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ABSTRACT

1e The dimethyl ester-trimethylsilyl ether derivatives of sugar
phosphates were investigated and found not to be suitable for

quantitative analysis.

2. The trimethylsilyl ester-trimethylsilyl ether (TMS) derivatives
o;‘ sugar phosphates and other organic acids were prepared using the

8ilyl amides, bis(trimethylailyl)-acetamide and bis(trimethylsilyl)-
trifluoroacetamide, |

Ze The gilicone liquid phases SE=-30, SE=52, OV=1 and OV=17
and the supports, Chromosorb W (acid washed, dimethylchlorosilans
treated, 80-100 mesh) and Gas Chrom @ (100~120 mesh), were suitable
for gas chromatographic analysis of TMS~derivatives.

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

per minute was used to separate the TMS-derivatives.

5e Quantitative data could be obtained for succinate, fumarate,
malate, o<=-glycerophosphate, citrate, glucose, fructose-b-phosphate
and glucose-6-phosphate when they were analysed asg their TMS-derivatives

by temperature programmed analysis.

6. The mass response curves of the phosphate containing
derivatives did not pass through the origin in ccoftradistinction to
the non-phosphate containing derivatives.

Te The relationship between peak height and peak area was consistent,

and either could be uged in mass respomse curved.
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Three methods of silylating tisgue samples were investigated:=—
Up to 10 mg of tissue which had been freeze dried
could be silylated in 100 pl silylation reagents
6055 aqueous ethanol was the most suitable tissue
extractants TUp to 100 mg of tissue which had been extracted
with it could be silylated in 100 pl silylation reagent. A
linear drop in sensitivity of detection was observed in
these ethanolic extracts with increasing amounts of tissues
Considerable purification of ethanolie extracts could '
be achieved using AG 1 (formate form) and AG 50(ET form)
rogins, lMass recovery figures indicated that there was a
lower limit of 1g tissue which could be invlestiga'bed.

The radiocactive gas chromatography method has been used to

study the effect of experimental disbetes on intermedlate levels in

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

[o-14q] ~glucose and the differential metabolism of 14C-glucose by the
plasmodia of Fhysarum polycephalum,

10.

In Appendix A.1 some observations on the carbohydrate

biochemistry of P.polycephalum axre noted.

11.

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

peak areas in complex chromabograms is deseribed.



DECLARATION

The experimental work in this thesis has been carried out
by the author in the Department of Biochemistry, Imperial College
between October 1967 and October 1970, and in the Department of
Chemical Pathology, St. Thomas's Hospital Medical School between
Septevber 1971 and March 1972.

This thesis has not been presented in vhole, or in part,
for any other degree examination in London University, or elsevhere.

. Sigled ...géf&'%.x;..... ‘Date .Rﬂ.%f‘:—.!ﬁ?t.
S;xpervisor- ..K(./MST..... Date .5%94.72



ACKNOWLEDGEMENTS

The author wishes to record his sincere thanks for the help,
encouragement and constructive criticism during thils study and in the
preparation of this manuscript given by Dre R.Ve Brocks and Professor
FoGe Prunty.

ﬁe is also gra.teiful to 1re Re Hurst and Mre. V. Eneller of '
the Depariments of Chemical Patholog;f and Physiology respe‘ctively, }
St. Thomas's Hospital Medical.School for making available the use of - i
the PYE 104 gas chromatograph and for other facilities. He 1s |
indebted to Mrs. Wo Kneller who took s0 much care in the typing anﬂ.
presentation of this manuseript. The skill of Mre. A. Pache and IMr,
V. Gregory, memﬁers of the Fhotographic Depaxrtment, Sf.. Thomas's
Hogpital Medical School, in the photography of the diagrams in this

thesis is appreciated.

Thanks go to the Sclence Research Council for the provision

of a training é::ant for the three years at Imperial Colleges.

The efforts of the Engineering Vorkshop, Imperial College, -
principally those of Mr, A. Smith, in the building of the parts for .
the radioactive gas liquid chromatography apparatus, and the advice

of Mr, A.E. Lowe on the use of the scintillation cell are appreciated.

Algo thanks are given to Professor Sir Iimst Borls Chain
for his kind cooperation, and to Dre KeRelLe Mansford and Dr. MeJ.

Carlile for their contributions to this thesis. -



ABBREVIATIONS

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.

AV-IMCS Acid vashed, dimethylchlorosilane treated

BEA N, O=bis=(trimethyleilyl)-acetamide

BSTFA NyNebis~(trimethylsilyl)=trifluoroacetanide

DPG 2,3=diphosphoglycerate

f6P fructoge«6=phosphate

FDP fructose-1,6-diphosphate

FID flame ionization detector

GIC gas liquid ch:r..‘oma.tpgraphy

G1p glucose=~1~phosphate

G6P glucose~6=phosphate

HDS 1515152424 2=hexamethyldisilazans

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

PEP phosphoenolpyruvate

2PGA 2=phosphoglycerate

3PGA 3=~phosphoglycerate

6PG 6=-phosphogluconate

PITE polytetrafluorsethylens

Qf;';r metabolic quottent = ul 0, consumed or evolved/mg tissus/hour
distance travelled by the compound

BI‘ in II0 distance travelled by the solvent front

RT in GIC the retention time of a compound wnder certain

defined conditions




thin layer chromatography
trimethylchlorosilane
trimethylsilyl (of a derivative)
wniformally lsbelled with 14Carbon
weight by welght

weight by volume
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CHAPTER 1
ZINTRODUGTION

1) Introduction

Previously quantitative estimation of the levels of carho-
hydrate intermediates in tissue have been made by enzymatic methods
(see Bergmsyer, 1963)e However, the specificity of the enzymes used
meant that separate ecasayas for each intermedlate were necessary,
consumning both time and sample. This approach can become too laboricms'
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 syatem 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 single
asaay would be a large improvement on the current position.

Radioactively labelled maberials have been used for the study
of metabolic pathways, and in this the most useful measurement to be
made was the specific radicactivity of each compound. To be able to
estimate the specific radioactivity it is neceassary to aeparate each
compound. firste. 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 radiocasctive scamning described by Chain et al.(1971) achieved a
separation of s wide range of compounds and determination of their
individual radioactivities. However, mass measurcments still had to

be made geparately for the determination of speclfic radloactivities.

Vith gas liquid chromatography (GIC) it is poasible 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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tion, sufficiently volatiles It has been used with success in the
study of fatty acid biosynthesis. It hés the advantage over most
other chromatographic techniques of being quantitative for the most
part‘and also being amensble to simultaneous determination of
radioactivities of the compounds being stulied.

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 olean up tissue sampleé so that the
intermediates p:r:eseht could be studied.

Some applications of the analytical methods reported in this
gtudy have begn appliéd to the metabolism of glucose in rat heart and
in the plasmodia of the myxomycete, FPhysarum polycephalum. Since
there was only a very scanty knowledge of the carbobydrate metabolism
of the myxomycete some general studles of its carbehydrate metabolism
vere made, and these are reported in Appendix 1. As a rider to the
analytical methods a computer programme for dealing with the chromatoe
graphic data was developed and its form is reported in Appendix 2.

2)  Chromatographic separations of carbohydrate intermediates

Paper chromatography, thin layer chromatography (TIC) end
jon-exchange colum chromatograprhy have been used for the separation
of glycoly-bic intermediates. Both paper chromatography and thin
layer chromatography suffer from the disadvantage of being qualitative
rather than quantitatives It is possible to elute individual spots,
but the elution is by no means quantitative for the levels found in
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tissue samples (Kuksis & Prioreschi, 1967)e  These methods are however
much simpler and cheaper than ion-exchenge columm chromatography or gas

liquid chromatographye

Ion-exchange chromatography systems have been developed for
the separation of sugar phosphates (Bartlett, 1959; ILefebvre et al,
1964)s However, multiple detection systems are necessary for each
type of compound being eluteds This involves collection of fractioms
- and then time-consuming separate assayse The gystem described by
Bedetti et al (1970) involved a 60 hour chromatographic separation,
multiple concentration of the appropriate fractions to remove borate,

and then enzymatioc analysig.

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. Iack 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

GIC was Initially developed for compounds vhich are naturally
volatile at room temperature (James & Martin, 1952), or by suitable
heating can be made to be volatile. It wag extended to those compounds
vhich camot be made sufficiently volatile, even at high temperatures,
by preparing volatile derivatives of them (James & Martin, 1956).
Cam'boﬁydrates ‘such as glucose cannot be chromatographed ddrectly.

The first volatile derivatives of carbohydrates to be prepared snd

A

assayed by GIC were the O-methyl ethers (McImmes et al, 1958). : \ ;
AN
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A significant advance in the ease- of. preparation of a suitable
derivative was made when the trimethylsilyl (TS) 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 (EMDS) and
trimethylchlorosilane (TCS) 1-;as very simple and was quanti-bative.

The only disadventage vas that this method separated the individual
anomers of each carbohydrate. |

Attention was then given to the sugaer phosphates and so
glucose-—6-phosphé:be (G6P), fructose~6-phosphate (F6P) and fructose-1,
6-diphosphate (EDP) were converted o volatile forms by first methylating
the phosphate groups with diazomethane, and then forming the trimethyle-
8ilyl ethers of the sugar moeity (Wells et al, 1964). However, no
further publications on this method or its application have appeared
in the literature. The firat section of Chapter 3 in this study is

concerned with an examination of these derivatives.

A second derivative of the sugar’phggghates-has been proposed
(Hashizume & Sasaki, 1966), the trimethylsilyl ester-trimethylsilyl
others The use of this derivative for the examination of sugar
phosphates after incubations with pure encyme systems (Eisenbe:r.fg, Jr.

& Bolden, 1969; Sherman et al, 19693 Sherman et al, 1971) was reported
during the course of these studies. Howsver, 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 phogphates in this study.



4) Gas liquid chromatographic analysis of compounds from the Krebs cycle

GIC analysis of the memberms of the Krebs cycle was first
reported for their methyl esters (Kuksis & Vashwakarma, 1963)s These
derivatives have been used for the estimation of the acids in plant
tissue (Kellog et al, 1964; Rumsey et al, 1964; Canvin, 1965).

The problems agssociated with the much lower levels in animal tissue
have been discussed by Kuksis & Prioreschi (1967) and Zaura & Motcoff
(1969)e A procedure for animal tissue wsing the recovery of added
radioactively labelled compounds has been reported (Barnett et al,
1968).

An alternative derivative, the trimethylsilyl ester—
trimethylsilyl ether, has been prepaxred for many of the Krebs cycle
intermediates (Horii et al, 1965). The «=keto acids pyruvete,
oxaloacetate, and wx-ketoglutarate vhether silylated or methylated
give mltiple forme because of enolisation. To prevent this Horii
et al (1965) converted them to their oximes before forming the
trimethylailyl derivative. Similarly quinoxalones of w-keto acids
were prepared by Hoffman & Killinger (1969)e The trimethyleilyl
ester-trimethylailyl ether and dimethyl ester—-trimethylsilyl ether
derivatives of the Krebs cycle intermediates and other organic acids
found in the urine have been studied by Dalgliesh et al (1966).

It therefore seemed possible by lsolating the Krebs cyole
intermediates with the sugar phosphates £rom tissue, to form
trimethylsilyl derivatives of both groups of compounds and estimate
a1l of them in a single ohromatographio assay.



5) Radioactive gas liquid chromatographic analysis

The first apparatus to simultaneously measure the masga and
radioactivibty of a sample utiliged a liquid secintillation cell placed
after the mass detection system (a gas dens:r.w bala.nce) vhere the eluted
materials from the colum were condensed a.nd cmmted (Popjak et 2l,
1959). Essen'bially the same apparatus was used in this study.

Although the scin‘billation‘ ceil measured th.e r:;.dioactivity
lens efficigntly than the gas flow proportional counter (James & Piper,
1961, 1963), 1 was more sensitive overall mince the whole peak wes
{trapped in the cells The flow through systems cannot é.cntain all of
each eluted peak ins:.de the detector at once wi'bhout 1osing the
regolution obtained on the GIC column, and cannot re'bain the c0mpoun(;.
i‘or long enough t0 measure the radioactivity present in wea.kly radio-
ective peakse Other detection sysitems have used either a scintillation
detector such as an an't;hra,cene crystal, the vapour pasaing over the
crystal, i.e. a flow through system (Karmen et al, 1962b), oxr an

ionisation chamber (Cacace et al, 1961).

The maga detector origimnlly used for the liquid scintillation
syatem was a gas ‘dansity balance, Vith this detector there was no
loss of sample during detection. The sensitivity of this detector
vag adequate for the concentration of fatty acida bound as lipid in
tigsuge. Hdwever, in this study much greater sensitivity was required.
The katharometer detector ias even less sanaitive than the gas density
balance. Of the high senéitivity defec%o;rs‘ the flame 1onisa:tioﬁ .
detector (FID) gave the moat linear remponse, .ﬁcmever, the sample
was destroyed during the detection process. This could be overcome
by the use of a siream splitter before the FID dividing the sample
into two parts, one for mass detection, the other for radiocactivity
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detections Splitiers have been used for preparative chromatography
(ratio 10031) and with capillary columns (ratio up to 1000:1)s A
splitter was used with an apparatus with an FID mass detector and a
gas flow proportional cownter (Simpson, 1968). In this study a split

ratio of 1:1 was investlgated.



IMTLRIALS AID ITTHODS

Lo Interialns

1) Chemicols and ensymes

. The following materials were purchesed from Bochringem
(ondon) Corporations
glucose=-1-phosphato (disodiim salt)
glucose~6-phosphate (disodivm salt)
6-phosphosluconate (trisodium sali)
fructoge-G=-phosphate (disodivm salt)

ribose=-5-phosphate (barium salt)

fructose~1, 6-diphosphate (tetre- I~malete s 1IAD oxidoreductase
sodium sal‘b) (E.Cl 1.1.1.37)
S=phosphoglycerate (trisodium salt) citrate oxaloacobate-lyase
(TeCe 4414346)
2, 3=diphogsphoglycerate adenosine diphosphate
(pentacyclohexylemmonium salt)
se~glycerophoophate (disodiun salb) adenosine monophosphate
pyruvate (codium salt) nicotinomide adenine
dinucleotide

suceinote (disodivm solt)
fumarate (discdivm salt)
malic acid

oxaloocetic acid

x=ketoglutaric acid

Peroxldase ond Termecozyme for the glucose oxidase assay were
obtained from Hughes & Bushes Ltde Ribulose~5-vhosphate (bariwm salt)
and 'Trizma! base were purchosed from Sigma (London) Ltde  Absolute

ethanol was purchased from BurroughsS.
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A1l other chemicals used weve obtained from British Drug
Housé Ltd. or Fisons, except vhere stated and were the best grades
available. ‘

2) Chromatographio materials

The ione~exchange resins AG 1~X4 (100-200 mesh) chloride
form and AG 50&-1-7:4 (200~400 mesh) hydrogen form were purchesed from
Biorade Powdered cellulose CC41 was purchased from Whatman, and
Kieselguhr G (nach Stahl) from Anderman.

Hoxamethyldisilazane (EMDS),  trimethylchlorosilane (THCS)
end N—methyl—N—nitroso;p-toluehesulphohainide were purchased from
Kochlights N,N,bis=(trimethyleilyl)-trifiuoroacetamide and the
silicons liquid phase SE-30 vere purchased from Field Instrument Co.
N,0 bis=(trimethylsilyl)acetamide, the liquid phases SE=52 and OV-17,
the solid support Chromosorb W (acid washed, d:tchlorometmlsnam
treated) 80-100 mesh, the colwm packings 3% w/w SE~30, SE=52 and OV-17
on Chromosorb V (acid washeAd,l dichloromethylsilane treated) 80-100
mesh, and 0.25% w/w OV~17 on Corning glass beads 110 (80~100 mesh) and
the 5! x 1" outer diameter coiled glass columms were purchased.'from
Fhase Separations Litds = The column packing 10 PEGA on Chromosorb G
(80«100 mesh) and 5' x 4" outer diameter coiled glass colums with a
sealed glass to metal commection at the eluting end were purchased
from Pye Unicam Lids The columm packing 3% OV-1 on CGas Chrom Q
(100~120 mesh) was purchased from Field Instrument Cos as was the
‘methoxylamine hydrochloride.

Oxygen free nitrogen, comprsssed air and hydrogen were purchased
from British Oxygen Co. and helium from Air Products Ltd,.
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- A1l solvents were the best grades awailable and. were
redistilléd in gome cases. These vere pyridins over potassiwm
hy’dronﬁde'pellets, acetonitrile over phosphorus pentoxide, and- diethyl
ether, ethyl acetate and triethylamine after drying first with anhydrous
magnesium sulphate.

3) Chemicals for seintillation counting

2,5«diphenyloxazole (PPQ) and 1,4=bis=2-(4-methyl-5-
thenyloxazole)=benzene (POPOP) were obtained from Packard Instrument
Coe Naphthalane (0.A.S. grade) was obtained from B.D.H. Tolueme
and 2-methoxyethanol 1vére AR. grades from Fisons Ltd.

4) Radioactively labelled chemicals

| [ﬁ‘-140]-fructose, B-MC] -glucosne, [2-14(3] ~-glucose, [6-Y4c] -
glucose and [U-14C] ~glucose, EJ‘-MC] ~glucoge=-1~thosphate, [U-14c]-
glucose-6-phosphate, [U-14C] ~fructoge=6=phosphate and tU-MG] ~fructose=1,
6-dighosphate, [1,5~4¢ ]=oitrle actd, [2,3-'40,] ~fumaric acid,
£2,3-1402]-;1;Jalic acld and [2,3-140'2]-succinic acid, [1-14C]-n-hexadeoane
and [U-14C]-Toluene were purchased from the Radiochemical Centre,
Amersham.

Be lMethods

1) The isolation of tissue and metabolic fixation

Method A

In metabolic experiments with myxomycete plasmodia, the time
required for centrifugation was too long. To minimige metsholism
after sempling, aliguots of the incubation mixture were pipetted
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directly into liquid nitrogen in a bezker. The resulting frozen
pellet was treated as if it wers all tissue.

Method B

Since glycogen breakdown in xat lifer was very rapid after
death, the liver was freeze clamped in situ with tongs cooled in
liquid nitrogen (Wollemberger et al, 1960)e Rat heart was excised
and washed with ice cold saline to remove blood before freeze clamping.
Perfused rat heart was treated similarly to remove extracellular
materials particularly glucose in the pe'rfusion medium.

2) The extraction of frozen tissue with solvent

The frozen tissue was percussed in 2 stainless steel mortar
cooled with 1iquid nitrogen, and then ground to a powder in a pestle
and mortar cooled with solid C0,e Cold (-20°C) 605 ethanol or in some
cases 72% w/v porchloric acid was added to the powder (4 ml/g or 10 ml,

vhichever was the greater) and the mizture homogenigeds

The homogenate was cemtriivged (10;000 g for 10 minutes) in
e refrigerated centrifuge at ~5°C and. the supernatant decanted. The
pellet was further extracted with the seame volume of 6034 ethanol as
before, the two supernatents being combined, A few drops of 0.880
ammonium hydroxide were added to make the extract slightly alkaline.
The extract was concentrated to 1 ml wnder vacwm (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 mls 5 ml magnesium
acetate solution (30 mg) was added, followed by a few drops of 04880
amonium hydroxide. The vhite floc precipitate of mognesium armmonium
thosphate was removed by centrifugation (2000 g, for 10 mimites) and
the supernatant decanted carefully.
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3) The preparation of jon-exchange resin colums

AG 1-X4 resin (100-200 mesh) chloride form was added as a
slurry to £ill a 12 x 0.5 cm colum. 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) and then
with deionised distilled water wmtil the eluant was almost neutral.
The same procedure was carried out after the columm had been used
for the purification of a tissue extracte The flow rate through the
column was increased to approximately 1 ml/minute by applying up to

5 pesels of nitrogen to the wesexrvoir.

AG 50V resin (200~400 mesh) hydrogen form sufficient to
exchange all the sodium ions from 40 ml 0.5 sodium formate was added
to a columm 30 x 2.5 cms. The resin was washed tvwice with 40 ml
10M hydrochloric acid and then with deionlsed distilled water until
neutral, usually three times with 40 ml was adequates Vhen
regenerating, if ammonia had been used to elute the amino acids, the
colum was washed with wabter before passing through the 10M hydxro-
chloric acids ©Pressure was not needed to increase the flow rate with
this colum. Smaller 12 x 0.5 cms colums were prepared in the same
waye Ground glass wool filters were used for the small columms,

porous polythene disks for the large columns.

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

The extract was applied carefully to the AG 1 formate columm.,
The colum 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 wag added to the reservoire This procedure removed all



the glucose (the precursor in incorporation studies)s 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 diphogphates were eluted with
4 x10 ml O.Sid sodium formate. Sodium formate eluates were passed
through the AG 50V (30 x 2.5 cms) colum, a further 40 ml distilled’
water being added to wash the extract throush. 'The formic acid
solutions from the AG 1 columms were in ela:rlier experiments extracted
with 5/ x one volume of ethyl acetate and then 3 x one volume of diethyl
ethér. This removed the pigment preéent. The samples eluted with
sodium formate did not have contamination with pigment.

The formic acid solutions were fjnally evaporated to dryness
under vacuum (watexr p'lmp) using a rotary evaporator at 30°C. The
dried residues were eluted with 3 x 1 ml 30% agqueous ethanol.
Originally 80% aqueous ethanol was used, but lossea of FDP were
significant (see Chapter 5)e The eluted extracts were pipetted into
specimen tubes (75 x 12 mm)s The aqueous ethanol was removed in a
vacuun desicclator ovexr phosphorus pentoxide overnights A few pl of

triethylemine were added when the tubes were almost dry (at the
beginning of the day : by mid morning the tubes were dxy).

5) The formabion of dimethyl ester=trimethylsilyl ether derivatives

of Sugar ﬁgos_glgates

Method A
The method of Welle 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 acide The
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colum was waghed with 5 volumes of distilled water end the eluate
concentrated to dryness under vacuum (water~pump) at 30°C using a
Blichler Evapomix. Ethereal diazomethane was prepared by distilling
the reaction mixture obtained by adding 40} KOH dropwise into an ether
golution of Nemethyl, N-nitrose-p-toluene sulphonamide containing a
1ittle methanols A methanol solittion ( 1 ml) of the sugar phosphoric
acid was trsated with ethereal diazomethane wntil there vas a pemé.nent
yellow colour. The methylation reaction mixtures were taken to dryness
wnder vacuum (vater-pump) at 20°C, and vere further dried by adding
chloroform=-methanol (4:1 v/v) and re~=svaporating. The dry material

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

ilethod B

An alternative method of preparing the free acid of the sugar
phosphates was to shake the sodimm salt (10 mg) with AGSOW-X4 (20-50
mesh) hydrogen form resin (1 g) in a test tube with 2 ml methanol.
Vigorous shaking dissolved the salt. The solution was removed with
a pagteur pipette taking caﬁ:‘e not to transfer any resin beads. The
resin vas shaken with another 1 ml methanol and this removed. The
nethanol solutions were combined and methylated with diazomethane and

gilylated as described gbove.

6) Formation of trimethvlsilyl ester~trimethylsilyl ethers of
carbohydrate intermediates

Reaction us the reagent of Bentley et al (196
This reagent consisted of anhydrous pyridineshexamethyldisi-
lazane (HMDS):trimethylchlorosilane (WMCS) (10:2:1, by vol)s Vhen

mixed this reagent had a white opalescence vhich was cleared by
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centrifugation (2,000 g for 5 minutes)s Salts of the sugar phosphates
and the Krebs cycle intermediates reacted slowly with this reagent

(ratio 5 mg to 1 ml reagent), presumably because the TMCS reacted to
form the acid

'Ci%- CH|3
R-—-O-Na++01--Si—-CH3-—b R = 0 — 51 ~— CH; — + watc1”

| l
s B

The ammonium salt reacted more quickly; gince the ammonium chloride
formed was precipitated because of its insolubility in pyridine.
Ammonium chloride was also formed by the combined ac'b:!.‘ons of HMDS and
TMCS on the hydroxylgroupse The free acids of intermediates (vwhere
stable) reacted most readily because of their greater initial solubility
in the reagent.

The oximes and methoxime derivatives of the o~keto acids
were prepared by reacting the salts or the free acids in pyridine
(5 mg to 1 ml pyridine) containing 2 mg hydroxylamine or methoxylamine
hydrochloride at 40°C for 45 minutes. Then 0,2 ml HMDS and 0.1 ml
TMCS were added to form the trimethylsilyl dexrivative. -

b) Reaction using bis(trimethylsilyl)-acetamide (BSA)

This compound could be used on ite own to gilylate the free
acids, ammonium or triethylammonium salts of the intermediates (ratio
1=2 mg to 0.5 ml BSA)s Each was freely soluble in the reagent at
room temperature, or at 4°C. Auxiliary solvents were uged with it,
acetonitrile, pyridine and dimethylformamide. Vith TICS present the
sodium malts could also be reacted, an effect also reported by Sherman

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

stored overnight at 4°C to react.

¢) Reaction using bis-(trimethylsilyl)~trifluoroacetamide
BSTFA '

This compound was used as for BSA, parficula:rly for silylation
of tissue extracts vhere 100 pl was used for the veaction, This
reagent also contained added hydrocarbon standards, hexadecane and
~ docosane (0.08 pmole of each per 100 jl). |

7) Gas chromatographic analysis

a) The pas chromatography materials
A1l the silicone phages except 0V-1 were coated onto Chromosorb

W (acid washed dichlorodimsthylsilane treated, 80-100 mesh) at a loading
of %% w/we. OV-1 was coated onto Gas Chrom Q (100=120 mesh) also at a
- Ioading of 3% w/w. Apart from the SE-30 column packing all the other

colum packings were purchased ready made.

3% SE-30 (methyl silicone) on Chromosorb W was prepared by
dissolving SE-30 (1.5 g) in dichloromethane (200 ml), adding Chromosorb
W (50 g) and removing the solvent under vacuum using a rotary evaporator
in a 1 litre flaske. - The flask was rotated slé:wly, anl evaporation vas
" contimued until the material was free rwmning. The coated material

was placed in z large petwi dish anl heated overnight at 100%.

b) The loading of the column packing into the glass columns
used. for GIC

A gilanised glass yarn plug wag placed at the outlet end of
the colum (5! x §") and the glass to metal commector was attached

(Pye Unicam), (B - the rubber part of the coﬁneotor was replaceé. by
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one made of polytetrafluoroethylene (FIFE) so that analyses could be
continued up to 250°C) For the recently introduced glass columms with
the metal conmnector sealed into the glass the plug was not necessary

as a porous sgintersd stainless gteel plug was already present.s The
comector was attached to a vacuum lines The colum packing was

added in 1 g amounts with a filter fumnel attached o the top of the
colum, Each aliquot was sucked through to the end of the columm, the
colum being lightly tapped wmtil there was no more sebtling before
adding the next aliquote The colum packing was added until the level
wvas 4.5 cms from the top of the colume. Another glass yarn plug was
pushed down on top of the packing to prevent the packing movings. The

top 5 cms was replaced after every 50 injectionse.

¢) The treatment of the gag chromatographic colum before
analysis
The colum was placed in the gas chromatograph (Pye Unicam

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

o0 prevent contamination. Gas was passed through the colum (20 mi/
minute)s For OV-17 helium was used, for the other liquid phases nitrogen
was usede The temperature of the oven was raised to 50°C. Lvery

two hours the temperature was raised a further 50°C wmtil the maximum
operating temperature was reached (for PEGA this was 200°C, for the
silicone phases this was 250°C). The colum 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, and the flow rate adjusted

to 60 ml/minute at the temperature of operation. Measurement of f£low

rate were made with a soap bubble flow meter.

The colum was connected to the inlet of the flame-ionisation

detector and was left wmtil the baseline wag stables For the colum
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packings, 3% SE-52 and 3% OV=~17 on Chromosorb W (AW=-DMCS, 80-100 mesh)
it was necessary repeatedly (at least 12 times) to inject with BSTFA:
pyridinesTCS (2:1:1, by vol)s A sample of TMS-G6P was injected and
this repeated until congistent size peaks were producede IEach day
before analyses were begun the column was injected with the s:i]ylation
reagent and an aliquot of the first samg;le to be assayed at 250° o

At the end of sach chromategraphic run, an aliquoet of fhe next sample
was in;iectecl before cooling the oven. This was obgerved to give the
most consistent results, presumsbly saturating all the active sites.

However, with 3% OV~1 on Gas.Chrom Q (100-200 mesh) colum
packing, these methods were less necesgsary. Tﬁe firgt injection onto
a colum 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 columm packing was that the sample was injected
into the head space above the column packing. This did not cauge the
severe discolouration wh;'t.ch occurred vhen samples were injected into
the colm packing. It also increased the '1ife?! of the column and
algso meznt that deactivation of the colum each day was not so necessary,.
For example, the two chromatograms shovm 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 GIC

apparatus.
(contol.. on p.38)
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Figure 2.1 " The pgag chromatogram obtained for the first injection

of MiS-derivatives onto a new 3% OV-1 on Gag Chrom Q
(100=120 mesh) 5! x 4" colummn

A 5 pl aliquot, containing 25 nmoles of each of the Wi~
compounds, in BSTFA:;pyridinesTMCS (2:1:1 by vol) was injected onto a
new 3% OV=1 on Gas Chrom § (100=-120 mesh), 5' x 4" colum. The
colum after packing had been 'bled in' at 260°C., The temperature
programmes | 100°¢ isothemal for 5 minutes, then linear temperature

programming at 490 per minute 100-250°C wag used.

Peak identification: 1.. succinaie 2+ fumarate
%« malate 4. hexadecane 5¢ gi~glycerophosphate
6. citrate T ot=glucose 8a p-glucose

9. docosane 10. fructose-6-phosphate

11« glucose=6-phosphate
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Figure 2.2 Comparison between successive injections of TS

compounds without prior column deactivation

Two 5 L aliquots of a sample derived from tissue (a
recovery experiment) were injected onto a 3% GV;-1 on Gas“Ch:r.‘om Q
(100~120 mesh), 5! x 4" column. The GIC apparatus was started up,
i.e. nitrogen gas flow, heating to 250°C and flame ignition, 40
minutes before the injection of the first sample. Eﬁhe temperature
programmes 100°C isothermal for 5 minutes, then linear temperature

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

Peak identification: 1. phosphate 2, succinate
3s fumarate 4. malate 5« hexadecane
6. o~glycerophosphate 7+ citrate 8+ hexadecane

9. fructose=-6-phogphate 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 colum packing resulted in the solvent being in the vapour phase
before it reached the column packing and thus reducing the stripping
out of the liquid phase.

8) The radioactive gas liquid chrometography anparatus

a) The scintillation cell

This was a modification of that descri‘ned‘ by Popjak et al
(1959). Roplacable transparent I{eiinex windows fo;r:med the walls of
the cells unlike the original' model vhere the faces of the photo-
multiplier tubes were the walls of the cell. VWith other minor modifi-
cations the apparatus could be readily taken apart for ingspection and
then fitted together againe A fuller description of the modification
is to be published (A.E. Lows, personal communication)e

The scintillation cell was emptied and filled by means of an
automatic dispenser similar to that described by Popjak et al (1959).
;A.n important difference was that incoming fluid was loaded from the
top, through the chimey, the cell being emptied from the bottom.
This prevented fresh scintillant from being contaminated before

entering the cell (see Flgures 2.3 and 2.4).

The sointillation fluid consisted of 2,5-diphenyloxazole
(PPO) 48, 1,4~bis=2=(4-methyl-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! geintillant,

or with an alcohol added, caused loss of radiocaotivity ag showm in

(COYL(TC( on p.l\tS)
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Figure 2.3 - The scintillation cell for radioactive gas chromstography

This apparatus was similar to that reported by Popjak et al
(1959)« The arrows parallel to the pipes indicate the movement of
the scintillation fluide.
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TFigure 2.4 The automatic scintillent dispenser

This is a diagramatic representation of the apparatus.
It was similar in principle to that described by Popjek et al (1959).

The valves vere controlled by a 6-channel Letromec programmer,
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Figure 2.5 The effect of 'wot! scintillant on the stability of
MS=G6P

[U—14G] ~G6P was added to powdered frozen plasmodia. The
plasmoﬁia were extracted with 60} aqueous ethanol, and the extract
purified by passage through ion-exchange resin colums (see Chapter
5)s After silylation 5 pl were injected onto 3} SE-52 on Chromosorb

¥ (AV-DHMCS, 80-100 mesh) colwm and temperature programmed.
In A freshly made scintillant was added to the cell.

In B the same batch of scintillant was stored over anhydrous
sodium sulphate overnight. The disappearance of radiocactivity seen
in A could be also obtained by adding 2~-methoxyethanol.
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Figure 2.5, The radioactive derivative TS-[U-14C]-G6P was hydrolysed
by the 'wet! scintillant and came out of solution in the pipework out
of sight of the photomultiplier. A normal radiochromatogram is also

showm for comparison.

b) The katharometer vorsion of the apparatus

The outlet of the model 44 katharometer was comnected to 34
0.D. stainless steel tubing with a Swagelock fitting. A piece of
brass, its end tapered to fit the éntry to the scintillation cell, was
silver soldered to the other end of the tubinge A cylindrical screw

with a hexagonal head was fitted onto the tube.

Insﬁlated copper constantan thermocouple wire (Saxonia,
gauge 26) joined at one end (gilver soldered) was wound around the
tubing. Voven glass sleeving was wrapped around this wire, a
thermocouple being inserted halfway alonge. 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 screws
Copper constantan thermocouple wire was wound around the cotton reel,
and after inserting a thermocouple, the whole was covered by woven
glass sleeving. The resistence of the heating wire was 16 ohmse
Again the temperature was maintained at 200°C. Adjustment of the
temperature was crude, taking different tappings off the transformer
used, and by varying the length and hence the resistance of the heating

wixre.

This apparatus is shown in Figure 2.6. The flame ionisation
version with stream splitting had the same external appearance.

(contol. on p. 48)
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Ficure 2.6 The Katharometer version of the radioactive gas liquid

chromatosraphy apparatus

This shows the layoul of the apparatus used for radiocactive
gas liquid chroma‘bogz_'aphy. 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 Katharometer version. The pneunatically

operated scintillant dispenser was not built vhen this photograph

was taken.
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* ¢) e flame ionisation version of the apparatus

A stream splitter was used to prevent all the sample being
burnt in the détection systems A split ratio of 1:1 was aimed for.

'To ensure that the split ratio was uwnaffected by other pressure effects
a large pressu:ce‘ drop was put into both arms of the splitter. Stainless
steel tubing (0.0625" 0.Dey 0.0160" I.D.) vas used in the. building of
the splitter. Stainless steel wire (0.0148" 0.D., 8 cms long) was
pushed up the two arms of the splitier from the ends to be comnected
4o the splitter. Test measurements showed a pressure drop of 44 cm
mercury across this resistances The ends of the splitier arms were

threaded (10 BA).

The stream splitting occurxed in a flat hexagonal piece of
gtainless steele Holes were dillled 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 sorewed
into the sides of the hexagon. The swagelock commector was severed
from the glass to metal column connection and the’ bare stump of 0.0625"
stainless steel threaded (10 BA)e 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 8.5ch long and
comnection vas made by fitting the swagelock connection removed from
the gas tol metal comnector to the tubing. The other arm was 25 cm
long and commection 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 ligquid tight seal.
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'.Eﬁe splitter was heated using the copper-constantan thermo-
couple wire. Both arms of the splitter were heated since itl was
found that the flow rate in each varied during temperature programming
(see Table 2.1)s A thermocouple was included in the exm to the
scintillation cell, woven glass sleeving being wound round both arms
of the splitter. The resistance of the heating wire was. 16 chms.

The cotton reol heater as described earlier was again used.s After

' the mains were stepped down to 25v, a dual channel variable transformer
(Regulac-Claude Iyoms) was incorporated into the oircuit to control
the temperature. The temperature of both the heaters was maintained
at 250°C.

d) Temting of the F.I.Ds version of the radicactive GIC
apparatus
The ratio of the flow rates in the two axms 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)s This was also the ratio of splitting vhen
[1-140] ~n~hexadecene and '[U-MG]-Toluene were injected and analysed,
‘éither isothermally 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 then counting in scintillation vials in the Beckman
Scintillation Spectrometer (15-200). This was compared with adding the
same amount injected onto the columm into the same amount of scintillant
present in the scintillation cell in vials and also counting in the
Beclmen Scintillation spectrometer. |
<Conbd. on P.SZ)
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Figure 2.7 The construction of the stream splitier

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 (040625" 0eDey 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 colum was
also in stainless steel pipe (0.0625" 0eDe)e

The diagram opposite is not to scale.
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Since only very small amounts of sample (5 pl) were injected
onto the colurm the quenching of scintil;ant did not vary during a
chromatographic run. The measured efficilency for the cell- w%a.ried
between 609=T0%. A porportion of the scintillant could not at any
one time be seen by the photomultiplier since it was in the pipework,
not in the cell. J}lthough loss of toluene during a rmn was small _
(2bout 0.5 ml out of 24 ml) a cooling head was put on the chimmey since
the measured efficlency was sensitive to the total volume., - For
volumes greater than 23 ml, the efficiency rises as toluene is lost
si;nce a lesser proportion is in the pipevork (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 scin'billa;'bion data was an.aiysed. with a Packard Scintillation
Spectrometer (model %022) which produced a continuous output of counts
per minute (i.e. as a ratemoter). The measurements were carried out

using a gain of 1085 and a window of 50-700. TUnder these conditions
the ‘measured efficiency was 60%. This meant the correction factor to
give di‘éin'begra'bions pex minmute from counts per minute was 3464 The
backgrownd was @bout 100 counts per_minu'be vhen the date from the two
photomltipliers was used wvith a coincidence circuite 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 measursd with an accuracy of less then 10% stenderd
deviation was about 200 cpmy l.ce A~ 800 dpme In Figure 2.8 TS
derivatives of 140 sucoinate, fumarate, malate and oltrate were separated,
the radioactivity associated with each peak being about 1200 dpm.
This radiochromatogram shows clearly the need for good chromatographic

(contd. on_p. 56)
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Table 2.1

The variation of the split ratio during temperature programmed 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°C)s The temperature of the other aym was
glven ag the temperature of the oven measured with a thormometer.

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 F.I.Ds To the solntillation Total | Split
e | | | T | e
25 | 25.5 25 273 52.8 1,07

25 171 .| 220 " 3443 51e4 2,01
70 20.3 220 30.8 5141 1452
120 21.8 220 29.6 51¢4 1.36
170 2345 220 27.8 51e4 1.19
200 2345 220 . 219 | 514 1419
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Fisure 2.8 Separation of trimethylsilyl ester~irimethylsilvl ether

derivatives of soma 14C-in-bermediates using the radio~
active GIC apparatus (F.I.De version)

The derivatives of oitrate, fumarate, succinate and malate
wore prepared using pyridinesHMDSTMCS (103231, by vol)e A 3% SE=52
on Chromosorb W (AV-DMCS, 80~100 mesh) colum was used for the

chromatographic separation. The temperature programme 70-180°C at
2% per minute was used.
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separation of the compounds under study. TiS=-succinate and TS
funarate are separated according to their mass trace, but the radio-
activity record is difficult to interpret to give good CCULACT «

The 1onger the peak can remain in the cell without further peaks 'being
eluted the better.

9) Thin layer chromatography of sugar phogphates and their derivatives

The materials used were Kieselguhr G (nach Stshl) and Vhatman
CC41 cellulose powders To make five 20 x 20 cm plates (250 ym thick
layer) 25 g of solid was taken and was shaken with 56 ml distilled
water (sufficient to give the correct slurry consistency)e For silver
nitrate impregnated plates 22.5 g of Kieselguhr G (nach Stahl) was
taken and shaken with 50 ml distilled water contalning 3.5 g silver
nitrate. The slurry was spread onto clean glags plates with a Shandon
Unoplan spreader. The platés 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 drye. Vhen 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 cms plates were made
similarly. ‘ '

>Ai“ter spotting the plates and drying each spot with 2 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
mimites before the plates were ready.
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Solvent systems used:

Solvent A n-propancl:0.880 ammonium hydroxideswater 6:3:1 by vol
Solvent B ethyl acetatesisowpropanolswater 65:24311 by vol
Solvent ¢  benzenesethanol (proportions specified each time)
Solvent D petroleum ether (40-60°C)sdiethyl ether 9:1 v/v

Spray reagents for locating materials on TIC plates:

1e 245M 11250 h - for all organic materials « the plate was heated at
150°C for 10-20 minutes.

2« . Molybdate reagent (Hanes & Isherwood, 1949). Plates were
developed under an ultra=~violet lamp.

3¢ Aniline~Diphenylemine (Buchsn & Savaze, 1952)s Kieselguhr 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 (Fornoz & Stoffyn, 1959)
TILC 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)s Distilled water was added to just dissolve all the white
rrecipitate. After spraying, the plates were heated at 45-50°C.
They were then sprayed with 0.5% (w/v¥) potassium hyaxoxiae in methanol.
The spots were fixed with 2.5% (w/¥) sodium thiosulphate solution.

The radicactive scemning of TIC plates

20 x 5 cm plates were used go as to f£it the track on the

gcanner (Huclear Chicago, Actigraph II model 1025)e A scanning rate
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of 30 cms/hour was used for analysis. A rate of 100 cms/hour was used
to determine on vwhich sensitivity range the analysis was to be carried

oute

10)  Colorimetric Analysis

a) The determination of phogphate
1« Inorgenic phosphate (Maxtin & Doty, 1949) a minor

modification of that of Berenblum & Chain (1938)

The following reagerits were used:
A B H280 4
B 10% ammonium molybdate
C iso-butanolsbenzene 1:1 v/v
D 10 stamous chloride in concent:r;'at.ed HC1,
diluted before use with 0.5M H,SO

204

E  3.2% (v/v) E,S0 4 in ethanol.

To % ml of sample (if necessary diluted with water) A (0.5 ml) wes

added followed by C (5.0 ml) éna B (0.5 ml). The tube was vigorously
shaken and then centrifuged (1000 g, 2 M). An aliquot (1 ml) of

the upper layer was taken and was diluted with E (4.0 ml). D (0.5 ml)
was added and the tube shaken vigorously. The absorbance of the blue
golution was read at 625 nm against a blank prepared similarly containing
_water (3 ml) instead of the samples A standard curve was prepared
using potassium dihydrogen phosphate. Each analysis waé carried out

in duplicate .

2. Total phogphate (Fiske & Subbarow, 1925)

The material for analysis was hydrolysed with 5M H280 A
(0.5 mL) in a digestion flask at 160°C for 3 howrs. 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%
apmonivm molybdate (0.2 ml) and the Fiske-Subbarow reagent (0.2 ml).
This reagent was prepared by adding sodium sulphite (0.1 g) and fwamino-
2-naphthol~4-sulphonic acid (0.1 g) to 15% sodium metabisulphite solution
(40 ml), stirring for 30 minutes and finaliy filtering to remove fins
particles.

The incubation mixture was heated in a water bath (at 100°C)
for T mimutes. 'The absorbance of the blue green colour was read at
830 mm against a blank prepared similarly containing vater instead of..

the sample. A standard curve was prepared using pofassimn dihydrogen
phosphate.

b) The enzymatic determination of glucose using glucose oxidase
Medivm samples were not deproteinised before assay. Glycogen

hydrolysates were neutralised to pH 6 with potassiuvm hydroxide. Each !
sample was diluted where necessaxry to give a concentration between '

20-100 pg glucose/ml.

The method of assay using an autoanalyser (Technicon) procedurs

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

omitteds 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 followss
0.05M sodium acetate buffer pH 5.0 800 ml
peroxidase (20 mg in 500 ml of the above buffer) 50 ml
o~tolidene (19 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 geries of standard glucose solutions (5, 10, 20, 40, 60,

80, 100 pg per ml) were prepared for each analysis afid run before and
after analysis of the wnknownse
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CHAPTER 3.

THE PREPARATION OF VOIATIIE DERTVATIVES OF THE COMPOUNDS TO

BE_STUDIED BY GAS CHEOMATOGRAPHY

At the outset the volatile derivatives of the carbohyirate
intermediates whose preparation had heen previously described in the

literature were investigated.

Ao The dimethyl ester-trimethylsilyl ether derivative of sugar phosphates

This was the first volatile derivative reported for the sugar
thosphates (Wells et al, 1964)s There has however been no further
application of the method. The inveatigations reported below indicated
that tﬁis derivative was only sultable for the quantitative anslysis of
G6P, and even then it gave rise to minor peaks vwhich would have
invalidated radioactive measurements. Tor F6P quantitative formation
of the derivative was not possible. TUnsuccessful attempts were n;éde

to find a method of preparation for the derivative of G1P.

1) The products of the methylation of fructose~6-phosphate and glucose~
6=phogphate with diazomethane

The methylation with ethereal diazomethane of the free acids
of G6P and F6P (prepared either by passing an agueous solution of the
disodium salts down a short colum of AG 50(E') resin, or by shaking
with the same resin in methanol) led to multiple products as judged by
TIC of the reaction mixture (see Figure 3.1)s For G6P two spots were
observed vhen the plate was sprayed with 2.5M sulphuric acid, whereas

only the less mobile spot was visible vhen 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 enalysed (seg
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 (-~ or

A -methyl glucoside-6-dimethyl phosphate.

0 0
HQ == P = Q == CH30—-.iP—0-——
OH

OGB'3 0

OH o [\ (& OH
CH
and
|T
CE,0 — IP — —t—
OC'H3 0
OH OH OCH3
OH
When [U-14C]-GGP was used to investigate this reaction radioactive TIC
scarming of the spots indicated that both were radloactive (see Figurs

3e2)e
(Contcl. on p.65)
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Figure 3.1 Thin layer chromatography of the Eoducts of methylation
of sugar phosphate with diazomethane

Each sugar phosphate was converted to its free acid with AG 50
(H+ 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 ym thick layer) at two concentrations,
one three times the othere The plates were developed twice with
benzenesethanol (4:1 v/v), drying carefully in between each run. The
plates were sprayed with silver nitrate spray reagent (A) and 2.5M

sulphuric 2cid (B) respectively and treated as deseribed in Mothods.

A Glucose=1=~phosphate
B Glucose reference
C Glucose=-6=phosphate

D Fructose=-6-phosphate
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Vhen the methylated G6P reaction mixture vas taken to dryness
and then treated with pyridineshexamethyldisilazane (HIDS):trimethyl~
chlorosilane (TMCS) (10:2¢1 by vol) at moom temperature, GIC analysis
using 3% SE=-30 on Chromosorb W showed +wo major peaks with a shoulder
preceding them (see Figure 3.3)s Vhen the two spots on the TIC mentiongd
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 pesks and the more mobile spot (non-reducing) to the shaulder.

For F6P the methylation reaction mixture gave rise to many
spots on the TIC —plate. This after pilylation gave rise to one peak
'with a preceding shoulder vhen analysed by GIC (see Figure 3¢4)e
However 1t was likely that the obsexrved peak vag a mixbure of misepara.ted
peaks.

(COnl:ol. on P.Tl)_
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Pigure 3.2 Radioactive scamming of the TIC plate on which the

gepaxration of the products of the methylation of G6P

with diazomethane had been carried ocutb

[u-146]-G6P was converted to the free acid with AG 50(E") wesin in
methanol. The resulting solution was treated with ethereal
diagomethane. The reaction mixture was spotted onto a 20 x 5 em glass
plate coated (250 ym thick layer) with Kieselguhr G. The plate was
developed with benzenesothanol (7:3 v/¥)e It was scammed fox radio-
activity at 12"/hour. After scamning it was sprayed with aniline
diphenylamine reagent (Methods) to locate the spots. The plate after

location was compared with the radiocactivity scan as shown opposlite.
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Figure 3.3 Gas chromatography of the products of the treatment
‘ of G6P with diazomethana, and their subsequent
silylation

‘

Disodium G6P was shaken in methanol with AG 50(8" fom)
resin to form the free acide This solution was treated with ethereal
diazomethane until there was a permanent yellow coloure The molution
vas evaporated to dryness umder reduced pressure and then treated with
pyridinesEMDSsTMCS (10:2:1 by vol),' 0.1 ml 5 pl aliquots were analysed
using a 3% SE-30 on Chromosorb W (AW~DMCS, 80100 mesh) colum at 200°C.
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Ficure 3.4 = Gas chromatography of the products of the, treatment of
FoP_with diazomethane and their gubgequent silylation

Disodium F6P was treated in a similar fashion to G6P (Figure 3e3).
An aliquot wes injected onto a 3% SE-30 on Chromosorb W (AV-DMCS,

80-100 mesh) column, 5! x ", at 200°C.
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2) The Quantitative Analysis of G6P and F6P by GIC

Since the formation of the derivative for GIC was a two stage
process, the reproducibility of both stages was investigateds TFour
geparate solid samples of G6P afid F6P were taken and methylated and
silylated individually. The response per pg of G6P and F6P injeoted
onto the GIC column was determined for each sample (see Table ;.1 )e
G6P gave a reproducible response vwhereas F6P varied from sample tb

pample, and in each sample vwith regpect to time.

In the next experiment the four samples were combined aﬁd
methylated togefher. The methylation mixture was divided into four
equal paﬁs, and each silylated. The Tesponse per pg was determined
-(see Table 3+2)s Again G6P gave a reproducible responses. F6P, whilst
gtill varying with time, was reproducible between different samples
at each time pointe 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
3s3s Once again G6P gave a reproducible response, vhereas that for
F6P was more varlable.

Thug G6P could be analysed as its dimethylester-trimethylsilyl-
ether derivative by GIC starting with a pure aqueous solution and
quantitative data be obtained. F6P was not converted to its derivative

reproduciblye.

(Conl:ol.on p.‘l(-a)
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Table :é o1

The reproducibility of formation of derivatives

of G6P_and F6P - (separate samples)

Bach sugar phosphate sample was converted %o its free acid
in methanol and treated with ethereal diazomethane, It was taken
to dryness and reacted with pyridine:mDS:TMCS (10:2:1 by vol)e

Chromatography was carried out on % SE~=30 on Chromosorb W
(AW-DMCS, 80-100 mesh) at 200°C, injecting 5 pl aliquots. Samples
were silylated 45 minutes before the first chromatographic rum. For
T6P the final analysis was carried out the following day. Axeas of
peaks were determined by cuttlng out and weighing them.

Sample Peak i;jr:zé;ezg G6P Semple Peak iijrziégg T6P
1 14555 1+68 1 16435 14725 1492
2 1¢53y 147 2 04315 0436, 0446
3 1.62, 1453 3 16675 17Ty 178
4 1459, 1457 4 0490, 0495, 116
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Table 3.2

The reproducibility of the silylation step in tho formation

of derivatives for GEP and F6P

G6P and F6P wers methylated with ethereal diazomethane and
then divided into 4 samples, each of which was separately silylated.
Chromatography was carried oub on 3% SE=-30 on Chromosorb W (AW-‘DMCS,
80~100 mesh) at 200°C, injeoting 5 pl aliquots. Samples were
silylated 45 mimtes before the first chromatographic mum. = For F6P
the final amalysis was carried out the following day. Areas of
poaks were determined by cutting out and weighing them.

Peak area/pg G6P Peak area/pg F6P
Semple injected Sample injected
1 1484, 1¢90, 1+80 1 1216, 1e41, 1455
2 1,68, 1.88 > 1427, 1461, 1.61
3 1488, 183 3 1430, 1o, 157
4 1485, 1.87 4 1439, 1439, 1.66
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Table éc 2

The reproducibility of derivative formation of agucous

=

solutions of G6P and F6P

4 equal samples were taken of aqueous samples of F6P and
G6P. Each was taken to dryness wnder vacuume The free acids were
dissgolved in methanol and reacted with ethereal diagomethane. The
reaction mixtures were taken to dryness and each treated with pyridine:
HDS:TCS (103231 by vol).

Chromatography was carried oub on 3% SE-30 on Chromosorb W
(AW-DICS, 80-100 mesh) at 200°C, injecting 5 )1 aliquots. Samples
wera silylated 48 hours before chromatography. For F6P the final
analysis was carried out the following daye. Areas of peaks were
determined by cutting out and weighing them.

Peak area/pg G6P Peak areca/pg F6P
Semple injected Sample injected
1 1420, . 1429, 1423 1 0478, 0470, 0482
2 1019, 1.20 2 0'48’ 0'54, 0066
3 1e175 1420 3 0665, 0.65, 0475
4 1016, 1416, 1412, 4 0,97, 0.95, 1.06
1419
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3) Investigations on the products of the reaction between glucose—l-
phospheric acid and ethsreal diazomethane, and their subsequent
- Bilylation ‘

Yhen G1P was treated as desoribed by Vells et al (1964)
for the preparation of the dimethyl ester~trimethylsilyl ether
derivative of other sugar phosphates_; GIC anaiy‘sis of the prodﬁct -
indicated TMS-q(~D-glucose as the major peake This was to be expected
since concentration of an aqueous solution of the free acid of GiP
would cause it o catalyse its own hydrolysis to glucose and phosphorio
acid.

It was evident from the work of Wells et 2l (1964) that the
free acids of sugar phosphates were soluble in alcoholse It was
hoped that the rate of hydrolysis of GIP would be Teduced in these
solvents. The moat effective way of prepar:mg the free acid was to
shake the disodium selt in' the alcchol used with AG 50 resin in’ the
hydrogen form. Te_sts were carried out with disodium salt of
[0-"%]-G1P vhich showed that all the G1P was dissolved by this |
treatment in methanol (B the dimodium salt was precipitated from an

aqueous solubtion by methanol at a percentage composﬁ;ion of 55%);

The gtability of ‘the free aoid so prepared in methanol at
0°%C was investigated. Aliquots were removed from a methanol solution
aftei periods up to 60 minmutes. The aliquots were neutralised with
ammonium hydroxide, and TIC analysis on cellulose (solvent A - see
Methods) carried oute No fres glucose could be detected, or free
inorganic phosphate oould be seen when the plates were gprayed with
aniline~diphenylamine 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 releaged on complete
hydrolysise Speétrophotometric agsay for inorganic phosphate indicated
a small amount of hydrolysis (5% after 60 minutes, see Fisure 3.5).
Sﬁce dissolving G1P in methanol and ’cra:nsferance of the solution to
another tube took only two minutes_; when caﬁying out a methylation,

the extent of hydrolysis 'br_ai‘oz:e addition of ethereal diazomethane was
very smalle. ‘

Addition of ethereal diazométl;ane to the methanolic solution
of G1P produced a vigorous reaction, am?.'TLc analysis on cellulosa
(solvent A, see Methods) showed that no G1P salt remained. However,
vhen the reaction mixture was subsequently silylated, GIC analysis
again showed Tl ¢ ~D=-glucosa to be present a.a well as other compounds
of shorter retention times (see Figure 3.6).

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

'Between G1P and diazomethane

The amount of glucose present in the methylation reaction
nixture was aésayed aspectrophotometrically using glucosé oxidase, and
also by GIC analysis after silylation. The results of these assays
for elght separate samples are shown in Table 3.4. The large
difference between these assays, 60% for glucose oxidase and 30 for
GIC, was consistent. The GIC data was confirmed in a separate
experiment (Table 3.5). Sample 1 in this set of data gave rise to a
GLC chromatogram quite wnlike the other samples. A peak of much greater
retention time was observed (see Figure 3.7). The percentage glucose
content of this sample was low (11%) compared with all o;':her samples.
This result could be repeated by adding excess ammonia after the addition

(Corzi:d. on. p.SZ)
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Fi . Hydrolysis of glucose~i-phosphoric acid to inorganic

hogphate

A solution of glucose-1~phosphoric acid in methanol was
prepared by shaking the disodium salt with AG 50 (E" form) resin in
methanoll. The concentration was 10 mg G1P per ml. 1 ml aliquots
were removed at the times indicated and were inmedia.tely neutralised
vith 0‘.880 ammonium hydroxide. This solution was tested for inorganic
phosphate by the method of IvIaitin & Doty (1949). A further 1 ml
portion was analysed for total phosphate (Fiske & Subba Row, 1925).
This value obtained was made 1000 and the values for the other
aliquots related to it.
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Fipure 3.6 Gas chromatography of the products of the treatment of

GIP with diazomethane and silylation reasents

The disodivm salt of ox~G1P was sghaken in methanol with
AG 50 (E) resin to form a methanolic solution of the free acid.
Ethereal diazomethane was added until a permanent yellow colour remained.
The solution was taken to dryness and reacted with pyridine:HI'DS:TMCS
(10:2:1 by vol)e 5 pl aliquots were injected onto a 3% SE=30 on
Chromosorb W (AV-DNMCS, 80~100 mesh) columm at 180°C.

* This peak corresponds to TMS=(=D~glucose
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of ethereal diazomethanes However the large number of peaks in the

chromatogram prohibited the use of this method for quantitative

analysise

TIC results indicated that both the estimations of the
percentage glucose content of the G1P methylation reaction mixtures
were highe Chromatography was carried out on Kieselguhr G (nach
Stahl) (solvent: benzenesothanol 4:1 v/v)e When silver nitrate
spray reagent was ugsed a spot of BF the same as glucose was the major
spote However when an identical plate was sprayed with 2.511 sulphuric
acid and ;hhen charred, the spot corresponding to glucose was minor
compared to a spot of greater Rj (see Figure 3.1)e This spot had the
same Ry as o(-methylglucoside. Using [U-Mc]-la,'beiled G1P, radioactive-
TIC scanning of a similar plate (20 cms x 5 cms) showed that the major
radioactivity was associated with the major sp.ot (RF gimilar to

K -methylglucoside) and 1little or no radicactivity with glucose (ses

Figge 208 ) .

Kuhn end Baexr (1953) reported that glucose could react with
dlazomethene in a methanolivater mixture (9:1) to give predominantly

O¢~methylglucosides
HO i | RO
. 0 0
oml | m *OEf, = ([T ' OCE,
OH I OH

_ Thus if glucose were released during methylation, formation of x-methyl-
glucoside would be possible. Further methylation of the sugar ring
could also occurs Thisg would account for the spots of greatex RF than

¥ -methylglucoside which were ohbsexrved.
(con.bcl. on p.88)
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Table 3.4

G1P by diazomethane (8 separate samples)

10 mg G1P disodium salt was reacted in methanol with 2G 50

regin (H+ form)s The resulting solution was reacted with excess

ethereal diazomethane.

A 1 ml aliquot wes diluted to 10 ml with water,

and analysed for glucose content by the glucose oxidase procedure.

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

pyridinesHMDS:TMCS (103231 by vol)e The glucose content was determined
by gas chromatographic analysis on 5% SE=-30 on Chromosorb W (AW-DMCS,
80~100 mesh) at 180°C.

The results of both analyses were related to

the glucose that theoretically was present ags’G1P initially.

Glucose content after methylation of GIP by diazomethane

Sazmple No. BT o:/:igi'::ose formed —
1 4141 21,9
2 62.7 3364
° 5946 3145
4 65.8 3440
5 60.4 33,2
6 4842 30.4
7 57.8 32.9
8 511 3341
Table 3.5

geparate samples

Sample No.

% glucose formed,
by GIC

N SOREUVERE | QY

1.1
2848
31e4
3244
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Pigure 3. An u:m:.sual chromatogram obtained for the products of the

| methylation of G1P with diazomethane and their subsequent
silylation '

1

This sample was prepared identically from G1P as all the
othexs mentioned in tables 3.4 and 3. 2' It was 'Lmusual in tha.'!; the
glucose peak was small and that 'the large peak was unique to ~t:h:l.si

sample.
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Floure 3.8 Radioactive scanning of the TIC plate on which the

geparation of the products of the methylation of GI1P

with diazomethane had been carried out.

[U—MC] -G1P was converted to the free acid in methanol with
AG 50(E") resin. The resulting solution was reacted with diazomethane.
The reaction mixture was spotted onto a 20 x 5 cm glass plate coated
(250 jm thick layer) with Kieselguhr G. The plate was developed with
benzenesethanol (3:2 v/v)e It was scammed for radioactivity at
12"/hour. After scamning it was sprayed with aniline-diphenylamine
reagent to locate the spotse The plate was lined up with the radio-

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

diazomethane

Since methylation of glucose-1-phosphoric acid in methanol
led to the formation of either glucose ox u;methylglucoside it was
of interest to find out in what form the'ﬁhosphaﬁe was in the reaction
mixture.. |

i’he likely product of this reacfion would be trimethyl
phosphate. If phosphate were released extra diazomethane would be
-uged to convert it to trimethyl phosphate. Indeed vhen higher
alcohols such as isopropanol or gec-butanol were used in place of methanol,
smaller amounts of ethereal diazomethane were necessary to give a
permanent yellow colour than'reacjbion with the same amount of G1P
in mathanol. The gas chromatographic analysis of the silylated
hproduc'bs of the methylation gave chromatograms similar to that in
Figure 3.,7. However, TIC of the methylation products of G1P from
different alcchols indicated no differences from the resulis obtained

by ueing methanol as solvent.

Mass spectral analysis was used to look for the presence of
phosphate in the reaction mixture using methanol as solvent. Tirsily
potassium dihydrogen phosphate was treated with AG 50 resin (HT form)
in methanol to form the free acids The resulting methanol solution
was exhaustively treated with freshly prepared ethereal diazomethane,
end then evaporated down to about 0.5 ml at 30°C under a mild vacwum.
This solution was analysed by oourtesy of Dr. Waight in the Department
of Chemisiry, Imperial College, using an MS-9 mass spectrometer. The
mass spectra oblained is shovm in Figure 3.9 along xvith date from the
work of Bafus et al (1966).
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The» reaction mixture of GI1P in methanol with diazomethame
was purified by TIC on cellulose using Solvent B (see Iethods)s 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 trimethyl
phosphate. The methanol extract was carefully concentrated at 10%

under vacuume This concentrate was analysed using the 15~3 mass

spectrometer (see Figure 3.9)e"

The data obtained was not conclusive. Dr. Wa.ight'is of the
oginion that trimethyl phosphate is pregent in the TIC extract.
Certainly all the peaks measured for the methylated phosphoric acid
are present in the mass speotra of the TILC extract; however many
others are also present. More importantly the ratio between pezk
height for the peaks at m/e ratios of 27, 30, 32, 45, 4T, 65, 19, 80,
127 and 140, see Table 3.6, showed no correlation.



0o 0.S. 0.S. 0.S.
methylated phosphoric acid 110
80 AN
*lrelative 109
79
abundancel o < e
- 8
271].” 12
ol B
100 ST | —AI.'.LL; |- N I
a0
€0
40
20
1o 110
Literature values for trimethyl phosphage
60
29
40 N 79 T 19 140
21\ 6 \ 80 —
) SR
~
| il L i Jl
0

o] 60 70 80 90 100 M0

120

mle —»

130

140



-91 -

Firure 3.9 Mass spectral data used to demonstrate the presence of

trimethyl phosphate in the reaction mixture of GIP and

diaszomethane.

The mass spectra opposite were obtained using the 115-9 mass
spectrometer., Orthophosphoric acid was reacted exhaugtively with
diazomethane. The reaction mixture was concentrated under reduced
pressurs. The TIC extract was a methanol extraction of the top
three cms of TIC plate (cellulose') on which a preparative separation
of the products of the reaction between G1P and diazomethane had been
carried out (solvent B, see Methods). No spray resgent 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 reported by Bafus et al
(1966) .



Table éo 6

ngarison'of the Heights of Mags Spectral Idnes in Mags Spectra
reported in ¥ .

The 1ines corresponding to m/e ratios of 27, 30, 32, 45, 47,
654 79, 80, 127 and 140 were compared one against another in the mass
spectra for trimethyl phosphate (prepaietl by methylating phosphoric
acid) anq the TIC extract (ses Figure 3.9)s Each value in the table
is the ratio of the heights of line m/e ratio in the oW across the
table to the heights of the f“/e ratio in the colum down the ’cable.’
For each pair of data, the higher one is for the methylated phosphoric

acid and the lower one for the TIC extract.

m/e values | 27 | 30 | 32 | 45 | 47 | 65 | 79 | 80 | 127| 140

o7 w2492 | 1469 | 1400 | 138 | 2431 | 3,92 | 2431 | 0.92 | 1.92

' = 1408 | 3450 | 1633 | 2658 | 0675 | 5433 | 3475 | 067 | 1475

30 - - 0-58 0.34 0'47 0079 1034 0.79 0.32 0066

- - 3423 | 123 2.38 0-69 4.92 3.46 0.62 | 1.62

52 | = | = 0,59 | 0,84 1.36| 232 | 1.36 | 0455 | 124

-] - = | 0438 | 0.74 | 0422 | 150 | 107 | 0,19 | 0.50

-] - - - 1438 | 2431 3.92 | 2631 | 0.92 | 1492

45 -] = | = | = [1.94]0.24|2.00] 2.81 | 0,50 | 1.31

S - = | = | 1.67 ] 2.83 | 1.67 | 0,67 | 1439

41 “ = | = | = | = |3.44] 2406 | 1.49 | 0.26 | 0,68

6 - = - - - ~ | 1470 | 1400 | 0,40 | 0.83

A7 - - - - - - | 711} 5.00 | 0,89 | 2433
15 - | - - - - - ~ | 0459 | 0.24 | 0.49

- - L] Lad bl hand - 0170 0013 0033

I . - - - - - ~ | 0440 | 0483

80 | - - - - - - - | 0418 | 0.47

127 N R - - - - - - |2,08

- - L Ld - - - - - 2.63
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Be The trimethvlsilvlester, trimethylsilyl ether derivatives of

phosphates

1) _ Proparation of the derivatives

Although the derivatives of GEP and F6P could be prepaved
by the method of Hashizume and Sasali (1966), a more satisfactory
procedure was looked for that did not include heating under' reflimx.
A more powerful silylating reagent than the BI-mS/TMCSK ;sysi:em was
described by Klebd (1964), bis-(trimethylsilyl)-acetamide (BSA).

This compound reacted with -OH groups thuss-

CHB—-_'Ti—-’ch ' ‘ : /O—Si—CH3
0 + ROH —» cna-—-c' '0133
N I,
' | \v.—-— sli'--CHS s ' 01113
CH Ro-—'-sli—-cn3
. i,

R=alkyl , aryl , =alkanoyl , phosphate

LS |

REOH ROE . RC HQ ~= P — OH

It had the advantage that there was no precipitation during
silylation as occurred with HMDS/TNMCS/pyridine silylations.



- Q4 -

H
I
( Bl == N = g5i
), (a5),
cl + 3 HO == R~ 3(033)351-—03

b

Jﬂ'g + J.\IEI401 l

The free acids of G6P, F6P, FDP and G1P were prepared from
thelr podium salts by passage in aqueous solution through an AG 50 |
(8" form) colum (12 x 0.5 em)e 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 %% SE=52 on Chromosorb W (AW~DMCS treated) column packing at
200°C. A single.peak was observed for F6P, and double peaks for
G6P and FDP, G'iP gave rise to Beveral peaks, not surprisingly since
it presumably decomposed during lyophilisation. 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 armonium hydroxide. This
wag teken to dryness and reacted with BSA (0.5 ml)e This time a
pingle peak of similar reotention time to that for F6P was obtained.
The derivatives for G6P, F6P and FDP were co-chromatographed with this
sample (see Figuve 3.10). The same peaks could be obtained by
converting the sugar phogsphates to their triethylammonium salts and
then reacting with BSAsacetonitrile (3:2 v/¥). The retention times
relative to MIS~F6P are given in Table 3.7 The lability of the TMS-
G1P compound was shown by the addition of TMCS to the reaction mixture.
TMCS reacts with ~0H groups to give HCl. As g result the peak almost

completely disappeared (see Figure 3.1labec)e
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Attempts were made to obtain mass spectra for each of the
peaks given in Figure 3.10, b;rb this was not possible since a Ryhage
molecular separator was needed so that the heavy molecules (WP 792 for
TIS-G6P) could enter the spectrometers Such a separator is under
patent and can only be obtained with an IEB 9000 GIC-mass spectromster.
Using this machine Shermsn et al (1969) have obtained mass spectra for
TMS-G6P and THS~inositol=1~phosphate. "

Derivatives of some other sugar phosphates were prepared
with BSA and each gave single peaks when chromatographed on SE=52 ox
OV=17. Their retention times relative to MS-FEP are recorded in Table

a

348,

(contd, on p.102 )



Separation of TMS derivatives of GIP,F6P,G6Pand FDP

Column packing 3% SE-52 on Chromosorb W

Temperature. 200°

F6P
M GIP
G6P
FDP
N 1 | T 1 :
40 30 20 I5 10 5

<———nminutes
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Fi «10 The chromatographic separation of fhe trimethylsilyl
estor—trimethylsilyl ethor derivatives of G1P, FEP,
G6P and IDP.

Each compound was reacted separately with BSA, 1 pl of
each wag drawn up in the same syringe and injected onto a 5' x 4" v
glass colum containing 3% SE=52 on Chromosorb W (AW-DMCS, 80-100 mesh)
at 200°C and vith a nitrogen flow rate of 60 ml/minute.
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Table ;2. i

The relative retention times of TMS estor -
TMS ether 0 ta derivatives us 5 SE=52 on

Chromogorb W

Each compound was converted to its triethylammonium salt and
reacted with BSAsacetonitrile (3:2 v/¥). 5 nl aliquots were analysed
on 3% SE=52 on Chromosorb W (AW=-DMCS, 80=100 mesh) in a 5% x v
colum, the flow of the nitrogen carrier gas being 60 ml/min,

Compound 200°c * 220% *
G1P 0492 0490
F6P 1400 1400
G6P 1.61, 1.74 1058, 1463
FDP 4449, 5416 4425

¥ relative to TMS-F6P, flow rate of nitrogen carrier gas
60 ml/min.

(o)
ms-rép 220 C | 7,62 minutes

o
THS-F6P R;2° C . 3,15 minutes



TMS-G1P prepared from

the free acid.

A

(o]
(o]
b
N

TMS-GIP prepared from
the ammonium salt

T T 1
8 6 4

&——Minutes

N =

TMS -G1P after the

addition of TMCS

e+ ———————_—— e i e e e

1 ] 1
10 8 6
. «——minutes

1
4

N o
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Figure 3.11 The stability of the thrimethylsilyl ester -
trimethylsilyl ether derivative of G1P

Figure 3.11a The free acid of G1P was formed by passage of the
 disodium salt through an AG 50 (E') resin colum. It
wag lyophilised and reacted with BSAsacetonitrile

(332 v/v).
Tigurs 3.11b Similar to Figure 3+11a except that the free acid was

immediately converted to the ammonium salt before lyophilisa~
tione

ﬁ;@ 3.11c  TMOS was added to the reactimn mixture giving the
chromatogran in Flgure 3+.11be An aliquot was immediately
injected. ‘ '

The colum packing used in each case was %% SE~52 on Chromosorb W
(AV-DMCS, 80-100 mosh). The colum temperature was 200°C,
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Table 3.8

The relative retention time of some MS~suzar

phosphates on %4 SE~52 and 36 OV=17

Each compound was converted to its triethylammonivm salt
and reacted with BSAsacetonitrile (3:2 v/v). 5 pl aliquots were
analysed on %% SE=52 or 3% OV-17 on Chromosorh W (AW=-D:CS, 80=100
mesh) in a 5' x 4" colum. Flow rate of nitrogen carrier gas,

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

Compound | %6 SE=52 . %% ove17 +
T6P 1.00 . 1400
G6P 1.66 1.84
FDP 4425, 4487 5041, 6414
6PG - wn e s 1.80
Ribulose 5P 0.60 0.76
Ribose 5P 0.59 0.70
2, 3 Diphospho=

' eeate 0.83 1434
¢ ~Glucose | 0.26 0.23

#* relative to TMS-FEP on SE-52 at 210°C By = 5.15 mimtes

+ rolative to TME-FEP on OV~17 at 210°C By = 4+36 minutes
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2) The quantitative analysis of sugar phosphate derivatives

It wag noticed immediately that it was essential to dewactivate
all materials with which these derivatives came into contacts In
pgrtimzlaa: the GIC columm needed de~activation every day. A dozen
5 ul samples of BSA prevented a very ;nazked depression of the peak
ares when first starting a series of injections. Careful drying of
the molecular sieve used to dxy the carrier gas, caused an inerease
in the response to very small samples. As a result the molecular
sieve was re-activated each time vhen a fresh cylinder of nitrogen
was necessary. Of the many columm packings tried, only those with
liquid phases with no active groups such as hydrocarbons and
silicones could be used. In addition the support really had to be
inert, Chromosorb W (AW~DIMCS) or Gas Chrom Q, being suitable. The
silicones were the most suitable 11qﬁ.1.d_. Iihases because of fheir 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 0V-'i7).

The triethylammonium salts of the sugar phosphates, G1P, G6P,
F6P and FDP dissolved immediately in BSA, an adventage vhen these
derivatives were to be silylated in a tissue extract. Auxiliary
golvents such as acetonitrile, dimetﬁylformamide and pyridine could be
uged with BSA, again useful for dealing with tissue extracts if unwanted

contaminants were present.

The reaction of the triethylammonium salts of G6P, F6P and FDP
with BSAsacetonitrile (3:2 v/v) was reproducible (see Table 3.9)s In
this experiment the samples were stored overnight at 4°C. To gee if



- 103 =

temperature affected the reaction gix aliquots of a mixture of G6P,
F6P and FDP were silylated with BSAsacetonkirile (3:2 v/v)s Three
.samp;l.es were pbored overnisght at 4°C ‘and threg at room temperature
(20-25°C)s  The following day ses chromatogrépnic analysis on each
was carried oute No differences ocould be seen for G6P and F6P, but
FDP was not gilylated at room tempexature (see Teble 3.10)s Addition
of more BSA did give rise to small peaks for ¥DP, so it would appear
thg.t a large excess of :BgA. wag needed for FDP, some logses of BSA
having ocourred in the warm.

3) The recovery of trimethylsilyl derivatives from the chromatographic

column

Since adsorption by the colum had shown itself to be a
_ _.problem in obtaining r;aprodu;:aible rosults when the columm was firgt
used each day, a che.ck wé,s made to ensure that all the derivative was
eluted under optimm conditions. Jansen and Baglan (1968) had
reported poor recoveries of gome TMS sugar derivatives from silicone

colums,.

This was tested using the Katha.romete'r unit as mass detector
so that the vhole peak could be collected wilthout decomposition.
Farly results with THS-[U-'40]-glucose, trapping the peak with the
scintillation cell, indicated no losses during chromatography.
Similax resui*bs were obtained by merely bubbling the columm effluent
throught 10 ml toluens _scintillan'b in g vial. The recoveries for
m5- [0~ 46] ~glucose, mis-[v-"4d) ~fructose ang mis- [1,5-'%0,] citric
acid are summarised in Iable 3.11¢ As can be seen the adgorption
was low, the figure of 80% for 'J.‘IVJS-[U'-MC]-fmc-bose vas due to its

not being purified before use.
(conkd. on p.lOb)



- 104 -

Table 3.

Reprodueibility of peak heights of TMS—sugar
‘phosphates In a mixhﬁre (separate a@lesl

A mixture of G6P, F6P and FDP was diséolved. in wvater and
divided into three. Iach sample was converted to the triethylammonium
salts (as desoribed earlier) and reac'l".ed with BSAsacetonitrile
(332 v/v) overnight at 4°C.

Chromatography was carried out using 3% SE-52 on Chromosorb V
(AV-DMCS, 80-100 mesh) at 200°C.

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

for adsorption by the colum.

Peak ht.
Sample PeGaJéPht . Pe;lgpht. Pe;%?ht. sdded
p~toerphenyl
1 21.5 9.7 2.8 1343
2 A TY 10.1 . 2.9 137
3 21.5 9.4 340 1346




Table %.10
Lffect of Marawre on the silylation process

A mixture of G6P, F6P and FDP was made up in solution and divided into six equal parts. Each was converted
to the triethylammonium salts, lyophilised and reacted with 0.5 ml BSA:acetonitrile (3:2 v/¥)e Three were stored at
4°C and three at room temperature overmight. Chromatography was carried out the followlng day at 200%C on %% SE=52

on Chromosorb W (AW-DMCS, 80100 mesh)s As for Table 3.9 peak helghts were used to estimate the amount of each peak.

G6P - F6P FDP
Sample ) ' o, )
4°C room tempe 47C xoom temp. 4°C room ‘temp. 1
1 15¢9, 161 151, 1642 446, 5e1l 4eTy 545 Teby Te5 - 8
2 1548, 1547 1775 1601 4eTy 5e2 5¢9y 5e5 Te3s Tod --- !
3 16,.8, 16.4 16.2, 16-1 5.6. 508 5.2, 5.6 705, 7.2 hualiinadiinad
. Islegnm ave16e1 2 01 (6) 16422 0.3 (6) | 5412 0.2 (6) Sed L 0.2 (6) | Ted L 0.1 (6)

SelleMe = standard error of mean
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The sugar phosphate derivatives were tested using tho flame
ionisation detector with splitier (1:1) (for fuller ﬁescription see
Methods)e Data is presented for MiS-[v-'4c]-c6p and mis-[r-14c]-rép
in Teble 3012, TE-[0-14C]-IDP aid not give a mise of activity which
coincided with the peaks attributed .to ity Instead %ctivity was eluted
continuously from the point of injection.. GIP was not investigated
gince the reagent used, containing trimethylchlorosilane, would have

decomposed ite

Ce [The trimethylsilyl derivatives of Krebs cycle intermediates

| Using the method of Horii et.al. (1965) derivatives were
successfully prepared for lactate, pyruvate, suceinate, fumarate,
n?alate, oxaloacetate, w(~ketoglutarate, isocitrate, and citrate.
Theiw method invelved first converting the «(~keto groups to oximes
with ﬁydroxylaméi.ne.- | - | |

NH,

o0E '

> c
pyridine . "
NOH.

[o—— o]

This prevented side reactions occu:i’.'rinfg such as have been reported

for the attempted methyia‘biqns of pyruvete and w-ketogluterate

(Kuksis & Priorveschi, 1967). Derivatives for lactate, succinabe,
funarate, malate, isocitrate and citrate were prepared using BSASTMCS:
pyridine (2:1:1 by vol)e The ®-keto aclds could ncfa'b be converted to

a volatile form with this reagent. ' The method usedby Horii et al (1965) ;
would not be suitable for tissue analyses of keto—aoﬁ.ds because 1%

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

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

(contd. on p.109)
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Table 3.11

The percentage recovery of 140-1abe11ed TMiS~-derivatives
) after chromatogravhy

The figures for the Popjak cell were obtained by two
p:cocedurest 5 pl of material under test was injeoted. down the colum,
condensed and counted by the sointillation equipmenf connected to the
GIC apparatuse This was compared with the value obteined by injecting
5 pl directly into the saintillation cells The radicactive scintilla-
tion fluids were also countgd in vials in the Beckman Scintillation
Spectrometer and the results comparede The figures for cold toluene
were obtained by collecting the eluted vapours in 10 ml toluene cooled
in ice 96 that there was minimai loss of toluens.

The figures for hot toluene were obtained by collecting the
eluted vapours in 10 ml tolueno not kept cool, up to 70% of the toluene
being lost by evaporations. Toluene was added to the vial to make the

volume up to 10 ml before counting.

Compound | Popjek cell Cold toluene Hot toluene

TM%—[U-MCIAglucose‘ 97+0 % 3.0 (3) - T -
THEw[T= 140 =fructose | 8040 £ 141 (6) | 731 £ 2.5 (5) | 7946 % 2.1 (4)
tmars-[1,5-1402]-.-£it§io 19043 £ 2.0 (3) | 78.4 £ 1.9 (4) | 74.0 % 6.7 (4)

Means } standard error of mean
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Tableo 3.12

The_mnercentage recovery. of ms—mc-labelled compounds
from the chromatogravhic colum

Each of the compounds below (1 xmole, 1 nci) was 'passéd
through an AG 50 (E') resin colwm (12 x 0.5 cm) and treated with
triethylamines The -samples were lyophilised and treated with
BSTFAspyridinesTHCS (2:1:1 by vol), Oe1 mls. Aliquots (5 pl, 50 nmoles)
of each were injected onto a 5' x 4" glass:dolumidontaining! 3%:; SE=52
on Chromosorb W (AW-DMCS, 80-100 mesh)s The columm was previously
deactivated thoroughly by repeated injection of the silylation reagent.
The column effluent was diﬁded into two parts with a stainless steel
splittere One part went to the flame ionisation detector, and the
other was passed to the scintillation cell.- The correction fastor to
the radioactivity measured in the cell fox splitt:lng and counting
efficiency vas determined with [U-'4C]~toluene and found to be 3e64s
The radiocactivity 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-14c]-cep 92.1 £ 6.0 (4)
[v-Y4c]-7ep . 89.8°F 8.2 (3)

mean ¥ standard error of mean

e medeam e ot i m e
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instead to form methoximes, the excess xeagent not reacting with the
8ilylating reagent. This method has been used for converting keto
‘groups in steroids to their methoximes (Fales & Iamkkainen, 1965).
Recently soms methoxylamine hydrochloride became available and

mothoximes were mede of pyruvate, oxaloacetate and «~ketoglutarate by
reacting thelr free aclds in dry pyridine containing methozylamine hydro-
chlorids at 1 mg/ml at 40°C for 45 mimutes. The methoximes were treated
with BMDSsTMCS so as to give a pyridine:sHMDS:TMOS ratio of 10:2s1

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

%} OV-1 on Gas Chrom @ using the program 100°C iscthermal for 5 minutes,
then temperature progremming at 4°C per mimute (see Figure 3.12)e The
rotention times of the methoximes were much lowsr than for oximes
prepared in a similar mammer. The specimen of oxaloacetate was foumnd

to contain pubstantial amounts of pyruvate by this method.



40 30 20 o)
<«——— minutes
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Tigure 3.12 The GIC separation of oximes and methoximes of pyruvate,

oxaloacetate and of-ketoglutarate as their TiS

derivatives on %% OV=1 on Gas Chrom Q.

The oximes were prepared from each o=keto acid by wveaction
in pyridine with hydroxylamine hydrochloride. The oximes were converted
to TMS—derivatives with hexamethyldisilazane and trimethylchlorosilane.
The methoximes were prepared using methoxylamine hydrochloride in a

gimilar mammer.

Gas chromatography was carried out on 3% OVl on Gag Chrom Q
using the temperature programmes 100%¢ for 5 mimites, then linear

temperature programming 100-250%C at 4°¢ per minute.

A+ Beparation of the oximes

~ Peak identification: 1. pyruvate 2. unknown impurity
‘3« phosphate 4. succinate 5. fumarate 6. malate
Te oxaloacetate 8« hexadecane 9. ol=ketoglutarate 10« X~=glycero-
phosphate 11.' * eitrate 12. N=D=-glucose 13. A-D-glucose

14 docosane 15. fructose~6-phosphate 16. glucose~6-phosphate

Be. Separation of the methoximes

Peak identification: 1. pyruvate 2, unknown impurdty
3« phosphate 4. succinate 5« fumarate 6. oxaloacetate
7. malate 8. (~=ketoglutarate 9. hexadecane
10. x~-glycerophosphate  11. citrate  12. ~D=glucose
15. A=D-glucose 14. docosane 15. f£ructose~6~phosphate
16. glucose-6-phosphate
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CHAPTER 4

Development of a suitable method for GIC analysis of the intermediates
be gtudied

In the previous chapter it was demonstrated that TMS-

derivatives of both sugar phosphates and organic acids could be prepared
relatively simply, and that there were conditions for separating them.
| Tn this chapter investigation of temperature programmed anslysis was
carried out in order to geparate all of these derivatives in a single
chromatographic run. This entaileci the use of a new silylating reagent,
bis~(trimethylsilyl)-trifluoroacetamide (BSTFA). Cl;xomatographic data
for three liquid phases was determined.

1) The development of a temperature programme

The chromatographic conditions used to separate MiS~-G1P,
TMS~G6P and TMS~-F6P mentioned in -the previous chapter (isothermal
enalysis at 200-220°C) were not suitable for the more volatile lﬁR-IS-
derivatives such as lactate, fumarate, succinate and malate.
Operation at lowex temperatuie would have increased the retention
times of TMS-G6P and TMS-F6P to impractical times, and also spread out
the peaks such that they would be difficult to distinguish from the
é‘ba.nding current. Temperature programmed analysis has the advantage
that a wide range of volatile subs’bances can be examined in a reasonable
leng'bh of time, and since the stea.dily increasing 'bempera,ture sharpens
the peaks, their width does not increase with increased retention time.

The gterting point of the programmes used was 100%¢ (a fow
analyses were started at 110°C). This was higher than in the programme
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of Horii et al (1965) but still emabled lactate to be separated from
the solvent front. The prog:ramn.ing‘ra'be wag decided by examining the
chromatography of an extract of liver (for details of isolation see
Chapter 5)e The difference between 2°C and 4°C per minute is shown
in Figure 4.1. For the work with radioactive measurements there had
to be a sufficient separation between individual peaks to enzble the
count rate in the scintillation cell to be measured. This was not
possible in avery case (see fumarate and succinate)s The rate of 2°C
per minute was about the slowest rate which was compatible with a

" reasonsble length of analysis for radioactive compounds. Vhen only
mags measurements ﬁere to be made a higher rate of 4°C per minute was

possible.

The last compownd to be eluted, TMS-G6P, came off the colums .
used at 230-24000 so the programme was continued to 250°C. then
radioactive extracts were being studied if the programme was terminated
below 25000 a steady accumulation of radioactivity occurred in the
scintillation cell at the start of the next run.

The temperature programme 100::250°C at 2°C per mimute was
uged with the colum packings 3% SE=52 and 3% OV-17 on Chromosorb W
(AWV-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 colum
packing %% OV=1 on Gas Chrom Q (100=120 mesh) and the separations obtalned
are shovn in Figure 4.3. Since radiocactivity measurements were not
made the temperature programme : 100°C for 5 minutes, then 100-250°C at
4°C per minute was used. This cub the anal&sis timé down from 65
minutes to 42 mimates.
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2) ZEProblems associated with temperature programming

The work carried out with the liquid phases SE=52 and. V=17
uged 2 dual columm analysis, the second colum being a blank, to
compengate for the marked increase in the bleeding of these liquid
phages with increased temperaturee With OV-1 as the liquid phase,
once the colum had been heat treated at 260°C for 48 hours, theres was
very little baseline drift and a single colunm analysis was possible
at all sensitivities used (down to attemuation X100)..

N

In the dual colum studies using the silylation reagent BSA:
TMCS spyridine (231:1, by vol) a hump appeared in the chromatograms
from 180-230%C (see Figure 4.1)e Elimination of other possibilities
showed that the BSA was responsible. Following a suggestion of
Horning et al (1967) the stationary phase was additionally silylated
with BSA and TMCS dissolved in toluene before being coated with SE=52
liquid phases This had no effect on the hump however.

Gehrke ot al (1968) used a derivative of BSA, bis(trimethylsilyl)

~trifluoroacetamide, for the silylation of emino acids. They found it
to be a superior silylating reagent, being a more powerful silyl donowr,
and also that monotrimethylsilyl trifluoroacetamide was very much more
volatile than monotrimethylsilylacetamide, the latter compound being
eluted soms way after the solvent front, interfering with analysis of
MS=glycine.

BSTFA vas used in place of BSA in this study‘and the hump was
g.‘l.mos“l; eliminated. Also it was noticed that the tailing and extent of
the solvent front was due to the pyridine when BSTFA was used. With a
fow exceptions all the silylations reported from here on uged BSTFA

instead of BSA.
(contd.. on p. 122 )
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rd o1 The effect of changinge the ten;pera.ture" programming rate

on the geparation ~1iquid chromato of

trimethylallyl derivatives of compowmds isolated from

liver

Rat liver was freeze clampéd in gitu, and 5 g of frozen liver
extracted twice with 60% aqueous ethanol. The extract was absoxrbed
onto an AG 1 (formate form) resin colum (12 x 0.5 cm).‘ After washing
with 10 x 10 nl water, the colum was eluted with 4 x 10 ml 21 formio
acide The eluate was evaporated to dryness and then reacted with BSAs
pyridinesTCS (21131 by vol) 0«1 ml. 5 ul was injectod onto a 3%
SE-52 on Chromosorb W (AW-DMCS, 80-100 mesh) 5! x 4" colurm. The
temperature programmes used were 110~230°C at 2°C per mimbe (Figure 4));,
and 110-230°C at 4°C per mimute (Figure B).
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Figure 4.2 Temperature programmed gas chromatographic analysis

of some trimethylsilyl esterw-trimethylsilyl ether
derivatives on SE=52 and OV=17 liquid es

A mixbture of each of the compounde named was treated with 0.1 ml
BSTFAspyridines™icsS (23181, by vol) after lyophilisations 5 pl of
the reaction mixture was injected onto either 3 SE-52 or %% 0V-17 on
Chromosorb W (AW-IMCS, 80~100 mesh) colums (5! x ") using the

temperature programme 100-250°c at 2% per minute.

Identification of peaks:
1. . B~hydrokybutyrate 2. succinate 3 fumarate 4« malate
. Be o&=glycerophosphate 6.. citrate T« o%=glucose 8. B ~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 and OV=17

The TMS-derivatives of these compounds were chromatographed
on 3% SE~52 and OV=17 on Chromosorb W (AW=DMCS, 80-100 mesh) using a
temperature programme 100~250°C at 2°C per minute., The nitrogen
carrier gas flow rate was 60 ml/mimute.

Derivative SE~52 / ov-17
-hydroxybutyrate 346 mins 3.3 mins
succinate Te3 9u5*
fumarate 9.6 9«5%
malate 1649 1644
o(-g]jcero;:hosphate 32.4 3.7
cltrate 34T 3344
J-phosphoglyceric acid 36.4% 372

 ot-glucose 3746 3544
peglucose 4042 3944
riboge-~5=-phosphate 5046 5046
2,3 diphosphoglycerate - - 5843
fructose-6-phosphate 5645 5540
glucoge=-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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Tigure 4. GIC_separation of MMS-derivatives on %5 OV-1 on Gas Chrom §

A mixture of the ammoniwm salts of each compound (500 nmole each)
was reacted with 0.1 ml BSTFAspyridinesT™ES (2:1:1, by vol)s Gas
chromatographic analysis was carried out using 3% OV-1 on Gas Chrom Q
(100=120 mesh) colum packing in a 5! x 4" colum. The temperature
programe : 100°C for 5 minutes, then temperature programming 100-250°C
at 4°c per minute vas wseds The tempemture of the F.I.D.. detector was

‘ 250°C. Nitrogen flow rate was 60 ml per minute measured at 100°C.
5 7l aliquots were injected (i.e. 25 nmoles)s The attenuation setting
of the amplifier was 1 x 10%.

Peak identification:
1. succinate 2. fumarate 3o malé.te 4. hemdecaﬁe
5« oe-glycerophosphate 6« citrate 7« o~D=glucose 8¢ A-De
glucose 9. docosane 10. fructose-6-phosphate
11. glucose~6~phosphate
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3) Reproducibility of quantitative analvses

Relative molaxr responses were determined for a range of
conﬁ_aounds (1 mmole of each present in the silylation mixture) separated on
the SE-52 and OV-17 columns. The internal standards, p-terphenyl and
1, 1, 24 2=tetraphenyl ethylene were used. p-terphenyl :I.n:berfered
vith TMS-G6P on OV-17, and 1, 1, 2, 2-tetraphenyl ethylens with WS-

QGP on SE=52. Tims although they. could be used to correct "bhe
injection a.ligubt for volump differences they were not suita?le ag
reference peaks. Instead MSw-glucose (combined peaks) was used, and
the relative molar responses given in Table 4.2 are relative to TS~

glucoses The responses wers the same for each column.

The reproducibility and the relative molar responées of
certain compounds have been studied in more detall on the colum, 3%
0V-1 on Gag Chrom § (100~120 mesh), 5' x %4". This phase was superior
to thoge mentioned before, showing a greater efficiency (2600 plates
per 5' colum measured at 200°C with docosane) than SE-52 or OV=-17.
There was no noticeable deterioration of this efficiency over five
months vhereas intensive use of the 3% SE-52 on Chromosorb W (AW-DMCS
80-100 mesh) column resulted in tailing of the type shown in Figure 4.2A.

Relative molar responses have been caleculated relative to TMS=-
glucose (for comparison with previous data) and also relative to the
two standards used, the straight chain hydrocarbons, hexadecane (C16)
and docosane (022). These values were determined at three different
concentrations of the compounds being studied, at 0.5 mmole, 0.2 umole
and 0.04 ymole (see Tables 4.3 end 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 decreaging concentratione \

(contd. on p.127)
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Tablo 4.2

The relative molax xesponse of some TMS=derivatives

‘on ﬁ'sm-§2 and i'Zo OV-17 on Chromogoxb W ‘AW—-])MCS!

AmijureéfthecompomﬂswasmadeupéothataBpl

aliquot after silylation comtained 0.05 mmoles of each. Also
individual injections of 0.05 ,qmnles of each intermediate were

carried out on ) OV=17 and SE-52 on Chromosorb W (AI-I-DMCS, 80-100

mesh), 5' x 4" columis.

No difference was found for each compound

between each colum, ‘ox between individual injections and group

injectionse.

Compound RMR*
Succinate 0456
Fumarate 047
Malate 0463
Citrate 097
3PGA 0.63
Glucése 1.00
F6P " 0«41
PG 047
6FG 0.78
a6P 084

# yolative to the response for glucose
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Table éo é

The relative molar responses of sgoms TMS-derivatives
to TB-glucose ( o¢ and A forms combined) on 3 OV~1 on Gas Chrom §

'.Ehe‘ test compounds including glucose were inixed in aqueous
solution so that each was present at a concentration of 1 oMe 1 ml
aliquots of this solution were passed"bhrough 2 % 0.5 cm colums of
AG 500 (H" form) resin (100-200 mesh)s The colums were vashed with
4 x 1 nl distilled waters 1 drop of trietm'lamiﬁe wag added to form
the triethylammonium sa.’!.ts. From each eluate 2.5, 1.0 and 0.2 ml
aliquots were removed .end were evaporated to dryness in separate
specimen tubes (75 x 12 mms) over phosphorous pentoxide imder vacuum,
The compounds were reacted with 100 pl of silylation reagent (BSTFA:
pyridinesTUsS, 2:1:1 by vol) which also containedb.‘lé pmole of hexas
decane and docosane internal standaxds (see Table 4.4). The samples
were stored overnight at 4°0. Gas chromatographic anaiysis wag
carried out by injeoting 5 pl aliquots on a 6 OV on Gag Chrom Q
(100=120 megh) 5' x %" colum. The temperature progranme uged wast
Isothermal 100°C for 5 minutes; 'kheﬁ linear ten'lpem-ha’re programuing at

4% per minute, 100-250°C. Pesk areas were determined by triengulations

The values presented below are the ratio of the peak area of sach
compound to that of the combined areas of THS- x=D-glucose and TME=A =
D=glucose. Since the compounds were present in equimolar amounts no

further correction was necessary. Results are expressed as arithmetic

meang ¥ the standsard error of the mean based on 8 resulis.

(contd. on next page)
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Teble 4.3

(contd. from previous page)

Compownd

Amownt of Compownd Reacted

0.5};mole )

0.2 pmole

0.04 pmole

Sucoinaté
Fumarate -
Malate

¢ ~Glycerophosphate

Citrate

Fructose-6~Phosphate
Glucose~-6~Fhosphate

0,500  0.029
04456 £ 0.029
0.615 £ 04036
0.442 £ 0,025
0.775 £ 0.026
04598 & 0.017
0:934 + 0,027

0.504 % 0.038
0.479 & 0,034
0.652 £ 0.033
0.421 £ 0,030
0.816 £ 0,020
04465  0.031
04854 & 0.051

0.479 £ 0.023
04450 £ 0,027
04655 £ 0.031
04225 % 0,014
0.749 £ 0,026
04315 £ 04033
0.586 0,044
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Table 4.4

The relative molar response of soms TMS-derivatives to hexadecane
and docosane internal standards on 3% OV-1 on Gas Chrom g

The samples wore treated and analysed as described in Table 4.3.

values presented below are derived from the ratio of the peak area of each

compound to that of the internal standards hexadecane and docosane.

Correction to give the relative molar response was varried cut by multie

plying this ratio by the ratio of the smommt of stendard present (0416

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

exrrors of the mean based on 8 resultsg.

.a) Hexadecans

' Compound

0.5 mmole

0+2 gmole

0,04 ymole

Sue cipate
ana::g.té
I’Ealat\e

Citrate

Glucose (< +4forms)
Fructose~6-Phosphate
Glucose~6-Fhosphate

X «-Glycerophosphatae |

04736 + 0,044

| 04648 £ 0,011

0.884 * 0.015
04638 £ 0.005
1.136 £ 0.074
1.505 % 0.086
0.947 % 0,059
14381 £ 0,075

04674 & 04024
0.664 £ 0.028
0,895 % 0,014
0.588 * 0,014
14155 £ 04012
1e411 £ 0,034
0.681 % 0.045
10221 & 0,063

04831 £ 0,039
0.802 £ 0,040
14094 % 0,027
0,395 * 0,026
1.247 % 0,055
14653 & 0,036
0,563 £ 0.017
1.004 % 0,046

b) Docosane

Compound

0.5 Amole

0«2 mmole

0,04 jumole

Sucecinate

Fumarate

Malate
®=Glyocerophosphate
Citrate

Glucose (X Aforms)
Tructose-6-Phosphate
Glucose~6~Fhosphate

0,566 £ 0.045
04499 % 0,020
0,682 * 0.034
0.490 £ 0.024
0.874 £ 0,055
1,098 % 0,075
0.685 & 0,038
1.062 £ 0.052

0.512 & 0,023
0.504 £ 0.028
0.684 £ 0,024
0.452 £ 0.025
0.880 £ 0,033
1,076 % 0,039
0.524 * 0.040
0.932 % 0,059

0.564 & 0,011
0.544 £ 0,022
0.744 * 0,031
0.202 * 0,020
0.864 % 0.033
10144 % 0.025
0.392 £ 0,010
0.664 % 0,055
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By plotting the product of the relative molar response and
the amount of each compownd present e.g-ainst the amount of each compownd
present a mass response ouxve was obtained (see Figure 4.4)s As may
be seen, the curve for each compound wes essentlally linear, sven for
the phosphate containing ¢ompoundse The lines for the phosphate
compownds hovever did not pass through the origin vhen extrapolated to
the tx' axis, Tho intewcept in each case was a’nc;ut 20 nmoles. This
would mean that for each injection onto the GIC colwm umed about
1 nmole would be irreversibly bound to the columm.

To examine this cunve in greater detail a standard mixture

of the test compounds was made up, and aliquots corresponding to 25,
50, 100, 200, 3004 400 and 500 nmoles taken and silylateds GIC was
carried out on the %% O0V-1 'on Gas Chwom Q colurm. The xelative area
response to a single concentration of docosane -i(internal standard)waa
plotted against the concentration of the test oompowmds (see Figure 4.5).
Ag can be seen, the 1:Lneej: were ir:zdeed straight as suspected abéve.
Best straight line caleuletions showed that G6P .and FEP had large
negative values for the constam; ‘in the aquat:.on y=m+ ¢ (Table 4s5)¢

o¢ ~glycerophosphate however had only a sma.ll ccmstant, ‘because of the

cuxved naturse of the lower part of its response curves

In addition at each coﬁcentra.tion the amount of the standards
added vas also varied to ses whether & linear relationship held between
each substance and the stendard (see Toble 4.6). Docosane gave a

' reasonably cloge oo:nrela.tlon to the ad.ded. rai;io of 10: 2 1. Hexadecane
wes not so good, there being a deviatn.on at the 1owest amount added
(0.016 ymoles).

Taking the chromatograms used: to obtain the data in Tables
4e2, 443, 4.4 the correlation between peak area and peak height was
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exemined. As can be seen in Table 4.7 this correlation vas good, the
percentage standard exrror of the mean did not exceed 2.5% and was
mainly around 1% -
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Figure 4.4 The area response versus concentration curwve caleulated

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 compowmd as its triethyl-
ammonium salts Each was reacted with 0.1 ml BSTFAspyridine:THCS
(21131 by vol) containing 160 nmoles of docosane. Analysis was
cerried out as described in Tables 4.5 and 4.4. The relative molar

reéponses al each concentration so caiculated were mulbtiplied by the
amoﬁn-!: of each compounds This was the area respemse with respect to
a 8ingle smount of docosane. It was then plotted against the amount

of each compound.

Identificatlon:,
® glucose -
O glucose-§-phosphz%.te
citrate .
malate
fructose~6-phogphate

o

A

A
W succinate
A fumarate
a

=glycerophosphate

t

- ///

!
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Fisure 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 triethylammonium saltss Each was silylated with O.71 ml BSTFA:
pyridine:TMCS (2:1:1 by vol) containing 80 nmole docosane. Gas
chromatographio analysis was carried out on 3% OV-1 on Gas Chrom Q
(100320 mesh) colurm packing in a 5% x 4" columm using the temperature
programme § 100% for 5 mimates, then temperéture programming 1oo-25o°c
at 4°C per minutes Peak areas for each compound were divided by the
area of the standard to give the melative area responses This was
plotted egaingt the total amount of each compound in ‘the silylation
reaction mixture.

Identification:

© glucose
cltrate
glucose~-b6-phosphate
malate
fructose-6~phosphate
fumarate
succinate

eL=glycerophosphate

O B> b B> O e
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Table 4.5

Statistical ana.lysié for the besat gtraisht line

25, 50, 100, 200, 300, 400 and 500 nmoles of each‘ of the
compounds below were silylated,with docosane as internal standard ,
and analysed by GIC on %% OV-1 on Gas Chrom Q (100-120 mesh), 5! x &
colume. . The relativé a:r:éa. responée to docosans was plotted againat

the amount of each compound present (see Figure 4.5).

The beat straight line for the response curve for each
compowd vag calculated satatisticallys es y = mx + ce X was the
amount of compound in nanombles.

Campound Values of m Values of ¢
w¢~glycerorhosphate 1041 x 1072 -0.09
~ succinate _ 137 " +0.009
Tumarate 1.44 " +04003
" malate 1,98 0 ~0,02
Tep ' 2406 n ~0.38
G6P 2.29 " =025
cltrate 2¢54 n ~0.06
glucose 3eT4 n -0.,08




Table 4.6

The rela,t::.onship between the responses for the internal sﬁa.ndards and the test compounds Effect of 'varying the internal
; standa:rds '

The internal standards, hexadecene and docosane, vere added in three amounts, 0.016, 0.08 and 0,16 Muole, to
groups of silylation mixtures containing TS-derivatives at the levels shown in the table. The ratio SooOf Slontaxd
was calculated for each amount of the standard at a given concentration of the MMS-derivatives. These values were then
normalised by making the value for 0,08 Mmole of standard equal to 5.00. GIC analysis was carried out on a 3°o 0V~1 on Gas
Chxom, Q (100—-120 mesh), 5' x 3" colum using the programme mentioned in Table 4e3.

]

HEXADECANE ’ DOCOSANE
0.5 amole 0.2 ymole | 0.04 ymole - 0«5 nmole | 0.2 mmole 0.04 umole
Succinate ' 1600{5400{ 948 [ 0690|5400 | 9¢6 | 0491|5600 [10e3 | 081|500} 949 [ 0678|5400 | 909 | 085 [5.00|11.2 :—;
Fumarate 0492|5400 (1042 { 0.95|5400 {103 | 0e87|5+00{10s3 | 0e80|5.00 {1064 [ 0s85(5.00 |10e4 } 081 |5.00{11.2 ?
Malate 0.97|5400|10s4 || 0496{5.00 | 9.8 | 1.01|5.00 110 ] 0485/5400 |1045 | 0684 |5.00 (1041 0496 {5.00 (1243

X=Glycerophosphate | 0493(5.00[10e3 || 0697|5600 [10e6 | 1:02|5400 [11e6 | 0683|5.00|10¢3 | 0s85|5¢00 [11.0 J 081 |5.00 [11.5

Citrate ‘ 0098 5009 10a1 1.00 5.00 102 0.99 500 11.0 0085 5.00 10.2 0092 5.00 1004 0;93 5000 11.6

| Glucose (¢ + 8) 0s9715600 {0965 || 1008{5400 | 9¢9 | 1600|5400 [10e8 | 0.85[5¢00 | 946 [0.94|5.00 [10¢1 | 093 [5.00 |11.5

mtose“s-PhOBPhates 0091 5.00 "’9.1 "1418|5.00 10.5 |1.02 (5,00 13.2 0.79 5.00 9.2 1003 5.00 [10.8 ]0.92 5.00 1300'

Glucose~-6-Fhogphate 0;96 5000 [(939 || 14031500 [10.9 |1.00 4.':45 1142 | 0841500 | 99 |0.91|5.00 {1141 [0499 |5.00 [12.7

¥ only one result available - normalised on 1.00
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Table

The relat;onshig betwesn peak helght and peak area during temperature
T0 ed gis of some TMS-compounds on %5 OV-1 on Gas Chrom

The data from chromatograms obtained for samples in Table 4.3
and 4.5 vas used to obtain these resulis. The values presented below
a:r:e the Tatio of 'l‘;he, ;_‘)eak ‘a:ceaf of each compound (calculated by triangu-
‘Iation 28 8q. ‘oma 'of chart) to the vertical height of tﬁe peak above the
‘baseline (in cms)s The ratio was studied at three amou#bs of each
compound in the reaction mixture, 0.5, O.é and 0,04 umole. Values were
also obtained for hexadecane and docosane at the amounts, 0+16, 0,08 and
0,016+ umoles - Each result was an arithmetical mean % the standard error
of the mean for 8 values (unless otherwise stated).

, Gas chi'ématographyl was’ cariled out using %% OV-1 on Gas Chrom Q
(100—120 mesh) 5‘ 9;" col'tmm. 'The temperature programme was: Isothermal
100%¢ for 5 minu’aes, then lineaa: temperature programming at 4 C per
‘minute, 100-7250 C.' The chart speed of the recorder was 3 cm per mimute.

© Compowmd - ‘0s5 amole 0.2 umole 0+04 amole
Succinate . . [0s76 % 0.014 . [|0.74 * 0.018 0.75 % 0.014 (9)
Fumarate 0.745 * 0,017 - |0.7T6 % 0.018 0.78 * 0.011 (9)
Malate , 0.72 * 0,007 0.72 * 0,006 0.80 * 0.014 (9)
M-Glgcerophosphate 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)
Fructose-6~Phosphate [0.78 % 0,009  [0.76 % 0.013  |0.78 * 0.008 (9)
Glucose-G-Phosphate 0.72 % 0.004 0.71 % 0,007 0.76 % 0.006 (9)
Hexadecane 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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JHE DEVELOPMENT OF PROCEDURES FOR THE SILYLATION OF COMPOUINDS IN TISSUE

The previous two chapters have 'considered the problem of
preparing volatile derivatives suitable for gas chromatography, and
then separating these ,derivati%rea and estimating them. However, there
is a big difference between forming derivatives in a2 mixture of known
pure compdundé and fo::;ming' dérivatives of. compounds In tigsue, or in
extracts derived from :l:i'z:ssu:e. ' | |

In this chapter silylation on freeze dried tissus, on tissue
extracts, and on tissue extracts further purified by ion-exchange

chromatography has been studied.

As Direct silylation of tissue

The levels of the intermediates in the tissues isolated were
very l_ow vhen compared with those of the p’olysaccharides, free s-'ugars,
inorganic phosphate and proteins, all of which wou:'l.d be also‘ silylatfad.
Some samples of liver frjozen in liquid ﬁtrogen (WVollenberger et al,.
1960) were freeze dried,' crushed into a powder and further dried in a
vacwum desiccator over pizosphorus pentoxidé. Attémpi;e were' made toi
silylate the samples in 100 sl BSTFA:pyridinesTHCS (2:1:1 by. vol)e
10 mg of wét tissue (yielding sbout 2 mg of dry tissue) was the largest
quantity which could bé silylated satisfectorily and not give a fine
suspension which would ciog the sy'.r:inge needle used for injection onto
the GIC column. Figure 5.1 shows the chromatogram obtained when 5 ml
of the 10 ng samplé waé j.nﬁeoted at attenuation setting x 500 The

two major peaks are WIS~X and TMS-BD-glucoses Peaks can be tentatively

(con.t'd. on P.l39)
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Figure 5e1 Direct silylation of 10 mg of liver after freeze drying

10 mg of liver vhich had been f;:eeze clamped in liquid
nitrogen (Wollemberger et al, 1960) was freeze dried. It was .
powdered and further 'd:r:ied over phosphorous pentoxide under vacuume
It was then treatef]. with 100 ul of silylation reagent (BSTFA:
pyridine:'l’MCS,' 23111 bfy’ voi).

5 ul of this was iz;,;jgoted onto a 5' x 4", % (0V-1 on Gas
Chrom @ (100~-120 mesh) colum using the temperature programme:
100%¢ for 5 minutes, 'then _'.Linea,r temperature programing at 4°C per
mimte, 100-250°C.

Tentative peak identifications based on retention times are

as follows:

1. phosphate 2. malate 3« hexadecane 4. K~glycerophosphate
5. citrate 6. o(—D-gluéose T« A -D-giuoose 8. docosane
9. glucose-6-phosphate ' - ‘
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identified for malate, =glycerophosphate, citrate and glucose-6-
phosphates However, this is not a very satisfactory method, the limit
of 10 mg makes it hardly suiteble for mass analysis, and not at all
suitable for radioa.ctivi‘by a.nalyses gince there would be insufficient

i‘or measurements.

B, Silylation of tissue extracts

It simply' an extract of tissue were to be silylated the
extractant would have to be readily removed. Perchloric acid
(7420 w/v) whilst 'being an effective pro'tein precipitent was difficult
to remove. All the last traces had to be removed before silylation,
precipitation as its potassium salt at 0°C was not sufficiente In
addition it left large amounts of polysaccharide in solution, a greater

problem with regards to silylation than having protein present.

The best extractants were the volatile ones, and of these
aqueous ethanol was chosen as it extracted at neutral pHe The optimum
concentration of ethanol to give the highest extraction and at the same
time groatest precipitation of protein and polysaccharide was 60%.

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 [U-MG]-ZE‘DP, are
shown in Figure 5.2. 606 aqueous ethanol gave a much clearer super-
natant after centrifugation than 40% or 50% aqueous ethanol. This

was more apparent when the solvent was removed, the least residue being
with 60% aqueous ethanol. Extraction figures as the percentage recoveries
of the 'g~labelled compounds were determined for G1P, G6P, TGP and TDP
vaing 5006, 6006 and 809 aqueous ethanol and also T.2% perchloric acid as

a reference (see Table 5.1).
(contd. on p.143)



100
I 90

*/s recovery
80

40

20

10

0 10 20 30 40 50 60 70 80 90 100

°/e ethanol in added medium
B



- 141 -

Fipure 5.2 TIhe recoveries of [U-MC_]_ ~labelled FDP from plasmodia

by extraction with aqueous ethanols

[U‘-MC]-labelled FDP (1 ye, 1 ymole) was added to each of
seven 2.5 g portions of frozen powdered plasmodia, and mixede.
Extraction was carried out with agueous ethanol in concentrations of

401000 (v/v) on separate samples as for Table 5.1.
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Table 5201
The recovery of added 1A’C—la'belil.ed gugar phosphates from rat heart

and P.polycephalum plasmodia by extraction with aquecus ethanol

The 4g-1abelled sugar phosphates (1 pmole, 1 nCi) were
added to 2-3 gz portions of powdered frozen plasmodia or rat heart, and
the liowd.er mixed. The powdexr was extracted twice with 4 volumes of
the golvents as described in Methods. Aliquots of the extracts were
taken for determination of radioactivity.

/ - dpm_recovered
% Tecovery dpm added x 100%

% recovery in each solvent

5006 60% 6025 8084 T 2%

Sugar ethanol | ethanol | ethanol ethanol PCA
Phosphate

plasmodia| heart |plasmodia | plasmodia | plasmediz

[o-"c]-cte | 98, 99 | 97, 100| 100, 95 | 93, 91 o4

[-"c)-cep | 89, 91 |88, 92|65, 89, 88| 82, 80 89

[U-14C]-F6P Ielle Nellle 93, 94 Nelle Nelle

[U~14c]~m1> 78, 82 | 87, 81| 83, 80 37, 34 80

N.nie = not measured

PCA = operchloric acid
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Frozen pulverised liver (1 g)-was extracted at -5%°C with
2 x 10 ml 600 aqueous ethenol and extracts corresponding to 10 mg and
100 mg of iiver evaporated to drynesss These were gilylated with 100

U N VP AU

Pl of BSTFAspyridinesTMCS (2:1:1 by vol)e The extract of 100 mg of
liver was abdut the limits of material that could be used without
blocking the syringe. However, with rat heart “hissﬁe larger amounts
could be used because of the lower proporition of polysaccharides.
Figure 5.3 shovs the chromatogram obtained by injeoting 5 nl of the
extract of 10 mg liver. Again TMS- X= and TMS- A-D-glucose were the
major peakm; extra pesks could be seen and the bageline movement was
less pronownced., For the sample corresponding to an extract of 100 mg
of liver the chromatogram in Figure 5.4 was obtained. This chromatogram i
of 10 times the smownt of liver was at 10 times less sensitivity than

those in Figures 5.1 and 5.3. The individual compounds can be seen

more clearly, the baseline being much more sitable. It is conceivable

that mass measurements could be made with this amount of livex.

However, for measurements of radioactivity in the individual
compounds at least a gramme of tlssue would be needed so that accurate
meagurements could be made. This would mean that 1000 ml of the
silylation reagent would be needed vhich is wasteful and expensive.
Also large volumes would have to be injected onto the colum to get
sufficient radioactivity in each compound. Thus a greater amount of

purification of the tissue extract was needed.

Ce Purification of the aqueous ethanol extract necessary for silylation

As the radioactive studies involving incubation of tissue
were to be made with 1'J'ct-la‘nelled. glucose, and as liver as extracted

(contd . on p.148)
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Ficure He Silylation of 10 me of liver after ethanol extraction

10 mg of liver which had been freeze clamped in liquid
nitrogen (Wollenberger et al, 1960) was extracted with 2 x 1 ml
60% aqueous ethanol., The extract was evaporated to dryness umder
vacuun and over phosphorogs pen'l:oxidg‘ It was treated with 100 nl
silylation reagent (BSTFAspyridine;TMCS, 2:1:1 by vol).

5 jal of this was injected onto a 5' x 4", %% 0V-1 on Gas
Chrom Q (100—126 mesh) column, using the temperature programme:
100% fox 5 minutes, then linear ﬁempe;rature prog::amzﬁng at 4°C per
minute, 100-250°C,

Tentative peak identifications basgsed on retention times

are as follows:

1« 7phosphate 2. malate 3. hexadecane
4. ¢=glycerophosphate 5« citrate 6. &=D=glucose
T« B-D=glucose B8« docosane 9. glucose~6-phosphate
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Figure 5.4 Silylation of 100 ms of liver afier ethanol extraction
100 mg of liver was treated as described in Figure He3.

5 gl of the silylation reaction mixture was analysed at ten times less

sensitivity of deteotion (%o counteract the ten times increased mass).

Tentative peak identifications baged on retention times are

ag followss

1. phosphate 2. malate 3« hexadecane 4. x~glycerophosphate
5« oitrate 6. - X=D=glucosge T A-=D-glucose 8. docosane

9, fructose-6-phosphate 10. glucome~6~phosphate
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contained very large amoumts of glucose (see Fisgures 5.1, 5.3 and 5.5)

compared with the intermediates to be studied, an important step in a
purification procefdure wounld be the removal of free glucoses.

Similerly for the incubations of plasmodia since they could not be
centrifuged down quickly enough ,2liquots of medium comtaining the
suspended plasmodia were sampled and frozen. The frozen lumps wers
treated ag if they were all tissue and this furthe;: increased the ratio
of glucose to the intermediates. In addition, large amounts of
Inorgenic phosphate were present and this would be an interference when

pllylation was cexried out,

1) Removal of inorganic phosphate from tissue extracts

Since phosphate was a major contaminant all watexr used in
the purificat:.on of the extrac;b was deiomsed prior to uses TPhosphate
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 mosi no'bj_.ceable with
liver extracts.

Precipitation of phosphate as barium phosphate in 505
aqueous ethanol was not sa.‘bisfactoz'&' since some co-precipitation of
the sugar phosphates, particularly Fﬁ)P, occurreds However, precipitation
as magnesium ammonium phosphate was successful since no losses could
be detected for the sugar phosphates, G6P, G1P, F6P and FDP (1 umole
present). Since the tissue extracts would be unlikely to contain
greator amounts' than 1 ymole no 1cssse§ should be expecteds In fact
no losses of radioactivity were detected when inorganic phosphate was
precipitate from extracts of plesmodia Incubated with ‘C-glucose
(incubated wmtil the external concentration of glucose fell to zero,
i.0s 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 precipitated. This caused
a sudden fall off in the recovery. This is shovm clearly for ¥éP

2) Removal of polysaccharides and frea sugars from the tissue extract
by ion-exchange chromatography ' '

The contaminants remaining in the extract at this stage
included neutral sugars, polysaccharides and amino acids. In all
metabolic experiments the most important contaminant was glucose.
Since 1t was in vast 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 zbsorption onto an
anion exchange' resin was investigated. VWith the resin in the borate
form elution with 2M formic acid, whilst @'.v.’_n.ng a separétion between
glucose and the sugar phoéphates, resulted in bad tailing of the
glucose (see ﬁ‘iage 5.6A)e Vith the resin in the formate form and
if 0.2 formic acid was used instead of 2M formic acid as the initial
eluting agent, glucose was ei‘fectively removed with only slight elution
of G1P (see Figure 5.6B)s It was noticed that eluting with small
increments at a time rather than loading the reservoir with all the
eluting agent, reduced tailling of the peaks,

Vhen the resin was in the borate form, water did not elute
glucose at alle However, with the resin in the formate form glucose
was eluted with water immediately, and tﬁe sugar phosphates completely !
retained. The sugar phosphates were not eluted by 0.2 formic acid,
but were readily eluted by 2.0 formic acid or 0.5M sodium formate.

(contd. on p.154 )
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i . The effect of excess ammonia during the removal of

phosphate on_the solubility of F6P

[ 1A’(!]-F6P (1 xmole, 2 jCi) was dissolved in 5 ml vater
with 1 umole each of succinate, fumarate, malate, o~glycerophosphate,
citrate, glucose and G6P. Three such solutions were made up and 1 ml
magnesium acetate (containing 30 mg) added to eache To the first
0¢2 ml distilled water was added, to the second 0.2 ml 15 mM po*ba.ssim
phosphé:be buffer, and to the third 0.2 ml 200 mM potassium phosphate
buffer. Each was carefully titrated to pH 10 with ammonium hydroxide
and the volumes adjusted so that they were equale The precipitate of
mognesium ammonium phosphate was centrifuged (2000 g for 10 minutes)
and an aliquot of ‘!';he supernatant removed for radiocactivity determinstion.
One drop of O.BBd ammonium h;yd:no:d.de' was added, the samples shaken and
centrifugeds Another aliquot of the supernatant was removeds Seven
further drops of 0,880 ammonium hydroxide were added drogwiae, the soluble
radioactivity being determined at eacﬁ staga.

Identification:

® T6P + 0.2 ml distilled water
A TF6P + 0.2 ml 15 nM potassium phosphate buffer
F6P + 0,2 ml 200 mM potagsium phosphate buffer
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Figure 5.6 Separations of [U-Mcl-g;ucose and. [U—14C]-gga£
phosphates in AG 4 -re'sin coluﬁms ‘

AG 1 resin (chloride form, 100~200 mesh) was pecked into

12 x 0.5 cm columas.

In Figure A triethylammonium borate (0s5M pE 8.4) was passed
through the. resin colum to convert it to the borate forme It vms
washed with distilled water to remove the borate. In separate runs
[U-Mcl-glucose and [U-14C]-g1ucosef-6-phosphate were caréful]:y loaded
oﬁto the top of the colﬁmn. oM formic acid wae' added to the reservoir
e.;aﬂ. 1 ml fractions eluted from the columm were collected, and the
radiocactivity in them dotermined. '

A EU—MC]-glucose
e . E(]‘-14C]-glucose;6-phosphate

In Figure B sodivm formate (211) and formic acid were passed
successively through the resin colum to convert it to the formate
form. -Distmed water was passed through the columm until the eluate
was neutrals In separate rung [U—14C]—g1ucose, ~[U-14c]-g1ucose-1-
phosphate and E(I—14C]-gluéose-6-phospﬁate were carefully loaded onto
the top of the colum. 0.2M formic acid (10 ml) was added to the
réservoir. Once the level of fluid reached the top of the xresin a
further 10 ml was added. Six further emounts of 10 ml were added to
the reservoir. Eluate fractions were the corresponding 10 ml added.
Then 4 x 10 ml 2 formic acid was passed through the c;olm. Aliquots
of each i‘:ca,cti'on were used for the determination of radioactivity.

/-3 @140]-3'1110059

@ B‘I—14C]-glucose~1-phosphate

B [U-MC]-glunoae-G-phospha,te
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Considerable amounts of ‘radiocactivity were present in oM
formio acid and 045M sodium formate eluateés from resin colums in the
fo::maté form from vhich glucose had been previocusly eluted by water.
To,check ‘whethe:r: this was due to impﬁrities in +the glucose, or glucose
interacti_ng with active gites in the resin, two identical AG 1 colums
in the' formate form wére prepared. ' [U~14C]-glucose was passed through
the first column and the first 10 ml aqueous eluzte collected, divided
into two, and-5 ml transferred to the second colum. Both colums
were then eluted with water, 0.2M formic acid and 0.5 sodium formate
as in Table 5,2. Since an impurity was found to be present which
would conbaminate the sodium formate elution fraction containing the
sugar phosphates, all 14G~g1ucose used in experiments from this point

vas purified by passage through a small AG 1 formate resin column.

3) The recovery of M0 1abelled intermediates from the AG 1 resin

colum (formate form)

0.511 sbdium formate was generally preferred as the slubing
agent despite the ready removal of formic acld wnder reduced pressure.
This was because FDP was not eluted at all by any concentration of
formic acid. 0.5l sodium formate was the lowest concentration needed
to elute it in a Teasonable volume (40 ml). As shown in Table 5.3
the ;:ther sugar phosphates and citrate, fumarate, malate and succinate
were eluted 'vﬁ'bh this reagent. The recoveries, except for FDP,
wvexre near to 100% since the 14c-labelled materials were not purified

before use.

(COmbd.on p.lS‘l)
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Table He2

The_contamination of commercial [U—MC] =glucose

* Tyo AG 1 resin colums (12 x 0.5 em) in the formate form were

used,

[U-@C]-glucose (8 ymole, 8 nCy) in solution was passed through

columm A, washing with 10 ml distilleci watere The first 10 ml

collected was divided into two, and one portion applied to column B.

Both colums were further washed as indicated in the table.

amounts of the eluting agent were added at a time to the colum

rogervoir.

next 10 mi

. Colum A Colum B
Elution medium (g‘lﬁiﬁj}
dpm/m1 dpm/ml

4 x 10 ml water 223,116 239,237
next 10 ml 21 (f
4 x 10 ml 0.2} formic acid 34313 14
next 10 ml - 3
4 x 10 ml 0.5 sodium formate 1,176 6

10 mi
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Table 5.3

Percentage recoveries of various intermediates from

AG 1 formate form resin

Each of the ‘o-labelled compounds (1 ymola, 1 }wi) were
added to 2 g of frozen powdered plasmodia and the powder extracted
twice with 6095 aqueous ethanol (4 volumes).: Each extract was applied
to an AG 1 colum (12 x 0.5 cm) in the formate form. The colum was
washed with 10 x 10 ml distilled water and then the compounds eluted
with 4 x 10 ml 0.5M godium formate.

Compound % Tecovery
G6P » 98.7"
G1P | 99.5*
FDP 9343

_ T6p 96.8"

Citrate 9640

Tumarate 97,2*

Malate » 97T

Succinate 100.0"

+ mean of three values

*  mean of two values
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4) The concentration and purification of the godium formate eluste

The sodium ions were removed by passing the eluate (40 ml)
through an AG 50 (E' form) colum (30 % 2.5 cm)s The colum was
vaghed with a further 40 ml deionised distilled waters This eluted
greater than 90% of all the compounds studied, the remaining 109
only being eluted by vastly increasing the élu'bion volume. The
resulting formic acid solution was evaporated to dryness under vacuum
a:t 30°C. Becausge of the risk 6i‘ loss of volatile acids the flask was

removed from the rotary evaporator as soon as dryness had been achieveds

In the experiments where 2.0M formic acid was used as an
eluant, an oraznge pigment was eluted from myxomycete plasmodial
extracts vhich was removed before evaporation of the eluaté to dryness.
This pigment was particularly difficult to remove because of its ionic
pha:racter‘ In acid conditions, ‘however, 1t could be extracted into
diethyl ether, ethyl acetate, sec-butanol or terit-amyl alcohols
Diethyl ether and ethyl acetate were used with these formic acid
elustess A check with citrate, fumarate, malate and succinate showed
that they were extracted to differing extents by diethyl ether or ethyl
acotate (see Table 5.4), citrate and malate hardly at all, fumarate and
succinate considexrably.

,f[‘he 2M formic acid eluates were also passed through a small
AG 50 (H+ form) colum prior to evaporation to dryness. The dried
residues were taken up in 33% aqueous ethanol. At one stage 80%
ethanol wa.s used, this preventing some white solid going into solution,
but it was found that losses occurred with FDP. Vater was not used
because the small amount of fluid present formed droplets which weie
not quantitatively removable from the flagk. Triethylamine was added
fo the extract to prevent the loss of volatile acids such as lactic acid

during eveporation to dryness in the specimem tube.
(COn.td. on p. 159)

\. .-
AR
“"V,

;



- 158 -

Table H.4

The removal of gome Kwrebg cycle intermediates from 211
formic acld by diethyl ether and ethyl acebatbe

10 1abe11ed compounds (2 ymole, 1 jc) were added to 40 ml
oM formic acid in a separating fumnel (100 ml). Diethyl ether ox
othyl acetate (40 ml) was added and the funnel shaken. Aliquots of
the upper and low phases were taken (to give the partition ratio)s
The solvent phase was removed and the aqueous phase extracted twice
mores The final aqueous phase, and the three solvent phases after
combining and concentrating were sampled (to give ratio between

aqueous phase and combined solvent washings).

Ratio between aqueous
Partition ratio phase and all solvent
Compound. vashings
Diethyl Ethyl Diethyl Ethyl
Ethex Acetate Ether Acetate
Citrate 61 31 20 10
TFumarate 2.0 3e3 0044 0.82
Malate 86 14 29 443
Succinate — 0.97 -— 0.14
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The recoveries of intermediatea from tissue as far as this
- asbage, le0s extraction with 60% aqueous ethanol, the precipitation of
phosphate, the purification using ion-exchange AG 1 and AG 50 resins
and the evaporation to dryqess in small specimen tubes prior to
silylation, are summarised in Table S5.5.
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Table :zo:é
The percentace recovery of some 140 labelled tissue inbtermediates
from rat heart and P.polycephalum plasmodia after solvent extrac—

tion from the tigsue and purification of this extract for gas
’ chromatography

ﬁach intermediate (1 yjc, 1 ymole) was added to frozen powdered
plasmodia or heart (about 2.5 g) and extracted twice with 10 ml cold
6036 aqueous ethanol. The combined extracts were neutralised with 0.880
ammonium hydroxide and evaporated to dryness. The inorganic phosphate
present was precipitated as magnesium ammonium phosphate. The éxtract
was absorbed onto an AG 1 formate columm which was washed with 9 = 10 ml
distilled water. The intermediates were eluted with 4 x 10 ml sodium
formate (0.5M). The combined eluate was passed through an AG 50 (B
form) column, washing the colum with a further 40 ml water. The eluate
and. washings were combined and evaporated to dryness. The dry solid vag
eluted with 3 x 1 ml 335 aqueous ethanol and transferred to a specimen
tube (75 x 12 mm). The liquid was removed wnder vacuum over phosphorus
pentoxide. The ratio of the radiocactivity present in the dry 'sampJ‘.e to
that added originally was the ﬁcoﬁm. ‘Tach sample when trimethylsily-
lated and subjected to GIC ana.ly-sisgave rise to a single peak except for
FDP and G1Ps G1P gave two peaks which corresponded to ot~ and /a-glucose.
IDP vas not chromatographed successfully.

Compound Plasmodia Rat Heaxt
G1P 82, 81 85
G6P 82, 80 85
T6P 84, 81 -_—
FDP 66, T9+5, 66 (F]

oltrate 95, 95 —

fumarate 88, 99 —-—
maelate 88, 97 —
sucelinate 94, 94 -—
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CHAPTER 6

APPLICATION OF GIC METHODS TO THE DETERMINATION OF

COMPOUNDS FROM TISSUE

In Chapter 4 the determination of the intermediates in
standard solutions by GIC was déveloped, and in Chapter 5 methods for
extracting and purifying these intermeéiateé from tissue were exmmined.
These examinations were carried out using 14C-Iabelled compounds and
covered extraction of tissue, and purification as far as the dried
golids awaiting silylation.

In this chapter the recovery of 140-1a‘beller1 compounds through
the entire method, including silylation and elution from the GIC colum
into the scintillation cell, has been studieds 1In addition the mass
recoveries of intermediates added to tissue extracts have been determined.
Interference by conteminating compounds has also been examineds Finally
the method used for measurement of mass and radioactivity of intermediates

in tissue is laid out in detail.

1) The recovery of 140 _1ebelled intermediates from tissue

The recov;e;ies of 140-1abelled intermediates as far as the
dried solids readyﬁfor gilylation were in the range 80-9504 except for
0P (60~-8079) (see Table 5.5)s Recoveries of so-called 'pure! g
labelled citric acid, F6P and G6P from the Gic column vere previously
found to be about 90% when using the seintiliation cell (see Table 3.10).
If no interference occurred in the samples extracted from tissue then
final recoveries of T0-90%% would be anticipateds Thig in fact was

vhat was found when 1 umole (1 juCi) of each intermediate was added to
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245 g of powdered tissue, and then taken through the entire procedure
(see Table 6e1)e Only radiocactivity 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 GILC columm, was. compared with that originally added

to the powdered tissus.

The accuracy of the specific radioactivity estimation xrelied
on all the radioactivity associated with a given mass being eluted
from the GIC columm. The recoveries from the GIC columm in Tgblag
3.11 and 3.12 were about 904.. There is every likelihood however
that for the amount of sample being injected (50 nmoles) that the
recoveries wexre closeﬁ to 100%. The radio purity of the 140-1a‘be11ed
compounds was in doubte It was noticed that for [U-14C] ~F6P and
[U—-14CJ-G6P that 4-5% of the radioactivity present was.hot retained by the
AG 1 resin column (formate form) despite these compounds being
| chromatographically 'pure'! by paper chromatographic methods. Algo
recoveries of samples purified from tissue extracts just through the
final radioactive GIC stage, i.c. éomparison of the amownt of radic-
activity injected onto the colurm and the radioactivity eluted off it,
were in the range 95-100%. This was also true of samples arising from
incubations of tissue with 14C~1a'belled glucose. Similar anomalies
have been reported for some iC~labelled amino acids (Chou et al, 1970)
vhere bidimensional paper chromatography both by the isotope manufacturer
and the authors indicated a purity greater than 98), vhereas ion~exchange
elution analysis showed the presence of impurities ranging from 1% +to 2095

depending on the source of the isotope.

(Ccm.tc{, on p. 164)
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Teble 6.1,

The percentase recoveries of 140 1abel1ed compounds, which were added
to tissue, after extraction from the tissue, partial purification by
jon-exchange analysis, formation of trimethylsilyl derivatives, and

geparation by sas-liquid chromatography

Each compound (1 pmole, 1 pCi) was added to frozen powdered
tissue (2.5 g) and extrac'bed with 2 :x 10 ml 60%% aqueous ethanol. The
phosphate present was removed as a precipitate of magnesium ammonium
vhosphate. | The extract was loaded onto an AG 1 (formate form) :r:es:!.n-
colum (12 x 0.5 cms) and the cc;lumn washed with 9 x 10 ml waters The
intermediates were eluted with 4 x 10.ml sodium formate (0.5M) and the
eluate passed through an AG 50 (H+ férm) _r;sin colum (30 x 2.5 cms),
waching the colum with a further 40 nl ﬁa:b&. : The combined eluate
was evaporated to dryness and transferred to a specimen tube (75 x 12 mm)
by 3 x 1 ml 3%% 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 vith
BSTFA:pyridinesTMCS (2:1:1 by vol) at 4°C. Al:;Lquots (5 31) were
injected onto a 5' x %" (D glass colum containing %5 SE-52 on Chromosorb V
(AV-DICS, 80~100 mesh)e A gtainless steel splitter (1:1) was fitted
onto the end of the colurme. One half of the colum effluent was passed
into the scintillation cell where the radioactivity was continuously
monitoreds The radioactivity associated with the peak due to the compound
under test was corrected for splitting and cowmting efficiency \(F = 3.64)

and compared with that initially added to the tissue.

Compound Plasmodia Rat Heaxrt
GEP . - 155 T1 79
T6P , 74 7
G1P 80, 84 84
citric acid 86 —
fumaxric acid 84 —
malic acid 84 o
sucecinlice acid 85 —
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2) The recovery of intermediates added to tissue

as Sampleg taken the ification procedures

Vhen making measurements of specific radioactivity it is
important that both the mass and radicactivity of the compound being
studied be eluted to the same extent. Since the reooveries of
radiosetivity from tissue found in Table 6.1 were for radiocactivity
associated with mass peak, and 'bha‘bon]qrone radicactive compoumd wé.s
studied at a time, it would be expeoted that for theme saﬁples nass
and radiocactivity were eluted to the same extents It is also unlikely
that if any losses occuxr during the work-up and analysié that the non-
radioactive material should behave any differently from the radiocactive
material.

However, since the amount of each intermediate added in the
radioactivity recovery studies (1 ymole) 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 resul'bé of thege measurements are shown in Table 6.2.
Recoveries of the 500 nmoles were T0% or greater for all intermediates
except F6P in the presence of the most tissue (500 mg liver or 175 mg

“heart)s Vith less tissue (liver 50 mg and heart 17.5 mg) many recoveries

were lower than 709, the heart data being lower than the liver data
in most cages. It would seem from this data the amownt of tissus has
a marked effect on the recovery by blécking tactive sitest! possibly on
glassware, ion-exchange resins, etce Indeed the recovery of inter—
mediates (500 mnmoles) in the sbsence of any added tissue was less than
30% measured on two separate occasions. By extrapolating up to the
conditions used for measurement of radioactivity recovery, i.ee 2.5 g
tissue and 1 ymole of each intermediate, recovery of mass and radio-
activity are essentially the same.
(contd. on p.166 )
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Iable 6s2

The percen recoveries of the masg of intermediates added in
different amommds (500 nmoles and 200 nmoles) to differ amovnta
of tissue extracts '

A golution containing 500 nmole per ml of succinate, fumarate,
malate, K=-glycerophosphate, citrate, fructose-6-phosphate and glucose-
6-phomphate was added (1 ml and 0.4 ml) to liver extracts (500 and 50 mg
wet weight) and hea:c'b extracts (175 and 17.5 mg wet weight)e Each
gample was purified as for the legend to Table 6s1. The resuliing
extract was treated with triethylamine (3 drops) and xe-svaporated to
dryness. Silylation reagent (0.1 ml) containing BSTFAspyridine:;TiCS
(2:1:1, by vol) was addeds The pyridine contained the infemé.l
standards n-hexadecane and n-docosanee A standard curve of area -
respongse against concentration was determined using the same stock
soiution of the intermediates and the same silylation reagent. Gas
chromatographic ana.lysis was carrled out by injeoting 5 pl aliquots
onto a %% OV-1 on Gag Chrom (100-120 mesh) 5' x 4" colum using the
" _temperature programme: 400°C isothermal for 5 mimites, then linear
* temperature programuing at 4°C per mimute, 100-250°C. The amownt of
each intermediate present in the test solutions was corrected for the
"emount in the tissue extracts without any additions.

500 nmoleg 200 nmoles

Compound Tesue e T 1 oL | 0 vois | 1 vol
SUCCINATE i el 2 % u
PR B EE 4 - I - T -
—_— Gose | 15 | B | T | a

o(~GIYCEROPHOSPHATE I‘i"""’ 129 109 | 109 %2

88 52 98

| Idver 69 40 53 29
CITRATE 2Heart 78 36 21 12
2Liver 36 - 50 30

Heart 50 39 39 -

Id.ver 75 43 64 28
68 64 71 28

FRUCTOSE~6~PHOSPHATE

GLUCOSE-6-PHOSPHATE
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For the radioactive gas chromatographic method to have enough
radiocactivity in each peak, fairly large samples of tissue, certainly
not less _tha.n 1 gy would be needede This would avoid the problems
created 'by the drop in recovery with small amounts of tissues Indeed
‘to measure the mass in small amounts of tissue an alternative mefhod

desoribed in Chapter 5 could be used.

be Samples not purified before silylation
As suggested in the previous chapter, it might well have been

possible to measure the level of carbohydrate intemediates 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 could then be silylated.
This was the procedure used to give the‘ohroma.tograms in Figures 5.3

and 204.

Since the impurities normally removed were still present in
the aqueous ethanolic tissue extract it was necessary to see vhether
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 3 =5, 20 and 50 mg wet welght of liver tissue) were taken,
end 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 demomstrated when the slope of the
response curve of a compound wes 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
quentitative determination could be carried out by dividing the sample
into two and adding a knowm amount of a standard to ome half. This
would be internal standardisation very similax to that used in

enzymatic assays. .

3) Investizations carried out to determine %o what extent contamination

occurred of tissue exiracts by the reagents used in the purification
procedures

Because of the nature and the amownt of reagents used in the
purlfication of tissue extracts it was of importance to test vhether.
impurities in the reagents contributed to the peaks obsexrved in GIC
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 glve = peak

largor than most seen from tissus samples.

20 ml of 60% aqueous ethanol was treated as an imaginary
tissue extracte It was worked up with 5 other genuine samples so
that 1t would not be glven speoial treatment, and using an ion-exchange
colum which had been previously uged for the purification of at least
two tissue extraots. This sample afiter silylation was chromatographed
at the highest sensitivity used in the anslysis of tissue (attenuation
setting x 100)s As can be seen in Figure 6.3, the peaks present were
very minor, TMS—X~ and TMSeADeglucose being present. This contamina=-
tion represents a carry over of less than 0,05%. Howover, the object
of the purification was to reduce the very large amount of glucose
present in tissue extracts to as low amounts as possibles The glucose

was not being agsayed itself. There was no evidence of any othexr gross

interference.
(con.tol. on p. 172 )
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Figure 6.1 The effect.of increasing the amowmt of tissue extract
. on the gtandard curve

An aqueous ethanolic extract of liver was used.' Aliquots
corresponding to 5, 20 and 50 mg wet weight of tissue we:."e teken. A
standard solution of the intermediates was added to each aliquot
(40, 200, 500 nmoles of each)s Each was then evaporated to dryness
and then treated with 100 ml of BSTFA:pyridinesTMCS (2:1:1 by vol).

5 x1 of this reagent was analysed on a 5t x 4" colum of 3% OV~1 on
Gas Chrom Q¢ Temperaturse prog:cammed: analysiss 100%¢ for 5 minutes,
+hen 100-2;0"0 at 4°C pexr mimite, was used. Docosane was added

(80 nmoles) as internal standard and gave a constant response with
cha.n.ging'amomts of tissue extract. Hexadecane also added as an
internal standard decreased with decreasing amounts of tissue.

The relative peak amea 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.
Similaxrly the relative peak height response was calculated.

Identification:
A F6P + 5 mg liver
G6P + 5 mg liver
T6P + 20 mg liver
GEP + 20 mg liver
F6P + 50 mg liver

G6P + 50 mg liver

Be succinate + 5 mg liver
fumarate + 5 mg liver

succinate + 20 mg liver
fumarate + 20 mg liver
sucecinate + 50 mg liver

fumarate + 50 mg liver

obepepPr ODPDeO PP
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Tigure 6.2 The variation in the slope of the peak area response

versus amount of compound added with differing amounts

of tigssuve extract

Thege 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
@® T6p
o) G6P.

A succinate
I\ fumarate
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As mentioned earlier phosphate was a problem but it could be
removed by precipitation Tho use of deionised distilled water kept
contamination during purification down to low values.

4) [The removal of amino acids from tissus extracts

It was noecessary 1o remove amino acids from tissue extracts
since they would not be eilylated at 4°C and would therefore give
erroneous recoveries of radiocactivity if they were radloactive, and
1f they were converted to volatile derivatives by sultable heating
these might interfere with the analysise. Amino acids eluted from the
AG 1 colum with 0.5M sodium formate would be retained by the AG 50
colum vhen the sodium formate eluate was passed throughe This vas
checked by passing the twenty common amino acids (1 ymole each) through
the purification procedure. Only 5% of the original ninhydrin
response remained after elution from the AG 50 colum (probably the
dicarboxylic amino acids; glutamic and aspartic acids).

In addition, the amino acid mixbure was silylated as was
the sample taken through purification procedures. GIC analysis
indicated that the amino acids did not interfere with the analysis
(Fizures 6.4A and 6.4B), the peaks at the end of the analysis elubed
after TS-G6P¢ Tho 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 GIC of intermediates in tissue

A schematic diagram to sumarige the isolation and purifica~
tion stop is shown in Figure 6.5. Very rapid freezing of tissue was
necessary to obtain. the result vhich reflected the metabolic situation

(COnbcl. on p.l?é)



1
: 1
An aqueous blank taken through the entire purification procedure and silylated u

|

|

| |
Amino acid mixture silylated and chromatographed.

i ]

645 |

J ]
70 60
<«~——— minutes

50




-17@-

Figzure 6. An examination of those peaks observed in chromatograms
which did not arise from tigsue

20 mil of 60% agueous eothanol 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 column being washed with 9 x 10 ml water. The colum
wags oluted with 4 x 10 ml _O.S.M godium formate. This eluate was pagsed
through an AG 50 (E" form) resin colum (30 x 2.5 cm) washing the colum
with a further 40 ml waters The compined eluate and washings were
eveporated to dryness, and the concentrate h:ansferre‘d toa 75 x 12 m
specimen tube with 3 x 1 ml 3%% aqueous ethanol. This was evaporated

to dryness end reacted with 0.1 ml of BSTFAspyridinesTHCS (2:1:1, by vol)e

5 Al of this was injected onto a 3} SE-52 on Chromosorb W (Aw-pMCS, 80—
100 mesh) colum (5! x ") using the femperature programme 100-250°C at
2% per pinuta. The sensitivity of the enalysis was the highest used in

any experiment (attemuation x 100).

Fi 6e Examination of the Intexrference by pecks derived from amino

acids during the gas ligquid chromatographic separation of trimothyl-
8ilyl derivatives of carbohydrate intermediates from tissus

Figure 6,4A4 A mixture of the 20 common amino acids (1 amole each) was
evaporated to dryness and weacted with 0.1 ml BSTFAspyridinesTiiCS
(22131, by vol) at 4°C. 5 Al were injected onto a 3% SE-52 on
Chromosorb W (AW-DMCS, 80-100 mesh) colum using the temperature
programms 100-250°C at 2°C per minute. '

Figure 6.4B A mixture of the shove amino acids was absorbed onto an
AG 1 (formate form) resin column (12 x 0.5 em) and the colwm
washed with 10 x 10 ml water. It was then eluted with 4 x 10 mi
0.5M sodium formate. This fraction was passed through an AG 50
(5" form) resin colum (30 x 2.5 cm), washing the column with 40 ml
water. The combined eluate and washing was evaporated to dryness.

The concentrate was transferred to a specimen tube and silylated with

0.1 ml BSTTA: pyridinesTMCS (23121, by vol) at 4°0. 5 pl was analyse

b§ gas liquid chromatography as described for Figure 6.4A.

N
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Figure ) Schematic representation of purification and silylation
‘ procedures '

| Freezing of tigsug in liquid nitrozen [
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being studiede TFor in vivo studies the tlssue was freeze clamped

in situ with flat-faced tongs cooled in liquid nitrogen (Wollenberger
et al, 1960). For perfusion studies freewe clamping was also used.
For tissue suspensions, the suspension was not centrifuged, ‘bu'b.pmmed
in toto into & beaker containing liquid nitrogen. The frozen tissus
was percussed in amounts not'ex_ceedihg 5 g in a stainless 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) 6% aqueous
othanol 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 'Ehe tissue was dispersed, the '
solvent initially .partly froze. The homogenate was allowed to stand
at 0°C for ten minutes, its temperaturs not rising above =10°C. It
was then centrifuged (10,000 g for 10 mins) at ~5°C and the supernatent
removed. The pellet was re-extracted vith the same volume of 605

aqueous ethanol and centrifuged.

The two supermatants were combined, and 0,880 ammonium
hydroxide added dropwise to pH 8-9. The extract was concentrated to
1 ml under vacwm (water-pump) using a rotary evaporator at 30°C.
The concentrate was carefully btransferred to a centrifuge tube, and
with the washings of the flask made up to 5 ml. Magnesium acetate
(30 mg in 5 ml) was added followed by a few drops of ammonium hydroxide
to pH 9.  The vwhite floco precipitate of magnesium ammonium phosphate

was removed by centrifugation (2000 g for 10 mimutes) and the supernatant

. carefully decanted.

It was loaded onto an AG 1 (formate form) resin column

"~ (12 x 0.5 cmy 100-~200 mesh)e Vhen it had a2ll been absorbed onto the

~.
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colum, the colum was washed with a further 9 x 10 ml deionised distilled
water stepwise, each 10 ml being run through the colum before the next

10 nl was added to the reservoir.

The intermediates retained on the AG 1 colum were eluted with
4 x 10 ol 0.5M soddum formate, or with 4 x 10 ml 211 formic acid (an
alternative method not used in the applications)e. The sodium formate
eluz;.te vas then passed through an AG 50 (B' form) resin oolum (30 x
2.5 cms, 200-400 mesh)s The colum was washed with 40 ml waters The
eluate and washings were combined and evaporated to dryness under vacuum
(vater pump) using a rotary evaporator at 30,  The flask was removed
from the evaporator as soon as it was seen to be dry. The dry residues
vere oluted with 3 x 1 ml 33% aquecus ethanol. The sluted extracts were
pipetted into a speoimen tube (75 x 12 mm)e The tube was stored under
vacuum over phosphorous pentoxide overnighte The folloving morning
‘triethylamine (50 pl) was added and the tube dried for a further 4

hours.

The silylation mixture (bis(trimethylsilyl)-trifluorcacetamides
pyridinestrimethylchlorosilane, 2:1:1 by vol) (0.1 ml), was added and the

tube sealed, sha.ken‘ and placed in a refrigerator at 4°C\. Samples gave.

repeatable chromatograms for over two weeks when stored at this temperature.

Samples left overnight at 4°01-rere ready for analysis the followlng morning.

5 y1 aliquots were analysed by gas liquid chromatographys The
colum packing used was 3 SE~52 on Chromosorb W (AW-DMCS, 80-100 mesh)
in 5! x 3" C.D. glass colums for the radicactive GIC; 3% OV-1 on Gas
Chrom @ (100~120 mesh) in a 5t x 4" colum was used for mass analyses.
The ecolumn 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 ml/min in the analytical and reference columms. A



- 178 -

temperaﬁ::r:e programmed analysis was used, 100-250°C at 2°C per minute

for the radioactive GIC, and 100% for 5 minutes, then 100-250%¢ at

4°C per minute for the mass analysess Vhen analyses were not being carried
out the temperature of oven was maintained at 250°C. Before use the oven
wvas cooled to 60°C end then heated to 100°C and left to equilibrate for

15 minutes. ' Detection of the eluted compounds was carried out with a
flome ionisation detector (with reference detector for backing off) in

a separate oven maintained at 25000. The hydrogen flow rate in each
dobeotor vas 80 ml/minute and the air flow rate 250 ml/mimite. The
amplified detector output was recorded in parallel on a Kent Mark IIT
recorder (10 mV) and Rikadenki B-341 three chanmel recorder (10 mV).

The Kent recorder was used to retransmit the analogus signal to an
analogue to digitel convertor for encoding and’recording onto punched

tape.

For analyses involving radioactive compounds a stainless steel
splitter (1:1) was fitted to the end of the glass colume. The vapours
diverted to the scintillation cell were condensed into the scintillation
fluid, and the radioactivity present monitored using a Packard model
3022 gpectromoters The output of this instrument was recorded on Channel
2 of the Rikadenki recoxder. Chamnel 3 of this recorder was used to
check the temperature of the heating line (250°C).

Determinations of the mase of peaks present were made by
comparing the areas of each peak in the unknovm mixture and the areas of
each ;geak in a2 standard mixture vhich was worked up in parallel with the
unknown. The increase in radioactivity in the scintillation cell as
sach compound was eluted (corrected for the split ratio and efficiency of \
counting, F = 3.64) was divided by the mass to obtain the specific radio~
activity of each compound. \

N\
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SOME_SIMPIE APPLICATIONS OF THE METHODS DEVELOPED FOR THE
STOUDY OF CARBOHYDRATE INTERMEDIATES TN TISSUE

Three situations have been studieds 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
carbofiydrate intermediates and the metabolism of [ir-mc] =glunogse in rat
heart has been studied. Tinally the metabolism of [‘1-14GJ-glucose end
[&140]-31ucose by P.polycephalum plasmodia, an organism strongly suspected

of having a pentose phosphate shunt pathwvay (see Appendix 1), has been
studied. ‘

1) The effect of stweptozotocin induced diabetes on the in vivo concentram
tiong of carbohydrate intermediates of rat heart

A diabetic state, i.e. blorod gluébse greater than 300 mgd%, ﬁé,s
induced in a 250 g male rat> by the V:L‘n;jec'bio‘n of streptozotocin' (16 mg) in
galine (Rakieten et al, 1963) via the tail vein. After 48 hours this
animal and an untreated control rat from the same group were ether
anaothesized, their chests were opened and their hearts freeze clamped
in gitu with tongs cooled in liquid nitrogen (Vvllemberger et al, 1960).
Obviously blood was not washed out of the hearts before clamping so that
gome contamination did occure The hearts were treated as desoribed in
the Method in Chapter 6. GIC analysis was carried out on 3% SE=52 on
Chromosorb W (AW~DMCS, 80~100 mesh) colum packing (see Figure 7.1 and

Table 7.1 ).



- 180 =

Certain gross effects wore obvious; G6P .and citrate were both
elevated and o¢=glycerophosphate and malate wers reduced in the diabetic
rat hearts Similar trends have been observed in alloxan induced
diabetio rat hoarts (Newsholme & Randle, 1964; Garlend & Randle, 1964),
but these hearts were perfused in vitro so that the absolute figures

may well be different.

2) |'he effect of weduced oxygen tension on the concentration of
carbohydrate intermediates in the isolated perfused rat heaxt

Hearts of 250=300 g rats were excised and perfused according to
the methods of Chain et al (1970)e In each experiment the heart was
perfused in Krebs-Henseleit (1932) bicarbonate buffer (50 ml)
containing glucose (11 mf)s For high potassium buffer the KC1l concentra=-
tion was raised from 5 mM to 15 mM and to maintaln an ionio balance the
NaCl concentration was lowered from 118 mM to 108 mM. The heart was
preperfused for 15 minutes and then perfused for 30 minutes with fresh
buffer containing 125 uCi ' [i-14c]-zlucose (purified by passage through
AG 1 resin (formate form) just before the start of the experiment).

The buffer was reciroulated and contimiously gassed with either 95%

0,/5% GO, or 95% N,/ 5% CO,e  The non-working Langendorff heaxt
preparation was used for each experiment. At the end of the perfusion
period the hearts were washed through with ice-cold saline and then '
rapldly freeze clamped with tongs cooled in liquid nitrogen (Wollenberger
et al, 1960).

The results of the experiments carried out are swumarised in

Table 7.2. Both lactate and ot-glycerophosphate had increased \
speci_fic radioactivities when the hearts were anoxics Curiously no .
radioactivity was associated with TMS-G6P despite it being present in \

(contd. on p-134 )
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Fi o The effect of streptozotocin induced diabetas on the

in vivo levels of carbohydrato intermediates in rat
heart

Both hearts were freeze olamped in situ (Wollemberger et
al, 1960) after opening the chests of the animals under ether anaethesia.
The frozen hearts were extracted and the extract worked up as described
in the Method in Chapter 6. 5 ul aliquots were analysed on 3t SE-52
on Chromosorb W (AW-DMCS, 80-100 mesh) using the programme 110-230°C
at 2% pexr minute.

Peak identifications

1« lactate 2. phosphate 3. malate 4. ol~glycerophosphate
5« citrate 6. fructose-6-phosphate T. glucose-6-phosphate

Chromatogram A
Rat treated with streptozotocin 48 hours previously.

Chromatogram B
Normal rat (250 g).



The levels of G6P, F6P, e<—glvcerophogphate, citrate and
malate in hearts from the normal fed rat and the strepto-
zooin induced disbetic rat as determined by _the GIC method

The hearts were cbtained ag described in the text and then
purified as desoribed in the Method in Chapter 6.
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Table 7.1

Gas chromatographic

analysis was cardled out on 3% SE~52 on Chromosorb W (AW~DMCS, 80-100

mesh) as described in the legend to Figure 7.1.

expressed as mmoles/100 g wet welght of tissue.

'."Lhe results are

They were obtained from

the chromatograms in Figure 7.1.
. Streptozoteoin
Compound Normal Ted Rat Disbetic Rat

GEP 33 63

Tep 7 1"
ox¢-glycerophosphate 27 16
citrate 12 20

malate 22 14
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large amomnts in the aerobic heart (see Figure 7.2). Reduced oxygen
tension lowered the GEP level comsiderably. High XK' concentration
although stopping the heaxrt beating, and reducing the glucose uptake
and lactate production into the medium, did not alter the intracellular
levels ox specific radioactivities of lactate or w~glycerophosphate.

3) The distribution of the 146 1ab01 in glucose metabolites from
[1=146] ~g1ucose and [6-"4c] ~glucose after incubation with the

plasmodia of P.polycephalum

The myxomycete, Physarum polycephalim has only been recently
pure cultured and very little if any is kmown about its caxbohydrate

metabolisme In Appendix 1 some proliminery experiments to determine
the nature of its carbohydrate metabolism were carried out.

Lvidence is presented there indicating that IEI-MC]-glucose
wag oxidised to 14002 more rapidly than k—14C]~@mose by the plasmodia
of P.polycephalum. This wag demonstrated by a positive effect (more
Yg-tabel in 00, from [1~"c]-glucose than [b-"Gbglucose) end a
negative effect, less 1"'C-labe:!. in lipid after incubation with
5-14C}glucose than |_—6-14C]-glucose). Both these observations indicated
that the pentose phosphate shunt was operating during aercbic incubation
of these plasmodia. If this was so then it would be expected thatl
certain intermediates would have different specific radioactivities,
depending on whether the glucose was labelled with 14ca:rbon on the
C-1 or C-6 position. In fact any intermediate after 6~phosphogluconate
in the metabolic sequence should show a lower specific radiocactivity
from 1-140 ~glucose than from [6-140]-@;1110093 because of the 14’00

2
lost going from 6-phosphogluconate to ribulose-5-phosphates

(COnf:d. on p. l8'8)
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Tabla 7«2

Effoct of reduced oxygen tension and high potassium
concentration on certain metabolic paramsters in the

perfused lsolated rat heart

Hearts from 250-300 g rats were perfused accoxding to the

‘methods described in the texts FEach was perfused in buffer containing’

11 oM glucose (0.19 pCifjmole)s Hearts were perfused in the following

manners . _

1+ aerobic preperfusion (15 minutes), asrobic perfusion

. (30 minutes) active heart.

2, aerobic preperfusion (15 minutes), enoxis perfusion
(30 minutes) heart activity declined.

3. anoxic prepexfusion (15 mirmtes), anoxic pexfusion
(30 minutes) heart activity low.

Ae anoxic preperfusion (15 minutes), anoxic perfusion
in high K" (30 minutes) heart activity ceased.

After freeze clamping of each heart (Wollenberger et al,
1960) the matabolic parameters in the table balow were determined.
The extracellular glucose and lactate concentrations vwere determined
enzymatically by Miss Pe Owen: The intracellular lactate and
<=glycerophosphate specific radiocactivities and concentra'_bions ware
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 radiomctivity units nCi/pmole
#  concentration wnits mmole/g

e TRTRACELIOLAR | INTRACELLOLAR
EXTRACELLULAR TAGTATE X =CP RADTOACTIVITY

HEART |Glucose|Lactate|Specific [Concen= |Specific |Concen=| IN AMINO
Uptake [Output |Activity [tration|Activity [tration | ACIDS (nCi)
umoles |wmoles + * + *

1 30 30 | 0.009 2.5 | 0,007 | 0.4 0.17
2 115 125 | 0.015 3.0 | 0,018 1.8 0021
3 115 135 | 04023 | 2.2 | 0,022 | 2.2 0.07
4 20 .| 65 | 04023 2.3 | 0,019 | 2.1 0.07







- 187 -

Fi .2 The effect of reduced oxygen tension and high X'

concentration during incubation with [U-MCJ_-:glucose

on the carbohydrate intermediates in perfused

isolated rat heart

Each heart was perfused with Kreba Hemgeleit (1932) buffer
containing 11 aM glucose (specific radioactivity 0.19 pCi/jmole) for
30 minutes after a prepexrfusion periocd of 15 mimutes with the same buffer
containing no radiocactivity. At the end of ‘the'30'minu‘be period the
hearts were vashed through with 20 ml ice-cold saline, afd then freeze
olamped with tongs cooled in liquid nitrogen (Wollembersex et al, 1960).
The heart was extracted, purified and ailylated as described in the
Method in Chepter 6. GIC analysis was carrled on 3% SE-52 on Chromosorb
W (AW-DMCS, 80~100 mesh)e |

Peak identification for each chromatogram:
1s lactate 2+ phosphate 3. unknown 4. x-glycerophosphate
5« citrate 6. =D=glucose Te A=D=glucose 8+ glucose~-6~phosphate

Chromatogram A
Heart preperfused with 95% 0,/5% C0, end perfused with the
gsame gase

Chromatogram B
Heart preperfused with 95% 0,/5% €O,, perfused with 95%
N,/ CO,e

Chromatogram C
Heart preperfused with 95% ’Nz/ 5% €O, and pe:.;fused with the
Same gasS.

Chromatogram D
Heart preperfused with 95% N,/5% €O, and perfused with the seme
gas, but in high X" ooncentration (15 m1) buffer.
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-An experiment was set up to study the movement of the 140-
label from [1-14¢]-glucose and [6-'4c]-glucose through glycolysis to
the Krebs cycle when metebolised by the plasmodia of P.polycephalum.

Plasmodia from the active phase of growth were incubated in
standard medivm less glucose and peptone. Glucose was added to give
a concentration of 1 mM and the plasmodial suspension was perfused at
24°C with 95% 0,/ O, for 5 mimites. Then [1~14c]-glucose (to give
a gpecific redicactivity of 0.75 pCi/pmole) was addeds Aliquots of
the plasmodial suspension were removed at 1 mimute end 6 mimites, and
were immediately frozen in liquid nitrogen. An identical incubation
was performed in parallel adding {6—140] «glucose (to glve a specific
radioactivity of 1.50 uCi/pmole).

The frosen samples (also containing metabolites from the media)
viere treated as described in the Method in Chapter 6. Radloactive GIC
on the silylated samples was carried out using % SE=-52 on Chromosorb W
(AW-DMCS, 80-100 mesh). '

The radiochromatograms so obtained are shown in Figure 7.3.
Ag could be seen no radloactivity was associated with lactate, malate,
fumarate, succinate or citrate after incubation for 1 minute. However,
after six minutes radioactivity could ocleaxrly be seen with lactate,
malate and citrate after incubation with [6-140]-g1uoose. Radiocactivity
may well also have been associated with fumarate and succinate, but this
vas in doubt because TMS-fumarate and TMS-succinate were eluted on the
trailing side of the large TMS-phosphate peakse In contrast only a
very small amoumt of radicactivity was asgsociated with these compounds
after incubation vith [1~14G]-g1ucose. This was further evidence for
the existence of the pentose phosphate pathway. The specific radioa.ctivities;
for G6P, F6P and malate (ses Table T.3) show this very clearly as well. |



Plasmodia after incubation for 1minute with 1“C-glucose

654 |

.
T T T

Wil

Plasmodia after incubation for 1minute with 6"C-glucose

2

, ] ] T 1
‘ 6]0 5'0 40 30 20 10

<«——minutes




- 190 =

Eigure Te3 The iisti-ibut;on of 14c-labe; in_carbohydrate inter-
' mediates from [1-140132_1,119089 and |6—14G] ~glucose after
:i.ncuba‘t;ion with the plasmodia of P.polycephalum

Plasmodia from the active phase of growth were incubated in
standerd medium la.uld.ng feptone a.nd. glucoses Glucose was added (1 md)
end the medivm was perfused at 24°C with 95% 0,/5% CO,e  Affer 5 mimutes
incubation [1-14c]-glucose (to glve specific radicactivity 0.75 nCi/umole)
and (6-140]-glucose (to glve specific radicactivity 1.50 uCi/imole) wore
added to separate but similar flaske. Aliguots ta.kén for assay were
frozen innpediately in a beaker of liquid nitrogen. The .em'ac'bian,
purification and subsequent radioactive GIC assay were as described in
* the Mathod in Chapler 6.

Peak identifications
1. lactate 2. phosphate 3. malate 4. citrate
5¢ =D=glucose 6. A~D=glucose 7« fructose-~-6-phosphate
8. glucose~6~phogphate |

Chromatogram A
Aliguot of plasmodia removed afier 1 mimute incubation with
[1-14c]-glucose.

Chromatogram B
Aliquot of plasmodia rvemoved after 1 minute incubation with
[6—14CJ-glucose.

Chromatogram C ’
Aliquot of plasmodia removed after 6 minutes incubation with
[1-14G]~g1ucose.

Chromatogran D
Aliguot of plasmodia removed after 6 mimutes incubation with \
[6-14C]-g1ucose.
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Teble 7.3

The specific radiosmotivities* of GEP, T6P end malate

after incubation of P.polycephalim plasmodis with
[1-14C]-g1ucose and [6-14Cl—g;ucose after 1 minute

and 6 minntes

The measurements of specific radiocactivity were obtained
uging the radicactive gas liquid ckromatography technique desoribed
in Chapter 6. Plasmodia of P.polycephalum were incubated in standard
medium lacking peptons, and at a glucgse concentration of 1 mMe
[1-14C]—glucose (to give specific radicactivity 0.75 mCi/pmole) and
[6-140] =glucose (to give specifio reﬁioactivity 1450 nCi/ymole) were
added and aliquots of the plasmodial suspension removed at 1 mimute and
6 minutes and lmmediately frozen in liquid nitrogen.

[1-140]-g1ucose [6-146]-g1ucose
1 min 6 mins 1 min 6 ming
G6P 0.28 - 0440 0.65 1.14
F6p 0.14 - 0.18 0.38 050
Malate 0.00 < 0,01 0.00 0.04

# wnits of specific activity nCi/smole
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CHAPTER 8

DISCUSSION

1)  The preparation of volatile derivatives for gas chromatograrhy

2) The dimethylester—trimethylsilyl ethexr derivatives of

0 tes

The work on these derivatives of the sugar phosphates, G6P,
F6P and G1P, showed olearly that they were not suitable for quantitative
measurements in tissue. The work of Wells eb al (i964) vho introduced
these derivatives has been quoted (Hancock, 1968) as being a means by
vhich sugar phosphates could bé analysed. However, the proble;na of
~ reproducibility proved to be inswmountable (C.Ce Sweeley & W.ls Wells -
personal commmications)e

G6P could be reproducibly analysed from aqueous solution
(Tzble 3.3,:pe 79 ), but this was far removed from tissue. Even for
G6P there was a side reaction; diazomsthane could react with the
umblocked C~1 positicn to zive o and A-methyl glucoside-G-dimethyl
phosphate in the same way that ot-methylglucoside could be prepared from
x~-glucose (Kuhn & Baer, 1956)s The shoulder preceding the major

peaks of the G6P derivative on GIC was due to M=~ or /-methylglucoside=

6~dimethyl phosphate.: The two spots obtained by TIC of methylated
G6P (Tigure 3.1, pe 64) if eluted separately and then silylated give
riée to the two major ‘peeks (mosi‘; probably the (- and g~ forms) and
the shoulder respectively.

. The derivative for F6P was not even formed reproducibly from
an aqueous golution. The problem seemed to lie with the methylation
gtep of the rea¢tion. The silylation step was reproducible (Table 3.2,
DPe 74 )e  Although only one peak could be observed during GIC analysis

L
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it was likely that it was an occlusion of several peakss TIC analysis
of methylated F6P vhich gave meny spots would support thisg.

- Attempts to form the derivative of G1P were not successful.
" The use of methanol vhich reduced th:e number of protons present so
_that the free acid of G1P could be handled without Hydrolysis (see
Figure 3.5, pe79 ) did not lead to a suitable derivative. Breakdown
to gl'gcose occurred although the amount formed varied according t6 the
method of analysise. TLC indicated leas than 20% of the theoretical
amount, whereas GIC gave resulis from 21.9% to 34.0% and enzymatic
analysis with glucose oxldase results from 41.4% to 65.8%. It was
possible that hydrolysis occurred in the pH5 acetate buffer used for

the enzyme enalysis.

Mess speotral analysis was not condmiﬁ‘ as to whother -
trimethyl phosphate was present after methylation of G1P with
diazomethane (Figure 3.9, pe 9/ .and Table 3.6, ps 92)e Even if it
was present, it could be that this was dus to impurity in the G1P, or
to inorganic phosphate liberated from G1P free acid in methanol,
albolt that thome would be small quantities.

b) The trimethylsilyl estor~trimethylsilyl ether derivatives
1) ZFhosphate containing compoumds

These derivatives first described by Hashizume & Sasaki
(1966) were turned to.efter the fallure of the methyl ester~trimethylsilyl
ether derivatives. The method for silylation used by these authors,
refluxing the compound to be silylated in anhydrous conditions with
pyridine;EMDS:THMCS, would not be convenient for routine analysese.



- 194 =

The silyl amide, bis(trimethylsilyl)-acetamide was found to
convert compounds to their T™MS-derivatives at room tempermture, or
lover temperature (see Chapter 3.B, pe 93 )« Since BSA was a good
solvent it could be used on its owan which meant that silylations could
be carried out on a smalier acale.'_ This reagent was also used for the
silylation of GIP and G6P by M.G. Horning et al (1967)s For the
»derivatnive of G1P this was not eluted until 270°C on Q\T—‘W according
to MGy Horning et al (1967)e However, in this study, this derivative
vas eluted rapidly at 200-220°C on OV-17 with a xetention tims elmost
identical with TUS-F6P (see Figure 3410, Do 7). It v}opla seen very
unlikely that the peak reported for G1P by M.G. Horning et al (1967)
was a derivative of GIP since it was eluted so far ef!.f.‘_'be‘r- TMS-G6Py

Treatment of é11= with EMDS and TMOS in pyridine led to
miltiple products of short retention time (see Figure 3.11, D«100).
Eigenberg & Bolden (1969) reported that TMS-phosplato was present,
but could not, iden'bii‘_\} !EMS- X~ or -4 =glucoses They suggested that
on=columm I;yrol;ysis was ocourring, howevez;, the compounds vhich might
be formed in these circumstances, for examxfle, a 1, 6-anhydroglucan
ér a glycoceen, were not present.s The cause of this breakdown was
almost certainly the presence of THCS in the silylating mixture. -
IMS-G1P could e prepared with BSA in alkaline conditions to give a
' single peak (see Figure 3.11b, D./00). Tho subsequent addition of
TCS to this silylation mixture resulted in the almost complete
disappearance of the peak for MS-G1P and the appearance of peaks of
much shorter retention time. Since TMCS generated HC1 when it reacted
wvith active hydrogen atoms it was quite likely that the TMS-G1P

derivative was umstable in acid conditions. Vhether decomposition

\
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occurred on-columm or in the reaction tube was not clear, but the broed
peak seen (Figure 3.11c, p+100) might well be due to on-column decompo-

sition throughout the colume.

Sherman et al (1969) extended the compounds (sugar phosphates)
vhich could be comverted to TMS-derivatives by using the mixed reagent
Bsmpyridinesms (5:3:2 by vol)s With this mixture sodium salts
. cduld be silylated as well as tho ammonium salts end the triethyl=-
ammoniim salts, but not barium salts (Sherman et al, 1971).

T

R=—0 Ha + OL=—§i=—CH;~==b R-—0—5i—CH; + FaClj
| ‘ . I
s %3

This type of mixed reagent was used in this study as E.C. Horning et al
(1967) reported that a mixzed reagent of BSA and TMCS was more efficient
for silyleting steroids, particulerly sterically hindered groups.

O'Eher ratios of the silylation reagents were used, less BSA could be

. used with pure solids, but this reflected the increased contaminatioﬁs-_\

ons was faced with when studying samples which need some degres of
purifioation (see Chapter 5).

Gas chromatographicv enalysis of TMS~sugar phosphates hag
been carried put on DC~710 gilicone fluid, JXH, SE=-30, OV-1, OV=-17 and
OV-25 liguid phases (Sherman et al, 1971)e In this study no pesks
were obtained when using 3 0V-25 on Chz=omosorb W packing or on
polyester phases; peaks were obtained on SE-30, SE=52, OV~1 and 0V-1T7.
The retention data on OV-17 for TMS-F6P relative to MS-K~G6P was
pimilar to that reported elsevhere (0.54 in this study at 210°C,
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0.52 at 178°C for Shermen et al, 1971). Similarly for TS-ribose=5-
phosphate the relative retention time was 0.38 in this study against

0.35 for Sherman et 21 (1971).

Sherman et al (1969) and Zinbo & Sherman (1970)-have
confirmed that the peaks seen ;;‘.‘or TMS-sugar phosphates were simply the
fully trimethylsilylafed sugaxr phosphate. f’or G6P they i‘;nmd the
mass ion to have a n/e of 692 consistent with tetra 1,2,3,4~0-tetra

(trimethylsilyl)-glucose-6-bis(trimethylsilyl)phosphate.

©Q — Si(CE§)3

0 =P =0~ CH

2
]
— (I} 0
E[\c/ : \C/H'
(°H3)3L°’i_"°/ \O-Si(c%)z’ i/ \O'Si(‘ma)s

)

1'1 l) - Si(CH5)3

(cH,) .51

3)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 i1s to
be mades This was not dome in this study because of a lack of the
ngcessary equipment to be able to pass the compound being eluted from
the GIC column into the mass spectrometer successfully.

Complete formation of the MMS~derivative was found to have
‘occurred after several hours at room temperature in BSA (MG. Horning
‘ot al, 1967) and after 30 minutes to 3 hours in the silylating reagents
(Sherman et al, 1969, 1971)s In this study such formation occurred at
4.°G overnighte This was sufficien’a in this study since the major
part of the day was spent preparing samples and analysing from previous
dayse The compla’c'eness of the silylation step was Indicated indirecily
by the recovery of Mc-1abe11ed compounds through the GIC colum (see
Tables 3.9y DelO4and 3.10, ps/05)s The data presented showed recoveries
greater than 90% for glucose, citric zoid, F6P and G6Ps This data
was in contrast to the data of Jansen & Baglen (1968) who reported
recoveries of 30% for TS-glucose. This marked difference was not
likely to be due to their collection procedure, since crude collection
of the eluted chromatographic vapours where 700 of the solvent was lost
during trapping did not lea.ﬁ to significantly large decreases in
reoovery (Table 3.9, pe(D4)e The most likely explanation would seem
to be that they used a fresh colum for each series of analysess. Such
colums are prone to completely adsorbing a sample until tactive sites!
in the colum are saturated. . Such rhenomena have alsgo been reported
by Shexman et al (1971) and as they found the extent to vhich this
occurs can vary considerably between batches of the same columm packing.
. §ince Jansen & Baglan (1968) used a Chromoscrb G suppord which was not
deactivated, there is a strong possibility that adsorption onto the

A
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colum was occurring. Thus they would be correct to report that
decomposition of the derivatives occurred in their colums, but it was

not true of all colum materials and their problem may have been resolved
by chenging to a more *inert! support.

ii) Non-phosphate derivatives
The derivatives of the organic acids, lactate, pyruvate and

thoge of the Krebs cycle, wers readily prepared using hexamethyldisilazane
and trimethylchlorosilane in pyridine (as for Horii et 21, 1965 and
Dalgliesh et al, 1966) and using the mixture BSTFA:TMCS:pyridine.
BSTFAspyridine was used by Horning & Horning (1970) to form derivatives

of Krebs cycle intermediates in serum.

The oximes of the «~leto acids wers prspared for pyruvate,
oxaloacetate and p¢-ketoglutarate, and then were converted to the TS

derivatives as described by Horii ob al (1965).

ee.g¢e CH -—C-—COZE——DCH -—-C——COZH-T"D»CHB-—C—-COaUE'IS

5 s
I | |
0 NOH NOTMS

However, these derivatives were not practlcable since the excess hydroxy-
lamine used to form them would also react with the silylation reagent),
thus increasing the volume required for satisfactory formation of
deriva.;bivea. The methoximes were prepared in a similar mannex.

These have the advantage that the excess methoxylamine does not react
with the silylation reagents. Treatment of keto-groups with mexthoxy-
lamine was introdu}:ed by Fales & Iaukkainen (1965) for steroids.

Horning et al (1968) and Horning & Horning (1970) have described

the use of methoxylawine to stabilise the o ~keto acidse. Without the

I
\ e e - o e e
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formation of the methoxime a keto-enol transformation can occur

(g, ==C== == CH=C=— . =—=CH=C=—

* - |
0o om — 0TS

The enol-ether can very readily glve up the TS group which leads to
losses on the columns GQuinoxalones of pyruvic acid and s~keto

glutaric acid which were then silylated werev used by Hofmann & Killinger
(1969), but these derivatives were -comﬁazatively involatile and also
retained the keto group.

Similar problems of keto-enol tremsformations occur with the
methyl eators of weketo acids (Dalgliesh et al, 1966; Simmonds et al,
1967) and the methyl eaters-%rimeth;ylsu.yl ethers (Dalgliesh et al,
1966)s The mothyl esters have been used widely for the measurement
of Kmebs cyole intermediates in plant tissues (Xelloz et al, 1964;
Rumsey et al, 1964; Canvin, 1965) where the levels are higher, but
where the levels are low comsiderable losses occur affexr derivatisation
making it necessary 'bo’use a radioactive recovery determination on
every compound (Barnett et al, 1968). Since methyl lactate has a
boiling point below that of the solvent chloroform vhich was concentrated
dovn from 20 nl to 100 ul prior to chrometography, it is a wonder that
any was left. This method was briefly investigated with the plasmodia

of Pepolycephalum (see Appendix 1, Figure A.6, ps285)s It was not

taken any further since it was later found that carbobydrate inter—
mediates could be studied in a single run using the trimethylsilyl

derivativesn.
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2) Chromatosraphic separation of TMS-derivatives and production of
quantitative data

Gas chromatographié analyseé of the MIS sugar phosphates
reported in the literature (Hashizﬁ:e & Sagaki, 19663 DBisenberg &
Bolden, 1969; Sherman et al, 1969, 1971) have been mainly carried out
isothermally; M.G. Horning et al (1967) used temperature programmed
analysis for the separation of TMS-G6P and so-called TMS-G1P.
Analyses of the Krebs cycle intermediates as their trimethylsilyl
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 o temperature programme
starting at 100°C and increasing at 2°C or 4°C per mimite up o 250%C
the TS derivatives from lactate to G6P could be separated in a
single rum, taking 65 mimutes (at 2°C per minute) or 42 minutes (at
4°C per mimute)s The analyses at 2°C per mimute were used for the
radiocactive samples on 3% SE=52 or %5 OV=17 on Cﬁ:romosorb W (Av-DMCS,
80-100 mesh)s The analyses at 4°C per minute were on 3% OV-1 on Gas
Chrom @ (100-120 mesh) .y This column packing was superior to all
others particularly because of its low colum bleed at 2ll temperatures.
This resulted in a sitsble baseline during temperature programming.

The colum packing 0.125% 0V-1 on Corning glass beads used by Sherman
etzal (1969) whilst giving good separations when operated in the region
200-220°C isothermally, gave rise %o very broad peaks when used for
temperature programming. The explanation for this lies with the low
surface area of glass 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 ‘\ _
AN
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derivatives would all try to congregate at the top of the column.
This would not be possible due to the small amount of liquid phage in
this region, it would become saturated and the sample would be spread
over a greater volume of the column thus leading to broader peakse

In the most recent work of Sherman et al (1971) 0.1% DC=T10 silicone
oil on glass was used. Temperature programming with this colum
packing would be even less likely to succeeds A% high tempera tures
used for isothermal enalysis of- 'ﬂds-su!ga‘r‘phosphates the solubility of
the TS dérivative in the 1iquid phase would be higher than at 100°C,
50 this combined with the immediate movement along tho colum by the
derivative, would not lead to overloading of the column.

Fumarate and succinate were separated <;n the SE=52 liquid
phase and OV=1, but not on OV=-i7. The lack of separation om OV-17
was also noted by Horning & Horning (1970). ‘Sineo 0V=17 has a higher
proportion of phenyl groups than OV~ and SB-52 it is hard o wnderstand
vhy this should be. The interactlon of the double bond in fumarate
vith the phenyl groups might have been anticipated to increase the
reteﬁ'bion time compared with succinate. The Beparations of the WS
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 (Eigurss
42, Do i18 and 4¢3, Deli2i)e However, SE=52 on Chromosorb W (AW-DMCS)
worked very satifactorily for the radiocactivity analysess The radio-
é,ctivi*(;y in each injection recovered from this colwm was very close

S e A e

to 1000, for a very lomg period despite increased peak tailing
(Figure 4.2a, pe!i8)e This was from a separate batch of 3 SE=52
on Chromosorb W (AV-DMCS) than the one vhich was investigated during
the collection of data (in Chapter 4). Variation of the usefulness
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of colums made from separate batches of a particular colum packing
has been reported by Shermen et al (1971)e

Guantitative analysis of carbohydrate intermsdiate TVS-derivatives

No systematic studies of the quantitative estimation of TS~
derivativeé 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 analysis of sugar
phosphates: They also mentioned that with a new colum several injections
of MMS~derivatives were necessary before they appeared ocut of the colum.
After suffiolent injections the height of the peak obtained reached a
platean, the number of injections varying from colum to colum, The
worst colums did not even show a plateau effects These observations
are identical with those in this study. All the colurm packings with
Chromesorb W (AW=DICS) showed & pronounced adsorption effect, at least
6=12 injections being necessary before the plateau was reached. For
these packinga at the end of the andlysis, i.e. ab 250°C, the next
sample to be analysed was injected. This saturated all the sites to
vhich the compounds in this sample might be sensitive. OF couvse it
also provided information on which sensitivity ranges to set the FeI.D.
detector and the scintillation ratemeter. It was foumd necessary to
saturate the colum at the beginning of each day in this study.

These effects were minimal for the 2% OV=1 on Gas Chrom Q colum, in

fact vhen the first colum vhich was used was rejected for other

quantitative considerations, it was still capable of establishing a

plateau within 2 injections. The new colum of %4 OV=1 on Gas Chrom §

that vas made up was injected with a TS derivative mixture (see Figure

21, De35) without prior injection of any silylation reagent and with N
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no noticesble adsorption of any of the compounds presente After
several days use two successive injections of the same sample without
any prior colum deactivation, indeed only 40 minutes after the apparatus
being started up, gave essentially identical chromatograms (see Figure

2.2, Pe 37 )0

Sherman et al (1971) observed that leaving a colum out in
the atmosphere caused a profound tadsorption' effect due to water
absorption, and that 'wet'! carrier gas could also create problems.
Certainly 'wet'! carrier gas could well hydrolyse: TMS-esters, and for
all of the GIC analysis in this study a molecular sisve filter was
f£itted to the carrier gas stream, and was rogenerated at 250°C vhen

a fresh cylinder of carrier gas was necessarye.

Allison & Stewart (1971) noted that vwhen 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 gimilar effect, as indeed did bubbling the carrier gas through
water. The latter effect was zbolished by placing a molecular sieve
filter between the water and the oolum.

For the work with SE-52 and V=17 on Chromosorb W the columms
vere maintained at 250°C over night with carrier gas still flowing.
However, with %5 0V-1 on Gas Chrom Q this was not necessary, and both
the heating of the columm and the passage of carrier gos overnight
vere stoppeds The colum, however, was effectively sealed undexr
nitrogen. The lack of a need o heat the colum overnight may have been
in part due %o the different method of injection used for this columm.
For the SE=-52 and OV=-17 on Chromosorb W (AW=-DMCS) colum packings,
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injection of sample was made about 1.5 cms down into the packing,
vhereas for the OV-1 the sample was injected 1.5 cms above the plug,
l.e. into the gas space above the colum packing. The top: of the
colum packing was deeper down into the colum than usually used s0
that the injection took place inside the colum ;)ven. This prevented
injections in the cold spot rogion.- The use of the injection heater
although improving the chromatographic separation of m-«- and
A=GEP brought the useful life of the column rapidly to en end by
affecting the compounds with the longest xetention times (phosphate
esters). Increasing the temperature only made matters worse. It
was apparent from this that the top few inches of the colum were
oriticale Direot injection of the sample onto the colum 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 MS~compounds. Injection above the top of the colum packing
allowed the solvent to evaporate before reaching the colum pacldné
thus preventing the denudation., In addition non-volatile compounds
at worst only réached ap far as the glass wool pluge In practice this
vas vhat was observed. The injection zones of the SE=52 o 0V-=17 on
Chromosorb W (AW-DMCS) colum packings became black very rapidly.

As a result the top few inches were replaced every 50 injeoctionse In
contrast no colour changes (remeined white) were seen for the 3% QV=1
on Gag Chrom Q column packing, the glass wool plug only becoming brown.

Formal investigation of the quantitative responsea of the
TMS~derivatives during temperature programming wez;e 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 temperaturss in
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the colum oven quantitative data was obtained. This problem has
been examined in detail by Poulson & Jensen (1971)e They examined
32 during
temperature programming and found them to increase linearly with
increasing number of carbon atoms. In addition they foumd no

the molar responses of the n~paraffins from 06 to C

difference between injeotion into the head space above the packing and

injection on-columm.

Horning et al (1963) have investigated temperature programmed
analysis using a F.I.D. and showed that quantitative data can be
determineds These results were obtained for methyl esters of fatty
acids, and it wes also shown that the argon ionisa.tion 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 columm constant, ie.ce
with deoreasing flow rate with increasing temperature, was more
satisfactory then attempting to maintain the flow rate by adjusting
the pressure drope. This was because the F.I.D. was not so sensitive

to flow rate as for instance the katharometer.

Horning et al (1966) have looked at certain urinary acids
ag their MiS~dorivatives and quoted response factors for them.
However, no details on the ghape of the response curves for each

compound were glven.

In this study there vas a difference in molar respmse
between hexadecane and docosane on the 3% OV-1 on Gas Chrom Q packing
(131.30) which was close to that expeoted (ratio 16:22 carbon atoms,
1ees 131.375)e The rvelative molax i'esponses of TMS~derivatives were
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calculated against TMS-glucose, hexadecane and docogane on this columm
packing (Tzbleg 4.3, Pei24 and 4.4, De/26)« The velues against
MS-glucose were calculated to compare with results obtained with the
SE~52 and OV-17 on Chromosorb W column packings (Table 4.2, pel/23).
Theoge results were similar considering that they were carried out on a
different machine. As seen in Tablos 4.3y De 24 and Aedy Del2( the
relative molar response remalned the same over the range 0.5 ymole to
0.04 ymole (25 mmoles to 2 nmoles injected onto the colum) for the
non-phosphate containing TMS-dorivatives. The phosphate TMS~derivatives
all showed a decrea.éeé. :;:ala.tive molar response with decreasing ooncen~
tratious Vhen these results were plotted out (Figure 4.4, p.126) they
were found to lie on a stralght line for each compound, the phosphate
derivatives not passing through the origin, This was verified by
meaguring the response curve in more detail (Bigure 45 pei32)e The
value of C in the equation of the best straight line y = mx + o (Table
4s5, Del33 ) for the data obtained oonfirmed what could be seen on the
graph that apparently the colum packing needed saturating with sbout
one nmole of 'mS-pﬁospha.te oontaining derivative before any peak
appeaxred. This was also seen when operating isothemally at 250° .

At the lowest concentratlons the response could be seen more satig-
factorily when operating lsothermally at 250°C because of peak, sharpening.
The saturation effect was still seen vhen z sample at the lowest
measurable ooncentration was i:odeéted approximately 30-40 seconds after
a sample which had high concentrations of phosphate compounds, so that
the small sample peak was eluted in the tailing edgecof the large sample
peake.

Since the response curves for the TMS=derivatives of the
aolds 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 TMiS-esterse - The TMS derivative of
ascorbic acid has been reported to intereact with the colum when in

low emounts (Allison & Stewart, 1971)e However, this could be because
the tissue was freeze dried and not purified before silylation. There
is of course another _possi‘bl-e @lwatim of this effect, in-the chemical
reaction itself., The phosﬁhates could bind to the glassware desplte

it being well silanised; >Howerver, the evidence is against this.

Shermen et al (1971), Zinbo & Sherman (1970) and Quayle (1959) all
reported difficulties 'with volatile phosphate derivatives adsorbing

onto surfaces in the GLC instrument at elevated temperatures, degrading
to phosphoric acid vhich 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
(1'971) ‘of the thermionic detector for phosphorus compounds. They
olaimed an enchancement of gensitivity over F.I.De of one hundred
foldse 'This would be very useful when dealing with tissue extracts ‘
vhere ceitain 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 lonisation detectors in the heated double
detector head on the model 64 Chromatography to be a thermionic detectox.
By using a splitter of the type describedin Chapter 2 for the radiocactive
gas chromatography apparatus a constant part of the vapours eluted
'bhroﬁgh the columm could be passed to the thermionic detector. The
two signals, one from the F.I.Ds and the other from the thermionic
detector could be fed into two charxmels of the Rikadenkl recorder
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(3 channel) so that the two could be readily compared. The umknown
factor here is whether the thermionic detector could give quantitative
data, and also whether on the columns used in this study the useful
rangs of sensitivity (sub 5 nmoles injected onto the columm) was in
the region where the amount of adsorption of derivatives was very high.
Sherman et al (1971) do not give any indication of vhether the hundred
fold increase in sensitivity reprosented a hundred fold decrease in
the minimm deteotable quantity, or a hundred fold increase in sensi-
tivity over the response given by the FeleDe It moy be that less
decomposition ocourred on etched glass beads than on the 'inext!

diatomaceous earths used in this study.

As the area responses for the TiS-derivatives reported in
Table 4e3s De |24 and 4e4s P 126 were reproducible and obviously indicated
that comparison of area responses could lead to quantitative data, it
wag of much interest to ses whether a oonstant relationship held
between the area of the peak and the peak heighte Table 4.7, D« 135
shows this oclearly to be so. The greatest variation occurred for the
firs'l; two compounds to be eluted, TS-sucoinate and MMS-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 vhen working in the routine situation.
This was to open the oven door for a set time (7 mimutes) - this dropped
the oven temperaturxe to 75°C in this study (from 25o°c). The door
was olosed, heating switched on immediately (100°C) and sample injected
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1 minute laters It was this method that was used to obtain data in
Tobles 4.3y 4s 5, 6 and T, PP»124,126,133,134+135, It is clearly amenable

to zutomation.

As a rider %o this work and in contrast, Hashizume & Sasaki '
(1967) have shown that trise~irimethylsilyl phosphate could be‘ chromato=
graphed on a polyester column, neopentylglycol succinate on Celite 545,
and more importently the response curve was linear and passed through

the origin (range 60-750 nmoles)e These authors also state an intention

to study biochemically important orgenic phoé;iha.tes vhich has not been
realised. '

3) leasurememt of carbohydrate intermediated in tissue

Vhilst organ.‘io\ acids (non-phosphate) from tissue have been
studied ag their M™S~derivatives (Dalgliesh et al, 1966; M.G. Horning
ot al, 1967; Horning et al, 1968; Hoxning & Horning, 1970) no s'!:ud'ies
have been carried out on the_ sugar phosphates. "Ihe bioloéical
applications have been limifed to the products of the reaction between
ATP and hydrolysed sucrose, catalysed by hexokinase (Eisemberg &'
Bolden, 1969), and the work with the bovine enzyme D-glucose~E-phosphate=
myo~inositsl=1=-phosphate cyclase (sﬁeman ot al, 1969; Shemman et al,
1971)« This again was a purified enzyme preparation with little
contamination apart fron tris(hydroxymethyl) aminomethane, the
buffering ion which was removed by Dowex 50 (E') remin.

In this study three approaches to the measurement of carbo- ™ -

hydrate intormediates in tissue by gas liquid chromatography were tried
(Chapter 5). The simplest, freezo drying the timsue biopsy, of course

in no way purified the tissue other than to remove the water present.
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The lorgest amount of sample vhich could be silylated in 100 pl of
resgent (see Figure 5.1, D«138)was 10 mg wet weight (2 mg dry tissue)..
No attempts were made to see vhether quantitative data could be obtained.
To help silylation the dry tissue was powdered with a clean spatula.
The fine particlos howsver blocked the syringe needle which put =
limit on the amount of sample that could be treated. It is unlikely
vhether 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 aspectse TFor measurement of the
radioactivity in individual compounds there would just not be enough
in these size samples. Concentration of gilylation reagents always
led to deconiposition of the MIS~ester derivatives, a point noted by
Eisenberg & Bolden (1969) for MMS~G6P, so that effectively larger

samples could not be applied to the column.

An altermative which has not been tried in this context,
but has been used for capillary colums, is to use a small pre-colum
maintained say at 60°C, vhich at the begimming of the run would not be
attached to the main column., The carrier gas and the solvents from
the sample (50100 pl) would be allowed to vent into the atmosphere
and after a set time comnected to the main colum (using a three-way
tap)e The emall column would be rapidly heated to vaporise the TMS-
derivatives, and they would be transferred to the main column. Such
small columna would have to be replaced regularly because of effect
of the large amount of solvent on theme Thus large samples could be
applied to the columm without the enormous solvent peak and solvent
tailing, and without damaging the main colum.



- 211 -

Such a method could equally well apply to the second approach.
'.m;is involved extraction of the tigsue as a method of removing the
major contaminants, protein and polyseccharides vhich interfered with
the silylation by demending much of the silylation reagent present.
The ideal extractant sﬁould be itself _readily roemoved by simple procedures.
7+2% perchloric acid has been widely used for protein precipitation
and intermediate extraction (see for example Opiev&: Newsholme, 1967)-
when enzymatic assays were to be ue..ed.' It wag removed J:.tself by
precipitation as its insoluble potassium salt, but also preoipitated
gome of 'I';he phosphates (:Biéleski & Young, 1963). Vhilst this was
suffiocient for ensymatic yrocedurés the amount of perchlorate 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 wes
‘ghown to limit binding of the orxganic acids to the resin from 25=75%e
Another cormon extraotant and protein preoipitant is trichloroacetic
acid (Bartlett, 1959). However, it also extracted lipids and pigments
and required exhaustive extraction with.diethyl ether to remove it

vhich would also remove the more non-polar orgenic acids.

Since ex*i;raction and precipitation were not satisfactory
enough for the removal of the extractant ready evaporation seemed a
muach better cholce. The 1owér alcohols were good in this respect.
Bieleski and Young (1963) used a complex medium methanolschloroforms
vater (12;5=3 by vol) which inhibited phosphatases (in plants) during
extraction. Cole & Ross (1966) ground frozen tissue with formic acid
and then extracted with 800 aqueous ethanol. Kuksis & Prioreschi
(1967) uaed 75% agueous ethanol for the extraotion of Krebs cycle
intermediates from rat liver. In this study 60% aqueous ethanol vas
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the best solvent tried (Table 5.1, pel42 and Fisure 5.2, Deltd ).

Aqueous ethanol had the advantage of precipitating polysaccharide vwhich
7.2 PCA did not. Tt vas also & mild extractent in that it ves s

| neutral solutions To ensure this a few drops of 0,880 ammonium

hydroxide were added to the extract before evaporation to dryness. :
Extraction wag carrded out at =10°C to prevent any enzymatic degradation ,
of the intermediates present. By grinding to a powder at -80%

and homogenisation in 60% aqueous ethanol at -15°C, rapid mixing of the

sample with the solvent was achieved.

The sup;matanm after centrifugation of the 60 aqueous ethanol
extraoct was dried down over phosphorus pentoxide in vacuc and then
pilylated. By this procedure up to 100 mg of tissue could be silylated
in 100 pl of reagent (Figures 5.3, pe/l5 and 5.4, pe!47). As to vhether
the results obtained by gas chromatographic analysié could be related |
$o give quantitative data, it was shown (Tigure 6.1, Del63) that the
remaining compounds 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 lmovm amcunt of each
of the compounds 'being'studied to0 an equal volume of the extracte The
difference between the two extracte would give rise to the slope of the '
standard curve in that sample and hence by extrapolation the amount |
of pample there originally. ‘This is the procedure used for many .
enzymatic agsays to standardise the system. The effect of the tissue
extract ai)pea.reci to be linear with the amount of the extract (Figure 6.2,
Dei71)e The maximm amount of tissue which could be analysed according
to Figure 6.2 did not appear to be more than 100 mge. Agein this by
normal injection methods was not enough to examine the radioaotivity
in each peak. Inteiference, by other compounde present in large

amounts which could be converted to TMS-dorivatives 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
TMS-gthers of linomyoin.

The third approach was to rid the sample of as much of the
iﬁlpm:'i'bies ag was possibles Since all the compounds vhich were under
study were organic aclds and therefore capable of giving anions, ion-
excha.ng'e purification seexdd a useful method of separations Kuksis
& Prioreschi (1967) examined the problem of purifjing Krebs cycle
| acids from rat liver. They concluded that TIC ox ion~exchange procedures
were the most sultable for the low levels found in animal tissue. TIC
vas a simple technique and a preliminary geparation of the classes of
intermediates was possible. However, elution of material from the
support was not quantitative. On the othexr hand, the ion-exchange
method was tedious, but elution was quentitatives They pessed their
extract through a colum of Dovex~1 resin (formate form), washing the
columm thoroughly with water to remove neutral (such as saccharides)
and basic compounds (amines)s The intermediates were eluted from the
resin with 6M formio acid, and the formic acid removed by evaporation

mwder reduced pressure,

Zaura & Metcoff (1969) used Dowex-2 resin (formate form) in
2 pimilar fashion, eluting the intermediates with 124 formic acid
oresumably to keep the elution volume 46 a minimmm. They took care
not to leave the extract under vacuum once it had dried because of the
- volatility of some acids (furaric and succinic acids).

Bieleslkd, & Young (1963), when purifying the phosphate esters
extracted from plant tlssue, used Cellex D resin (bicarbonate form) to

abgorb the phosphate esters. These were eluted with 159 ammonium
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bicarbonate solution. The ammonium bicarbonate was removed by
lyophilisation, Ralph & Khorana.(1961) used triethylammonium bicarbonate
ag eluant because of its greater volatility. However, Zaura & Metcoff
(1969) o:r:ltioised‘ths use of thisg method with Krebs cycle intermediates

because 'of losses by evaporation during removal of the elutlng agent.

In this study AG 1 resin (formate form) was used, and the
intermediates were eluted with 0.5M sodium formate or 211 formic acid.
Recoveries were high for all compounds studied (Table 5e3, De I56)s

Prior to this ion-exchange procedure the phosphate in the
extract was removed by precipitation as; nagnesium ammonium phosphate.
It should be pointed out that this precipitation should be carried out
with care. The pH should not e:;ceed. 10 othervise magnesium hydroxide
precipitates causing co-precipitation of sugar phosphates (see Figure
5s5y De!51)e The myxomycete extracts have an advantage that the pigment
extracted haé a subtle but definite colour change at pE 10 (Sullivan,
Jre, 1953)e All the vater used.'from there on during the purifications
was freshly deionised before use ’cc; prevent phosphate contamination.

The main aim of the ion-exchange procedure was to remove
glucose. This was a major contaminant since 1t was present in
extracts in large amounts, both of mass and radicactivity. Also the
radiocactive contamina’cién of glucose was very important since if not
removed it would have contributed greater amounts of radiocactivity
than vas present in the tissue carbohydrate intermediates aftex
incubation. The purification using a small colum of AG 1 resin prior
to0 incubation was effective (see Table 5.2, De!55)e
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The conversion of the sodium formate eluant (sodimm formate
very usefully prevented elution of the yellow pigment of the myxonycete)
to a fc;rmic acid solution by passage through a c§11m of AG 50W resin
(5" form) was incenvenient vith regards to time,"but it did remove
the amino acids. These did not interfere with GIC separation (see
Figurs 6.4, pei73) since most of them were not converted to TS
derivatives with BSTFA at the temperature of the reaction (4°C). -
Normally heating to temperatures in excess of 100°C was required
(Stalling ot al, 1968).

The aqueous formic acid (0.25M) was evaporated readily at
30°C, and no losses of succinic a;cid or fumaric acid could be detected
using the procedure laid down (Chapter 6) unlike in the studies reported
by Zaura & Metcoff (1969). Neither were losses observed during storage
of the eluted (3%% aqueous othanol) residue in a vacuum desiccator
over phosphorus pentoxide. If the purification procedurs was carried
out exactingly the dried out residue in the specimen tube was scaxrcely
visible. If the AG 50W resin colwm was not thoroughly washed with
deioniged wmter after regeneration a white solid residue was observed,
érobably of godium chloride. TUnless the AG 50 columm had been recently
regenerated by passage of several columm volumes of concentrated
hydrochloric acid an orange material was eluted from the columm.

Interference of the GIC separation by the materials used in
thé purification did not occur. An aqueous ethanol extract only gave
rise to peaks of = and /3 ~glucose when analysed by GIC after
purification (Figure 6+3, pe73). 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 methodg of tlgsue purification

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 exomine organic acidse This was a one=- -
step purifica:bioh before conversion of the acids to volatile formsme -
Just how effective this was for the more polar M@s of the Krebs
oyole acids (malate and citrate) was investigated in this study (Isble
5e4y De!58)e Citrate and malate were only i)ooi'l& extraoted vhereas
succinate and fumarate were readily extracted. .G, Horning et al,
(1967) commented that organic acids contalning four or more functional
groups could not be extracted by orgenic solvents. Malate with three
funetional groups was also unextractable. These results have been

confirmed by Horning & Horning (1971).

Other methods which have been used include columm chroz;)ato-
graphy similaxr to the ion-éxchange methéd used in this study, and TLG.\
T.C. Horning et al (1967) suggested the use of DEAB-sephadex, an anion
exchangei-._ The orgenic acids and the sugar phosphates could be
. absorbed onto the colum, the colwm washed with distilled water and
the absorbed compounds eluteci with a volatile buffer, pyridine acetate.
This was based on the work of Jaskommaki et al (1967) who examined
ethyl-4 -glucosiduronic acid in urine. Horning & Horning (1971) now
recommend this method for collecting the total acid fraction from
tiséue extractse It should be ndted that in gome geparate studies
in this laboratory problems vere encountered when trying to absorb all
the sugar pk_mspha.te onto the DEAG-sephadex., Conditions could not be
found vhere 1009 of the sugax phosphates were initially absorbed..

Also it was difficult afterwards to elute all of the material which had

been absorbed.
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TIC was ﬁsed. by Kuksis & Prioreschi (1967) as a preliminary
geparation procedure for their GIC analyses with column packings of
teflon as the support. This material gave superior quantitative
data compared with Chromosorb W (Ruksis & Vishwakarma, 1963), but
gave a very low effic:lency. colum (800 plates per 5 foot columm),

This low efficiency demanded some degree of primary sepa:ca‘!ﬁon.

Using this colum packing a linear response curve against amoumt injected
in' t];e :F:egion 0+25 to 10 pg of sample was obsexved. This compares

well with the résults for the ™S derivatives.in this study (0.25 to

5 pg range). . : ;

- o

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 1A’Cﬁ-:!.za.belled.

compounds, and the other by the addition to the tissue of knowm amounts
of mass of each compound. The results are shown in Tables 6.1 and

6s2, DDe 1634165 Tespectively. }

The recoveries of the 14C~labslled compounds were 80} ox '
greater, a quite useful and usable recovery for calculation of l
quantitative data. These recoveries were in the presence of 1 umole
of non-radioactive carrier and about 2.5 g of tissue. The recoveries
of small amounts of mags tended to be lower (Tzble 6.2, p.l65) and this
was accentuated by smaller amounts of tissue. Xuksis & Prioreschi
(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
intormediate, 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 umoles), but less than that losses octurzeds both overall losses
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and losges specdific to a compound. This seemed to be due to adsorption
onto surfaces guch as vessel walls. The observation in this study
(Table 642, Dei65) that losses increased with decreased amount of
tissue would support this, on the basls that other substances in the
tissue extract could £ill 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 tha:l 1-2 g. This would mean at
the lowest level the heart of an adult rat (about 1 g)e  This meant
that there were no procedures available which could cope with 100 mg
+0 1 g of tissue unless the normal silylatim reagent volume (100 nl)
wag altereds No advantago would be gained by silylé.tihg the aqueous
"ethanol extract of 200 mg of tissue with 200 pl of silylation reagent
cémpazed. with 100 mg of tissue and 100 pl of silylation reagent since
the concentration of the compounds per yl would be the same. The
problems of concentrating the MS-derivatives reported by Eisenberg &
Bolden (1969) for TMS-GEP prevented any movement round this problem.
The extraction of TMS-ethers into cyclohexane as used by lMargosis (1968)
to clean up TMS-linomycin derivatives would not wo:qk because of the
1lability of the ™S-ester derivatives in the presence of added waten,
and their hbﬂity in the absence of excess silyla‘bing compounds.

The obsexvation by Shez:ﬁan et al (1971) that silylation
reaction mixtures, if kept long enough, formed two phages neithexr of
vhich contained the TMS~-derivatives was seen in this study, but only
if the gample in question had been opened o the atmosphere on several
occasions, Such samples when the two phases were observed (this was
algo seen with the dimethyl ester-trimethylsilyl ethers) did not fume
vhen opened o the atmosphere. Addition.of trimethylchlorosilane
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(TMCS) restored the single phase system and the peaks for the TS
derivatives. The two phase system consisted of a colourless upper
phage and a yellow lower phases. In the early part of this study a
bottle of MICS vhich had been left in & refrigerator at 4°C was found
to have a broicen top and on examination the TMCS was found to have
darkened and a yellow oil was found at the bottome GIC analysis at
100%C 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 "mrn would react with MICS to give hexamethyldisiloxane.

X P
CHB—'S,i‘—"Cl + H20-'-CH3"—SI5.—-OH + HOl
GH3 | CH3
+ TMCS

l
T T
033—-511—0-’—si1--cn3 + FHC1

Oh3 Ch3

The action of water on BSTFA would result in the production of mono-
trimethylsilyl trifluoroacetamide and trimethylsilanol which again
vould react to give hexamethyldisiloxane. Since the BSTFA and its
breakdown products would be miscible with pyridine it would be the
acoumilation of hexamethyldisiloxsme, a compound with properties like
a paraffin, vhich would form the second phase. The colour in this
vhase may well be due to the partitioning into this phase of components
of the silylation reaction mixture vhich always gave a yellow colour to

such samples.
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Radioactive gas liquid chromatography apparatus

!ﬁm advantage of the liquid sointillation_cell described by
Popjak et al (1959) over the a'ppara.tus with flow~through detectors,
the proportional comnter (James & Pipery 1961, 1963), the scintillation
crystal (Xarmen et al, 1962b), a combination of these two (Simpson,
1968), and the ionisation chamber (Mascm et aly 1959) wes that all of
the sample that was passed to the cell was condensed and céntained within
the measuring system. This meant that a peak containing 100-200 dpm
could not only be deteoted, but providing another radioaot;i.vé 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 one
time only paxrt of the:peak was ingldé: the detectpr. By increaging
the size of the detector so as to contain 21l of the peak a vory large
loss of resolution was observed. Even with a detector of this size a
sample would not remain in it for sufficient time to establish accurate
data with small amounts of radioactivity. To maintain the resolution
achieved on the GIC columm the detectors had to be reduced to small
volumes such that accurate measurements were difficult with less than
5-~10,000 dpm.

0f course an altermative approach to this problem would be to
collect the peaks being eluted by trapping them discontimuously in
vials containing scintillant, or to which scintillant could be added.
This could be carried out manually 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 evexry set time
intervale 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, 19603 Karmen et al,
1962a). |
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Howvever, in this study the intention wzs to limit the amoumt
of operator control of the analysis. The amounts of radiocactivity
which were anticipated fo be in peaks from samples derived from tissue
were lowe The flow-through detectors would not have been able *o
cope desplte their qualitative sensitivity. The apparatus described
by Simpson (1968) using a proportional counter with a scintillation
photormiltiplier used in anticoincidence with i+, had a very low back-
ground (2bout 1-~2 counts per minmute) and could detect a bolus of 10 dpm
passing through ite

Thus the seintillation cell (Popjak et al, 1959) secemed the
mosgt sultable apparatus for this study. The background for the
apparatus as described in Chapter 2 (100 cpm for 1‘j’Ca:'bon) was higher
than could have been achieved.s The cell was not cooled below room
temperature and the amount of lead shielding was small. The use of
complete shielding of the apparatus with an anticoincidence 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 then needed for flow-through detsctorss The major disadvantage
of the epparatus was when peaks followed each other too closely; and
vhen a small radioactive peak followed a large radiocactive peak (James
& Piper, 1961)s The latter point could be overcome by emptying the -
scintillation cell once the large peak had been eluted and measured,
and adding fresh scintillant to the cell, adjusting 'hhg sensitivity
range accordingly. Dianually this was slow and unpleasante It was
made very much easier by the pneumatically ope;cated autematic: séintillant A :
dispenser vhich wag started by a button fixed to the display controls
on the gas chromatograrh (sec Chapter 2 and Figures 2.3 and 2.4,

ppe 40 v 42 )e  Automatio 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.

Vhere two peaks waie poorly separated (from the radiocactive
viewpoint), for instance TMS-succinate and TlS-fumarate on SE-52
(Figure 2.8, p.S5), estimates of the radioaétivity in each had to be
made. This situation could be overcome by the interrupted elution
technique. An apparatus for interrupted elution radioactive GIC

-has been desoribed (Cacace & Perez, 1967)« An ionisation chamber
was wsed for the detection of radioactivity (3H-1a'ne11ed alkanes).

The effluent of the GIC colum was diverted into the ionisation chamber
vhen a flow ionisation chamber (25 ml) placed between the chamber and
the chromatograph detected radiocactivity being eluted from the colum.
Vhen the radiocactivity eluted from the'column returned to background,
chromatography was halted by closing a valve at the end of the columm,
and also the outlets of the ionisation chamber. The chambexr vas of
_.sufficient size (2 litres) to contain the whole peask and associated
carrier gas and counting gas. Counting was continued long enough to
obtain sufficient statistical amccuracy. The ioniga‘bion chamber was
flushed and chromatography continued. The original application was
for substanced volatile at room temperature, but with a combustion-
furnace with copper oxide and zinc dust placed between the colum and
the flow ionisation chamber, substances of high boiling point were
converted to CO, and H, (Cacace & Perez, 1969).

The problem with this apparatus was that the interruption of
the chromatography caused loss of resolution of the peaks still on the
columm (kinetic diffusion effect)e A superior method would be to use
the technique of Scott et al (1967) which was originally designed to

geparate peaks, and then carry out infra=~red absorption measurements.
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In their method the gas pressurs in the colum was released from the

top when the valve at the end of the colum was closed. This

resulted in Ybackwards chromaetography'! during the period of interruption
of the gas flow. A precolumn was employed so that flow-back past

the injéc'bion point could occur without loss of the samples TUsing
this technigque peak broadening during the interruption was less than

5% over a period of thirty mimtes.

The lack of sufficiently high sensitivity non-specifio none
destructive detectors meant that the flame ionisation detector and the
argon lonisation deteotors were the only possibilities for the measure-
ment of mass. However, the argon ionisation detector did not give
a sufficiently linear detector response with incressing concentration.
With the FeI.D. a stream splitter attached to the end of the colum
was used so that a part of the eluted vapours was pasgsed unchanged to
the scintillation cell. The congtancy of the split ratio with variables
such as flow rate and concentration of substance in the eluted vapours
(viscosity effect) was investigated by Ka:rmen et al (1963) and Ettre
et al (1962), Karmen et al (1963) found that the flow rates down each
arm of the splitter were iIn the same ratio as the ratio of the amownts
of mass and radioactivity over a range of flow rates and concentrationse.
The split ratio of the stream splitbter used in this study (131.19)
woul!.d. bo anticipated to be even less likiély to give non-linea.rity than

the 1:8 ratio used by Karmen et al (1963). Their stremm splitter
| was lengths of capillary tibe of internal diameter 0.,010". They did
not observe alterations in the splitting ratio when the arm for radioc-
active measurements was atbtached to the collectors ThHe conatrlotion
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")e This high degroe of constriction and the
constant conditions under vhich the stream splitter was kept (by the

heating wire) oarefully controlled the split ratio and also the total
flow rate during temperaturs programming (Table 2.1, De 53 )s

Some investigations were pursued to see if the combusted
gases passing out of the flame lonisation detector could be absoxrbed
into the scintillation fluid thus eliminating the stream splitter.
Ethanolamine was added to the seintillant to absorb the 14C-cambon
dioxide. Methoxyethanol was also added to give a one phase system.
However, this system did not work because of the large amounts (about
% ml per hour) of water which were formed in the flame ionipation detector
condensing into the scintillant.

Bavooshian et al (1971) devised a system whereby the combusted
gapes from a FeleDs werse 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 Fel.De detectione It also did not require stream splitting.

Much sgimpler methods of measuring radioactivity by GLC have
been reported. The simplest was that reported by Robbins & Bakke
'(1967)s It involved attaching a pipette which had been wetted on the
ingide with ethanolamine to the exhaust of a Fe.I.De when a peak appeared
on the mass trace. The 14C-car'bon dioxide was trapped by the ethanolamine
and the pipette was washed with scintillant and the washings counted
in g vial.

Belham & Neal (1972) condensed the water being emitted from
2 FeleDe 80 as to measure the tritium (3H) radiocactivity 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 colum packing, the radio—
activity being subsequently eluted. This was used by Karmen & Tritch
(1960). However, when dealing with biological extracts the systems
vhich involved contimious moniioring (the flow through detectors and

the acoumulative detectors) were more satisfactory then the discontinuous
detegtors since a major radioactive peak might occur without an
accompanying mass peak (James & Piper, 1961).

Applicationg of the Method developed for the study of carbohydrate
-intermediates in ‘tissue

The applications were carried out using in vive rat heart, an
in vitro‘ parfusedv rat heaxrt preperation, and the plasmodia of thé
myxomycete, P.polycephalum. Liver was not used as it gave complex
chromatograms (see Figure 4s1, Pe llb) and would have made radicactive
analyses too complicated for the apparatus used in this study. The
interrupted elution apparatus described earlier in the disoussion
would have been necessary to soxrt out the peeks. An altermative
procedure would be to fractionate the tissus extracts Some preliminary
iiquid. anion exchange chromatography data (K. Blanshard - priﬁte
commmication) has shown that sugars, monophosphates, diphosphates, and
Krebs cycle intermediates could be separated ag discrete groups. GIC
enalysis of each of these groups would be relatively straightforward.
In this study if was found that 2M formic ua.c:!.d‘. elution of AG 1 regin
rosulted in a complete meparation of GEP, F6P and G1P from FDP.

Yot another approach would be to use higher efficiency
colums, such as capillary colums. 8Since in capillary columms there
is no support, the liquid phase being coated onto the inner glass wall,
the problem of active sites in the colum would be much reduced.
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Because of the greater efficiency the elution volumes would be small,
this would help the detections The disadvaniage of capillary columns
ig their low loading capacity (like using glass beads as the support)e
However, most of the sample to be injected would be solvent.so that
an arra.ngvemeﬁt using a small precolum which would allow the solvent
to vent into the atmosphere before passing the derivatives into the
capillary colum by rapid heating, could be used. This arrangement
could have the additional advantage that only the volatile compounds
would pass into the capillary colum. The non-volatile residues
which would be likely to cause loss of colurm performance on accumlation
would not reontaminate the capillary columm.

The studies (Seotion T.1) on the levels of intermediates in
the heart of a rat treated with a diabetogenic dose of streptozotocin
showed clearly the differences beotween this rat and 2 nommal rat of
the same weight and sex. The valuss obsexrved for these hearts showed
that G6P and citrate were both elevated, and ol-glycerophosphate and
malate were depressed in the disbetic rat heart. The same trenda
have been o‘béerved. in perfused in vitro rat hearts by Newsholme &
Randle (1964) and Garland & Randle (1964). The absolute values were
not identical, bubt then the tissue preparations vere different, one
being in vivo and the other in vitro. Unfortunately no experiments
with radioactive glucose were carried out because of the nature of the

preparatione.

The most interesting results from the experiments which studied
the metabolism of [U~14G]-glucose in the in vitro perfused rat heaxrt
preparation was the absence of radioactivity associated with TMS-G6P
(Figure 7.2, pe/87)s This occurred in all four metabolic situations
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 studied, even for the heart perfused with 95% 0,/5 CO, vhen the G6P
concentration vas greater than 1 ymole/s et weight of tigsue. 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 phosphorylation of glucose.
That is not to say that [U-Mc] ~glucose was not being converted to GEP,
this obviously ocourred since the intracellular lactate and x~é]ycero—
~ phosphate were labelled. An explanation would be that the pool size
of G6P originating directly from glucose was very small‘ compared with
that £from élycogm, and that they were separate poolse Possible
evidence for this arose out of furthor investigations carried out on
the extracellular lactate (P. Owen - private commmication). This
lactate was found to have almost the same specific radioactivity as

'l;he substrate glucose as opposed to the intracellular lactate and
o/=glycerophosphate which had specific radicactivities of one-tenth of
the substrate glucose (Table 7«2, De /85).

These observations could all be explained if one considers
the physical shape and slze of the heart and its cells. If glycolysis
(conversion of glucose to lactate or pyruvate via G6P) ooccurred on the
outside of the heart or cell (this would be the method of entry of the
glucose) the final product of metabolism, lactate, vhich freely diffuses
through the cell membrane, could diffugse out of the cell without
excegsive dilution of the specific radioactivity. The other subatrate
of glycolysis, glycogen, would be inside the cell, ani would be separated
from the metabolic products of glucose (in fact a concentration gradient
of radicactivity would ocour falling off towards the centre of the
cell)s Thus if the glycolysis from glucose proceeded rapidly the
commﬁaﬁm of the intermediates would be depressed providing there
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were no rate limiting steps in the sequence, and therefore the
contribution of [U—MC]-glucose to the vhole G6P pool would be very

small, possibly as o‘bserved unmeagurable.

The existence of two pools of G6P in skeletal muscle has

" been proposed (Shaw & Staﬁie, 1969)s Further investigations were
carried out by Iandau & Sims (5967), vho also looked for a pathvay fo;:'
the synthesis of glycogen which did not have G6P as an intormediate
(Antony et al, 1969). | However, their results could be equally well
interpreted as there being two pools of G6P.

Kalant & Beitmer (1971) have shown the probable existence
of two metabolic pools for GE6P in rat diaphragm, by incubating with
14C-glucose and 14C-pynxvate, and measuring the specific radio-
activities of the phosphorylated intermediates. This required 14
diaphragms per result.s Measurement of specific radiocactivity vas by
thin layer chromatography after tissue extraction with perchloric acid,
and precipitation as barium salts by ethanols, The compownds aftex
being eluted from the thin layer plate were separately assayed for mass
(enzymatically) and radioactivity. The specific radioactivities of
F6P, FDP and PEP after incubation for 2 hours were very close to thab
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 muliti-type cell system has been
obgexrved in the small intestine of the rat. The epithelial cells
lining the mucosa were found to be the major producers of lactate
(Porteous & Pritchard, 1972a; Iemhoff et al, 1970 and Kimmich, 1970).
Since the glucose subsirate for these cells was provided by active
transpoxrt from the mucosal side of the intestine, if this glucose was
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| radioactivaly labelled then the lactate produced was hardly diluted

with cold materiale This lactate then diffused towards the serosal
pide. However, the carbon dioxide evolved came from all of the cell
types and therefore had a variety of precursors, many of them umlabelled,
so there was considerable dilution of the radioactivity (Porteous &
Pritchard, 1972b).

The effect oi_‘ anoxia was ‘to increase the specifie radiocactivities
of intracellular lactate and ~<-glycerophosphate. At the same time
the intracellulaxr level of o¢~glycerophosphate also rosee The level
of intracellular lactate would have mrisen, 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
b0 provide NAD' during anoxias

omor  NOR* 4 OH,,0H

I / |

C=0 \i CHOH

CHZOP:I. GH20P:1.
‘dihyd:coxya.cetone phosphate x¢~glycerophosphate

Anoxia also affected the amount of radiocactivity appearing
in the amino acid fraction (Table T.2, D.i85)s The extra radiocactivity
in the amino acide from the anoxic heart which was preperfused in
95% 0,/5% CO, was dus to the greater amount of glucose taken up (and

hence [U-Mc] ~glucose taken up).

The stuiies of the incubation of P.polycephalum with [I-140]-
glucose and [6—140]-g1ucose ghowed very clearly the existence of the
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pentose phosphate shunts This pathway was suspected of occurring from
obgexrvations on the rate of 14002 production from these substrates,
and the rate of 1‘1’0--incorpo:r:a:l;:l.on. into 1lipid (see Appendix 1).

The digadvantage of the isolation procedure for plasmodia
wag that in order to stop the metabolic reaction quickly enough, the
mediwm could not be separated from the plasmodia, Filtration and
centrifugation were not sufficiently rapide Thus the small amount
of radioactivity appea:r."ing in lactate could be either extracellulax
or intracellular, oxr bothe After 1 minute's incubation no activity
could be detected in Krebs cycle intermediates or in lactate, but
after 6 mimutes several of the members of the Krebs cycle, malate,
oitrate and possibly succinate and fumarate, were labelled in the
inocubation with [6-140:'-g1ucose. Very much less activity was associated
with these compounds in the incubation with [1-'4C]-glucose (Table 7.3,
Pei91)e This was not dus to a slower metebolism since G6P and F6P
were both labelled from [1-140]-31110059. The equilibrium values of
speoific radioactivity were not investigated in this studys

Some studies on the specific radioactivities of caxbohydrate
intermediates in mouse liver using [32?] ~orthophosphate have been
reported (Till et al, 19683 Reich et al, 1968). However, 20 livers
were necespary to obtain the data, consuming over 1 mCi of [_321’]-
orthophosphate. The purification procedure was very tedious, a
seperate method being requived for almost every compound. This was
evidenced by the number of authors, nine, for this worke In conirast,
in this study, one worker could carzy out up to six experiments per
weeke This inocluded growing the organism, incubating with substrate,
extraction and purification, radioactive GIU analysis and processing
of the data.
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Some extensive studies of the specifioc radioactivities of
Krebs cycle intermediates have been carried outb by Sauexr et al (1970).

Recommsndations for the use of thig method

Ae Type of interest
1« Qualitative studies

Take up to 10 mg wet weight of tissue and freeze dry.
Silylate with 100 nl of silylation remgent. It is difficult to

deteoct sugar phosphates in such a sample since these will be very low.
2. Cuantitative mass studies

Extract up to 200 mg wet weight of tissue with 6006 aqueous
ethanol and divide into two eq@ partss To one part add 100 nmoles
of each compound to be studieds Take to dryness and silylate each
vart with 100 pl silylation reagent. Eme difference in regponses
for each compound in the two parts enables the slope of the stanéa.rd
curve to be calculated. This, like A.1, reguires little work up and
takes 24-48 hrs.

3. GQuantitative mass and radiocactivity studies

This requires not less than 1 g wet welght of tissue.
Extraction is with 60% aqueous ethanol. The extract is purified as
described in Chapter 6. This purification is slow (48 hours)e Up
to 6 samples can be treated in a working day (9 a.me t0'6 pem.),
using one rotary evaporatoxr. Tﬁis is the limiting piece of apparatus.
The purification on ion~exchange column can be partially automated by
using a peristaltic pump (l.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 Ae2 (2t least 40-50). However,
not more than 10 samples could be analysed by GLC per day per machine.

B, Compounds to be studied and thelr concentration

If the interest is in the hexose phosphates isothermal
analysis at 230~250°C should be useds This glves maximm sensitivity
for the sugar phosphates.. |

For a complete spectrum of phosphate and non-phosphate
organic aoids use the programme: 1009 isothermal then temperature
programming 100-250%C at 2°C per minute (for radioactivity analyses)
or 4°C per minute (for mass enslyses)s If there is parbticular interest
in lactate, A -hydroxybutyrate or pyruvate, start the programme at 80%c.

For the non-phospha.t_e orgenic acids thers is no lower limit
that can be investigated in the silylation reaction mixture, but from
tissue less than 40 nmoles would be adversely extracteds Tor the
phogphate organic ac:ldg the lowexr limi'l; that could be studied w;:uld be
100 nmmole total. If less than {1 nmole is injeoted onto the GIC
colum rnioresults at all would be obiained.

C. Choice of Chromatography materials

The 'inert! support, Gas Chrpm Qs was superior to Chromosoxrb W
(AW=-DMCS)e  The ‘:best liquid phase used was OV-1 although SE-52 and OV~17
were also usefuls Non=sllicone phases were not suitable fqr apal;ysis.
OV=1 gave only a2 small bleed during temperature programming and did not
need a backing off columm.
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APPENDTX 1

BIOCHERMISTRY OF THE MYXOMYCETE, PHYSARUM POLYCEPHALUM

One of the tissues used for recovery data of sugar intermediates
in the evaluation of the GIC method was the plasmodia of the myxomycete,

Physarum polycephalume In addition it was ﬁged for experiments
designed to demonstrate the radioactive-GLC technique. Since little

is knovn about the biochemistry of this organism some studies were
caxrried out so that the data from the radiocactive GIC could be better
interpreted.’ Tn.this Appendix a brief oubline is made of this organiem,
its growth and the 'biochémical studies vhich have been made by other
vorkergs. Then.a desoription is given of some simple experiments which

were caxrried out.

1) Introduction

2) The Myxomycete, Physarum Polycephalum
The true slime moulds, the myxomycetes, are acellular and

highly mﬂtinuciea'be in the plasmodial phase, in contradigtinctlon to

the cellular slime moulds, the acrasiales. The plasmodium of Physarum
polycephalum Schweinitz is a sheet of naked protoylésm which 1s organised
into an extensive network of veins through which the *sol! protoplasm
flowse These veins are prominent and are readily visible to the naked
eyes TUnder the objective of a low power microscc;pe interconnections
betveen the veins can be seen as well as capillaries throughout the

tgelt protoplasme Within the veins the 'sol! protoplasm streams in

one direction with reversals of the direction of flow occurring every
one to two minutes. On agar the plasmodium can be many centimetres

a0T00s.
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When nutrients are exhausted, or under some envirommental
conditions, the plasmodium changes form and becomes a sclerotium.
This consists of many thick-walled spherules which are very resistant
to adverse conditionse Vhen the oonditions become favourable for
growth, for example through inocculation into fresh medium, the spherules
germinate rapidly and pla.sniodia. appears Physarm polycephalum has
been grown throughout .its life cycle in the laboratory although not all
stages in pure culture. The plasmodium is formed by .the fusion of
uninucleate amoebae of differing mating types In some other myxomycetes
the plasmodium can arigse within clones of amoebaa.

b) Growth of P.Polycephalum in culture

The strain used, except where otherwise stated,was 2 + i,
formed by the mating of two amosba olones, mating types g and i (Dee,
1962)e  The plasmodium of Pspolycephalum was first grown in pure culbure
on sterile oat flakes (Cchen, 1939)e Pure culture in soluble medium
was introduced by Daniel & Rusch (1961). In the present study the
plasmodium was grown as described by Carlile (1971), the medium and
methods being a modification of those of Daniel & Baldwin (1964).

In liquid culture the plasmodia are tiny (Just visible to
naked eye) and are known as microplasmodia. They g:‘r:ow vigorously
after a ghort lag phases During the exponential’. growth phase the
elongated miorcplasmodia separate into smaller pieces, a large number
of dumb-bell shapes being seen. Vigoroué streaming occurs along the
central axls, being most apparsnt in the thinner conmection between
the ends of the dumb=~bell. After maximm yleld has been attained the
microplasmodis present are mostly spher;'.cal. These rapidly become
microsclerotia, spherules enclosed in a membrane which often bresks
open releasing the spherules.
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¢) Biochemistry of the plasmodium
Kamiya (1968) has carried out extensive studies on the

protoplasmic streaming of plasmodia. This aspect has been supported

by limited stu('iies'on respiration a.nd caxbohydrate motabolisms  However,
almost all this work has been carried out with material grown on oat
flakes, the resulting plasmod:ia probably not being pure cultured.
Recently Investigations into mucleic acid metzbolism and protein
syﬁthesis (see Rusch 1970 for :r.*ev:i.ew). have been carried out with

plasmodia growvn in purs culturs.

Since pure culbured material is now available it was decided
to investigate the carbohydrate metzbolism of plasmodia, Already
Carlile (personal commmication) has investigated with pure
cultured material whe.ther the plasmodium can survive anaerobically or
not, and supports Ki'pohiﬁg & Pir:enne (1940) vho reported that it could
not survive anaerobically. Other workers (Seifriz & Tfr'bach, 1944
Loewy, 1950; Allen & Price, 1950) contendeci that it could survive.

Reapiration and the effect of inhibitors has been studied by
several workers (Seifriz & Urbach, 19443 Allen & Price, 1950; Ohta,
1954). The effect of carbon substrates to inorease respiration has
been reported by Ohta (1954), only glucose, acetate and formate being
effective of those studied.

Differences between plasmodia and selerotia in the content of
a glycogen-like polysaccharide has been observed (Sullivan, Jre., 1953).
A large decrease in the level of this polysaccharide accompanied the
formation of solerotia from plasmodia ind.uced by either transfer to
salts medium (McCormick & Rusch, 1969) or, by the addition of mannitol
(to 0.5M) to the growth medium {Chet & Rusch, 1969).
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Korn ot al (1965) repc;rted 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 plagmodia when grown in
this manner end thus the true lipid composition (.. less the fat content
of the oat flakes) may be differemt.

!

2) Mothods for the experimental work with myxomycete plasmodia

a) The culture of microplasmodia

The microplasmodia were grown in standard mediumy composition

as below;=

Glucose ' . 10g
Peptone (bacteriolog:lcaD " 10g
Biotin Smg
Thiamin hydrochloride 42mg
KE,P0, : | ' 2000mg
Call, 26,0 ‘ | | 900mg
Hg50, TH,O N 600mg
Ethylenediaminetetracetic acid (disodivm salt) 224ng
TeCl, 48,0 - S  6omg
ZnS0, TH,0 34mg

Distilled water to 1 litre.

The pH was adjusted to 4.6 with concentrated HCl¥*, The
medium was dispensed in 50 ml amuqzrbs into 500 ml Erlenmeyer flasks and
autooclaved at 15 lbs per square inch for 15 minutes. Haem, a.n essentn:.al
growth requirement, was made up separately since it 1s unetable at pH 4.6.
Haemitin (25mg) was dissolved in 1% NaOE (50 ml) and autoclaved at 15 1bs

* for semi~defined mediwm citric acid (3.54g) was included in the
medium, 1095 NeOH being used to adjust the pH to 4.6.
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per square inch for 15 minutess It was stored at -5°0. The haem wasg

added to the culture medium just prior to inocculaiion (0.5 ml per 50 ml).

Inoculations were rou’cinel& made from cultures near maximm
yielde A 2% inoculum gave maximum yield aftexr 85-'96I howrs and a 5%
inoculum after 72 hourss A weekly ;L'ou'bine was established with a 2%
inoculum on a Friday and a 5% inoculum on = Tuesday. Inoculation with
microsclerotia -book a minimm of geven days to give maximunm yield.
Mica:osclerot:.a. were i‘omed two days after maximm growth end remained
viable i‘or seferal months.

mgémoaia. were also grown on sterile oat flekes (Quaker Quick
Porage Oats) in 500 ml Erlenmeyer flasks at 24°C in the dark. Near to
maximm yield the plasmodia nmigrated up the walls of the flask away from
the oatse. They were then horvested with a sharp knife.

b) The incubation conditions used for experiments with micro=

plasmodis
The cultures of the slime mould were centrifuged (1000 g, for

2 minutes) end shaken twice with three volumes of the medium to be used
in the incubation. TUnless otherwlse stated this was standard mediuvm

lacking glucose and peptones

Two incubation .conditions were uged. One procedure was to
incubate in conical flesks (50 ml) in a hesting bath at 24°C, the flasks
being clipped onto a tray which was reciprocally shaken (50 cycles per
minmute)s The incubation suspension was preincubated for ten mimutes

prior to the addition of substrate. The flasks were covered in aluminium

foil to keep out light.
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Alternatively incubations were carried out in. round-bottom
flagks (100 ml) fitted with spargers. The flasks were stood in a water.
bath (at 24°C) without being shaken.. \ A gas mixture (95% oxygen/

506 caxrbon dioxide) was passed through the incubation mixture (0.6 litres
per minute). Only standard medium lacking glucose and peptone wes
used becauss other medié. cauged foamings The medium was flushed with

the gas before substrate was added.

Radiloaotive 14('}«-ca:x:~'bon dioxide produced during incubation was
absorbed .from the perfusion gas by bubbling it through ethanolamines
ethanol 1:1 v/v (40 ml). Carbon dioxide was not retained in the medium
because of the acid pHe The tubes containing ethanolamine:ethanol

were used for ten minute periods befors being replaced.

c) The extraction of 1lipid from plasmodia

The centrifuged plasmodia. were shaken with at least 5 volumes
of chloroformsmethsnol 2:1 v/v, further methénol ‘being added to keep
the mixture as a single phase. The plasmodié. were extracted overnight.
With samples of mge volume (required for fatty acid analyses) the
golid was removed by vacuum filtration through chloroform washed filter
paper. Vith smailer samples (for the estimation of total lipid formed
during incubation) the solid vas centrifuged (3,000 g, for ten minutes).
The supernatant was carefully removed and in some experiments the pellet
was put a;side for glycogen assay. The supernatants were washed with
one volume of saline (6.9%).

For the 1‘L(J-:!.nc:t:»:r:pv::::::a,f;;!.tm. experiments, 0.1 ml samples were
taken for radioactivity analyses. | Larger samples could not be used
because under these cohditions the myxomycete's yellow pigment caused

severe quenching of the scintillation process.
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d) The preparation of methyl esters of the Krebs cycle
intermediates in tissue

This was a modification of the method of Barnett et al (1968)

necaessitated by working with myxomycete plasmodiae

The frozen tissue pellet was blended in 6% HCL in methanol
(7 volumes per gm tissue) for 30 seconds. The homogenzte was centri-
fuged (2,500 g for 20 mirutes) and the supernatant decanted off. The
pellet was re-extracted with a further 20 ml 6% BCL in methanol. The
two supe::natants were combined and anhydrous sodium sulphate added
(3 g pex g tissue) with vigorous shaking. After allowing to stand for
30 mimutes it was filtered through 2 sintered glass funnele The filtrate
was heated under $6flux for two hourse It was then poured into a
separating fumel with an equal volume of waters n-Heptane (15 m1)
was added and the fummel shoken, The aqueous layer was run off and
extracted with 2 x 10 ml chloroforms The combined chloroform extract
was washed with saturated sodium carbonate solution (2 ml) and then vith
2 x 2 ml distilled waters The final extract was dried with anhydrous
sodium sulphate (1 g) for onme hours The chloroform was removed, the
solid being washed with chloroform (2.5 ml). The combined extracts
were reduced in volume to less than 1 ml under vacwmm (water-pump)
using a rotary evaporator (at 20°C). The concentrate was transferved
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 scids in the

1lipid extract of microplasmodia
The washed chloroform extract was evaporated to dryness wnder

vacuums Mothanolsbenzemsssulphuric acid (20:10:1 by vol) (50 ml) was
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added’ to the lipid material and refluved fof 90 mimutes, This solution
wasg ext;‘acted vith 25 ml petrolewﬁ efher 40-60°¢ after previously adding
25 ml distilled water. The lower phase was run off and the upper phase
waghed three times with distilled water (10 ml). . The petroleum ether
extract wag evaporated to dryness using methanol fo remove any water.

The drded material was dissolved in petrolewn ether (1 ml) and sppropriate

dilutions made for GIC analysia.

. f) The annlysis of glycogen from plasmodia

The plasmodia were centwifuged minimising as far as poseible
the time from sampling to extractions After decanting the supernatant,
409 XO0H (2 ml) was added and the pellet resuspended. The tube vas
placed in a water bath at 100°C for 30 mimutes. Absolute ethanol (8 ml)
was then added and the tube shaken. The tube was stored at -20°C for
at least two hours, or overnight. It was centrii‘uge& (2006 g for 10
minutes) and the supernatant carefuily decanteds 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 ingoluble material being removed b‘y
centrifugation. The supernatant was carefully removed and added +to
absolute ethanol (8 ml)e The very fine precipitate was centrifuged
again. 'The supernatant vas removeds This precipitate was shown to
be glycogon=-like.

Estimation of the mass of the glycogen and its radioactivity
was determined by first hydrolysing it in 2M HO1 (4 ml, or 2 ml vhen low
levels of glycogen were expected) at 100°C for two hours. A drop of
universal indicator was added and the solution neutralised with 3006
KOHe Assays for glucose were carried out on this nsutralised solution,

diluting as necessary. Glycogen was expressed as the equivalent of
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glucose released on hydrolysiss 01 ml of the nelidralised solution was
used for the determination of radioactivilty, an exira 0.2 ml disgtilled
water being added to prevent potassium chloride precipitating from the
scintillant. The isolation method outlined above removed all the free
glucose ag judged by the radiogctivity of the zero time samples.

g) The manometric assay of the respiration rates of plasmodia

| Manometry was carried out using a Brawm Varburg Apparatus.

- Conventional techniques for constant vélume analyses were used.
Tneubations 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 incubatlon.

The total volums of fluid in each flesk was 3.2 ml, 3.0 ml
in the side arm and main compartment, and in the centre well 0.2 ml. .
For measurements of oxygen uptake 20% KOH (0.2 ml) was placed in the
centre well to remove carbon dioxide, in all other flagks distilled
1-ratg:r: was useds After equilibration, readings were taken for 30
mimtes to examine basal rates (for postemaximal matertal 60 minutes
was necessary)s Then the contents of the side arm (if any) were tipped
in and measurements taken for up to 60 minutes.

h) Attempts made to measure carbohydrate intermediates from

plasmodia using enzymabic methods

The extractants of tissue which were used, 7.2 perchloric
acid and 60% aqueous ethanol, both very effectively extracted the yellow
plgment. This pigment unfortunately absorbed very strongly at 340 nm,
the vavelength used for studying the NAD'—> NADH 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 small changes due to the presence
of the particular carbohydrate intermediate being assayed.

The pigment could be extracted with either sec~butanol or
terteamyl aloohol in acid conditions. In alkaline conditions no
extraction cccurred. After extraction the aqueous extract had to be
evaporated to dryness to remove the aleohol which interfered with all
the enzyme assays. This was réla.tively Inconvenlent, and the GIC
method was studied a8 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 plagmodia, and also the level of citrate being

\

measured was high.

1) Analysis of oitrate in the medium
Citrate vas assayed by the citrate lyase method (Moellering &

Guiber, 1966) using the reactions:
a) cltrate :Mﬁ‘ oxaloacetate + acetate _
b) oxaloacetate + NADH + B T———Mmﬂmmalate + MADT

The neutraliséd PCA treated medium samples were appropriately
diluted and 0.5 ml added to cuvettes containings
0.05M friethanolemine buffexr + 0.2mM ZnCl, pH 746 2,0 ml
NADH (0.125% w/v) , 0.1 ml
Distilled water ‘ 0.4 ml

" 5 pl of lactate dehydrogenase and 5 nl malate dehydrogenase
wers then added to the ocuvette and the extinction at 340 nm was recorded
until a stable reading was obtained. The change in extinction which
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wag brought about by the addition of citrate lyase (made up in 10 ml
t;'iethanélamine buffer + 0.3 nil Zn012 DHE 7.6) was used as a measure of
'l';he citrate concentration. .20 }:1 of a2 1 oif gsolution was added to the
reaction m;the' A blank run using distilled wabter instead of sample

was carrled ou%, and the results for the unknowns corrected appropriatelys

3) Results of experiments carried out with myxomycete plasmodia

a) The growth of plasmodia on standard medium
Standard medivm (semi-defined medimm with citric acid omitted)

was inooulated with material from cultures grown on semi-defined medium
(Garlile, 1971)s Incubation gave rise to very stringy plasmodiz which
be@e entangled to form a large lump. This lump was not broken by the
vigorous swirling action of the ghaker. Vigorous shaling by hand did
not break it up until the culture approached maximum yleld. 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 ars larger than those grown
In gemi~-defined medium.

The dry weight yields of plasmodia grown in semi-definsd and
standard media are shown in Toble A.1, no difference being observed.

The level of citrate in semi~-defined medium and standard medium
during growth was assgayed enzymatically. Failure to utilise citrate
was obgerved during the growth phase (see Table A.2). Twelve months
after this experiment, the investigation was repsated (sece Table A.3)
with different strains of plasmodia. Agzin no utilisation was observed
Justifying the omission of citrate from the semi-~defined mediuvm.

(COn.Ed. on p. 259)
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The dry weight of plasmodin grown dn geni=-defined medium
' and stondard medium

' Both groups of three in the first set were inoculated (1%)
with material from semi-defined medium. 1% inoculations vere made
into each of the 'l;.xv'o groups of three in the second set from the
corresponding group in the first sets Similar 1% inoculations were
made into the two mg of three in the third set from the corresponding
group in the second set. The plasmodia were harvested by centrifugation
(1000 g for 5 mirutes) washing the pellet twice with distilled water.
The pellet was added o a weighed walch glass and heated at 100°¢
for twenty-four hours and reweighed. . ‘

Sel Number Sémi-dei‘ined medium Standard medium
1 433 ng ) . 433 )
 A46 ug ) Ave 430 mg 454 ) Ave 445 ng
411 mg ) 452 )
2 M6 ) 467 )
456 ) Av. 450 ng 425 ) Av. 446 mg
449 ) - )
3 460 ) 460 )
444 ) Ave 450 mg 465 ) Ave 460 ng
46 ) 455 )
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Teble Ad2e

The level of citrate in semi~defined medium during
growth of plasmodia previously grown in standard

medivm

Semi~defined medium was inoculated (1%) with material from
standard medivm (it had been grown through forty suvbeultures in this

medivm).

Aliquots (2 ml) of the medium were taken at the times
indicated and treated as above.

Time in hours Concentration of citrate (mM)
0 1045
24 1045
48 9.0
72 8.4
96 8.9
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Table A. 2

The level of citrate in semi-defined medium during
growth of different straing 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 times indicated and deproteinised with
perchloric acid (7.20)e After neutralisation aliquots were taken

for enzymatic analysise

Strain |2 hours [24 hours |48 hours {72 hours|96 hours {144 hours

a+1 12.0% | 140 14.0 | 14.0 | 12.0 12,0
i+ 27015 1 145 | 15.5 15,0 | 13.0 | 14.0 1345
Poultor 1. 2| 16.0 | 16.5 135 | 15.5 | 13.5 14.0

#* ooncentration as miM

1 i + A7015 - made by mating amoebae i and A7015 (Poulter & Dee,
1968).

2 Strain provided by Dr. Russell Poulter, Dept. of Genetica,
University of Ieicester.
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b) Me utilisation of glucose in media by plasmodia
The uptake of glucose was measured for plasmodia vhich had

been centrifuged and resuspended in the same supernatant, and for
plasmodia which had been centrifuged’and added to fresh standard medium.
These values were compared with the rate observed before centrifugation

(see Table A.4).

Since the rate was not adversely affected, centrifuging and
washing the plasmodia to remove wmwanted materials prior to incubation

was carried out routinely.

then washed plasmodia were resuspended in glucose-free standard
medium, added glucose waa utilised at the normal rate. Microscopic
observations showed that 24 hours after all the extermal glucose had
disappeared there waa no formation of asclerotia, and .that streaming
st11l occurred. . In similar observations (M.J. Carlile - personal
commmication) no sclerotia had been obsexved in glucose-free semi=
defined medium after 14 days incubatione, Transfer of active plasmodia
into standard medium lacking both glucose and peptone resulted in

complete solerotium formation within 24 houra.

An experiment was carried out to determine vwhether the presence

of peptone was responsible for the prevention of formation of sclerotia

(see Table A.5).

The ability of the plasmodia to survive as plasmodia in glucose-
free standard medium msy be due to wtilisation of inbernal glucose
astorzze compounds or, utilisation of peptone, or bothe A test for
glycogen (see Section A.2.f) was cariied out with a culture near maximm
vield. The glucose equivalent of glycogen represented 155 of the dry
weighte.
(conkel. on p.262)
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Table A.
The effect of centrifugation and fresh medium on the
uptake of glucome agmodia

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 g for 2 mimites), one merély being resuspended and the othex,
after removal of the supermatant, being added to fresh standard medium.
The three parts ware replaced on the shaker and samples (1 ml) taken
over eight hourse Trom measurements of the glucose levels by glucose
oxldase, and determination of dry weight, the rate of uptake was
calculateds Corrections were made for the reduction in dry welght
by the samples removed.

Rate of uptake mg glucose/
Conditions g dry weight/howr
original flask 2843
centrifuged - resuspended 3440
in same supernatant ¢

centrifuged -~ added to 3046
_ fresh medium ‘




divided into four and each centrifuged (1000 g for 2 minutes).
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Table A5

The effect of glucose and peptone on the formation
of asolerotis from plasmodia

100 ml standard medium culture close to maximum yield was

Each

pellet was taken up in 25 ml of the above media and incubated at 24°C

in the dark.
Time Modifications of standard medium
(hours) | Glucose 1% Gluoose 0% |Glucose 0.,016%| Glucose 0%
Peptone 0% Poptone 0% Peptone 1% Poptone 1%
3 |Very irregular Mainly spherical|Very irregular |Stringy lengths,
shapes. plasmodia shapes mainly [some dividing-
active streaming| stringy. into spherical
shapes.
6 |Spherical Mainly spherieal|Very irrvegulax [Very irregular
plasmodia, plasmodia gome |shapes. ghapes. One
streaming in Streaming, sclerotium seen.
long pieces.

24 [Many solerotiz Almost all Two sclerotia [One sclerotium
(40%) but some  |solerotia. geen but other-seen, active
streaming seen. wise plasmodia |streaming,

with active
streaning.

48 Main1¥ sclerotial A1l sclerotia. |Some sclerotiz|Active
(>70%6) some (5%) vut still |streaming

spherioal
plasmodiz seen.

many plasmodia
with active
streaming in
others.

gome sclerotia

(5%)
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c) Imvestigations on the glycogen-like material isolated

£rom plagmodia
The material isolated by the procedure mentioned in section A.2.f.

wag exsmined. Dilubte (0.023M) iodine solution was added to solid on a
walch glasse Vhen viewed with a miocroscope the characteristic red=brown
colour obtained with glycogen could be seen. A spectrophotometric assay
wag also carried oube Vhen iodine in potassium iodide solution (0.025M)
vas added to a solution (5 mg in 3 ml) of the polysaccharide the colour
kept fading before it becams permanent (oyster glycogen did not show

this effect)s Iodine was added to the blank so that the negative pesk
at 430~450nm was balanced out. The soé.n vas them made (see Figure A.1).
There was a well-defined peak at 500nm, whereas with oystexr glycogen the
peak was at 490nm.

Incubations with oe~amylase gave the same amount of reducing
pover ag the same amount of oysiter glycogen. Further investigation by
p~amylolysis indicated it was similar o rabbit liver glyoogen. The
valus obtained was 450, the expected range for glycogen of different
origins is 40~55% (this analysis was kindly performed by Dre Be Je Rymsn)e

The sase of solubllity in water was anothexr glycogen oharacter=-
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 & Rusch (1969) this material was
called glycogen and treated as such during further experiments.

Samples were teken of plasmodial material during the exper.’ément
recorded in Table A.5. The glycogen was isolated and analysed (see

Teble 4.6).

(COnbol. on p. 266)
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Iigure A.1 The absorption spectrum of the iodine-polysaccharide

complex formed between lodine and the plasmodial

Eol.ﬁaccharidé and_oyster glycogen.

5 ng of the plasmodial polysaccharide isolated by the

glycogen" procedure and 5 mg of oyster glycogen were each dissolved
in 2 ml water.s 0.025M lodine in potagsium iodide wms added to generate

the reddish~brown colour of the complex. This reagent was added to the
blank cell until the minimm zbsorbance in the region 430-450 nm was

Z0T0e
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Table A6

The CO. levels &

the formakion of sclerodia
in different media

100 nl standard medium culture clogse to maximum yield was

divided into four and each centrifuged (1000 g for 2 mimutes)e Each

pellet was taken up in 25 ml of the above media.

Miguots (1 ml)

of the incubation mixbure 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 medivm

Time Glucose 1% | Glucose 0% | Glucose 0.016)% | Glucose 0%
(hours) | Peptone ® | Poptone 0% | Peptoms 1% Peptone 1%
0 149%* - 157 168
2 149 123 156 124
4 133 88 103 99
22 146" 452 137 14°

* pg glucose released after bydrolysis of glycogen isolated from
1 ml incubation mixbure.

1 mainly sclerotia (70%)

n

completely sclerotia (1000%)
3 mainly plasmodia, few sclerotia (5%)

)
g See Table A.5
)
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Synthesis of glycogen was demonsirated 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, i ).

The use of [U—14C] =glucose indicated that a large part of
the glucose taken up by the plasmodial suspension was gonverted to
glycogens It was then felt necessary to demonstrate not synthesis
of glycogen unambiguously. Because of the high levels of glycogen
in the plasmodia normally used, plasmodia were incubated in glucose-
free standard medium for 20 hours. No sclerotia could be seen after
this preliminaxy incubation, but the level of glycogen was reduced.
Incubation with [i=19C)=glucose and [6~'4c]~glucose vas carried out
(see Table A.8) and showed parallel uptake of '4C-glucose and increase

in net glycogen levels.

Further experiments were cariied out to study this incorporation
over a long period (mee Figure A.2, and Table A.9, and Figure A3 and
Table A.‘IO).‘ Large uptake of glucose was observed and more paxticular
large net synthesis of glycogen. The glycogen level began falling
as soon as the extermal glucose was used up (Fiﬂr_e Ad3)e

d) Oxygen uptake and carbon dioxide production by plasmodia
The wate of oxygen uptake and carbon dioxide production of

plasmodia was measured with a Waxburg manometer (see Table A.11). The
rates were not affected by additién of glucose, pyruvate or citrate

vhen plasmodial material from late in the phase of rapid gr:owl;h‘was
investigateds The glucose was however taken up by the plasmodia at

a rate of 32 mg/g dry weight/hour. Adenosine monophosphate and adenosine

(Cord:c]. on p. 276)
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Table AeT

The glycogen levels in plasmodia incﬁbated in the

abgence and in the presence of glucose

A 50 ml standard medium culture near to maximm yield was
divided in two and centrifuged (1000 g for 2 minutes)s The pellets
were taken up in 25 ml glucose~free standard medium. Glucose (25 mg)
was added to one flask, both being incubated at 24°C in the dark.

Samples (1 ml) wexe taken at the times indicated. Glycogen was

"isolated and assayed as described earlier (Section Ae2.f.).

Time Low glucose (5.5 m) Glucose-free
(Hours) gtandard medium gtandard medium
0 1e3 mg * 1.4 ng
0.5 . 13 1e3
140 14 14
1.5 15 1.2
2 1.6 143
3 1.6, 1ol
4 1.8 Te1
5 1.8 140
48 not detectable not detectable

* Glucose released by the hydrolysis of glycogen from
1 ml of the incubation mixture. The concentration
of the glucose in the medium was also determined for
each samples The glucose level in the medium was

zero after four hourse The rate of uptake of

glucose was 31 mg/g dry weight/hour.
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Teble A.8

The conversion of glucose to glycogen by
gtarved plasmodia

A culture (100 ml) grown on standard medium was centrifuged
(1000 £ for 2 minutes). The pellet was added to 50 ml glucose-free
gtandard 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 peptones It was finally resuspended in 50 ml of this
medivme Two (25 ml) aliquots were put into 2 x 100 ml round bottom
flasks and perfused with a gas mixture (oxygen 95//carbon dioxide 5%4)
as described in Section A.2.b. at 2500. To one flask 20 mg glucose
labelled with [1-146] ~glucose (29 )J.c[m mole) was added and to the other
flask 20 mg glucose labelled with [6-14C]-g1ucoae (33 pe/m mole) was
added. Samples (2 ml) of the incubation mixture were taken at one
minute, 11 minutes, 21 minutes and 31 minutes. The glucose in the
medium was assayed with glucosé oxidases. Glycogen was isolated as
mentioned before and hydrolysed to glucose. The radiocactivity in the

medium and in glycogen wag measured by taking aliquots of the medium

and of the hydrolysed glycogen.

The figures in the table are the differences bhetween data
obtained after one minute and 31 minutes. Glycogen increased from

105 mg to 449 mg equivalent of glucose during the incubation.

Expte 1 Bxpte 2

Glucose consumed 3.3 mg 306 mg

Glycogen produced 3.7 ng 2.2 mg

140~glucose consumed 0453 * 0,77 *
14C~incorporated into

slycogen 0446 * 0,52 *

% radioactivity as uc;

,// -

-

;"
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Tigure A.2 The conversion of glucose into glycogen by starved
plasmodia

Ae The experimental conditions are those described in the legend
to Table A.9.

evses glucose in the medivm.

e glycogen in the plasmodia.

B. " The experimental conditions are those described in the legend
to Table A.9.

cvees Vooaotivity in the medium.

—e 14(:--51.:.3'[-.:I:sr:l.ty in glycogen in the plasmodia.

E D [‘l-mc]-glucose
® O [2-'%)-glucose
A A [6—14(}]-51110089
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Table A.9

The conversion of glucose to glycogen by starved plasmodis

A 100 ml culture grown on standard medium was preincubated
in glucoge-free standard medium for 20 hourse. It was resuspended
in 100 ml standard medium lacking both glucose and peptone, and three
aliquots (30 ml) added to three 100 ml round bottom flasks and
porfused with a gas mixture (955 oxygen/54 carbon dioxide) as described

earlier (Section As2.f.) at 25°C.

To one flask 20 mg glucose labelled with [1-14C]-glucose
(33 po/m mole) was added, and to the other flask 20 mg glucose labelled
with [2—14Q]—g1ucose (52 pé{n; mole)s To a third flask 20 mg glucose
labelled with [6-'4C]-glucose (47 poy/m mole) vas added, Semples of
medium (2 ml) were faken after one minute, 16 minutes, 31 minutes,
60 minutes, 90 minutes and 120 minutese Glucose in the medium and
plasmodial 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 Ixperiment 2 Ixperiment 3

Glucose used 1445 mg 1445 ng 149 mg
Glycogen formed Tel mg Te5 mg Te4 ng A
¢4 conversion 4934 5204 50% \
M 0mglucose used 2,69 * 4432 ¥ 3,87 \
14, .

C-activity in . : . N

glycogen 177 %.08 24,50 \

% conversion 66% T19% . 65% \\

* radioactivity as ye,
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Ficure A. The incorporation of [U-14Gl-glucose into glycogen in

starved plasmodia

The experimental conditions were as described in the legend
to Table A.10.

seseelevess mass of glucose in the medium.

e~e—f—— mass of glycogen (as glucose) in plasmodia.
vevedFeess  Coactivity in the mediume

——f—— g-activity in glycogen in plasmodia.
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Table A.10

The time course of conversion of glucose to glyeogen

by starved plasmodia

A 50 ml culture grown in standard medium was preincubated, V
as described in Tgble A.8, in glucose~free standard medium for 20 hours.
It was resuspended in 50 ml standard medium lacking both glucoge 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 lazbelled with [U—14C]-glucose (30 pe/m mole)
vag addeds 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 Metheds (see also Figure A.2)
except that the plasmodial pellet was extracted with chloroform-methanol

(for lipids) before hydrolysis with 403 KOH.

Glucose disappeared completely in 60 minutes. ‘ Glycogen

increased from 3.0 mg to 12.0 mg equivalent of glucose during the

incubation.
(ﬁ?ﬁ;gg) % mass conversion § % 14C-aotivit—y conversion *
0-15 60 100
0-30 58 . . 84
0-45 56 80
0-60 49 ' T4

: . increase in glveogen (as glucose)
B ¢ mass conversion = x 100

decreage of glucose in medium

L) ‘14 ' [} - i L] V\

14 - increage in . ‘C~activiby in cogen from modia,

04 - ___—Wu_ﬂi___ﬂé__
% 'Ceactivity convergion = decroane 3 ootivite i T X100
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Table A.11

The oxyren uptake and carbon dioxide production by plasmodia

Approximately 50 mg dry weight of plasmodial material was
added to each flask. Incubation was carried out in standard medium

lacking both glucose and peptone at 25°C.

Source of plasmodia qu Qg‘gr
) 2 2
Ind of rapid growth phase | 14.4 % 0.5 (11) | 12.8 £ 0.5 (8)
1 day after maximm yield 103 ' 9.2
2 days after masdimum yield Te1 57

The standard deviation is given after the mean. The number

of values obtained is given in parentheses.

air

Q02 = pl oxygen/mg dry weight/hour.

air

Qco2

= pl caxbon dioxide/mg dry weight/hour.
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diphoaphate were added to attempt to create apparent anoxia and hence

and Oair

air .
Coo oL

quicker glycolysis, but they had no effect on the Q02

plasmodia in the presence of glucose (4 mil).

e) Production of 14 _Garbon dioxide from 140-&'!=ucose
The radioactivity of the carbon dioxide evolved from plasmodial

suspensions perfused with 95 om,rgen/ 5% carbon dioxide was measured
using [1-14CJ~glucose and [6-14C]-g1ucose. Vide variations in the
agpecific yields vwere obtained. The results and experimental conditions

are recorded in Table A.12.

In each experiment 14C-carbon dioxide was evolved from [1-1403-
glucose at a greater rate then that from [6—140]-g1ucose. Fi A,
shows rates of 14C-ca.rbon dioxide evolved by plasmodia from the active

14

grovuth phases TFigure A.4B shows the ratea of 'C~carbon dioxide evolved
by 1 day post—maxiurwﬁ plasmodia indicating a reduction in the preferential

cdnversion to 14002 from [1-140] -glucose to [6-14C]—glucose.

The 14C-activit:y' appearing in the lipid fraction extracted
with chloroform:methanol af'i:er incubation with [6-140] =glucose was

higher than that from [1-140]-g1ucose (see T2ble As13). The increase

in incorporation was shown to contimie when there was no more external

14C—g1ucose (see Figure Ae5)e

£) The Xrebs cycle acids of plasmodia determined ag their

methyl esters by zas chromatography

The methyl esters of the Krebs cycle acids in plasmodia were
prepared (see Section Ae2.ds). The plasmodia were grown in semi-
defined medium in a 5 'li‘bre fermentor flask and were not washed after

centrifugation (i.e. some exogenous citric acid present).

(con.l‘ol. on P.283>
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Table A.12

The specific yields of 14C-carbon dioxide evolved by

plasmodia from [3-1401-51ucose and [6-14Cl-g;ucose

Plasmodia vere suspended, after centrifuging and washing, in:-

stendard medium lacking glucose and peptone.

a 2 m concentration and was labelled with 1Y0-carbon (0e1 = 045 ;uyﬁnnole).

Glucose was added to give

A 95% oxygen/5% carbon dioxide gas mixture was perfused through the

suspension vhich was maintained at 25°C, and then passed through 40 ml

ethanolaminesethanol (1:1, v/v).

every ten minutes.

The ethanolamine:ethanol was replaced.

Source of Specific yield | Specific yield| §) glucose |Iength of
plasmodia C=1 - teken up |[incubation
End of 5 010 0403 38 20 minutes
1
| phase O0.14 0.09 13 20
; 0.19 0.08 45 20 "
a
of rapi ) 0439 0425 75 45
growth ; 0.25 0.01 50 10 "
: 0.15 0.06 80 30 "
1 day poss 0.21 O.11 75 20 "
maxci
yield 0.13 0.10 80 40 "

Specific yield = Y6-corhon dioxide evolved during incubation
- 4 - -glucogse used during incubation
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Figure A, The conversion of [1—140]-g1ucose and [67140]-g1ucose

to 14002 by plasmodia

The experimental conditions were those deseribed in the legend

to Table A.12.

FigeA was obtained with plasmodia from the active phase of growth.

FigeB was obtained with plasmodia which were 24 hours post maximum yield.

—f [1-140] ~glucose in medium —ff— 14002 evolved from [1-14C']-g1ucosee

N V- [6-140]-g1ucése in medium =—gr—— 14002 evolved from [6-140]-g1ucosea
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Table A3

The incorporation of 14C-ac'bivim from 140-@110039 into

Plasmodla from late in the phase of rapid growth were incubated
in standerd medium lacking glucose and peptone to which glucose had been

‘the 1ipid fraction of plasmodia

added (2 m1) labelled with '“Carbon (0,05 nc/pmole), and were perfused

with 955 oxygen/5% carbon dioxide for 30 minutes at 25°C.

Lipid

material was extracted with chloroform:methanol and washed with saline

(Sec'bion AdZ2eCe ) .

In Experiment 3, plasmodial material which had been pre-

incubated in glucose~frze standard medium for 20 hours was used.

[1-140] -glucose [6—140] -g:lucose
Ixperiment n 3 3 1
Hoe Yoin 1ipia|Mc-assappeared |¥o-in 1ipid [Mc-disappeared
from medium fron medium
1 0,18 * 0.94 0.27 0,90
2 0.43 2,90 0.75 3425
3 0.15 2.88 0.28 2,79

* radicactivity umits as Jc;
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Figove A.5  The incornoration of 'AC-activity into the 1ipids of
plagmodia incubated with !:1~14C]-glucose and [6-14G|-gluoose

The experimental details were those described in the legend
© ‘o Table A.13,

el [1-140]-g1ucose in the medium.
—fi— %C-activity in the lipids after incubation with [1-14¢]-glucose.
e A [6-140] -glucose in the medium.
—A—  Meosotivity in the liplds after incubation with [-'70]~glucoses
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When aliquots were chromatographed on 10f5 PEGA on Celite
mmerous peaks were observed, citric acld being the major peak (see
Timure A.6A)s Peaks were identified for succinate, fumarate, malate
and lactatee The lovel of lactate was high considering the kmown
volatility of methyl lactate. The presence of these intermediates
was indicative of the Krebs cycle operating in plasmodia. The separation
of the methyl esters of succinate, fumarate, malate and oitrate prepaxed

in the laboratory is shown in Figure A.6B.

g) The fatty scids of the lipids of plasmodia
The fatty acid oomposition 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. VWhen plasmodia
were cultured on oats (the method initially used by Korn et al) the
fatty 2oid composition was more oomparable (see Toble A.17 and Flgurs
AJTB and A.7C)« Microsoopic obssrvation of plasmodla grovn on cats
ghowed particles of oat streaming in the veins. -

The age of the culture affected the fatty acid composition
(see Tabla A.18). The material which changed most was that of relative
retention time 0.88 (palmitate = 1.00)s It deoreased from 25% of the
total acids at the maximum growth rate to 9 in :resti.ﬁg cultures
(sclerotia present). Oat grown plasmodia had only very low amounts
of this mabterial.

Qualitative differences in the fatty acid composition were
obmerved between different plasmodial strains grown on agar (semi-
defined medium) - see Teble A.19 and Figure A.8. These differences
in composition were later confirmed with plasmodia grown in liquid
culturea

(COnl:ol. on p.29¢+)



Separation of some Krebs cycle intermediates

Column packing 10% PEGA on Celite

Temperature programme 130% isothermal *or 22 rminules
10 180°at £8” per minute

Malate

é—

Krebs cycle intermesliutes from plasmodia

Column packing 10%PEGA on Celite

Temperature programme  310° isothermal for 22 minutes

to 180° at 48°per minute
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Figurs Adb The chromatographic separation of the methyl esters
of the Krebs cycle intermediates

The methyl estera of tho Krebs cycle intermediates derived
from piasmodia (B) were preparsd by a mdédification of the method of
Barnett et al (1968) as described in Section A.2,ds The same method

was used for the type compounds in A.

Gas chromatography was carried out on 10 PEGA on Chromosorb G
using the tempem ture ﬁrogramme - 110%C isothermal for 22 minutes,
110~180° at 48°C per minute, 180°C isothemmal for 30 minutes. Peak A
vag methyl lactate.
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Tzble 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/~¥)s. The lipids were extracted and converted to the methyl
esters as described in Section A.2.€. Gag chromatography was carried
out on 109 PEGA on Chromosorb G at 200°C.

Fatty acid % of total Kbrnlet al (1965) data
Unknown R = 0.88 22,5 T+9
16.0 * 349 91
1840 1¢3 241
1841 1349 4049
18,2 5845 40.0

* Notation used for long chain fatty acids. The
firgt mmber refers to the number of carbon atoms
present, and the second the mumber of double bonds

present.



Fatty acids of plasmodia grown in liquid cult%re
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Fatty acids of plasmodia gr+wn
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Tempurature  200%
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Fatty acids in the lipids of porage oats
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Figure A Chromatogramg of the total fatty acids and their methyl
esters from plasmodia srown in gtandard medium and on

porage oats, and from porage ocatse.

A Plesmodia (etrain 2 + i) were grown in standard medium and harvested
at near to maximum yield.

B Plasmodia (strain g + 1) were growm on sterile oat flakes in a
500 ml Erlemmeyer flask and were harvested with a sterile knife
vhen they had migrated up the wall of the flask clear of the oats.

¢ 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.2.0.

Chromatography was carried out on 10% FEGA on Chromosordb G at 200°C.

Peaks 1. unknown BRT 0.88, 2. palmitate. 3+ stearato.

4« oloate. 5« linoleate.

RRT mothyl palmitate = 1.00
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Table A.1

The fatty acid composition* of plasmodia grown on oats

Plasmodia from liquid culture were inoculated on sterile
ocats in a flagk (500 ml). After growth the plasmodia were allowed
to migrate up the walls of the flask. = They weré removed with a
sterile knife and extracted with chloroform-methsnol (2:1, v/¥).
The methyl esters of the fatty acids were extracted and chromatographed

ag described in Section A.2.0.

Fatty acid % of total | Korm et al data | Porage ocats
Unknown R = 0.88 242 Te9 -
16.0 8e¢1 9.1 161
1641 4.4 3.0 -
18,0 <1 2.1 b -
18,1 3148 409 4243
1842 5441 4040 417

# Omitting the contridutions of minor peaks.
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Plasmodia (strain a + i) were harvested from cultures grown

gtandard medium with the ace of the culture

'in semi-defined medium at the times indicated in the table. The

‘1ipids were extracted and the me‘tli;y'l esters of the 'fa'bty acids

prepared as described in Section A.2.c.

Fatty acid %6 4 day 5% 4 day 20 T day
Tnlmom 26.4 1445 9.5
1640 13.0 55 S
18.0 1.9 343 3.8
18.1 9.2 845 20.2
1842 4640 5241 42,2
Others 3.7 12.8 18.6




Fatty acids of plasmodia grown on agar

{ass,

Column packing 10% PEGA on Chromasorb G

Tempeiature 200°

Fatty acids of plasmodia grown on agar

{0 15)

Column packing 10% P34 on Chromosorb G

Temperature  200°

Fatty acids of plasmodia grown on agar

(ie29
Colurnn packing 10% PEGA on Chromosord G

Temperature 200°

3
5
\ 4 21
T T
20 10

<«———minutes

o
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Figure A8 The variation in fatty acid commogition of different

plasmodial strains when grown on asare

Turee strains of plasmodia a + i, i +A7015, i +A7029, were
grovn individually on agar plates (using the semi-defined medium
described by Carlile, 1971). The plasmodia were floated off the ager
vhen near to maximum yield, and their lipids extracted and the me’clﬁl
egter of the fa.tt& acids prepared as described in %e Section A.2.c0

Gas Chromatography was carried oub on 10j5 PLGA on Chromosoxb G at 200°¢,
Peak identification:
1 Unimown BRT 0.79 2. Unknown RRT 0.89 3« Palmitate

4. Stearate 5. Oleate 6. ILinoleate

BR’L’ methyl palmitate = 1,00
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Table A, 12

The fatty acid composition of different strains of

plasmodia grown on agar

The plasmodizal siraing below wexe grovn on semi-defined

medium agare. The plasmodia were floated off and extracted with

.chloroform-methanocl (231, v/¥).

Preparation of methyl esters of

fatty acids and their gas chromatographic analysis was as desoxribed

in Section As2+404

Fatty aoid a+i i+ A7015 i + A7029
Unknown R = 0.79 - Tt 104
Unlkmowvn R = 0489 16.8 - 2.0

16:0 5ed 849 9.8
18:0 <1 <1 31
18:1 16.5 12.9 1344
18:2 6146 71.0 T0.1
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The material of relative retention time 0.88 could be isolated
by TLC of the methyl esters (using Kieselguhr G (nach stahl) impregnated
vith 1056 silver nitrate: developed with petroleum ether 40-60°C,
diethyl ether 9:1 v/v). The plates were sprayed with 2, 4~dichloro-
fluoroscein (1% methznol solution) and the bands located under a U.V.
Jampe  The material ran betueen the saturated and mono-umsaturated

nethyl esters, being completely separated from both.
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Disougsion

1) Effoct of mutrients on the growth of the plasmodium

‘a) Citric acid

Omission of citric acid had no effect on the dry weight yilelds
ot moximm growth (Table A«l, pe256)s Citric acid was not metabolised
by any of the straine tested (Table A.2 and As3, ppe 257¢ 258 )« Daniel
& Rusch (1961) incorporated citric acid in their mediwm for the growth
of Pepolycephalum merely as a buffer (0.5 g/litre). That the total
yield was not changed would confirm this.

For another myxomycete, Physarum risidum, Henney & Hemney
(1958) found that in their medium citric acid was toxic at a concentration
of 5 g/litre, vhereas the levels of olitrio acid in the semi-defined
meddum (Carlile, 1971) used in this study (3.5 g/litre) permitted active

growth of P. polycephalum.

b) Glucose

A value of 25-35 mg glucose/g dry welght/hour was consistently
obtained for plasmodia incubated aerobically in standard medium |
-containing various levels of glucoge. The rate was not affeoted by
transfer to stendard medium lacking peptone (Table A«4y Pe260Q)s The
consigtent level of glucose uptake was unlike animal muscle systems
vhere the rate of uptake was dependent on the extornal glucose concen-
. tration (Park, 1955; Momaford, 1969). A possible explanation for
this is discussed later.



2) Storare compounds of the plasmodium

a) Glycogen

Several workers have described the internal polysaccharide
as glycogen or glycogen~like, Sullivan (1953) reported 2 decrease in
the glycogen content (4 of the dry weight) in sclerotia compared x-;i:bh
plasmodiae Daniel (1964) isolated a polysaccharide by the KOH-ethanol
glycogen isolation procedure and found it to consié'b of glucose and to
, gtain reddish~brown with iodine. | Gcodman & Rusch (196_9) igolated a
polysaccharide by the procedure of Crwell eb al (1964). The effect
of K-amylase end A -amylase in partly degrading the polyéacchaiide vas
demonsgtrated by electton microscopy and was said to he similar to that
‘ observed using rabbit liver glycogen. Also the spectrm of the
polysacéharide—iodine complex was similar to that obtained with rabbit

liver glycogens

In this study the polysaccharide could be resolved into two
fractions, one readily soluble in waters. The other polysaccharide
was thought to De the slime released into the medium, This material
has been showm 1o be a galactose polymer (Simon & Henney, 1970)‘.

This had been previously observed in this laboratory (Buck, KeWe —

personal commnication).

Evidence in this study that the water soluble polysaccharide

. wag similar to other glycogens was its precipitation by low levels of
ethanol, the spectrum of the complex with iodine (Figure A.1, De264),

its glucose content and its degradation by w-amylase and g-amylase.
"‘Eb:haustive degradation with g=~amylase released 450 of the total glucose,
a value corresponding to that observed with other glycogens vhich were
degraded at the same time.
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b) TFatty acid composition

The fatty acid composition of plasmodia growm in standard
nedium in liquid culture and on agar was different from that obtained

for plasmodia grown on porage oats (Tables A.16 and A.17, Dpe 286+ 289

and Tigure A«T, De288) % vag also different from that reported by
Korn et al (1965) for plasmodia growm in liguid culture (Tables Al.16
and 9.__._1_7_). 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 (Tzble Ael17)s Their results might be explained
'in texrms of the age of the culture examined, an increase in the oleic
acid content was observed in older culiures (post maximm growti) -

see Table A.18, 1e290.

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 useds As shown in Teble A.19, De293
in strain i + A7015 this material was not present at all and in strain
i + A7029, was present.in smaller amounts. Thus vﬁ.'bia plasmodia of
mixed genetic pairs the level would depend on the composition of the
different strains present. By observing the presence or zbsence of
thig material and also fha‘b 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 a2l (1965) suggested

¢

they wore branched fatty acids.

3) Synthetic and metabolic pathways

a) Glycogen synthesis
Plasmodia from the active growth phase had high levels of

glycogen and vhen 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 Tablo A.7, ps267)s  Incubations with glucose
labelled with [U-MC] =glucose indicated that 60-70% of the glucose
vhich 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 1A’(?-f_aglu‘::ose
(Table A.8, A9 and A.10, ppe268,271+219 A time course study of the
synthesis showed that in the first 15 minutes‘100% of the 1A‘C-gl'o.cose
vhich disappeared from the medium was incorporated into glycogen (Table
g._.1_o) and at the same time 60% of glucose used up appeared as the net
increase in the level of glycogen. The difference, 40% of the glucose
taken up, represented the endogenous glycogen metabolised during this
periods If the speoific 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 broken down. The most recently synthesised glycogen
vas not the immediate substrate for breakdown since all the radiocactivity
remained as glycogen in this first perlod. As the time course continued
the percentage of 14C-g1ucose incorvorated 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}-g1ucose and
I2-14G]—g1uoose and [6-140]-g1ucose (Table A.9). This would also
suggest that direct syntheais to glycogen has occurred since the pentose
phosphate shunt was operative in plasmodia and this would be expected

to affeot the specific activity of G6P if labelled in the C=-1 position
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compared with the C=6 position (Katz & Viood, 1960). Since G6P is
generally accepted as being a precursor of glycogen then the specific
activity of the glycogen would have been ex_pected to be different
(less for C~1 labelled G6P).

With glycogen-depleted plasmodia uptake of 15-20 mg of
140-1abelled glucose by the plasmodia was sufficient to result in the
glycogen having the same specific activity as the glucose (see Figure
Ae3, DPe2?3). Immediately after the disappearance of the extermal
glucose the level of glycogen began to drop, the specific activity
remaining constant. Judging from the continued incorporation of
14C-activity into 1lipid (see Figure A.5, p.282) despite the lack of
ex‘l;e;r:na.l glucose, glycogen was a substrate for metabolic processes.
Studies on the aeroble respiration of plasmodia indicated that for
plasmodia from the active phase of growth the oxygen uptake and carbon
dioxide production were not affected by the sbsence of substrates,
either glucose or peptone, during the course of the experiment (one

hour)e.

b) Glycolysis
Evidence for glycolysis has come as a result of the study of

anaeroblosls and the motive force of streaming. The energy for the
motive force is considered to be ATP (Kamiya, 1959). He found that
lowering of the oxygen tension increased the motive force, as did any
condition which suppressed respira.tioﬁ. From this he concluded that
an inerease in thé 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 plasmodis in samaercbic conditiom,
being five times as high as that produced in aexobio conditions.
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Hatano & Takeuchi (1960) measured the plasmodia ATP levels
and found that they were not changed by low oxygen tensionse If the
ATP produced in the mitochondria was decreased by low oxygen tensions
then that producéd by glycolysis would be increased, cé.using an increase

in the motive force as observed by Kamiya.

Several workers have reported that plasmodia could continue
to stream under ansercbic conditions (Seifriz & Urbach, 1944; ILoeuy,
19503 .Allen & Price, 1950). Kitching & Piremme (1940) howevex
reported that complete removal of oxygen caused rapid cessation of
streamings Recent work of Carlile (1970 - private commmication)
with axenic material has shown that in the complete absencez of oxygen
cessation of streaming was rapid, and that 95% nitrogen/50% carbon
dioxide gas mixturs could not extend the streaming period to 24 hours
as reported by Loewy (1950)s 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 ATP generated by oxidative processes, since glycolysis
takes place in the groundplasm where the motive force appears to be
genera.téd. It has not been demonstrated whether ATP generated in
mitochondria could diffuse readily into the groundplasm.
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¢) The pentose phosphate shunt
Since synchronised surges in DNA synthesis occur in the

plasmodimm (Rusch, 1969) it seemed likely that the pentose pizoaphate
shunt was in operation to prqvide tﬁe necessaxy substrates.  In addition
Huttermann (1969) has shown that glucose-6-phosphate dehydrogenase
increases during the growth phase. .

Vhen measurements were made of the 14002 released after incubation
with [1-140] -glucose and [6-140] =-glucose that despite the variabilits-
of the results it was clear lthat [1-140]- glucose vas converted to
14002 more readily then was [6-1401-31113059 (see Table A.1~2, De 277
and Fisure A4, pe279)e Increased incorporation of 14C-activity into
the 1ipid fraction was observed during imcubation with [6-17G]-glucose
than from [1~14C]~glucose (see Tzble A.13, P.280 and Figure A.5, De282)
Foxr active non-starved plasmodia the ratio of incorporation of C-6
labelled activity and C-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

ghunt was operative in aerobic active plasmodia.

However, it was not ﬁossi‘ble to calculate the contribution
of the shunt to the total metabolism by the methods discussed by Katz
& Wood (1960, 1963)e The large amount of glycogen synthesis ruled
out most theories, and for those developed for a situation where
glycogen synthesis was high, the qualitative difference in metabolism
for this organism compared with those discussed by Katz & Wood (1963)
invalidated them.

Examination of the activities of the intermediates isolated :
after incubation with [1—14C] ~-glucose and [6-14C]-glucose by radio-GIC
of their TMS-derivatives (see Figure 7.3, p.!90) indicated that the

e
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Krebs oycle intermediates were labelled more from [6-14C]-g1ucose than
from [1-140]-g1ucose (see Toble 7.3, pe!19!)e This is in agreement
with that observed for incorporation in lipid.

d) The Krebs cycle
The presence of mitochondria hag been reported by many

workers. Dugas & Bath (1962) using electron microscope studies
descr;bed the mitochondria ag resembling those of most protozoa and
other simple organismse Holter & Pollock (1952) reported that the
enzyme succinic dehydrogenase was located in the mitochpndria; fraction.
Johnson & Moos (1956) reported similarly for the enzyme succinic
oxidases - - i |

N
2
Ohta (1954) reported that the QCOZ for plasmodia was one-

eighth that of Qca‘é'z indicating that aerobic metabolism was responsible
for most of the carbon dioxide evolved by plasmodiz. ' The presence of
some of the Krebs cycle intermediates as determined by GIC (see Figure
A.6, D. 285 and Figure 7.3, P./90) with the previously mentioned observa-
tion would su'ggest, although not prove, fhe exigtence of the Krehs

cycle in plasmodia.

4) TFormation of sclerotia

Incubation of plasmodiz in standard medium lacking peptone
and glucose led to 'bhe rapid formation of sclerotia wilthin 24 hours
(see Table A.5, pe26l)s McCormick & Rusch‘(1969) have also observed
this effects Chet & Rusch (1969) have caused formation of sclerotia
from plasmodia in normal growth medium by the addition of sugar
alechols, manmitol (to 0.5 Moler) being the most effective. Jump (1954)
has reviewed the situations which caused the formation of sclerotiae



- 303 -

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). Tor

cultures grown on this medium, formation of sclerotia occurred routinely
two or three days after maximm grovrth. It was not clear vhether leck
of elther the peptone or the glucose, or both, was responsible for the

formation of sclexrotize.

When plasmodia were incubated in standard medivm lacking
glucoge formation of sclerotia was almost entirely prevented whereas
incubation in stendard medium lacking peptone resulted in greater than
70% of the plasmodia becoming sclerotia (sce Table A.5, De26l )e
Thus the presence of high levels of glucose could not prevent formation

of sclerotia.

Examination of the glycogen levels (Table A.6, De26S) shoved
that the level did not c‘on‘b:col onget of the formation of sclerotiae
Plasmodia incubated in standard medium lacking glucose had a vexry low
level of glycogen v{hereas those incubated in standard medium lacking
glucose and peptone had a higher level deépite total conversiom to
sclerotia. Those inéubated in '!;he presence of glucose (19%) maintained
the level of glycogene.

Thus lack of glycogen did not significantly alter the state
of the plasquia. ' Coqt:tnued streaming in standard.medium lacking
glucose for longer periods than that reported in this gtudy have been
observed (M.J. Carlile ~ private commmication)s In this ciroumstance
it vas meh that glycogen was depleted to provide the energy for
streaming and then other ensrgy was provided by the oxidation of amino

——am e s
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acids from the peptone. The myxoamosbae of the cellulaxr slime mould,
Dictyostelium discoideum, grow adequately in axenic culture on peptone

alone (Watts & Ashworth, 1970) and addition of glucose suppressed the
oxidation of amino acids without significantly enhancing growth. For
plasmodia of P. polycephalum growth on pepions does not accur.

In the bilological 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. Carlils (1971) has shown that plasmcdia can deteot
food concentration gradients and migréte up thems VWhen a food source
is found the starved plasmodia appears to convert the carbohydrate to
glycogen first of all, so that ‘if the source were 1imited_ it does not
waste the food by using it for growthe Thus it is able to move off
to £ind another site. In this state the rate of breakdown of glycogen-
" would be governed by its level, providing other necessary substrates
were presents If this is the case then the rate of uptake of glucose
would not be affected by the remaindér 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 maximm glycogen levels (in 20% of the dxy weight).
Whether an entirely new method of glycogen synthesis is operative in
this organism or vhether disorete compartmentilisation of the sites
of synthesis ococurs remains to be investigated.
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APPENDIX 2

COMPUTER PROCESSING OF GAS IIQUID CHROMATOGRAPHY DATA

1) Introduction

The complexity of the chromatograms obtained vhen analysing
tissue pamples, and the need to be able to determine quantitative
data necegsitates automation of the data analysise

Integration of peak areas can be carried out mamally (cege
by peak triangulation), by the use of integrators (mechanically 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
(1.es non-computing) cammot analyse the data to correct for the area
of the gtandard peal;:, or to attempt to identify the peaks according
to their retention time. This type of machine is useful only for
essentially simple chromatography vhere the results are not urgently
required,

To be able to analyse the data more thoroughly a computer is
necessary. The definition of a computer in this context is an instrument
vhich 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 on-line system; this works essentially in real time and
therefore is subject to certain limitations concerming baseline changes.

A\
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In some cases the raw data from the chromatograph 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.
Vith such a system many analyses from different machines can be handled
by the central computer at onces The central computer is large and
therefore can caxry out complex analyses on the data, or can be used

to impose its control on a process. Such systems are most commonly
found in industry.

For users with small quantities of complex chromstograms 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 analogue
or, more usually, a digital form, with a secondary system, and the
data presented to the computer at a2 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 onte
magnetic tapes The particular advantage of these methods is that the
raw data is recorded in a permenent form vhich 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
vhilch can be fed into the computer more rapidly than the other two.
This is an important eonsideration since the major poxtion of the
computing time, end hence costs, 1s spent feeding inand printing 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 wecord 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 deseribe a peak with an
error of less than 0.1% were 13 (Kishimoto & Musha, 1971); this
criterion was fuifllled for the peaks examined.

2) The recording of the output of the chromatograph onto punched tape

The arrangement for recoz"d.:lng the data was as is outlined

‘

belows

FeleDe | 3| FelsDe ~——3 | RECORDER
. AMPLIFIER ,

' RETRANSMITTING

0~ 10 oV SLIDEVIRE (0~10V)

ANATOGUR TO .
DIGITAL CONVERTOR

TIMER CONTROL ———)l PUNCH |

DATA TAPE

The output of the F.Il.D. amplifier (0~10 mV) was not sufi‘ic’ient to
d.::ive $he 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 F.I.D.
amplifiexr, This extra slidewire had a potential drop across it of

10V. The c.ax:’ciage on the servo arm had two pick ups, one for each
wire, so that the corresvonding position on the 0=10 nV slidewire was
tapped off on the 0~10V slidewire. This results in a 1000 fold

amplifications In fact it was arranged that the bottom end of the



slidewire still registered a slight voltage (0.07V), this preventing
the punching of 000 when operating normally. Similarly the top end
of the wire only registered 9.80V, this prevanting 1000 or greater

being punched (a four figure number).

" This aﬁalogue signal was converted to a binary d.ec:i.mal-form,
this then being punched out (Addo Tape» punch) under the control of a
timer wnit (built in the electronic workshop of the Biochemistry
Department, Imperial College, by A.ﬁ. Lowe).

At the begimning of the analysis the time ponstant 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
beginning of the datas At the end of the data tape, or when a baseline
or sensitivity change was necessary, another minns sign was punched.
One of the read ingstructions for the computer included identification
of the first line of the data bloocke If a2 minus sign was not punched
when altering the conditions of the emslysis (e.ge baseline or sensiti-
vity change) manuel editing was carried oute After changing the conditions
another minug siél plus time constant was punched. The computer
programme deal with the data in each section as a distincet entity as far
~ag area meaéﬁremént was concerned, but it did accumulate the total time
since the beginning of the analysise A job terminator was attached
to the end of the fape -after a final minus sign.

3) The computer programmes

The programmes vhich have been written for the integration
of peals 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 computers Essentially the mathematical processes in both
programmes were the sames The differences were in the manipulation
of these processes necessary because of the different sizes of store

avallable with each computer.

a) The Algol Programme

Imperial College had a direct link to the Atlas computer and
this was used initielly. This computer has a very large‘ store and
enabled the -operator to obtain fast execution with the expense of |
using up moere store than was ecomomic. To check the J'execmtion of the
programme it was necessary to output several of the arrays generated
(eeg. baseline and corrected data)e This was a costly operation and
interpretation of the large amomt of digital information was not easy
for the observer. Because of this the PDP«9 computer which could

display thig data in an analogue form on a teolevision 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 O or greater than 1000. Any parity or format errors brought
input to a halt. The tape had to be restarted after correction of

errorg.

B. Removal of spikesg

Spikes due to dust passing through the flame ionisation
detaotor wore 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.

Ce Smoothing of the data
The data was passed through a smoothing routine until the

conditions for smoothed data were achisved. The number of iterations

was recorded.

De. Calculation of the 1st, 2nd and 3rd differentials of the data

These values were stored in three separate arrayse

E, Determination of baseline pointsg

The following conditions had to be satisfied:

1) 1st differential must be > 18t differential found at the last
baseline point (set at an initial value of =1000).

2) st differential must be < 0

3) 2nd differential must be = 0

4) 3rd differential must be = O

It was assumed tha'!: baseline slope either became less negative,
or remained congtant throughout the analysis (conditions 1 & 2).
Condition 3 oliminated tops of peaks from being recogpisgd a8 baselins.
Condition 4 overcame the problem of apparent small valleys between peaks
caused by variation of the data at the top of wide peaks. The first
and last deta points were also taken as baseline pointse. The puniching
of the tape was begun once the solvent front had reached the detector.
this meant that the first data point read 9.80.

Fo Construction of bageline

The established baseline points were joined together linearly,
updating the baseline formed where the data was less than the bageline.

Ge Subtration of baseline from smoothed data

This isolated the peaks to give 'pure' chromatography.
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He Calculation of data

The programme proceeded through the Ypure! data wmtil it
noticed the start of peak. Integration was begun and continued wmtil
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 peakse If there was a valley 'the totel area up to
the lowedd point of the valley was recorded and integration restarted
through therpedk maximum snd down to zero. Vhen baseline (zero) was
found the programms proceeded through the data until it found the
beginning of the next péalc.

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 elso the
time from the begimming of the analysis (essentially retention time).
In addition the contents of the arrays holding the smoothed data,

' baseline points, calculated baseline and purified data were printed so

as to check the execution of the programme.

b) The Fortran Programme
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

ugsed for the input data, smoothed data, 1st, 2nd and 3rd differentials,
bageline points, baseline and 'pure' data. Vith the FDP-9 this number

of arrays was not possible and a rumming method of analysis was used.

The smount of store space left after entry of the programms
permitted 720 data points to be analysed. Since the GIC analysis took
75 minutes and the punching rate was 20 blocks per minute it would be
impossible to analyse the entire data tape in onme go. However, the
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analysis was broken into sections caused by changes in sensitivity
so that 720 was not always exceededs In addition parity and format
faults did not bring input to a halts They vere recorded by gutput
on the line printer. |

Igsentially the same mathematical procedures were adopted as
outlined for the Algol l;rog:came. Additional procedures were incorporated
into the programme. The PDP~9 has video-display facilities and it was
possible to displey both the emoothed da‘l;a and the calculated baseline.

The programme was halted at this poinj: vhilst the operator examined the
baselines If the baselirlxe was satisfactory a key was lifted on the
switch register, restarting the programme and printing out the integrated

datas In many cases either the data was still very rouch or the operators

céncépt of where the baseline should be and that calculated by the
programme were differents This often meant basgeline points being
found on downward slopes before 'true! baseline had begm. These vere
readily improved by resmoothing the data, the signal for this being
given by lifting another key on the switch reglster.

In the second and third sectioné of a data tape the definitiom
of baseline had to be modifieds In some cases these sections began
with a rising peak, no baseline points being found before the %op of the
peeks On the dowmward slope baseline was found very rapidly since all
the conditions (B. 1-4) were satisfied. This was overcoms by resetting
the 1at differential (condition E.1) to be indtially - 2. A baseline
point could not be found until the baseline was almost reacheds 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 registers The layout of this
programme is showm in Figure A.9.
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¢) Orgenisation 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 orresponding 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 note If it did the corresponding data point in array 1 was replaced
by a 1.  If it did not, a zero (0) was insorted. When all the points
had been examined all the smoothed data point values in array 2 with a
1 in the ‘cor:responding position in array 1 were made negatives. The
negative ﬁmmbers wvere joined linearly and the extrapolated baseline
‘ transferved to array 1 (now positive). Iach of the intermediate
points were checked to see that the baseline was not greater than that
point. Vhen the baseline was finally ready both it and the smoothed
data were projected on the screen. Resmoothing 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

a8 baselina.

Vhen the operator was satisfied with 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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Layout of the programme used with PDP=9 computer
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fallacies which were caused by the programmes In the early stages

"' of the development of the programme it was envisaged that the operator
could draw in the bageline for the data which was displayed on a screen,
by using a light pen. However, human errocr and bias was possible and

go 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 e moving spot. The spot could be
gcarmmed across the sereen wmtil it corresponded to the abeisaa of the
faulty datas the operator could then type in the value which he thought

was the correct one.

Meny GIC-computer applications had been reported (see Childs
et al, 19693 FKuzel et al, 1963)s The majority héve been concerned
with on-line systems calculating routine GIC analysese In on-line
systems the output from the detection system was fed directly to the
compubter in real time and was not stored in a permanent forme On-line
systems have advantages over off-line systems in that the data produced
was more rapidly awvaillable, in many cases sufficiently quickly to control

plant processes.

However, for non-routine analyses the speed of arailability
of data is generally not important. = Oberholizer (1969) has examined
the use of off-line systems, and although agreeing to their usefulness
for non—ioutine enalyses criticises the accuracy of the data produced,
particularly the basgeline. However, the inaccuracy of the data was
very small compared with the other errors including experimental exrors.
'Since baseline by the current procedure was accurately determined, the

errorg discussed by Oberholizer, largely inaccuracies of the baselins,
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are removeds Since on-line systems are very expensive no justification

can be seen for use with experimental analyses.

A serious disadvantage of onwline systems is the lack of
permanent record of ‘the chromatographic datas Computer failure and
less serious hiccups are not uncommone With a permanent record
recalculation of the data can be carried out if programme alterations
were necessary at a later dates Although paper tape was used in this
sfudy, magnetic tape is a better proposition since the data can be
recorded faster and stored in a much smaller space.

A digsadvantage of the current system was the limited range
of the potentiometric recorder. The bageline at the lowest attemation
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‘prog:r:anme. Thus f
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

' Btudy.

The potentiometric recorder was limited to reading 0~-10 mV, !
the analogus to digital converter effectively reading this in 10 pV .
gtepse 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 scales The range 0~100 mV could be
used still reading data in 10 V. 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

ugefulness of the system since an operator would no longer be required
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o intervene and change the attenuation range during the analyses.
Vith the PDP=9 each word has 18 bits. This means that the greatest

T _ 1 (431,071).

value of the data in a single word would be limited to 2
The data could be entered as two words but this is a problem since the
amount of date that can be handled by the prbg:am is 720 data points.

Increasing the store by 2K more words would overcome this.
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COMPUTER PROGRAMME USED WITH THE PDP=~9 COMPUTER

DIMENSION IBUFF(1gde), IDATA(725,2)
COMMON IBUFF,IDATA,ITTME,INT,ISIG
ITIME=§

CALL TAPE(ISIG,INTA)

WVRITE(1,14¢1)INTA

© INT=INTA/148

NPOINT=1

CALL TAPE(ISIG,IDATA(WPOINT,1))
IF (ISIG.EQ.1) GO TO 16

1T (Isza-.ﬁq.z) GO TO 13
WRITE(1, 14d1)NPOINT

GO TO 11
IT(IDATA(1, 1) +GT948)GO TO 11
IF(IDATA(NPOINT, 1) «EQ.Z)G0 TO 11
IF (¥POINT.EQ.725)G0 TO 16
NPOINT=NPOINT1

G0 O 11

NPOINT=NPOIINT~2

D0 2¢ N=2,NPOINT
TDA=(IDATA(H=1,1)+IDATA(W+1,1))/2
TF(IDATA(N,1) «GT.IDA+3P) IDATA(N,1)=IDA
CONTINUE

D0 25 N=2,NPOINT

TDATA(N, 2 )=( IDATA(I%=1, 1 )+ IDATA(N,1)+IDATA(T1,1) ) /5
CONTINUG

TDATA(1,2)=IDATA(1,1)

ID114S=-17gF

NPOINT=NPOINT~3
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D0 3@ N=2,NPOINT

IDATA(N,1)=f

ID1-ID2

ID2=ID3

ID3=1ID4

1D5=1D6

ID4=TDATA(N+3,2)~IDATA(N+2,2)
ID6={ID4=IED2 /2

ID7=ID6=ID5

TF(TDATA(H, 2) «GT.95¢)G0. TO 3¢
IF(N.10.21)G0 TO‘27
TF(IDATA(N,2) « GT. IDATA(N=-18,2)+2)G0 TO 3¢
E‘(IDATA(N,z).GT.IDATA(N—2¢,2)+5')C-%O TO 38
IF(102.6T.0)c0 To 3¢
IF(ID2.LT.ID1IAS)GO TO 38

IF(ID5.0E.8)G0 TO 3¢

IP(ID7.NE.Z)Go To 3¢

IDATA(H,1)=N

TD1IAS=ID2

CONTINUE

D0 35 Ne1,NPOINT

IT(IDATA(N, 1) JGT W @) IDATA(N, 2 )2 IDATA(NG2 S8, .
CONTINUE

D0 58 =1,NPOINT

IDATA(N,1)=~IDATA(N,2)
IF(IDATA(N,2) s LT.Z)GO TO 5¢
IF(IDATA(N=1,2).GTe@) GO TO 48

IJ=N~1

IX=-IDATA(IJ,2)

IK=N
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IR=TK+1

IF(IDATA(IK,2).GT.f) GO TO 37
IY=-~IDATA(IK,2)

IDATA (W, 1)=( ((IX=-TY }*(IK~X) ) /(IX~IJ) }+IY
TMIN=IDATA(N,2)~IDATA(N,1)

TF(DMIN.CT.8) GO TO 5¢

- NFTHeK=

D0 45 M=N,NFIN
TNEX=TDATA(M, 2 )~I¥~( { (TX-IY)*(IK-}) )/ (IK~IJ))
IF (INEX.GT,. IMIN)GO TO 45

IMIN=INEX

Nl

CONTINUE

IDATA(N,2)=~IDATA(N,2) .

N=IJ

" CONTINUE
' NP=( (NPOINT+2)/3)*4

CALL SCALE(NP,8.8.758 88,8, 1¢88 8, I5UIT)
D0 52 N=1,NPOINT ' ,
IF (IDATA(N,2).LT.g) IDATA(N,2)=~IDATA(N,2)
CONTINUE o

DO 53 N=1,NPOINT,3 |

Rexd

CALL DSPLY(R)

R=TDATA(N,2)

CALL DSPIY(R)

CONTINUE

CALL ENDPT

DO 54 I=1,NPOINT,3

R=l
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CALL DSPIY(R)

R=TDATA(N, 1)

CALL DSPLY(R)

CONTINUE

CALL ACSW(ISIG)
IF(ISIG.EQ.Z)CO TO 55
TF(ISIG.EQ.1)G0 TO 98
IF(ISIG.EQ.2)G0 TO 95
IF(ISIG.EQ.4)GO TO 82
IP(ISIG.EQ.8)G0 TO 118
WRITE(1, 1¢43)

ID1=g

DO 8¢ N=1,NPOINT
TDATA(XN,1)=IDATA(I,2)~IDATA(N,1)
IF(ID1.NE.Z)CO TO 58
IF(IDATA(N, 1)« LT42)GO TO 8F

ID4=1

ID2=IDATA(N,1) .

GO TO 8¢

IF(ID1.EQ.@~1) GO TO 62
TD2=ID2+IDATA(N,1)

IF(IDATA(N, 1) «GE.IDATA(Y=1))GO TO 8¢
ID1==1

ID3=TTIME+N¥INT

Go To‘_e}z!
IF(IDATA(N, 1) .IE. IDATA(N-1,1))GO TO 66
ID1=1 '
ID4=ID2~{DATA(N=1,1)/2)
TD2=IDATA(N, 1 }+ID2~1D4
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T7(ID4.17.28)G0 T0 8¢
GO TO 75 _
66 1r(IDATA(N,1) .GT.1)GO TO 76
m1=g
IF(ID2.1T.2¢)G0 TO 8¢

ID4=1D2
75 IDA=IDA*INT
WRITE(1,1¢¢2)ID4,ID3
1gde FORMAT(1H,218)
1983 FORMAT(SE PK AR T)
Go To 8d
76 ID=ID2+IDATA(N,1)
g CONTINUE
82 ITTME=TTTME+INT*NPOINT

IF(NPOINTEQ.728)G0 TO 185
CALL TAPE(ISIG.INTA)
TF(ISIG.EQ.1)GO TO 8

85 CALL ACSW(ISIG)
IF(ISIC.EQ.$)GO TO 85

G0 T0.5 .
of ID1IAS=

GO TO 26
95 10 @@ N=1,NPOINT |

IDATA(N,1)=IDATA(N,2)

Jf] CONTINUE
NPOINT=NPOINT+3.
GO TO 22 ‘

185 READ(2, 1484 )NBAK

1984 FORMAT(I3) '
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ITIME=ITIME-INT#IBAK
D0 148 N=1,NBAK
NSUB=NPOINT:+N~NBAK

IDATA(N,1)=IDATA(NSUB,2)
148 CONTINUE

NPOINT=NBAK

GO TO 15
1981 FORMAT(1H, I6)
114 D0 12f N=3,NPOINT

TDATA(N, 1)={IDATA(N=2,2)+IDATA(N=1,2)+IDATA(N,2)+
IDATA(N+1,2)+IDATA(N+2,2))/5
128 CONTINUE
NPOINT=NPOINT+3
GO TO 22
D)
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