15 minutes. It was stored at -5°C. The haem was 

added to the culture medium just prior to inoculation (0.5 ml per 50 m1). 

Inoculations were routinely made from cultures near maximum 

yield. A 2% inoculum gave maximum yield after 85-96 hours and. a 5% 

inoculum after 72 hours. A weekly routine was established. with a 2% 

inoculum on a Pricia.y and. a 5% inoculum on a Tuesday. Inoculation with 

midrosolerotia took a minimum of seven days to give maxim= yield. 

Microsclarotia were forced two days after maximum growth and remained 

viable for seteral months. 

Plasmodia were also grown on sterile oat flakes (Quaker Quick 

Porage Oats) in 500 ml Erlenmeyer flasks at 24°C in the dark. Near to 

maximum yield the plasmodia migrated up the walls of the flask away from 

the oats. They were then harvested. with a sharp knife. 

b) The incubation conditions used for experiments with micro-

plasmodia, 

The cultures of the slime mould were centrifuged (1000 E, for 

2 minutes) and nhAlren twice with three volumes of the medium to be used 

in the incubation. Unless otherwise stated this was standard medium 

lacking glucose and. peptone. 

Two incubation conditions were used. One procedure was to 

incubate in conical flasks (50 ml) in a heating bath at 24°C, the flasks 

being clipped onto a tray which was reciprocally shaken (50 cycles per 

minute). The incubation suspension was preincubated for ten minutes 

prior to the addition of subsixate. The flasks were covered in alnmintum 

foil to keep out light. 
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Alternatively incubations were carried out in,round-bottom 

flasks (100 ml) fitted with spargers. The flasks were stood in a water. 

bath (at 24°C) without being shaken.. A gas mixture (95% oxygen/ 

5% carbon dioxide) was passed through the incubation mixture (0.6 litres 

per minute). Only standard medium lacking glucose and peptone was 

used because other media caused foaming. The medium was flushed with 

the gas before substrate was added. 

Radioactive 14C-carbon dioxide produced during incubation was 

absorbed from the perfusion gas by bubbling it through ethanol  mine: 

ethprel 1:1 v/v (40 m1). Carbon dioxide was not retained in the medium 

because of the acid pH. The tubes containing ethanolamine:Ohnrol 

were used for ten minute periods before being replaced. 

c) The extraction of lipid from plasmodia  

The centrifuged plasmodia were shaken with at least 5 volumes 

of ohloroform:methamel 281 v/v, further methanol being added to keep 

the mixture as a sillele phase. The plasmodia were extracted overnight. 

With samples of large volume (required for fatty acid analyses) the 

solid- was removed by vacuum filtration through chloroform washed filter 

paper. With smaller samples (for the estimation of total lipid formed 

during incubation) the solid was centrifuged (3,000E, for ten minutes). 

The supernatant was carefully removed and in some experiments the pellet 

was put aside for glycogen assay. The supernatants were washed with 

one volume of saline (04%). 

For the 14C-Incorporation experiments, 0.1 ml samples were 

taken for radioactivity arnlyees. Larger samples could not be used 

because under these conditions the myxomycetels yellow pigment caused 

severe quenching of the scintillation process. 
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d) The preparation of methyl esters of the Krebs evole  

intermediates in tissue  

This was a modification of the method of Barnett et al (1968) 

necessitated by working with myropycete plasmodia. 

The frozen tissue pellet was blended in OAHU in methanol 

(7 volumes per gm tissue) for 30 seconds. The homogenate was centri- 

fuged (2,500 g for 20 minutes) and the supernatant decanted off. The 

pellet was re-extracted with a further 20 mi 6% Ha in methanol. The 

two supernatants were combined and anhydrous sodium sulphate added 

(3 g per g tissue) with,vigorous shaking. After allowing to stand for 

30 minutes it was filtered through a sintered glass funnel. The filtrate 

was heated under teflux for two hours. It was then p9ured into a 

separating funnel with an equal volume of water. nEeptame (15 ml) 

was added and the funnel shaken. The aqueous layer was run, off and 

extracted with 2 x 10 ml chloroform. The combined chloroform extract 

was washed with saturated sodium carbonate solution (2 ml) and then with 

2 x 2 ml distilled water. The final extract was dried with anhydrous 

sodium sulphate (1 g) for one hour. The chloroform was removed, the 

solid being washed with chloroform (2.5 m1). The combined extracts 

were reduced in volume to less than 1 ml under Nam= (water-pump) 

using a rotary evaporator (at 2000). The concentrate was transferred 

to a tapered centrifuge tube and further concentration carried out with 

a stream of argon to that appropriate for GIC analysis. 

e) The preparation of methyl esters from fatty acids in the  

lipid extract of microplasmodia 

The washed chloroform extract was evaporated to dryness under 

vacuum. Methanolfbenzenemulphurio acid (20:10:1 by vol) (50 ml) was 
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added."to the lipid material and refltxed fot 90 minutes. This solution 

was extracted with 25 ml petroleum ether 40-60°C after previously adding 

25 ml distilled water. The lower phase was rum off and the upper phase 

washed three times with distilled water (10 ml). . The petroleum ether 

extract was, evaporated to dryness using methanol to remove any water. 

The dried material was dissolved in petroleum ether (1 ml) and appropriate 

dilutions made for 010 analysis. 

f) The armlysis of glycogen from plasmodia  

The plasmodia were centrifuged minimising as far as possible 

the time from sampling to extraction. After decanting the supernatant, 

40% KOH (2 ml) was added and the pellet resuspended. The tube was 

placed in a water bath at 100°C for 30 minutes. Absolute ethanol (8 ml) 

was then added and the tube Anima. The tube was stored at -20°0 for 

at least two hours, or overnight. It was centrifuged (2000 E for 10 

minutes) and the supernatant carefully decanted. The pellet was 

dissolved in distilled water (2 ml) and absolute ethanol (8 ml) added. 

The precipitate was centrifuged as before. The pellet was again 

dissolved in water (2 ml), any insoluble material being removed by 

centrifugation. The supernatant wasearefUlly removed and added to 

absolute ethanol (8 ml). The very fine precipitate was centrifuged 

again. The supernatant was removed. This precipitate was shown to 

be glycogen-like. 

Estimation ofthemass of the glycogen and its radioactivity 

was determined by first hydrolysing it in 2M HCl (4 ml, or 2 ml when low 

levels of glycogen were expected) at 100°C for two hours. A drop of 

universal indicator was added and the solution neutralised with 30% 

ItOH. Assays for glucose were carried out on this neutralised solution, 

diluting as necessary. Glycogen was expressed as the equivalent of 
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glucose released on hydrolysis. 0.1 ml of the neUtralised solution was 

used for the detwmination of radioactivity, an extra 0.2 ml distilled 

water being added to Prevent potassium chloride precipitating from the 

sointillant. The isolation method outlined above removed all the free 

glucose as judged by the radioactivity of the zero time samples. 	' 

g) The manometric assay of the resniration rates of plasmodia 

Manometry was carried out using a Braun Warburg Apparatus. 

- Conventional techniques for constant volume analyses were used. 

Incubations were carried out at 25°C. Standard medium lacking glucose 

and peptone was the medium used for suspension of plasmodia and was 

flushed with air prior to incubation. 

The total volume of fluid in each flask was 3.2 ml, 3.0 ml 

in the side arm and main compartment, and in the centre well 0.2 a... 

For measurements of oxygen uptake 20;(2 KOH (0.2 ml) was placed in the 

centre well to remove carbon dioxide, in all other flasks distilled 

water was used. After equilibration, readings were taken for 30 

minutes to examine basal rates (for post-maximal material 60 minutes 

was necessary). Then the contents of the bide am (if any) were tipped 

in and measurements taken for up to 60 minutes. 

h) Attempts made to measure carbollvdrate intermediates from 

'Plasmodia using enzymatic methods  

The extractants of tissue which were used, 7.2% perchloric 

acid and 60% aqueous ethanol, both very effectively extracted the yellow 

pigment. This pigment unfortunately absorbed very strongly at 340 nm, 

the wavelength used for studying the NAD+.411ADH transitions. This 

prOblem could not be overcome by dilution of the sample since it was 
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then impossible to measure the very 701 changes due to the presence 

of the particular carbohydrate intermediate being assayed. 

The pigment could be extracted with either sec-:butanol ar 

tort-amyl alcohol in acid conditions. In all lira conditions no 

extraction occurred« After extraction the aqueous extract had. to be 

evaporated to dryness to remove the alcohol which interfered with all 

the enzyme assays. This was relatively inconvenient, and the CIO 

method was studied as an alternative method of measuring the carbo- .  

hydrate intermediates. 

Measurement of citrate in the medium as described in the next 

section was possible since the level of pigment in the medium was much 

lower than in the piPP3modia, and also the level of citrate being 

measured was high. 

5.) Analysis of citrate in the medium  

Citrate was assayed. by the citrate lyase method (Moellering & 

GnIber, 1966) using the reactions: 

a) citrate citrate lease,, oxaloacetate + acetate Viallii.• ••••.••••••••••• 

b) oxaloacetate + NADE + malate dehydrogenase‘malate + HAD+  

The neutralised PCA treated medium samples were appropriately 

diluted and 0.5 ml added to cuvettes containiTig: 

0.05M triethanolamine buffer + 0.2mM Zn012  pH 7.6 	2.0 ml 

NAM (0.125% w/v) 	 0.1 ml 

Distilled water 	 0.4 a 

5 pi of lactate dehydrogenase and 5 p1 molate dehydrogenase 

were then added to the cuirette u' the extinction at 540:unias recorded 

until a stable reiRtrg was obtained. The change in extinction which 
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was brought about by the addition of citrate lyase (made up in 10 mM 

trieilllnnolanine buffer + 0.3 mM Zn012  pH 7.6) was used as a measure of 

the citrate concentration. 20 ,p]. of a 1 mM solution was added to the 

reaotion mixture. A blank run using distilled vater instead of sample 

MS carried out, and the results for the unknowns corrected appropriately. 

Results of experiments carried out with mvxomycete plasmodia 

a) The rrowth of plasmodia on standard medium 

Standard medium (semi-defined medium with citric acid omitted) 

was inoculated with material from cultures grovna On semi-defined medium 

(Camille, 1971). Incubation gave rise to very strin& plasmodia which 

became entangled to form a large lump. This lump was not broken by the 

vigorous swirling action of the shaker. Vigorous shaangby hand did 

not break it up until the culture approached maximum yield. The 

plasmodia have been since maintained on the standard medium for thirty 

months (150 subcultures). During this time the clumping phenomenon has 

largely disappeared, but the microplasmodia are larger than those grown 

in semi-defined medium. 

The dry weight yields of plasmodia grown in semi-defined and 

standard media are shown in Table A.1.  no difference being observed. 

The level of citrate in semi-defined medium and standard medium 

during growth was assayed enzymatically. Failure to utilise citrate 

was observed during the growth phase (see Table A.2). Twelve months 

after this experiment, the investigation was repeated (see Table A.3) 

with different strains of plasmodia. Again no utilisation was observed 

justifying the omission of citrate from the semi-defined medium. 

(cortEci. on p. 259 ) 
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Table A.1.  

The_dry weight of plasmodia grown in semi-defined medium 

and standard medium  

Both groups of three in the first set were inoculated (1%) 

with material from semi-defined medium. T% inoculations were made 

into each of the two groups of three in the second set from the 

corresponding group in the first set. Sirnn:ri 1% inoculations were 

made into the two groups of three in the third set from the corresponding 

group in the second set. The plasmodia were harvested by centrifugation 

(1000 E for 5 minutes) washing the pellet twice with distilled water. 

The pellet was added to a weighed watch glass and heated at 10000 

for twenty-four hours and reweighed. 

Set Number Semi-defined medium Standard medium 

1 433 mg) . 433 ) 
446 mg) Av. 430 mg 454 ) Av.  445 mg 
411 mg) 452 ) 

2 446 	) 467 ) 
456 	) AN'. 450 Mg 425 ) Av. 446 mg 

449 	) — 	) 

3 460 	) 460 ) 
444 	) Av. 450 mg 465 ) Av. 460 mg 

446 	) 455 ) 



Table A.2.  

The level of citrate in semi-defined medium during 

growth of plasmodia previously grown in standard  

medium 

Semi-defined medium was inoculated (1%) with material from 

standard medium (it had been gTown through forty subcultures in this 

medium). 

Aliquots (2 ml) of the medium were taken at the times 

indicated and treated as above. 

Time in hours Concentration of citrate (m14) 

0 10.5 

24 10.5 

48  9.0 

72  8.4 

96 8.9 
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Table A.3  

The level of citrate in semi-defined medium during 

growth of different strains of -plasmodia  

Three flasks of semi-defined medium were inoculated (10%) 

with plasmodia of each of the strains below. Samples (1 ml) of the 

media were taken at the tires indicated am5  deproteinised with 

perdhloric acid (7.2%). After neutralisation aliquots, were taken 

for enzymatic analysis. 

:7 	Strain 2 hours 24 hours 48 hours 72 hours 96 hours 144 hours 

a + I. 14.0* 14.0 14.0 14.0 12.0 12.0 

i + A7015 	1 14.5 15.5 15.0 13.0 14.0 13.5 

Poulter 1. 2  16.0 16.5 13.5 15.5 13.5 14.0 

* concentration as di 

1 	i + A7015 - made by mating amoebae i and. A7015 (Poulter & Dee, 

1968). 

2 	Strain provided by Dr. Russell Poulter, Dept. of Genetics, 

University of Leicester. 
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b) The utilisation of, 	in media by plasmodia 

The uptake of glucose was measured for plasmodia. which had. 

been centrifuged and resuspended in the same supernatant, and for 

plasmodia which had been centrifugeEand added. to fresh standard. medium. 

These values were compared. with the rate observed. before centrifugation 

(see Table  

Since the rate was not adversely affected, centrifuging and 

wasbirg the plasmodia to remove unwanted materials prior to incubation 

was carried out routinely. 

'When washed. plasmodia were resuspended in glucose-free standard 

medium, added glucose was utilised at the normal rate. Microscopic 

observations showed that 24 hours after all the external glucose had 

disappeared. there was no formation of solerotia, and that streaming 

still occurred. , In similar observations (M...T. Carlile - personal 

commtmication) no sclerotic had been observed. in glucose-free semi-

defined. medium after 14 days incubation. Transfer of active plasmodia 

into standard. medium lacking both glucose and. peptone resulted in 

complete solerotium formation within 24 hours. 

An experiment was carried out to determine whether the presence 

of peptone was responsible for the prevention of formation of solerotia 

(see Table A..,5). 

The ability of the plasmodia to survive as plasmodia in glucose-

free standard medium may be due to utilisation of internal glucose 

storage compounds or, utilisation of peptone, or both. A teat for 

glycogen (see Section A.2.f) was carried out with a culture near maximum 

yield. The glucose equivalent of glycogen represented. 15% of the dry 

weight. 
(Con±ci. on p. 262) 
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Table A.4  

The effect of centrifugation and fresh medium on the  

uptake of glucose by plasmodia 

A 100 ml culture near the end of the phase of rapid growth 

was divided into three. Two of the three parts were centrifuged 

(1000 ,: for 2 minutes), one merely being resuspended and the other, 

after removal of the supernatant, being added to fresh standard medium. 

The three parts were replaced on the shaker and samples (1 ml) taken 

over eight hours. From measurements of the glucose levels by glucose 

oxidase, and determination of dry weight, the rate of uptake was 

calculated. Corrections were made for the reduction in dry weight 

by the samples removed. 

Conditions Rate of uptake mg glucose/ 
g dry weight/hour 

original flask 28.3 

centrifuged - resuspended 
same supernatant ,in 34.0  

centrifuged - added to 
.fresh medium 30.6 
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Table A.5 

The effect of filucose and peptone on the formation 

of solerotia from plasmodia 

100 ml standard medium culture close to maximum yield was 

divided into four and each centrifuged (1000 g for 2 minutes). Each 

pellet was taken up in 25 ml of the above media and incubated at 24°C 

in the dark. 

Time 
(hours) 

Modifications of standard medium 

Glucose 1% 
Peptone 0% 

Glucose 0% 
Peptone 0% 

Glucose 0.016% 
Peptone 1% 

Glucose 0% 
Peptone 1% 

3 Very irregular 
shapes. 

Mainly spherical 
plasmodia 

Very irregular 
shapes rminly 

Stringy lengths, 
 	some dividing 

active streaming stringy. into spherical 
shapes. 

6 Spherical Mainly spherical Very irregular Very irregular 
plaamodia. plasmodia some shapes. shapes. 	One 

streaming in 
long pieces. 

Streaming. solerotium seen. 

24 Many solerotia Almost all Two solerotia One sclerotiam 
(40%) but some solerotia. seen but other-seen, active 
streaming seen. wise plasmodia 

with active 
streaming. 

streamile• 

48 Mainly sclerotial All solerotia. Some solerotia Active 
Woro) some (5%) but still streaming 

some solerotia spherical many plasmodia 
plasmodia seen. with active 

streaming in 
(5%). 

others. 



-262- 

c) Investigations on the glycogen-like material isolated  

from nlamnodia 

The material isolated by the procedure mentioned in section A.2.f. 

was examined. Dilute (0.02514) iodine solution was added to solid on a 

watch glass. When viewed with a microscope the characteristic red-brown 

colour obtained with glycogen could be seen. A speotrophotometric assay 

was also carried out. When iodine in potassium iodide solution (0.025M) 

was added to a solution (5 mg in 3 ml) of the polysacmharide the colour 

kept fneirg before it became permanent (oyster glycogen did not show 

this effect). Iodine was added to the blank so that the negative peak 

at 430-450nm was balanced out. The scan was then made (see Figure  

There wan a well-defined peak at 500nm, whereas with oyster glycogen the 

peak was at 490nm. 

Incubations with 0-amylase gave the same amount of reducing 

power as the same amount of oyster glycogen. Further investigation by 

15-amylolysis indicated it was similar to rabbit liver glycogen. The 

value obtained was 45%, the expected range for glycogen of different 

origins is 40-55% (this analysis was irtraly  performed by Dr. B. J. Byman). 

The ease of solubility in water was another glycogen character-

istic, and so was the ready precipitation with low percentages of ethanol 

to give a very fine precipitate. As a result of these experiments, and 

of the results reported. by Goodman &Bunch (1969) this material was 

called glycogen and treated as such during further experiments. 

Samples were taken of plasmodia' material during the experiment 

recorded in Table A.5. The glycogen was isolated and analysed (see 

Table A.6). 

(Conkci, on p.26(0) 
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Pigure A.1 	The absorption spectrum of the iodine.,polysacoharide  

complex formed between iodine and the plasmodia)  

polysaccharide and oyster glycogen.  

5 mg of the plasmodia) polysaccharide isolated by the 

"glycogen," procedure and 5 mg of oyster glycogen. were each dissolved 

In 2 ml water. 0.025M iodine in potassium iodide was added to generate 

the reddisb-brown colour of the complex* This reagent was added to the 

blank cell until the minimum absorbance in the region 430-450 nm was 

zero. 
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Table A.6  

The glycogen levels durirw the formation of solerotia 

in different media 

100 ml standard medium culture close to maximum yield was 

divided into four and each centrifuged (1000 4a: for 2 minutes). Each 

pellet was taken up in 25 ml of the above media. Aliquots (1 ml) 

of the incubation mixture were removed at the times indicated. 

Glycogen was isolated as described in Section. A.2.f. and determined as 

its glucose equivalent after hydrolysis. 

Modifications of the standard medium 

Time 
(hours) 

Glucose 1% 
Peptone 0% 

Glucose 04 
Peptone 03/2 

Glucose 0.016% 
Peptone 1% 

Glucose 40% 
Peptone 1% 

0 

2 

4 

22 

149* 

149 

, 	133 

1461  

- 

123 

88 

452  

157 

156 

103 

133  

168 

124 

99 

143  

* pg glucose released after hydrolysis of glycogen isolated from 

1 ml incubation mixture. 

1 mainly solerotia (70 0) 

2 completely solerotia (100°0) 	See Table A.5  

3 rwitlly plasmodia'  few sclerotia (5%) ) 
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Synthesis of glycogen was demonstrated. by Incubation of 

plasmodia in low glucose (5.5mM) standard medium. A control flask 

without added. glucose showed a reduction of the glycogen level (see 

Table A.7). 

The use of [U-140]-glucose indicated that a large part of 

the glucose taken up by the plasmodia) suspension was converted to 

glycogen.  It was then felt necessary to demonstrate net synthesis 

of glycogen. unambiguously. Because of the high levels of glycogen 

in the plasmodia naminlly used, plasmodia were incubated in glucose-

free standard medium for 20 hours. No solerotia could be seen after 

this preliminxry incubation, but the level of glycogen was reduced. 

Incubation with [1-140]-glucose andfg,-140]-glacose was carried out 

(see Table.A.8) and showed parallel uptake of 14C-glucose and increase 

in net glycogen levels. 

Further experiments were carried out to study this incorporation 

over a long period (see Figure A.2, and Table A.9,  and Figure A.3 and 

Table A.10). Large uptake of glucose was observed and more particular 

large net synthesis of glycogen. The glycogen level began falling 

as soon as the extewnl glucose was used up (Figure A..3). 

d) Oxygen. uptake and carbon dioxide -production by plasmodia  

The rate of oxygen uptake and carbon dioxide production of 

plasmodia was measured with a Warburg manometer (see Table A.11). The 

rates were not affected by addition of glucose, pyruvate or citrate 

when plasmodial material from late in the phase of rapid growth was 

investigated. The glucose was however taken up by the plasmodia at 

a rate of 32 mg/g dry weight/hour. Adenosine monophosphate and adenosine 

(Comic'. on p.276) 
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Table A.7  

The glycogen levels in plasmodia incubated in the 

absence and in the presence of glucose 

A 50 ml standard medium culture near to maximum yield was 

divided in two and centrifuged (1000E for 2 minutes). The pellets 

were taken up in 25 ml glucose-free standard medium. Glucose (25 mg) 

was added to one flask, both belie incubated at 24o0 in the dark. 

Samples (1 ml) were taken at the times indicated. Glycogen was 

isolated and assayed as described earlier (Section A.2.2.). 

Time 
(Hours) 

Low glucose (5.5 10) 
standard medium 

Glucose-free 
standard medium 

o 1.3 mg * 1.4 mg 
0.5 1.3 1.3 

1.0 1.4 1.4 

1.5 1.5 1.2 

2 1.6 1.3 

3 1.6. 1.1 

4 1.8 1.1 

5 1.8 1.0 

48 not detectable not detectable 

Glucose released by the hydrolysis of glycogen fram 

1 ml of the incubation mixture. The concentration 

of the glucose in the medium was also determined for 

each sample. The glucose level in the medium was 

zero after four hours. The rate of uptake of 

glucose was 31 milg dry weight/hour. 
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Table A.8  

The conversion of glucose to Rlycogen by 

starved plasmodia  

A culture (100 ml) grown on standard medium was centrifuged 

(1000 E for 2 minutes). The pellet was added to 50 ml glucose-free 

standard medium and incubated at 24°C in the dark for 20 hours. This 

culture was then centrifuged and washed with standard medium lacking 

both glucose and peptone. It was finally resuspended in 50 ml of this 

medium. Two (25 ml) aliquots were put into 2 x 100 ml round bottom 

flasks and perfused with a gas mixture (oxygen 95Wcarbon dioxide 5%) 

as described in Section A.2.b. at 25°C. To one flask 20 mg glucose 

labelled with [1-1461-glucose (29 pc(m mole) was added and to the other 

flask 20 mg glucose labelled with [6-14di-glucose (33 p.cjm mole) was 

added. Samples (2 ml) of the.iacubation mixture were taken at one 

minute, 11 minutes, 21 minutes and 31 minutes. The glucose in the 

medium was assayed with glucose oxidase. Glycogen was isolated as 

mentioned before and hydrolysed to glucose. The radioactivity in the 

medium and in glycogen was measured by taking aliquots of the medium 

and of the hydrolysed glycogen. 

The figures in the table are the differences between data 

Obtained after one minute and 31 minutes. Glycogen increased from 

1.5 mg to 4.9 mg equivalent of glucose during the incubation. 

Etpt. 1 Expt. 2 

Glucose consumed 3.3 mg 3.6 mg 

Glycogen produced 3.7 mg 3.2 mg 
140-glucose consumed 0.53 * 0.77 * 

140-incorporated into 
glycogen 0.46 * 0.52 * 

* radioactivity as lac( 
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Figure A.2 	The conversion of glucose into glycogen by starved  

plasmodia 

A. The experimental conditions are those described in the legend 

to Table  

glucose in the medium. 

glycogen in the plasmodia. 

B. The experimental conditions are those described in the legend 

to Table A.9. 

	 140-activity in the medium. 

140-activity in glycogen in the plasmodia. 

0 E1-1401-glucose 

0 0 [2-144-glucose 

A 	[6-140]—glucose 



- 271 - 

Table A.9.  

The conversion of glucose to glycogen by starved plasmodia 

A 100 ml culture grown on standard medium was preincubated 

in glucose-free standard medium for 20 hours. It was resuspended 

in 100 ml standard medium lacking both glucose pra peptone, and three 

aliquots (30 ml) added to three 100 ml round bottom flasks and 

perfumed with a gas mixture (95% oxygen/5% carbon dioxide) as described 

earlier (Section A.2.f.) at 25°C. 

To one flask 20 mg glucose labelled with [1-1403-glucose 

(33 poimmole) was added, and to the other flask 20 mg glucose labelled 

with f2-140i-glucose (52 pc& mole). To a third flask 20 mg glucose 

labelled with [6-1401-glucose (47 poim mole) was added. Samples of 

medium (2 ml) were taken after one minute, 16 minutes, 31 minutes, 

60 minutes, 90 minutes and 120 minutes. Glucose in the medium and 

plaamodial glycogen were assayed as described in Table A.8 and in 

Methods. 

The figures in the table are the differences between data 

obtained after one minute and. two hours. Glycogen increased from 

1.8 mg to 9.0 mg equivalent of glucose during the incubation. 

Experiment 1 Experiment 2 EXperiment 3 

Glucose used 

Glycogen formed 

,O conversion 

14.5 mg 
7.1 mg 

49% 

14.5 mg 

7.5 mg 
52% 

14.9 mg 

7.4 mg 
50% 

14C-glucose used 

140-activity in 
glyqogen 

% conversion 

2.69 * 

1.77 * 

66% 

'4.52  * 

' 	3.08 * 

71% 

3.87 * 

2.50 * 

. 	65% 

* radioactivity as poi 
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Figure A.3 	The incorporation of [U-140)-glucose into glycogen in 

starved plasmodia  

The experimental conditions were as described in the legend 

to Table A.10. 

mass of glucose in the medium. 

-4-- mass of glycogen (as glucose) in plasmodia. 

01114110001090000 
	

14C-activity in the medium. 

-f- 14C-activity in glycogen in plasmodia. 

0 
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Table A.10  

The time course of conversion of glucose to glycogen 

by starved plasmodia  

A 50 ml culture gram in staran:rd medium was preincubated, 

as described in Table A.8, in glucose-free standard medium for 20 hours. 

It was resuspended in 50 ml standard medium lacking both glucose and 

Peptone.. 45 ml of this suspension was added to a 100 ml round bottom 

flask and perfused with a gas mixture (95% oxygen/5% carbon dioxide) 

as described earlier (Section A.2.b.) at 25°C. 

20 mg glucose labelled with [U-140]-glucose (30 palm mole) 

was added. Samples of medium (2 ml) were taken at 0, 15, 30, 45, 75, 

90, 105 and 120 minutes. Glucose in the medium and plasmodial glycogen 

were assayed as described in Table A.8 and Methods (see also Figure A.2) 

except that the plasmodial pellet was extracted with chloroformmetlinrol 

(for lipids) before hydrolysis with 40% KOH. 

Glucose disappeared completely in 60 minutes. Glycogen 

increased from 3.0 mg to 12.0 mg equivalent of glucose during the 

incubation. 

Peio 
(Minruted s) or  mass conversion § la % 14C—aotivity conversion * 

0-15 60 100 
0-50 58 	. 84 
0-45 56 80 
0-60 49 74 

increase in glycogen (asAucose)  
;o mass conversion . decrease of glucose in medium x 100 

14 	increase in 140-activity in glycogen from Till'amIcalmo 90 	0-activity conversion . decrease in 140-activity in medium 
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Table A.11  

The oxygen uptake and carbon dioxide production by plasmodia  

Approximately 50 mg dry weight of plasmodia) material was 

added to each flask. Incubation was carried out in standard medium 

lacking both glucose and peptone at 25°0. 

Source of plasmodia  eir  
'u : 

End of rapid growth phase 14.4 ± 0.5 (11) 12.8 ± 0.5 (8) 

1 day after maximum yield 10.3 9.2 

2 days after maximum yield 7.1 5.7 

The standard deviation is given after the mean. The number 

of values obtained is given in parentheses. 

air go 	= pa. wcyzenirag dry weight/hour. 
2 

nir  
QCO 	pl carbon dioxide/mg dry weight/hour. 

2 
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diphosphate were added to attempt to create apparent anoxia and hence 

air 	air of quicker glycolysis, but they had no effect on the 
v 
 and Qco2  

plasmodia in the presence of glucose (4 310). 

e) Production of 14C-Carbon dioxide from 140-glucose  

The radioactivity of the carbon dioxide evolved from plasmodia) 

suspensions perfuned with 95% oxygen/5% carbon dioxide was measured 

using [1-1403-glucose and [6-1461-glucose. Vide variations in the 

specific yields were obtained. The results and experimental conditions 

axe recorded in Table A.12. 

In each experiment 14C-carbon dioxide was evolved from U-1461-

glucose at a greater rate than that fronx [6-14C]-glucose. Figure A.11A  

shows rates of 14C-carbon dioxide evolved by plasmodia from the active 

growth phase. Figure A.413 shows the rates of 146-carbon dioxide evolved 

by 1 day post-maximum plasmodia indicating a reduction in the preferential 

r conversion to 14CO2 from L1-
14 	 r 	[1-glucose to L6-14  CI-glucose. 

The 140-activity appearing in the lipid fraction a.N.Lacted 

with chloroforromethanol after incubation with [6-1461-glucose was 

higher than that from [1-140-glucose (see Table A.V). The increase 

in incorporation was shown to continue when there was no more external 

14C-glucose (see Figure A.5). 

f) The Krebs cycle acids of plasmodia determined as their  

methyl esters by gas chromatography  

The methyl esters of the Krebs cycle acids in plasmodia were 

prepared (see Section A.2.d.). The plasmodia mere grown in semi-

defined medium in a 5 litre fermentor flask and were not washed after 

centrifugation (i.e. some exogenous citric acid present). 

(co at-ci . on p.283 ) 
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Table A.12  

The specific ,yields of 140-carbon dioxide evolved by 

plasmodia from 1'1-1401-glucose and [6-1461-glucose  

Plasmodia were suspended, after centrifuging and washing, in-

standard medium lacking glucose and peptone. Glucose was added to give 

a 2 m11 concentration and was labelled with 14C-carbon (0.1 - 0.5 pe(prnole). 

A 954 oxygen/ 5% carbon dioxide gas mixture was perfused through the 

suspension which was maintained at 25°C, and then passed through 40 ml 

ethanolamine:ethanol (1:1, v/v). The etharolsmire:ethanol was replaced 

every ten minutes. 

Source of 
plasmodia 	, 

Specific yield 
C-1 

Specific yield 
C-6 

%glucose 
taken up 

Length 	of 
incubation 

End of 0.10 0.03 38 20 minutes 

phase 0.14 0.09 13 	. 20 	u 

of rapid 	) 
0.19  0.08 .45 20 	" 
0.39 0.25 75 45 	" 

growth 0.25 	' 0.01 50 10 	" 

0.15 0.06 80 30 	" 

1 day post 
maximum 

0.21 

0.13 

0.11 

0.10 

75 

80 

20 	" 

40 	" yield 

Specific yield = 140 -carbon dioxide evolved during incubation 
4c-glucose used during incubation 
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Fisure A.4 	The conversion of [1-140-glucose and. [6-14C3-glucose 

to 14C02 by plasmoclia 

The experimental conditions were those described in the legend 

to Table A.12. 

Pig.A was obtained with plasmodia from the active phase of growth. 

Figa was obtained with plasmodia which were 24 hours post maximum yield. 

[1-14C]-glucose in medium 	14C02 evolved from [1-14(—glucose. 

[6-14C]-glucose in ,medium 	14CO2  evolved from [6-14G]-glucose. 
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Table A.13  

The incorporation of 140-activity from 140-glucose into 

the lipid fraction of plasmodia  

Plasmodia from late in the chase of rapid growth were incubated 
in standard medium lacking glucose and peptone to mbidh glucose had been 
added (2 MM) labelled with 14Carbon (0.05 p.Olmole), and were perfused. 

with 93;0 oxygen,/5% carbon dioxide for 30 minutes at 25°C. Lipid 
material was extracted with chloroformmethanol and washed with saline 

(Section A.2.c.). 

In Ekperiment 3, plasmodia) material which had been pre-
incubated in glucose-free standari medium for 20 hours wan used. 

Etperiment 
No. 

[1-/40] -glucose [6-140] -glucose 

14C-in lipid 14C-disappeared 
from medium 

14C-in lipid '140-disappeared 
 from medium 

1 0.18 * 0.94 0.27 0.90 

2 0.43 2.90 0.75 3.25 

3 0.15 2.86 0.28 2.79 

* radioactivity units as no 



.----.--0. 

• • 
NA. 

N -----A- --a- --- Nsr  

N 

75 	90 	105 
minutes 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

• 

sft. .... 
13, 

15 	30 	45 

1.0 

0.9 

08 

106d.prn. 

in 	0  7  

lipid fraction 
0.6 

10 

9 

1' 
a 	

JI 

1 o 6cLp.m. 

In 
medium 

6 

4 

3 

2 

1 

120 
0 



-282- 

FiAgre A.5  The incorporation of 140-activity into the lipids of  

plasmodia incubated with [1-146]-glucose and [6-14C]-glucose 

  

The experimental details were those described in the legend 

to Table A.13: 

[1-140]-glucose in. the medium. 

—s— 146-activity in the lipids after incubation. with [1-1461-glucose. 

--A— [6-146]-glucose in the medium. 

	 140-activity in the lipids after incubation with b-1461-glucose. 
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When aliquots were chromatographed on 10;6 =A on Celite 

numerous peaks were Observed, citric acid. being the major peak (see 

Figure A.6A). Peaks were identified for succinate, fumarate, malate 

and lactate. The level of lactate was high considering the known 

volatility of methyl lactate. The presence of these intermediates 

was irAicative of the Krebs cycle operating in. plasmodia. The separation 

of the methyl esters of sucoinate, fumarate, malate and citrate prepared 

in the laboratory is Shown in Figure A.6B. 

g) The fatty acids of the lipids of plasmodia  

The fatty acid composition of the strain used in this study 

grown in standard medium was quite different from that reported by 

Korn et al (1965), see Table A.16  and Figure A.7A. When plasmodia 

were cultured on oats (the method initially used. by Korn et al) the 

fatty acid composition was more comparable (see Table A.17 and Figure  

A. 	and. Lag). Microscopic observation of plasmodia grown on oats 

Showed particles of oat streaming in the veins. 

The age of the culture affected the fatty acid composition 

(see Table A.18). The material which changed most was that of relative 

retention time 0.88 (palmitate m 1.00). It decreased from 29% of the 

total acids at the maximum growth rate to 7% in resting cultures 

(scierotia present). Oat grown plasmodia had only very low amounts 

of this material. 

Qualitative differences in the fatty acid composition were 

observed between different plasmodial stmirs grown on agar (semi—

defined medium) — see Table A.19 and Figure A.8. These differences 

in composition. were later confirmed with plasmodia grown in liquid 
culturea 

(coni-d. on p.294) 
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Figure A.6 	The chromatographic separation of the methyl esters  

of the Krebs cycle intermediates  

The methyl esters of the Krebs cycle intermediates derived 

from plasmodia (B) were prepared. by a modification of the method of 

Barnett et al (1968) as described in &lotion 	The same method 

was used for the type compounds in A. 

Gas Chromatography was carried out on 1C PEGA on Chromosorb G 

using the tempetItuxe programme — 110°0 isothermal for 22 minutes, 

110-180°  at 48°C per minute, 180°C isothermal for 30 minutes. Peak A 

was methyl lactate. 
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Table .A.16  

The fatty acid composition of plasmodia grown in 

standard medium  

A 50 ml culture grown in standard medium was harvested by 

centrifugation (2000 g for 5 minutes) and added to chloroform-methanol 
(2:1 v/v).. The lipids were extracted and converted to the methyl 

eaters as described in Section. A.2.e. Gas chromatography was carried 

out on 1036 PEGA on, Chromosorb G at 200°C. 

Patty acid of total Korn et al (1965) data 

Unknown R = 0.88 22.5 7.9 
16.0 * 3.9 9.1 
18.0 1.3 2.1 

18.1 13.9 40.9 

18.2 58.5 40.0 

* Notation used for long thin fatty acids. The 

first number refers to the number of carbon atoms 

present, ana the second the number of double bonds 

present. 
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Pim= A.7  

 

Chromatograms of the total fatty. acids and their methyl  

esters from plasmodia grown in standard medium and on 

poraga oats, and from porage oats.  

  

    

A 	Plasmodia (strain a. + L.) were grown in standard medium and. harvested. 

at near to maximtxm yield: 

B 	Plasmodia (strain a + were grown on sterile oat flakes in a 

500 ml Drlanmayar flask and,were harvested with a sterile knife 

when they had migrated up the wall of the flnracelear of the oats. 

C 	1 g of oat flakes were taken and treated similarly to the plasmodia. 

The method of extraction of the lipid and preparation of the 

methyl esters of the fatty acids is described in Section. A.2.e. 

Chromatography was carried out on 10% PLGA on Chramosorb G at 200°C. 

Peaks 1. unknown 1L2  0.88, 	2. palmitate. 	3. stearate. 

4. oleate. 	5. linoleate. 

B 	methyl pnlmitate m 1.00 
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Table A.17  

The fatty acid composition* of plasmodia gown on oats 

Plasmodia from liquid culture were inoculated on sterile 

oats in a flask (500 ml). After growth the plasmodia Were allowed 

to migrate up the walls of the flask. They were rammed with a 

sterile lerlif0 and extracted with cbloroformmethanol (2:1, v/v). 

The methyl esters of the fatty acids were extracted and chromatographed 

as described in Section A.2.e. 

Fatty acid % of total Korn et al data Porage oats 

Unknown It . 0.88 2.2 7.9 - 
16.0 8.1 9.1 16.1 
16.1 4.4 3.0 - 
18.0 <1 2.1 , 	• 	— 

18.1 31.8 40.9 42.3 

18.2 54.1  40.0 41.7 

* Omitting the contributions of minor peaks. 
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T.ble A.18  

The change in fatty acid composition of plasmodia gown in 

standard medium with the age of the culture  

Plasmodia (strain a 1.) were harvested from cultures grown 

in semi-defined medium at the times indicated in the table. The 

lipids were extracted and the methyl esters of the fatty acids 

prepared as described in Section. A.2.e. 

Fatty acid 226 4 day 5% 4 dm" 
, 

2% 7 dal' 

Unknown 26.4 14.5 9.5 

16.0 13.0 5.5 5.4 

18.0 1.9 3.3 3.8 

18.1 9.2 8.5 20.2 

18.2 46.0 52.1 42.2 

Others 3.7 12.8 18.6 
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Pipire A.8 	The variation in fatty acid composition of different  

Plasmodia/ strains when grown on agar.  

Three strains of plasmodia a -h i, i +AZ015, i +A7029, were 

grown individually on agar plates (using the semi-defined medium 

described by Carlile, 1971). The plasmodia were floated off the agar 

when near to maximum yield, and their lipids extracted and the methyl 

ester of the fatty acids prepared as described in the Section. A.2.e. 

Gas Chromata,raphy was carried out on 10% PE -A on Chromosorb G at 200°C. 

Peak identification: 

1. Unknown. RRT  0.79 	2. Unknown. RRT  0.89 	3. POmitate 

4. Stearate 5. Oleate 6. Linoleate 

RTIT  methyl palmttate = 1.00 
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Table A.19  

The fatty acid composition of different strains of  

plasmodia grown on ajar 

The plasmodia) strains below were grown on semi-defined 

medium agar. The plasmodia were floated off and extracted with 

chloroform-methanol (2:1, 	Preparation of methyl esters of 

fatty acids and their gas chromatographio arAlysis was as described 

in Section A.2.43. 

Fatty acid a + i 

. 

i + A7015 t + A7029 
- 	Al 

Unknown R = 0.79 - 7.1 1.4 

Unicaawn R = 0.89 16.8 - 2.0 

16:0 5.4 8.9 9.8 

18:0 < 1 < 1 3.1 

18:1 16.5 12.9 13.4 

18:2 61.6 71.0 70.1 
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The material of relative retention time 0.80 could be isolated 

by TLC of the methyl esters (using ICieselguhr G (Hach stahl) impregnated 

with 1026 silver nitrate: developed with petroleum ether 40-600C, 

diethyl ether 9:1 v/v). The plates were sprayed with 2, 4-dichloro-

fluoroscein (1% methanol solution) and the bands located under a U.V. 

lamp. The material ran between the saturated and mono-unsaturated 

methyl esters, being completely separated from both. 



— 293 — 

Discussion 

1) Effect of nutrients on the p,owth of the plasmodium 

a) Citric acid 

Omission of citric acid. had no effect on the dry weight yields 

at maximum growth (Table A.1, p.256). Citric acid was not metabolised 

by any of the strains tested (Table A.2and.i.a, pp. 2.51 42.58 ). Daniel 

i4Busah (1961) incorporated citric acid in their medium for the growth 

of P.polycephalum merely as a buffer (0.5 g/litre). That the total 

yield was not changed would confirm this. 

For another myxomycete, Physarum rigidum, Henney & Henney 

(1968) found that in their medium citric acid was toxic at a concentration 

of 5 g/litre,'Whereas the levels of citric acid in. the semi—defined 

medium (Carlile, 1971) used in this study (3.5 ,/litre) permitted active 

growth of P. polycephalum.  

b) Glucose 

A value of 25-35 mg glucose/g dry weight/hour was consistently 

obtained for plasmodia incubated aerobically in standard medium 

containing various levels of glucose. The rate was not affected. by 

transfer to standard. medium lacking peptone (Table A.4, p.260). The 

consistent level of glucose uptake was unlike anima-')  muscle systems 

where the rate of uptake was dependent on the external glucose concen—

tration (Park, 1955; Mansford, 1969). A possible explanation for 

this is discussed. later. 
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2) Storage compounds of the plasmodium 

a) Glycogen  

Several workers have described the internal polysacrthnxida 

as glycogen or glycogen-like. Sullivan (1953) reported a decrease in 

the glycogen content (;i) of the dry weight) in sclerotia compared with 

plasmodia. Daniel (1964) isolated a polysaccharide by the KOH-ethanol 

glycogen isolation procedure and found it to consist of glucose and to 

stain reddish-brown with iodine. Goodman & Rusch (1969) isolated a 

polysaccharide by the procedure of Orrell et al (1964). The effect 

of DC-amylase and. A-amylase in partly degrading the polysacnhnTide was 

demonstrated by electron microscopy and was said to be similar to that 

Observed using rabbit liver glycogen. Also the spectrum of the 

polysaccharide-iodine complex vas similar to that obtain  d. with rabbit 

liver glycogen. 

In this study the polysaccharide could be resolved into two 

fractions, one readily soluble in water. The other polysaccharide 

was thought to be the slime released into the medium. This material 

has been shown to be a galactose polymer (Simon & Perray, 1970). 

This hnA  been previously observed in this laboratory (Buck, K.W. -

personal communication). 

,Evidence in this study that the water soluble polysaccharide 

was similar to other glycogens was its precipitation by low levels of 

ethanol, the spectrum of the complex with iodine (Figure A.1, p.264), 

its glucose content' and its 	by oCrapylase and /5-amylase. 

ustive degradation. vith /3-amylase released 45% of the total glucose, 

a value corresponding to that observed with other glycogens which were 

degraded at the same time. 
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b) Patty acid composition  

The fatty acid composition of plasmodia grown in standard 

medium in liquid culture and on agar was different from that obtained 

for plasmodia grown on porage oats (Tables A.16 and La, pp./261-289 
and Figure A.7, p.228). It was also different from that reported by 

Rom et al (1965) for plasmodia grown in liquid culture (Tables A.16  

and la). The values reported by Korn et al (1965) for palmitic, 

oleic and linoleic acids were similar to those Obtained for the fatty 

acids of porage oats (Table A.17). Their results might be explained 

in terms of the age of the culture examined, an increase in the oleic 

acid content was observed in older cultures (post maximum growth) - 

see Table A.18, p.2.90. 

The large difference in percentage composition of the material 

of relative retention time 0.88 (palmitate = 1.00) measured in this 

study and in that of Korn et al (1965) may well be due to genetic 

differences between the plasmodia used. As shown in Table A.19, p.293 

in strain i + A7015 this material was not present at all and in strain 

i + A7029, was present in smaller amounts. Thus with plasmodia of 

mixed genetic pairs the level mould depend on the composition of the 

different strains present. By observing the presence or absence of 

this material and also that of relative retention time 0.79 it was 

possible to distinguish between strains. The nature of both these: 

materials was not investigated although Korn et al (1965) suggested 

they wore branched fatty acids. 

3) Synthetic and metabolic -pathways  

a) Glycogen synthesis  

Plasmodia from the active growth phase had hidd levels of 

glycogen and when they were incubated with glucose although synthesis 
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did take place the net increase was a small  percentage of the glycogen 

initially Present (see ,Table A.7,  p.267). Incubations with glucose 

labelled with EU-140]-glucose irAicated that 0-70% of the glucose 

which disappeared from the medium was converted to glycogen despite the 

small net increase in the mass of glycogen. 

Glycogen-depleted plasmodia were used to examine the synthesis 

more closely. A large net synthesis of glycogen was observed during 

the incubation in parallel with the incorporation of 140-glucose 

(Table A.8,  .A.42. and. ALM, pp.M3,27i1.274. A time course study of the 

synthesis showed that in the first 15 minutes 1008 of the 14C-glucose 

which disappeared from the medium was incorporated into glycogen (Table; 

A.10)  and at the same time 60% of glucose used up appeared as the net 

increase in the level of glycogen. The difference, 40;6 of the glucose 

taken up, represented the endogenous glycogen metabolised during this 

period. If the specific radioactivity of the'increment during 

incubation was calculated it would be higher'than that of the substrate 

glucose. This situation has been observed during glucose transport 

across the small intestine of the rat (Porteous & Pritchard, 1972). 

This would seem to indicate that glucose was first converted to glycogen 

which was later bioken down. The most recently synthesised glycogen 

was not the immediate substrate for breakdown since all the radioactivity 

remained as glycogen in this first period. As the time course continued 

the percentage of 140-glucose incorporated into glycogen decreased as 

did the percentage of glucose appearing as a net increase of glycogen. 

There was no difference in incorporation between [1-140]-glucose and 
- 	 A 1 
,2--14C] -glucose and [6-1414-glucose (Table A.9).  This would also 

suggest that direct synthesis to glycogen has occurred since the pentose 

phosphate shunt was operative in plasmodia and this would. be  expected 

to affect the specific activity of G6P if labelled in the C-1 position 
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compared with the C-6 position (Katz & Wood, 1960). Since G6P is 

generally accepted as being a precursor of glycogen then the specific 

activity of the glycogen would have been expected to be different 

(less for 0-1 labelled G6P). 

With glycogen-depleted plasmodia uptake of 15-20 mg of 

140-labelled glucose by the plasmodia was sufficient to result in the 

glycogen having the same specific activity as the glucose (see Figure  

p.233). Immediately after the disappearance of the external 

glucose the level of glycogen began to drop, the specific activity 

remaining constant. Judging from the continued incorporation of 

14C-activity into lipid (see Figure A.5, p.282) despite the lack of 

external glucose, glycogen was a substrate for metabolic processes. 

Studies on the aerobic respiration of plasmodia indicated that for 

plasmodia from the active phase of growth the oxygen uptake and carbon 

dioxide production were net affected by the absence of substrates, 

either glucose or peptone, during the course of the experiment (one 

hour). 

b) Glycolvsis  

Evidence for glycayeis has come as a.  result of the study of 

anaerobiosis and the motive force of streaming. The energy for the 

motive force is considered to be ATP (Kamiya, 1959). Be found that 

lowering of the oxygen tension increased the motive force, as did any 

condition which suppressed respiration. From this he concluded that 

an increase in the rate of glycolysis had occurred due to the Pasteur 

effect. Ohta (1954) also reported the Pasteur effect, the amount of 

an acid (not identified) produced by plasmodia in _anaerobic condition, 

being five times as high as that produced in aerobic conditions. 
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Habana & Takeuchi (1960) measured the plasmodia ATP levels 

and found that they were not changed by low oxygen tensions. If the 

ATP produced in the mitochondria was decreased by low oxygen tensions 

then that produced by glycolysis would be increased, causing an increase 

in the motive force as observed by Irnmiya. 

Several workers have reported that plasmodia could continue 

to stream under anaerobic conditions (Seifriz & Urbach, 1944; Loewy, 

,1950; • Allen & Price, 1950). Kitabing & Pirexme (1940) however 

reported that complete removal of oxygen caused rapid cessation of 

streaming. Recent work of Carlile (1970 — private communication) 

with axenic material has shown that in the'comelete absence of oxygen 

cessation of streaming was rapid, and that 95% nitrogen/5% carbon ' 

dioxide gas mixture could not extend the streaming period to 24 hours 

as reported by Loewy (1950). Oxygen impurities in the nitrogen and 

carbon dioxide used in previous studies may well have accounted for 

the continued streaming in apparently anaerobic conditions. Thus 

despite these differences of opinion it was very likely that glycolysis 

occurred in plasmodia, was stimulated by lowering the oxygen tension 

and. was inhibited by total lack of oxygen. The presence of G6P, 

F6P and lactate as determined by GIC gives further evidence for 

glycolysis. 

It has been suggested (Gray & Alexopoulos, 1968) that ATP 

generated by glycolysis was used as the energy source for streaming 

rather than  A2P generated by oxidative processes, since glycolysis 

takes place in the groundplasm where the motive force appears to be 

generated. It has not been demonstrated whether ATP generated in 

mitochondria could diffuse readily into the groundplasm. 
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o) The pantos° phosphate shunt 

Since synchronised surges in. DNA synthesis occur in the 

plasmodium (Bunch, 1969) it seemed likely that the pentose phosphate 

shunt was inopexationto ic:ovide the necessary substrates. In addition 

Huttexmann (1969) has shown that glucose-6-phosphate dehydrogenase 

increases during the growth phase. 

When measurements were made of the 14002 released after incubation 

with D-140]-glucose and [6-140]-glucose that despite the variability 

of the results it was clear that [1-1401- glucose was converted to 

14002 more readily than was (-1401-glucose (see Table A.12, p.2777 

ara  Figure A.4, p.2.79). Increased incorporation of 140-activity into 

the lipid fraction was observed during incubation with [6-1114-glucose 

vim". from [1-140]-glucose (see Table A.13, p.28° and. Figure A.5, p.281). 

For active non-starved plasmodia the ratio of incorporation of C-6 

labelled activity and 0-1 labelled activity was 3:2, whereas for starved 

plasmodia it was 2:1 although the total incorporation was reduced. 

Both of these observations indicated strongly that the pentose phosphate 

shunt was operative in aerobic active plasmodia. 

However, it was not possible to calculate the contribution 

of the shunt to the total metabolism by the methods discussed by Katz 

&Wood (1960, 1963). The large amount of glycogen synthesis ruled 

out most theories, and for those developed for a situation where 

glycogen synthesis was high, the qpnlitative difference in metabolism 

for this organism compared with those discussed by Katz &Wood (1963) 

invalidated them. 

15)..t •., tion of the activities of the intermediates isolated 

after incubation with [1-140]-glucose and [6-1401-glucose by radio-GLO 

of their TM-derivatives (see  Figure 7.3, p.190) indicated that the 
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Krebs cycle intermediates were labelled more from [-14C1-glucose than. 

from [1-1461-glucose (see Table 7.3, p.I91). This is in agreement 

with that observed for incorporation in lipid. 

d) The Krebs cycle  

The presence of mitochondria has been reported by many 

workers. Thigas & Bath (1962) using electron microscope studies 

described the mitochondria as resembling those of most protozoa and 

other simple organisms. Bolter &Pollock (1952) reported that the 

enzyme succinic dehydrogenase was located in the mitochondria) fraction. 

Johnson. & Moos (1956) reported similarly for the enzyme suooinio 

oxidase. 

112 
Ohta (1954) reported that the 062  for plasmodia was one- 

eighth that of ot: indicating that aerobic metabolism was responsible 

for most of the carbon dioxide evolved by plasmodia. The presence of 

some of the Krebs cycle intermediates as determined by GIC (see Figure  

A.6, p.28Sand Figure 7.3, p.190) with the previously mentioned observa-

tion would suggest, although not prove, the existence of the Krebs 

cycle in plasmodia. 

4) Formation of sclerotia 

Incubation of plasmodia in standard medium lacking peptone 

and glucose led to the rapid formation of sclerotia within 24 hours 

(see Table A.5, p.26I). McCormick & Busch (1969) have also observed 

this effect. Chet & Busch (1969) have caused formation of sclerotia 

from plasmodia in normal growth medium by the addition of sugar 

alcohols, mannItol (to 0.5 Molar) being the most effective. Jump (1954) 

has reviewed the situations which caused the formation of sclerotia. 
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One of these situations was exhaustion of nutrients. The composition 

of the growth medium used in this 'study was chosen so that both the 

nitrogen source, the peptone, and the carbohydrate source, the glucose, 

were both nearly zero at maximum  growth (Carlile, 1971). For 

cultures grown on this medium, formation of sclerotia occurred routinely 

two or three days after maxinan growth. It was not clear whether lack 

of eitheM the peptone or the glucose, or both, was responsible for the 

formation of solerotia. 

When plasmodia were incubated in standard medium lacking 

glucose formation of sclerotia was almost entirely prevented whereas 

incubation in standard medium lacking peptone resulted in greater than 

7036 of the plasmodia becoming solerotia (see Table A.5,  p.26/). 

Thus the presence of high levels of glucose could not prevent formation 

of sclerotia. 

bcamination of the glycogen levels (Table A.6,  p.260 showed 

that the level did not control onset of the formation of sclerotia. 

Plasmodia incubated in standard medium lack 4g glucose ha  a very low 

level of glycogen whereas those incubated in standard medium lacking 

glucose and peptone had. a higher level despite total conversion to 

solerotia. Those incubated in the presence of glucose (1%) maintained 

the level of glycogen. 

Thus lack of glycogen did not significantly alter the state 

of the plasmodia.  Continued streaming in standard medium lacking 

glucose for longer periods thsn  that reported in this Study have been 

observed (14.J. Carlile — private communication). In this circumstance 

it was likely that glycogen was depleted to provide the energy for 

stresmdng and then other energy was provided. by the oxidation of amino 
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acids from the peptone. The myxoamodbae of the cellular slime mould. 

Dictyostelium discoideum, grow adequately in axenic culture an peptone 

alone (Watts & Ashworth, 1970) and addition of glucose suppressed the 

oxidation of amino acids without significantly enhancing growth. For 

plasmodia of P. nolvcenhalum growth on peptone does not acour. 

In the biological situation although onset of the formation 

of solerotia is rapid in the absence of nutrients there is a sufficient 

store of energy for the plasmodium to search for new sources of food 

before doing so. Carlile (1971) has shown that plasmodia can detect 

food concentration gradients and migrate up them. When a food source 

is found the starved plasmodia appears to convert the carbohydrate to 

glycogen first of all, so that if the source were limited it does not 

waste the food by using it for growth. Thus it is able to move off 

to find another site. In this state the rate of breakdown of glycogen 

would be governed by its level, providing other necessary substrates 

were present. If this is the case then the rate of uptake of glucose 

would. not be affected by the remainder of the metabolism since starved 

plasmodia can accommodate large amounts of glycogen. It may be 

postulated that the rate of glucose uptake was similar to the rate of 

glycogen breakdown at maximum glycogen levels (in 20% of the dry weight). 

Whether an entirely new method of glycogen synthesis is operative in ' 

this organism or whether, discrete compartmentilisation of the sites 

of synthesis occurs remains to be investigated. 
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APPENDIX 2 

COMM= PROCESSING OP GAS LIQUID CHROMATOGRAPHY DATA 

1) Introduction 

The complexity of the Chromatograms obtained when analysing 

tissue samples, and the need to be able to determ4Y1P quantitative 

data necessitates automation of the data analysis. 

Integration of peak areas can be carried out manually (e.g. 

by peak triangulation), by the use of integrators (menlinnically or 

electronically), or by using a computer. The disadvantage of the 

manual method is the amount of labour necessary. The disadvantage of 

integrators which work in real time (i.e. as the data is being produced) 

is that for the situation where the baseline is changing  no allowance 

can be made for baseline change during the peak. Also the integrator 

(i.e. non-computing') cannot analyse the data to correct for the area 

of the standard peak, or to attempt to identify the peaks according 

to their retention time. This type of machine is useful only for 

essentially simple chromatography where the results are not urgently 

required. 

To be able to arnlyne the data more thorough.1y a computer is 

necessary. The definition of a computer in this context is an instrument 

which has the ability to store information (this includes preprogrammed 

information) and has the ability to marshal information, and selectively 

produce the required data. Two types of computer can be considered. 

Firstly, the an -line system; this works essentially in real time and 

therefore is subject to certain limitations concerning basPl3rin changes. 
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In some cases the raw data from the dhramatograph is fed direct to the 

computer. However, this is very wasteful of computing time, and so a 

small satellite computer which processes the information is often used. 

With such a system many analyses from different machines can be handled 

by the central computer at once. The central computer is large and 

therefore can carry out complex analyses on the data, ortan be used 

to impose its control on a process. Such systems are most commonly 

found in industry. 

For users with small quantities of complex chromatograms the 

off-line computer is more economic. In the case of the off-line 

computer the data from the chromatogram is recorded either in an prmlogue 

or, more usually, a digital form, with a secondary system, and the 

data presented to the computer at a later time. This could of course 

be carried out by a satellite computer as mentioned above. The normal 

methods include recording onto punched cards, onto paper tape, or onto 

magnetic tape. The particular advantage of these methods is that the 

raw data is recorded in a permanent form which is not the case when 

using the on.-line computer. 

In this study recording onto paper tape was used. This was 

less cumbersome than cards, but not as convenient as magnetio tape 

which can be fed into the computer more rapidly than the other two. 

This is an important consideration since the major portion of the 

computing time, and hence costs, is spent feeclize inandprinting out 

information. 

The data recorded onto the paper tape was in the binary 

decimal form and samples were taken per unit time. There was no need 

to record the data at speeds greater than one data point per second 
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for the relatively low speeds of the chromatography used in this study. 

The minimum number of data points needed to describe a peak with au 

error of lees than 0.1% were 13 (Kidhimoto & Munha, 1971); this 

criterion was fulfilled for the peaks examined. 

2) The recording of the output of the ehromatogreph onto punehed tape 

The arrangement for recording the data was as is outlined 

below: 

ANALOGUE TO 
DIGITAL CONVERTOR 

TIMES CONTROL 

 

PUNCH 

 

DATA TAPE 

The output of the 	amplifier (0-10 mV) was not sufficient to 

drive the analogue to digital convertor, so the recorder (Kent Mark III) 

was fitted with a retransmitting slide wire. This slidewire was 

parallel to the slidewire used for balancing the input from the P.I.D. 

amplifier. This eida:a slidewire had a potential drop across it of 

10V. The carriage on the servo =had two pick ups, one for each 

wire, so that the correspnnding position on the 0-10 MV slidewire was 

tapped off on the 0-10V slidewire. This results in a 1000 fold 

amplification. In fact it was arranged that the bottom end of the 
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slidewire etill registered a slight voltage (0.07V), this preventing 

the punabing of 000 when operating normally. Similarly the top end 
of the wire only registered 9.80V, this preventing 1000 or greater 

being punched. (a four figure number). 

This apPlogue signal was converted to a binary decimal-form, 

this then being punched out (Aldo Tape punch) under the control of a 

timer unit (built in the electronic workshop of the Biochemistry 

Department, Imperial College, by A.E. Lowe). 

At the begianing of the analysis the time constant was 
punched onto the tape (by a button on the timer unit). This data block 

also had a minus (-) sign in the first line. This identified the 

beg-tinm•ng of the data. At the end of the data tape, or when a baseline 

or sensitivity change was necessary, another minus sign was punched. 

One of the read instructions for the computer included identification 

of the first line of the data block. If a minus sign was not punched 

when altering the conditions of the analysis (e.g. baseline or sensiti- 

vity change) maniml editing was carried out. After ellenglilg the conditions 

another minus sign plus time constant was punched. The computer 

programme deal with the data in each section as a distinct entity as far 

as area measurement was concerned, but it did accumulate the total time 

since the beginning of the analysis. A job termirAtor was attached 
. 	. 

to the end of the tape after a final minus sign. 

3) The computer programmes  

The programmes which have been written for the integration 

of peaks have not dealt with situations where the baseline changes 

rapidly. The programmes used in this study have been written specially 

for this, although they can be used for any chromatographic analysis. 
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Two computer programmes have been used; one in Algol with 

the London University Atlas computer, and the other in. Fortran with 

the PDP-9 computer. Essentially the mathematical processes in both 

programmes were the same: The differences were in the manipulation 

of these processes necessary because of the different sizes of store 

available with each computer. 

a) The Algol Programme  

Imperial College had a direct link to the Atlas computer and 

this was used initially. This computer has awry large store and 

enabled the -,operator to obtain fast execution with the expense of 

using up more store than was economic. To check the 'execution of the 

programme it was necessary to output several of the arrays generated 

(e.g. baseline and corrected data). This was a costly operation and 

interpretation of the large amannt'of digital information was not easy 

for the observer. Because of this the PDP-9 computer which could 

display this data in an analogue fan on a television screen was used. 

Since the final programme was developed from that written for 

the Atlas computer an outline of the steps of the initial programme 

will be described in this section. 

A. input of data 

The data was read in from the tape, discarding any points of 

value 0 or greater than 1000. Any parity or fOrmat errors brought 

input to a halt. The tape had to be restarted after correction of 

errors. 

R. Removal of makes  

Spikes due to dust passing through the flame ionisation 

detector were removed by averaging each point either side of the data 

point examined and comparing with the data point. If it was a spike 
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the value was replaced by the average of the points either side. 

C. Smoothing of the data 

The data was passed through a smoothing routine until the 

conditions for smoothed data were achieved. The number of iterations 

was recorded. 

D. Calculation of the 1st, 2nd and 3rd differentials of the data 

These values were stored in three separate arrays. 

E. 	Determination of baseline points  

The following conditions had to be satisfied: 

1) 1st differential must be > 1st differential found at the last 

baseline point (set at an initial value of —1000). 

2) 1st differential must be < 0 

3) 2nd differential must be = 0 

4) 3rd differential must be = 0 

It was assumed that baseline slope either became less negative, 

or remained constant throughout the analysis (conditions 1 83 2). 

Condition 3 eliminated tops of peaks from being recognised as baseline. 

Condition 4 overcame the problem of apparent small valleys between peaks 

caused by variation of the data at the top of vide peaks. The first 

and last data points were also taken as baseline points. The pulidhing 

of the tape was begun once the solvent front had readied the detector. 

this meant that the first data point read 9.80. 

F. Construction of baseline  

The established baseline points were joined together linearly, 

updating the baseline formed where the data was less than the baseline. 

G. Subtration of baseline from smoothed data  

This isolated the peaks to give 'pure' chromatography. 
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H. Calculation of data 

The programme proceeded through the tpuret data until it 

noticed the start of peak. Integration was begun and continued until 

the top of the peak was found. This height was recorded and the 

integration continued either until the baseline (zero) was found or the 

valley between two peaks. If there was a valley the total area up to 

the lowest point of the valley was recorded and  integration restarted 

through theTpehk maximum and down to zero. When baseline (zero) was 

found the programme proceeded through the data until it found the 

beginning of the next peak. 

I. Output of data  

The integrated area of each peak was multiplied by the time 

interval between data points operative in that part of the data, and 

printed. The peak heights for each peak were printed and also the 

time from the beginning of the analysis (essentially retention time). 

In addition the contents of the arrays holding the smoothed data, 

baseline points, calculated baseline and purified data mere printed so 

as to check the execution of the programme. 

b) The Fortran Progcamme  

This was written for use with a PDP-9 computer which had a 

limited store (8K) compared with the Atlas computer and was an adaption 

of the first programme. With the Atlas computer a separate array was 

used for the input data, smoothed data, 1st, 2nd Ara  3rd differentials, 

baseline points, baseline and 'pure' data. Nith the PDP-9 this number 

of arrays was not possible PrA  a running method of annlysis was used. 

The amount of store space left after entry of the programme 

permitted 720 data points to be analysed. Since the GLC analysis took 

75 minutes and the punching rate was 20 blocks per minute it mould be 

impossible to analyse the entire data tape in one go. However, the 
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analysis was broken into sections caused by changes in sensitivity 

so that 720 was not always exceeded. In addition' parity and format 

faults did not bring input to a halt. They were recorded by output 

on the line printer. 

Essentially the same mathematical procedures were adopted as 

outlined for the Algol programme. Additional procedures were incorporated 

into the programme. The PDP-9 has video-display facilities and. it was 

possible to display both the smoothed data and the calculated baseline. 

The programme was halted at this point whilst the operator examined the 

baseline. If the baseline was satisfactory a key was lifted on the 

switch register, restarting the programme and printing out the integrated 

data. In many cases either the data was still very rough or the operators 

concept of where the baseline should be and that calculated by the 

programme were different. This often meant baseline points being 

found on downward slopes before 'true' baseline had begun. These were 

readily Improved by reemoothirg the data, the signal for this being 

given by lifting another key on the switch register. 

In the second and third sections of a data tape the definition 

of baseline had. to be modified. In some eases these sections began 

with a rising peak, no baseline points being found before the top of the 

peak. 0n the downward. slope baseline was found very rapidly since all 

the conditions (E. 1-4) were satisfied. This was overcome by resetting 

the 1st differential (condition E.1) to be initially - 2. A baseline 

point could not be found until the baseline was almost reached. This 

modification was only carried out if an anomalous position of the baseline 

at the start of the section was observed. Again it was effected by 

lifting the appropriate key on the switch register. The layout of this 

programme is shown in Figure A.9. 
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c) Organisation of the Fortran programme 

Two arrays were used. The input data was fed into array 1. 

After despiking the data was smoothed, each smoothed data point being 

put in the corresponding space in array 2. Instead of generating 

arrays for 1st, 2nd and 3rd. differentials, each point was taken in turn 

and the 1st, 2nd and 3rd differentials for that point calculated. 

The point was checked to see if it satisfied the baseline conditions 

or not. If it did the corresponding data point in array 1 was replaced 

by a 1. If it did not, a zero (0) was inserted. When all the points 

had been examined all the smoothed data point values in array 2 with a 

1 in the corresponding position in array 1 were made negative. The 

negative numbers were joined linearly and the extrapolated baseline 

transferred to array 1 (now positive). Each of the intermediate 

points were checked to see that the baseline was not greater than that 

point. Mhen the baseline was finally ready both it and the smoothed 

data were projected on the screen. Resmocthing caused the values in 

array 2 to replace those in array 1 and the whole procedure to be 

repeated, as if it were fresh data. Changes of the slope condition 

caused the programme to be restarted at the assessment of each point 

as baseline. 

When the operator was satisfied mith the baseline the data 

in array 1 was replaced by the difference between array 2 and array 1 

and hence integration as described for the Algol programme was started. 

4) Discussion 

The operator-computer interaction which was possible with 

the PDP-9 was a major advantage over the complete lack of control using 

the Atlas computer. The operator was able to correct most of the 
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Figure A.9 	Layout of the programme:used vita PDP-9 computer 
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fallacies which were caused. by the programme. In the early stages 

of the development of the programme it was envisaged that the operator 

could draw in the baseline for the data which was displayed on a screen, 

by using a light pen. However, human error and bias was possible and 

so this level of interaction was not pursued. 

Occasionally mistakes, generally caused by faulty punching 

of the data, occurred. This meant that data points were displayed in 

anomalous positions, causing disruption of baseline calculations. 

This may be overcome by the use of a moving spot. The spot could be 

scanned across the screen until it corresponded to the aboissa of the 

faulty data; the operator, could then type in the value which he thought 

was the correct one. 

Many GLC-computer applications had. been reported (see Childs 

et al, 1969; Kuzel et al, 1969). The majority hale been concerned 

with on-line systems calculating routine OM analyses. In on___ line 

systems the output from the detection system was fed directly to the 

computer in real time and was not stored in a permanent form. On-line 

systems have advantages over off-line systems in that the data produced 

was more rapidly available, in many cases sufficiently quickly to control 

plant processes. 

However, for non-routine analyses the speed ofelailability 

of data is generally not important. Oberholtzer (1969) has examined 

the use of off-line  systems, and although agreeing to their usefulness 

for non-routine aralyses criticises the accuracy of the data produced, 

particularly the baseline. However, the inaccuracy of the data was 

very small compared with the other errors including experimental errors. 

'Since baseline by the current procedure was accurately determined, the 

errors discussed by Oberholtzer, largely inaccuracies of the baseline, 
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are removed. Since on-line systems are very expensive no justification 

can be seen for use with experimental analyses. 

A serious disadvantage of on-line systems is the lack of 

permanent record of the Chromatographic data. Computer failure and 

less serious hiccups are not uncommon. With a permanent record 

recalculation of the data can be carried out if programme alterations 

were necessary at a later date. Although paper tape was used in this 

study, magnetic tape is a better proposition since the data can be 

recorded faster and stored in. a much smiler apace. 

A disadvantage of the current system was the limited range 

of the potentiometric recorder. The baseline at the lowest attenuation 

range used (x 100) was still essentially noise-free. Spikes caused 

by dust particles passing through the flame ionisation detector occurred 

only to a limited extent and were filtered out by the programme. Thus 

the baseline noise would still be reasonable at x20 and in any case noise 

is averaged out by the data sampling. However, the drift of the 

baseline would be prohibitive with the arrangement described in this 

study. 

The potentiometric recorder was limited to reading 0-10 MV, 

the analogue to digital converter effectively reading this in 10 p.V 

steps. If the recorder and the analogue'to digital converter were 

replaced by a five decade digital voltmeter with automatic range changing 

almost any value could be kept on scale. The range 0-100 MV could be 

used still reading data in 10 W. The range needed to keep the data 

on-scale would be punched onto the data tape and the data multiplied 

by this value once in the computer. This would greatly enhance the 

usefulness of the system since an operator would no longer be require' 
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to intervene and  change the attenuation range during the analyses. 

With the PDP-9 each word has 18 bits. This means that the greatest 

value of the data in a single word would be limited to 217  - 1 (131,071). 

The data could be entered as two words but this is a problem since the 

amount of data that can be limn  ed by the program is 720 data points. 

Increasing the store by 2K more words would overcame this. 
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PROGRAMME USED WITH THE PDP-9 CO/ 

  

CO 

 

I I WM' 

 

r or 

    

DIMENSION IBUFP(1%40), IDATA(725,2) 

COM= IBUFF,IDATA,ITIME,INT,ISIG 

	

5 	IT32746 

	

7 	CALL TAPE(ISIG,INTA) 

wazo(10001)INTA 

mrit.nITAM5 

NPOINT=1 

	

11 	OATr, TAPE(ISIG,IDATA(NPOINT,1)) 

IF (ISIG1EQ.1) GO TO 16 

(ISIG4Eq.2) CO TO 13 

URITE(1,1#1)NPOINT 

GO TO 11 

	

13 	IF(IDATA(1,1).GT.940)G0 TO 11 

IF(IDATA(NPOINT,1)•EQ4)GO TO 11 

IF(NPOINT.EQ.725)G0 TO 16 

	

15 	PPOINT=NPOINT+1 

GO TO 11 

	

16 	EPOINT=NPOLIT-2 

DO 20 N=2,NPOINT 

IDA=(IDATA(N-1,1)+IDATA(N+1,1)1/2 

IF(IDATA(/1,1).G.T.IDA,14) IDATA(NO)=IDA 

CONTINUE 

	

22 	DO 25 N=2,NPOINT 

IDATA(N,2)=(IDATA(N-1,1)+IDATA(N,1)+IDATA(N+1,1))/5 

	

25 	CONTINUE 

IDATA(1,2)=IDATA(1,1) 

1101110=-1X# 

NPOINT=NPOINT-3 
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26 	DO 3% N=2,NPOINT 

IDATA(N, 1 )=0 

ID1-1D2 

ID2=1D3 

Th3=1D4 
1D5=n6 

ID4=1DATA(N+3,2 ) -1DATA (N+2 • 2) 

13)6=41]WrIn2:) /2 

1D7=1D6-1D5 

IF(IDATA(142):GT.950)GO.TO 3% 

IP(NaT.21)G0 TO 27 

IF'(IDATA(N,2).GT.IDATA(N-10,2)+2)GO TO 30 
1111DATA(N, 2) .GT.IDATA(N-20,2)+5)G0 TO 30 

27 	IF (1:D2. GT 4) GO TO 3% 

3Y(ID2.111.1D1LAS)G0 TO 30 
I:F(115.11E4)GO TO 3% 

IF(I07.NE4)G0 TO 3% 

1DATA(N,1 ) =N 

ID1LAS=1D2 

30 	C 011121111TE 

DO 35 N=1•NPOINT 

(IDATA(ND  1) .GT .25)1DATA(N0  2 	 )1 x  
35 	CONTINUE 

DO 5% N=1 9NPOINE 

IDAM(N, 1)=-1DATA(N, 2) 

11'( oM/1(N,2) .13T .0)G0 TO 50 

111(1DATA(N-1,2) •GT.0) GO TO 4% 

IJ=N-1 

a=-IDATA(IJ, 2) 
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37 	IKM+1 

IP(IDATA(IK,2).GT4) CO TO 37 

IY=.4DATA(IK,2) 

4% 	DATA (N, 1 )= ((( IX.4Y)*(11C) )/(IIC•43) )+1Y 

A ill A  (Nt  2 ).):DATA(N2  1 ) 

( DEN. GT .171) GO TO 591 

NPILT=IC•• 

DO 45 II--Z NYIN 

IDATA(M,2)-IY'-(((Ix-IY)*(n.4I))/(IK-IJ)) ItT) 

IF( 	IP • GT • IlaN)G0 TO 45 

N=I'I 

45 	CONTINUE 

IDAT4 (N4 2 )1......IDATA(Ng  2) 

N=L7 

5% 	CONTINUE 

51 	• PP.( (11kaNT+2 )/3 )*4 

CALL SC  A TM  (NP 'Ai 7 504441  vegiff,pc, Iwo) 
DO 52 N=1 'MOM 

IP (IDATA(Nt  2) • LT efir) IDATA (N 2 )=•.IDATA(Ng  2 ) 

52 	CONTINUE 

DO 53 N=1 APOINT.13 

CALL DSPLY(R)  

R.IDATA(N, 2 ) 

CALL DSPLY(R) 

53 	CONTINUE 

CALL EMT 

DO 54 N=1 t1TPOINT 3 

R=N 
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CALL DSPLY(R) 

R=IDATA(Nt  1) 

CALL DSPLY(R) 

54 	CONTINUE 

55 	CALL ACSW(ISIG) 

IF(ISIG.EQ.0)Go TO 55 

37(ISIG•EQ.1 )G0 TO 9% 

IF (ISIG•EQ•2)G0 TO 95 

IF(ISIG.EQ.4)GO TO 82 

IF(ISIG.EQ.8)Go TO 110 

411111T-6(1 0  103) 

ID1=0 

DO 8% N.1 011POINT 

IDATA (N,1 )=IDATA(lig  2)•••IDATA(Nt l ) 

$11E4:0)G0 TO 58 	• 

IF(IDATA(N,1).LT.2)GO TO 8% 

56 	ID1=1 

ID2.1DATA(N51 ) • 

GO TO 8% 

58 	III(IN.EQ4-1) GO TO 62 

ID2=ID2+IDATA(N,1) 

IF(IDATA(141).,GE.IDATA(D.4))G0 TO 8% 

ID1=-1 

ID3.ITIME÷N*±UT 

GO TO q0 

62 	IP(IDATA(141);ZEjnIATA(N•4 0 1))G0 TO 66 

63 	ID1=1 

ID4.11)2-4:DATA(N-1 , )/2) 

ID2=IDATA(Ns1 )+1D2•4.D4 
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U(ID4•1/2.20)G0  TO 8% 

GO TO 75 

66 	IDATA(Nt  1 ) ..GT • I )G0 TO 76 

ID I =0 

(ID2 • LT • 212)GO TO 80 

ID4=ID2 • 

75 	11)4=1D4AniT 

WRITE (1 1002 )ID4 tID3 

1#2 	FORMAT(1H,218) 

1%%3 	FORMAT (8H PS AR T) 

GO TO 8% 

76 	ID=ID2+IDATA(N, I ) 

821 	CONTINUE 

82 	ITIEITIVIE÷INT*KPOINT 

(NPOINT •EQ.720)G0 TO 105 

CALL TAPE (ISIG•INTA) 

(ISIG.EC1.1 )G0 TO 8 

85 	CAT,T  ACSW(ISIG) 

IF(ISIG.EQ.0)GO TO 85 

GO TO.5 

90 	ID1LAS=0 

GO TO 26 

95 	DO 1# N=1 INPOINT 

IDATA(N, 1 )=IDATA(N, 2) 

CONTINUE 

XPOINT=NTOINT+3 • 

GO TO 22 

105 	READ(2 2  1#4)EBAK 

FORMAT(I3) 
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ITIIT.ITIKE-INTx-1113/1K 

DO 108 N=1 •IMAK 

NSUI3---NPOINT+N-111BAK 

nATA(N, 1 ),IDATA (NS 	u.13, 2) 

	

108 	CONTINUE 

ItEOINT=ITBAK 

GO TO 15 

	

101 	FORMAT ( 1H, 16) 

	

110 	DO 120 N=311CPODIT 

ThATA(NI  1 )4IDATA. (N-2 2 )+IDATA (N-1 , 2 )+EDATA (Nt  2)+ 

IDATEI(Ni- 1 • 2 ) +1DATA (N+212) )5 

	

120 	CO/ITINUP., 

NPOINTZPOINT+3 

GO TO 22 

MID 
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