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IV
ABSTRACT

The Biochemistry of Carbon-Pluorine compounds 
is reviewed.

'art I
An attempt to prepare tritiated 3-Deoxy-3- 

Fluoro-D-Glucose (3FG) was unsuccessful, because of 
decomposition of the sugar during the tritium 
exchange.

3FG is shown to have no effect on 
gluconeogenesis in Rat Kidney Cortex slices.

3FG administered to rats is non-toxic and 
ranidly excreted in 24 hours. Up to 11^ of the total 
fluoride excreted, appears as free fluoride ion.
This hydrolysis was not accounted for by acid or base 
catalysis, or microbial degradation in the urine of 
the animal. A reconstituted glycolytic enzyme system 
which consumes 3BG, does not release fluoride ion,
3FG is not totally excreted by the animals, a small 
but significant ammount being retained by the brain 
and testis.

Part II
1) The parameters of hexose transport across the
human erythrocyte membrane are determined for 
several sugars, using an optical method. The series 
of half-saturation constants is as follows: 3BG=
3-0- ethyl-D-Glucose :< D-Glucose <■ D-Mannose <  
3-Deoxy-D-Glucose <  D-Galactose I-Arabinose. All 
sugars appear to be transported by the same pathway. 
Estimations of the dissociation energy of the 3EG- 
Carrier and Glucose-Carrier complexes suggest that 
the binding of the two sugars is equivalent. Since
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3-Deoxy-lJ-Glucose has a relatively low affinity for 
the carrier, it is suggested that the fluorine of 
3?G is involved in the binding to the carrier 
protein.

2) 3EG does not appear to be metabolised by
the glucose catabolic pathways of the human 
erythrocyte. Preincubation of the erythrocytes with 
3PG for 12 hours reduces subsequent glucose 
consumption. Incubation of cells with 3FG for 24 hours 
leads to the relesse of fluoride ion into the medium.
In addition a certain ammount of 3FG could not be 
recovered by washing from the cells. As a result of 
a series of experiments, it is proposed that the 
carrier is alkylated by 3EG with the release of free 
fluoride. This prevents the exit of remaining 
intracellular 3?G. This hypothesis is offered to explain 
the retention of the fluorinated componants by the 
brain and testis of 3PG-treated rats, and the 
production of free fluoride anion in their urine.

An appendix contains a description of a 
synthesis of 3-Deoxy-D-Glucose and a Computer 
programme for the analysis of the monosaccharide 
transport data.



INTRODUCTION

Interest in organofluorine biochemistry 
developed out of a desire to discover the biochemical 
mode of toxicity of fluoroacetate (1,2,3). This can be 
said to have begun in 1944, when Marais discovered that 
the toxic principle of Gifblaar (Dichanetelum cymosum) 
was fluoroacetate (4). Since this plant had been 
responsible for large scale deaths of cattle in South 
Africa, an antidote was required to prevent the heavy 
economic loss.

In 1948 and 1949, Liebecq and Peters, 
using washed kidney particles from the Guinea Pig, 
showed that fluoroacetate had no effect on acetate 
metabolism but induced an accumulation of citrate (5,6). 
This was later shown to occur in vivo (7). These 
observations allowed R.A. Peters and his colleagues to 
postulate the formation of an inhibitor of the Citric 
Acid Cycle, a conclusion reached independantly by 
lartius from his experiments with Ox heart tissue (8).
This hypothesis was eventually proved by the 
isolation of fluorocitrate from kidney homogenates 
treated with fluoroacetate, and the demonstration 

that fluorocitrate was a potent inhibitor of mitochondrial 
aconitase (9).

The production of toxic fluorocitrate from 
non-toxic fluoroacetate in vivo, was described by 
Peters as a ’Lethal Synthesis' (10). This contrasts 
with 'Protective Synthesis' in which a toxic molecule 
is conjugated with some biochemical constituent and 
excreted in a less toxic form. The rationale for the 
Lethal Synthesis from fluoroacetate, has been provided 
by the chemical similarity of hydrogen and fluorine in 
organic compounds.



The economic importance of organo-fluorines 
has continued to increase as the number of plants 
demonstrated to contain fluoroacetate, or compounds 
capable of being degraded to it, has reached somewhere 
around 36 (l). Several of these have been found in 
Australia where a campaign of eradication is in 
progress. The danger to livestock is potentiated by 
the fact that these plants, notably Gifblaar, live in 
arid areas, have extensive root systems and are often 
the major vegetation in the region (l). Dichapetelum 
toxicarium has as its toxic componant not fluoro
acetate but -fluoro-oleic acid, present in the seeds(ll) 
Certain other shorter chain w-fluoro acids occur in 
the seeds but each contains even numbers of carbon 
atoms. (3-oxidation of these acids yields fluoro
acetate, whereas w-fluoro acids with odd numbers of 
carbon atoms yield either ineffective (3-fluoro-propionic 
acid or unstable fluoro-formic acid (2). This has 
provided additional confirmation of the [3-oxidation 
theory of fatty acid degradation, originally 
suggested by Knoop (12).

The metabolism of fluoroacetate in vivo 
shows quite a range of species variation. For 
example the dog can be killed by 0 .05mg/kg, the sheep 
by 0 .4mg/kg and the rat by 5.0mg/kg, whereas the toxic 
dose for the toad is 300-500mg/kg (13). This variation 
can be best explained by the ease of conversion of 
fluoroacetate to fluorocitrate. The main signs of 
toxicity are seen in the heart or nervous system, 
the emphasis varying in different animals. In the 
rat the toxic signs start with convulsions which,if 
survived, are followed by general muscular wealcness 
leading to death in 12-18 hours (13). The causes of 
these physiological lesions have been explored and 
an effect on synaptic acetyl-choline suggested but there 
is no evidence for this. Neither is there evidence of
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fluoroacetyl-choline formation or indeed any effect 
on addition of fluoroacetyl-choline (13)• Another 
possibility is the indirect depletion of the neuro
transmitter y-amino butyrate (GABA), by a block in 
the Citric Acid Cycle (Pig. l). However Dawson 
found little effect on GABA levels (I4).

Pluoro-citrate is 200 times more toxic than 
fluoroacetate when injected into the brain, fluoro
acetate quitting the organ within a minute. Administered 
by any other route however, fluoro-citrate is 200 times 
less toxic than fluoroacetate, suggesting that transport 
is an important factor (13). Gal has proposed that the 
production of convulsions via a lethal synthesis is 
based on the fact that mitochondria are an important 
part of synaptic morphology and function (15). This



hypothesis argued that citrate accumulation could 
olter binding to mitochondrial membrane subunits,
therefore greatly affecting the Ga^^ and Na"̂  exchange 
required during excitation and recovery. A significant 
increase in the rate of efflux of calcium from 
mitochondria of fluoroacetate treated rats was 
observed, but mitochondria from untreated animals 
showed no change in ion efflux in the presence of 
either fluoroacetate or fluoro-citrate. This has 
been interpreted as being due to the time dependant 
development of an irreversible inhibition of the 
Citric Acid Cycle (15). An independant report has 
shown that this inhibition reouires 15-20 minutes 
to become effective in vitro (16).

Although the cause of the whole body 
reactions seen in those animals sensitive to fluoro
acetate is not fully understood, the mechanism of 
the inhibition of mitochondria by fluoro-citrate, is 
a little clearer (17). Early work had shovm a block 
in citrate metabolism (8 ,10) and it was deduced that 
this was a result of fluoro-citrate inhibition of 
aconitase (13). This inhibition was competitive with 
respect to citrate (18), thus providing the anomaly 
of a potent metabolic inhibition despite soaring 
tissue citrate levels. Eanes et al. have attempted 
to explain this by demonstrating that if intact 
mitochondria were incubated with a mixture of citrate 
and fluoro-citrate, then citrate consumption followed 
the kinetics of isolated aconitase. However if the 
organelles were preincubated with fluorocitrate, 
subseouent citrate metabolism was totally prevented. 
Then these mitochondria were disrupted with Triton 
X-100, citrate metabolism approached that of the free 
enzyme under control conditions. The concentration of 
fluoro-citrate which totally inhibited citrate 
metabolism in intact mitochondria, was less 
than that necessary to inhibit aconitase.
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To account for these observations, it was suggested that 
the mitochondrial tricarboxylate carrier can be inhibited, 
preventing the exchange of certain T.G.A. cycle 
intermediates with the intra- and extra-mitochondrial 
media (l8). A similar conclusion was reached by Brunt 
et al. who observed that a lower concentration of 
2 ,2-difluoro-citrate was necessary to inhibit citrate 
oxidation in yeast mitochondria, than isolated Aconitase 
(19).

The study of the intimate action of fluoro
citrate on mitochondria has necessitated the isolation 
and characterisation of the inhibitory isomer (22).
2-fluoro-3-hydroxyl-l,2 ,3-tricarboxyl-propane describes 
two diastereo isomers, each of which exists as two 
enantiomers, 4 in all. Pure synthetic monofluoro-citric 
acid can be resolved into two componants A and B (17). 
Ghemical evidence indicates that A and B are the 
predicted diastereo isomers of monofluoro citrate each 
containing the R and 3 enantiomers. Xun has suggested 
that A is the R,S-erythro- (-0H and -P on the same side 
when viewed in the Fischer projection) and B is the 
R,3-threo- form. The inhibitory isomer of monofluoro- 
citrate belongs to the A group (17). Dummel and Kun 
have resolved the R ,S-erythro-rnonofluoro-citrate and 
have shown that only one of the enantiomers was an 
inhibitor of either aconitase or the mitochondrial 
carrier (16). Subsequently the same group of workers 
have presented Xray evidence to suggest that the active 
resolved isomer is in fact the three- form (20).

Although monofluoro-citrate has been 
implicated as the fluoroacetate metabolite responsible 
for the observed pharmacological effects, other reactions 
could contribute significantly. Gitrate accumulation 
in the tissues is a characteristic of fluoroacetate 
poisoning (21), but the liver appears to be an 
exception (23). Using 2-^^G-fluoroacetate, Schaeffer 
and I.'Iachleidt reported that mouse liver exhibited a high



rate of fluoroacetate metabolism. Separating the 
isolated metabolites electrophoretically, two peaks 
were observed corresponding neither with fluoroacetate, 
nor fluoro-citrate. Similar observations were made in 
Guinea Pigs, Rabbits and in isolated Pig liver. Although 
the major metabolite has been isolated, it has yet to 
be characterised further than that it contains 9.3̂
Fluorine and that it could be an amino acid (23).

Although formation of a fluoro-amino acid 
in livers of fluoroacetate poisoned animals has been 
proposed, some Japanese workers have suggested that 
fluoro-ketone bodies are the major metabolites. In 
support of this,monofluoro-acetone, separated and 
identified as the 2 ,4-dinitro-phenyl-hydrazone, was 
isolated from rat livers perfused with fluoroacetate.
The lack of citrate accumulation in the liver could 
therefore be explained by the preferential conversion 
of fluoroacetate to ketone bodies. (24). Buffa has 
recently established that a determining factor in the 
response of the liver to fluoroacetate poisoning is 
the nutritional state of the animal. It was proposed 
that the introduction of fluoroacetate causes general 
changes in intermediate levels in the liver, which 
alter the relative contributions of alternative metabolic 
pathways (21).

The stimulation of interest in organo- 
fluorines by the work on fluoroacetate, has led to the 
development of several compounds of clinical interest.
At present clinically important organofluorines 
derived from natural products fall into two major 
groups, fluoro-steroids (25,26) and fluoro-pyrimidines (27). 
The first group was developed almost by accident, as 
Fried and Sabo prepared 9-a-fluoro-cortisol as a 
potential intermediate in the chemical synthesis of 
cortisol (28). When tested it was found that this fluoro- 
steroid had increased activity over that of the parent 
molecule in almost all its effects. These observations
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provided the stimulus for organic chemists to produce 
a nev/ spectrum of steroids in the corticoid, progestational, 
anabolic-androgenic and oestrogenic lines.

Introducing fluorine into steroid hormones 
has been one of the most successful ways in which 
chemists have manipulated these molecules(26,29)• The 
major result of these efforts has been that the 
quantitative efficacy of the natural hormones has been 
greatly enhanced. In addition the effects of fluorinated 
and natural hormones can be qualitatively differentiated.
It was possible to enhance or reduce, in the synthetic 
analogue one or other of the manifold effects composing 
the biologicl spectrum. For example it was possible in 
adrenocorticoids to change the equilibrium of gluco
corticoid, anti-inflammatory and mineralocorticoid 
activity. Similar changes in enuilibria were possible 
with the androgens, oestrogens and gestgens (25).

The prototype of a fluorinated androgen with



TABLE 1

The effect of fluorinations in different positions of 
the cortisol molecule. (26)

A Glucocorticoid
B Anti-Inflammatory 
C ^ineralocorticoid

Position of 
Pluoro-substituent

Change in Activity 
A B C

9a-
9a- (without 11-OH) 
12a- (17-OH blocked) 
ba
ba + 9a- 
2a- 
4-
153- 
158 4- 9a 
16a-
16a + 6a- 
16a + 6a + 9a-

4-4-

4-4-
4-4-
4-4-4-

4-4-4-

4-4-

4-4- 
-f-f 
4-4-4-

4-
- f - f  

4-4- 
4-4-4- 
4-4-4-4-

4-4-4- 
4-4- +  

+++

P in place of -OH
llp-
17a-
21-

0 = 0
-  OH

0
u 6



9high oral androgenic and anabolic activity is 
9-a-fluoro-ll-'3-hydroxy-methyl-testosterone (I). It 
appears that the effects of the 9-%- and 11-6- 
substituents are synergistic, producing a steroid with 
enhanced anabolic and androgenic activity. (I) has been 
used in the treatment of hypogonadic conditions or 
metastatic breast cancer (26).

Several progesterone derivatives have been 
prepared and it is apparent that the most active are 
the 6-a-fluoro- and 9-a-fluoro- steroids (25). These 
substitutions have also proved successful in the 
cortisol series (Table l). Although replacement of a 
hydroxyl group of cortisol by fluorine usually lowers 
activity, the 21-fluoro- derivative is useful as s.n 
anti-inflammatory, because the side effects are reduced. 
Other modifications of fluoro-steroids can erthance the 
pharmacological activities, 2-a-methyl- being the most 
notable. Such modifications have extended the usefulness 
of these compounds (25).

It is still not possible to predict accurately 
the effect of structural modifications on a given steroid 
molecule. Nevertheless initial attempts have been made 
to derive from the available data some theoretical 
explanations for steroid action. Clearly the similarity 
in size of fluorine compared with hydrogen, allows an 
effective replacement. However the steric factor may 
not be the complete answer, as 9-a-hydroxyl- steroids 
have only cbout 2°Jo of the activity of 9—a-fluoro- 
steroids (25). A proposal that it is the electronegativity 
of the 9-oc- group which affects the II-5 hydroxyl group, 
so altering the binding of the steroid to its receptor, 
has been made (30). This view has been challenged by 
the observation that 9-a-fluoro-ll-deoxy-corticosterone 
has 12 times the activity of 11-deoxy-corticosterone 
in the mineralocorticoid assay (31). A general hypothesis 
has been put forward which postulated that it is the 
fit of the steroid on the receptor that is important
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and that altered activity is by an enhanced or reduced 
ability to fit (30).

The second group of organofluorines with 
significant pharmacological and clinical activity, 
contains the fluoropyrimidines and their derivatives. 
Development of these compounds was originally prompted 
by a report that uracil utilisation v/as enhanced in 
tumours (27,32). Anti-metabolites with the substitution 
of a fluorine atom for hydrogen were prepared, the most 
successful of which was 5-fluoro-uracil. This has been 
used for the palliative treatment of patients suffering 
from disseminated cancers (33)*

The carcinostatic property of fluorouracil 
seems to be due to anabolic reactions (27). Fluoro
uracil is readily converted to acid-soluble nucleotides, 
undergoes incorporation into RNA and interferes with 
RNA synthesis in mammalian tissues and tumour cells. 
However its major chemotheraputic and toxic effects 
are attributable to an interference with DNA synthesis 
and cell division (34). This has been traced to an 
inhibition of thymidylate synthetase (the enzyme that 
catalyses the conversion of deoxyuridylate to thymidylate) 
by the fluorouracil dervative fluoro-deoxyuridylate (34, 
35,36).

Although the major carcinostatic activity 
of the fluoropyrimidine derivatives is via their 
effect on thymidylate synthetase, other biological 
effects have been observed. Fluorouracil has been 
demonstrated to be incorporated into ribosomal, messenger 
and transfer RNA. This has led to mutagenesis in RNA 
viruses, changes in acceptor activities of transfer RNA, 
miscoding in protein synthesis, inhibition of the 
maturation of ribosomal RNA in bacterial and mammalian 
Cells and several other less well documented effects (37).



Fig. 2

Reactions of the Pluoronyrimidines. (2?)

I--------------------; RNA
PU —  — FUH -  P U M P P U B P  V PUTPX  1

FCDR ► FUDR ^ FdUMPr-- ^ FdUDP

F-,T< bhTD'"

dUMP dTNP

F^dTMP .,L. ...- ?^dTDP:;=±: F^dTTP

FU = 5-fluorouracil 
FUR = 5-fluorouridine 
FUT/IP = 1 mono-, di-, tri- 
FUDP = } phospho- 
FIJTP = 3 nucleotides

DNA

FCDR = 5-fluoro-2'-deoxy-cytidine 
FUDR = 5-fluoro-2’-deoxy-uridine
FdIMP = 1 
FdUDP =

mono- and d i- 
' phospho-deoxy- 
nucleotides

F^T _ fprifluorothymine 
F^TDR = Trifluorothymidine 
F^dTMP - '\ mono-, di-, and tri- 
F^dTDP = I nhospho-deoxy- 
F^dTTP = ) nucleotides.
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The demonstration that thymidylate synthetase 

was the main target for the activity of 5-fluoro-uracil, 
prompted the synthesis of 5-(trifluoromethyl)-uracil, 
(trifluorothymine) (27). This compound was found to be 
inactive in mammals but the nucleoside, trifluorothymidine, 
was highly effective against tumours and DNA viruses.
The corresponding nucleotide inhibits thymidylate 
synthetase competitively if added simultaneously but 
non-competitively if preincubated with the enzyme. Reyes 
and Heidelberger proposed that this compound formed a 
covalent bond between the carbon that carried the 
trifluoromethyl group and an amino acid close to the 
active site (38). A summary of the metabolic conversions 
of the fluoropyrimidines, necessary to produce the toxic 
compounds, is shown in Fig. 2.

The toxicology of fluoropyrimidines is also 
clinically important. There have been reports that 
fluorouracil and fluorodeoxy-uridylate produce convulsions 
in dogs and cats (34). Catabolism of Uracil results in 
the formation of (3-alanine, which is subsequently 
converted to acetate. 5-fluoro-uracil is similarly 
degraded, yielding a-fluoro-3-alanine which is the major 
excretion product in man (39). No evidence of fluoro
acetate could be found in urine and tissues of mice (40). 
However Koenig and Patel have shown that administration 
of fluorouracil to cats led to elevated tissue citrate 
levels and suggested that this was due to fluoroacetate 
poisoning. They argued that the inability to demonstrate 
fluoroacetate in fluorouracil-treated mice,was because 
it was rapidly converted to fluorocitrate (34).

One feature of fluorinated natural products 
that emerges from this review,is that their toxicity, 
if such toxicity exists, is related to their ability to 
form fluoroacetate in vivo. This central position 
apparently held by fluoroacetate has prompted investigations 
into the properties of biochemically near relatives.
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3-( + )-[3-monofluorolactate has been reported to be an 
inhibitor of lactate dehydrogenase (41). a-fluoro-f 
-amino-butyric acid has been enzymatically synthesised 
from S- ̂ -fluoroglutamate, and has been shown to inhibit 
the uptake of y-aminobutyric acid (GABA) in a nerve 
muscle preparation of lobster. This observation may 
prove to be important in view of the proposed neuro
transmitter properties of GABA (42).

The search for fluorinated amino acids in 
tissues which are known to contain fluorine compounds 
has yet to prove fruitful (43). However tentative 
evidence has been presented that mice poisoned with 
fluoroacetate, produce a fluorine containing amino acid (23) 
The production of fluoro-amino acids could become 
important as they may be able to affect protein synthsis 
and create a nuimber of biochemical lesions. Protein 
synthesis can be affected in a variety of ways, other 
than by direct action as a competitive substrate in 
amino acid activation and incorporation into peptide 
chains. The analogue may act as a permease inhibitor, 
restricting supply of a required amino acid, or it could 
act as a feedback inhibitor or repressor of essential 
synthetic pathways. Finally a fluoro-amino acid could 
exhibit metabolic antagonism in specific hydroxylating 
systems (43).

One of the most exhaustively studied 
fluoro-amino acids is p-fluoro-phenyl-alanine (FPA).
This analogue was demonstrated to be a substrate for 
phenyl alanine hydroxylase from rat liver but with an 
activity lower than that of the natural substrate (44).
In those bacteria where a general permease system operates 
for the uptake of aromatic amino acids FPA is a good 
substrate. Where a specific permease is present FPA 
appears to be an inhibitor (43). Working with preparations 
of 3-deoxy-D-arabino-heptulosonic acid 7-phosphate



14

synthetase (the enzyme catalysing the first reaction 
involved in the shikimate aromatic pathway), Shive et 
al. have shown that FPA can imitate the action of 
phenyl alanine as a feedback inhibitor of the enzyme (45)

Perhaps the most significant aspect of 
the work with FPA is that which relates directly with 
the synthesis of protein. There are reports that FPA 
inhibits the growth of both poliovirus (46) and 
Western Equine Encephalomyelitis (47). There is also 
evidence that FPA can become incorporated into protein 
(48,49). Whereas phenyl-alanine can be coded for by 
the AAA and the GAA .anti-codons, FPA can only charge 
the AAA containing t-RNA (43). The extent to which 
FPA can be incorporated into protein can be high. Some 
reports suggest that it can reach the same level in 
rabbit protein as phenyl-alanine but it does not appear 
to substitute for tyrosine (48). It is clear that 
certain fluoro-amino acids may participate in many 
metabolic processes almost as readily as the natural 
compounds. This fact has been used to define the 
specificity of certain reactions and also help in the 
study of genetic control mechanisms.

Much of the efficacy of fluorinated 
analogues of natural products, can be ascribed to the 
relative stability of the C-F bond, illustrated by 
the bond energies shown in Table 2. This stability 
enables the organofluorines to resist detoxification 
and increase persistance. In most instances the 
greater stability of the C-F bond can be correlated 
with the considerable bond stretching necessary to 
attain the transition state (54). Not suprisingly 
therefore reports of enzymic cleavage of the C-F bond 
are relatively rare (51,52,53,54).

Microbial cleavage of C-F in aliphatic
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TABLE 2

Physical Data of G-X bonds 
(Eclectic values from several sources (52, 62 ))

Bond

C-C
G-H
C-0
G-P
0-H
G-S

Length

%

1.54
1.09
1.42
1.38
0.96
1.81

Length Dipole
inc. p (debyes)

Van der Waals 
Radii

s

2.29
2.83
2.74
2.16
3.67

0.0
0.4
1.15
2.24
1.51
1.73

bond energy 
kcal/mol

81
99
80

102
105
62

compounds has been observed in several cases, the 
organisms usually belonging to the Pseudomonadaceae 
family (53). Substrate specificity in these cases has 
been restricted to fluoroacetate and related compounds. 
The reaction is generally considered to be a hydrolysis 
of the type:

FGHgCOONa HgO HOGHgGOONa + HP

Labelling studies have shown that the oxygen which 
is incorporated is solvent oxygen and not atmospheric.

Mammalian cleavage of G-P bonds has been 
observed by Gal et al. who administered fluoroacetate 
to the rat. ^^GO^ production from 2-“^G-fluoroacetate 
was reported but this evolution continued for only one 
hour after administration (55). Barnett and his 

colleagues have used Glycosyl fluorides to study the



Proposed mechanism for the hydrolysis of a-riuoosides 
(52)

ORHO

OH
X H

OH

ORH O

OH

OH

H O O H

OH

X H

CH^ OH

OH

H 0 OH
OH
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action of intestinal glucosidases (52, 56-59). Hydroysis 
of a-D-glucopyranosyl fluoride by intestinal maltase 
was shown to proceed rapidly to give glucose and 
hydrogen fluoride (52) and was demonstrated to be a 
general reaction for glycosidases and glucoamylases (59). 
Accumulated evidence led to the proposal of a plausible 
mechanism (Pig. 3). Using the a and p glucosyl fluorides 
it was possible to determine whether the action of a 
particular hydrolytic enzyme was with retention or 
inversion of configuration (52).

A particularly pertinant cleavage of the 
C-F bond was originally noticed by Bowen (60).
Pseudomonas aeruginosa was demonstrated to grow with
3-deoxy-3-fluoro-D-glucose as a carbon source with 
parallel production of HP. This observation has since 
been confirmed but it has been pointed out that it 

only occurs with certain mutant strains of Ps. aeruginosa. 
(61).

In most of the organofluorines reviewed 
above, the fluorine atom has been used to replace a 
hydrogen atom of the parent natural product. It has 
been pointed out that the rationale for the effective 
replacement of hydrogen by fluorine is the similarity 
in the sizes of the two atoms. However reference to 
Table 2 would suggest that fluorine may be just as 
effective in replacing hydroxyl. Clearly this substitution 
will be limited by the differences in the chemistry 
of hydroxyl and fluorine but the latter may participate 
in enzyme substrate binding, in a manner similar to 
hydroxyl (Pig. 4). If substrate binding is possible 
and the fluorine is not situated at a site where 
hydroxyl is essential, at a phosphorylation site for 
example, then fluorinated natural products could become 
incorporated and a lethal Synthesis may result. This 
has been the rationale for the synthesis of a wide
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range of fluorinated carbohydrates and investigations 
into their biological activities.

In the triose series both 2-deoxy-2-fluoro- 
glycerol (63,64,65) and racemic 1-deoxy-l-fluoro- 
glycerol (66) have been prepared. Recently the latter 
has been resolved into the two optical isomers, via 
stereospecific syntheses (64). In addition 2-deoxy- 
2-fluoro-glyceraldehyde (67) and 2-deoxy-2-fluoro- 
glyceric acid (68) have been made available. Most of 
the early work on the biochemistry of these compounds 
was performed in R.A. Peters' laboratories (54). It was 
shown that both racemic 1-deoxy-l-fluoro-glycerol and
2-deoxy-2-fluoro-glycerol were toxic to rats and caused 
an elevation in citrate levels (69,70).

Available evidence has been insufficient 
to establish the mechanism of toxicity of racemic
1-deoxy-l-fluoro-glycerol (IDPG). Although IDPG 
poisoning in vivo appeared to affect the heart, with 
accumulation of citrate, perfusion of that organ with 
IDFG had no effect, -ov/ever when the liver was included
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Proposed pathway of the Lethal Synthesis from

2-Deoxy-2-Pluoro-Glycerol (7l)

2-Deoxy-2-Fluoro-Glycerol > 2-Deoxy-2-Pluoro-
Glyceraldehyde

. . 2-Deoxv-2-Fluoro- GlvcerateFluoroacetate <--------- ^

in the perfusion circuit, the heart was affected. It 
appeared therefore that IDFG had to be 'activated' in 
the liver before the toxic species was produced.
0'Brian and Peters suggested an oxidation of IDFG 
to 3-deoxy-3-fluoro-glyceric acid, followed by 
oxidative decarboxylation to fluoroacetate (70). This 
compound was also considered to be the toxic metabolite 
of 2-deoxy-2-fluoro-glycerol, which caused tissue 
citrate levels in rats to increase. Since a similar 
effect was observed with 2-deoxy-2-fluoro-glyceraldehyde 
(09,71,72) and 2-deoxy-2-fluoro-glyceric acid (71,72), 
a catabolic scheme to fluoroacetate, via a conversion 
of 2-deoxy-2-fluoro-glyceric acid by serine hydroxy- 
methylase, has been proposed (Pig. 5).

Recently the substrate specificity of 
glycerol kinase (E.G. 2.7.1*30) from Candida mycoderma 
has been studied using 3-deoxy-3-flnoro-sn-glycerol 
(3-sn-DFG), 1-deoxy-l-fluoro-sn-glycerol (1-sn-DFG),
2-deoxy-2-fluoro-glycerol (2-DFG) and their corresponding 
deoxy analogues (73). 1-sn-DFG and 2-DFG were substrates 
for this enzyme whereas 3-sn-DFG was a competitive 
inhibitor of both glycerol and dihydroxyacetone 
phosphorylation. These results have helped to confirm 
the hypothesis that the phosphorylation of glycerol 
yields exclusively sn-glycerol-3-phosphate (73).

The substrate activity of 2-DFG for glycerol
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kinase (Candida mycoderma) has been confirmed by 
alternative methods and the reaction has been utilised 
to prepare 2-deoxy-2-fluoro-sn-glycerol-3-phosphate (74). 
Chemical synthesis of this compound has confirmed the 
identity of the enzyme product (74). l-sn-DPC-3-phosphate 
and 3-sn-DPC-l-phosphate have also been synthesised and 
all three have been used to study the substrate 
specificity of sn-glycerol-3-phosphate oxidoreductase 
(SC 1 .1 .99.5) in locust flight muscle mitochondria (73). 
Only l-sn-DFC-3-phosphate was a substrate for this 
enzyme but the other two fluoroglycerol phosphates 
proved to be competitive inhibitors of the oxidation of 
sn-glycerol-3-phosphate. Independant observations with 
the racemic mixture of 1-deoxy-l-fluoro-glycerol-3- 
phosphate led to similar, if somewhat less convincing, 
conclusions (75). It was suggested that this might serve 
as a selective toxic agent to certain cancer cells, 
lacking the sn-glycerol-3-phosphate dehydrogenase but 
possessing an active phosphatase.

The synthesis of several fluorinated members 
of the next group of compounds in the homologous series 
of carbohydrates, has been achieved (76), but reports 
of their biological activity are few. This is probably 
related to the biological role of the tetroses which 
is relatively small. Racemic 2-deoxy-2-fluoro-erythritol 
has achieved a position of some importance, as a potent 
mrowth inhibitor of Brucella abortus, for which 
erythritol is a growth factor (61). This fluoro- 
tetritol has also been instrumental in providing some 
physico-chemical support for the postulate that fluorine 
can form hydrogen bonds in a manner similar to that of 
hydroxyl. The hydrogen bond dependant crystal structure 
of i-erythritol has been studied using Xray technioues, 
the diffraction pattern differing only slightly from 
that of racemic 2-deoxy-2-fluoro-erythritol (77).
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X

OHOH

( A)  X = F

(B)  X =  O H

The deoxy-fluoro-pentose series of 
carbohydrates appears to have been more the target of 
chemists than biochemists. A recent review of the 
synthesis of these lists 11 fluoro-pentose derivatives 
(76). Little biochemical data on their activity as 
pseudo substrates are available. Treble is cited by 
Pattison and Peters as having shown that 5-deoxy-
5-fluoro-ribose is non-toxic to rats when dosed at 
the level of 170mg/kg (54)* More biochemical interest 
has been shown in the activity of deoxy-fluoro-pentoses 
which are substituted with purine or pyrimidine bases 
(61). Such derivatives of 5-deoxy-5-fluoro-ribose had 
no activity as anti-tumour agents (78). Since 6-mercapto- 
9-(5-deoxy-5-fluoro-0-D-ribofuranosyl)-purine (II A) 
also had no activity, when 6-mercaptopurine riboside 
(II B) is well known for its antitumour activity, a
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Susceptibility of l-[3-B-pentofuranosylcytosines to 
cytidine deaminase.

Configuration Rel. rate

Compound
at 3',2' of

Deamination

Cytidine

2'-deoxycytidine

arabinosyl cytidine (AC)

2 ‘-fluoro-(AC)

xylosyl cytidine (XC)

2'-fluoro-(XC)

3'-fluoro-(XC)

OH

t
t

OH

OH

t
OH

1.0

0.41

0.15

0.13

0.0

0.0

0.0

phosphorylation at 5' of the sugar was implicated.

More success has been had with secondary 
fluoro analogues of arabinosyl and xylosyl cytosine (79) 
The anti-tumour activity of 1-S-D-arabino-furanosyl- 
cytbsine is lost by its conversion to an inactive 
metabolite by a deaminase. The 2'-deoxy-2’-fluoro- 
derivative was prepared in an attempt to increase 
the persistance of this drug. The action of a partially 
purified preparation of cytidine deaminase on several 
of these derivatives is shown in Table 3* The results 
indicated that introduction of fluorine into AC does 
not alter the deamination rate but 2'-deoxy-cytidine 
is deaminated more rapidly. FAC is as effective as an 
anti-tumour agent as AC but the biochemical level of 
inhibition is not Icnown. Since this inhibition can be
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N 0--

NH

OHOH

(HI)

reversed by addition of 2'-deoxy-cytidine it could be 
connected with the conversion of ribonucleotides to 
deoxy-ribonucleotides (61).

Recently interest in fluorinated pentoses 
has branched in an unexpected direction. Nucleocidin (III), 
a naturally occuring anti-trypanosomal antibiotic, 
has been assigned the structure of a nucleoside, where 
fluorine replaces H-4 of a ribofuranosyl ring (80).

Of all the carbohydrates, the hexose series 
has probably received the greatest attention in the 
production of halo-analogues (94). This has led to 
the synthesis of a wide range of fluoro-hexoses 
(Table 4). The many difficulties connected with the 
introduction of fluorine into sugars (76) has meant 
that only recently have systematic specificity
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TABLE 4

Currently available Deoxy-Pluoro-Hexoses
ref. to

deoxy-fluoro-hexose synthesis

2-deoxy-2-fluoro-D-allose (2PA1) 8l
2-deoxy-2-fluoro-D-altrose (2PAt) 8l
a-D-glucopyranosyl fluoride (a-lPG-) 82
{3-D-glucopyranosyl fluoride (6-lPC) 8]
2-deoxy-2-fluoro-D-glucose (2PC) 84
2-deoxy-2,2-difluoro-D-glucose (22PG) 86
3-deoxy-3-fluoro-D-glucose (3PC) 81,8?
4-deoxy-4“fluoro-D-glucose (4PO) 88
ô-deoxy-6-fluoro-D-glucose (6PG-) 89
3-deoxy-3-fluoro-D-gluconic acid (3PGA) 90
2-deoxy-2-fluoro-D-mannose (2M) 85
3-deoxy-3“fluoro-D-gulose (3PGu) 76
2-deoxy-2-fluoro-D-galactose (2PGal) 91
3-deoxy-3-fluoro-D-&alactose (3PGal) 92
6-deoxy-6-fluoro-D-galactose (6PGal) 93
1-deoxy-l-fluoro-L-galactitol (iPGal-ol) 99

studies of a particular hexose been possible (52,95). 
Previously only only isolated reports of the use of 
halogenated sugars have appeared. 6PG has been shown 
to be an inhibitor of glucose transport into yeast 
cells (96) and rat diaphragm (97) and is a substrate 
for active transport across the hamster intestine (98). 
Recently the chemical and enzymatic synthesis of 
6PGal-l-phosphate from 6PGal has been reported. The 
enzyme employed was galactokinase (99). 6PGal-l- 
phosphate gave IPGal-ol-l-phosphate when reduced with 
borohydride. This product was identical to that 
obtained when 6PGal-l-phosphate was incubated with a 
polyol dehydrogenase from rabbit lens capsule (99).
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Pi^. 6

The minimal structural requirement for the transport 
of hexoses by the Hamster intestine

0 H

HOHOH
H

OH

inimal requirement Glucose

2-deoxy-2-fluoro-glucose has been demonstrated 
to be incorporated into Ehrlich Ascites carcinoma cells 
as a hexose phosphate, leading to metabolic disturbances. 
Glucose consumption in cells preincubated with the 
fluoro-sugar is restricted but neither the site of 
inhibition, nor the inhibitory species has been 
identified. The results have been explained by the 
postulation of a glycolytic pathway in Ehrlich Ascites 
cells, where the steps from glucose to fructose-1,6- 
diphosphate are duplicated. The inhibitory species 
derived from 2PG was assumed to inhibit only one of 
these pathways (100).

In the first systematic study of a biochemical 
problem using fluorinated hexoses, Barnett and his 

colleagues chose the glucose transport system in the 
intestine (52). The use of halogenated sugars to explore 
the bonds between sugar and enzyme, was pioneered by 
Helferich et al. (lOl). Crane had used deoxy-sugars to 
assess the relative importance of the hydroxyl groups



26

of glucose in its binding to hexokinase (102). Although 
the minimum requirements for hexose transport in the 
hamster intestine had already been reported by Crane 
(Pig. 6), sugars with two or more deviations from the 
glucose structure were poorly transported if at all (52) 
To test the hypothesis that fluorine could replace 
hydroxyl in this system, galactose derivatives 
substituted at C-6 (i.e. having 2 structural deviations 
from glucose) were used. Ease of transport was in the 
order galactose > 6PGal > 6-deoxy-galactose. It was 
concluded that there may be a hydrogen bond from the 
protein carrier to the hydroxyl group at C-6. Since the 
binding of the fluoro analogue was greater than that 
of the deoxy sugar, this bond could require a protein 
hydrogen (10]).

Glucose analogues substituted at C-3 were 
tested as inhibitors of galactose transport in the 
hamster intestine. The values obtained for glucose 
and 3PG were similar and that for 3-deoxy-glucose 
much higher. It was concluded that there was a hydrogen 
bond involved in binding at C-3 of the sugar, for 
which the protein probably donates the hydrogen (IO4). 
Using other fluoro and deoxy glucose analogues, it 
was proposed that hydrogen bonds existed between the 
carrier and the C-1, C-3, C-4 and C-6 hydroxyl groups 
of glucose. Any substitution at C-2 of glucose 
completely abolished any transport activity and so it 
was concluded that a covalent bond was formed with 
the carrier at this position (Pig 7) (52).

A similar approach has been used in 
preliminary studies, which have shown that 3PG- is as 
effective an inhibitor as glucose of sorbose 
transport into the human erythrocyte. Since 3-deoxy- 
glucose and 3-chloro-3-deoxy-glucose are much less 
effective it has been concluded that a hydrogen bond 
was formed between the carrier and C-3 of glucose. (52).
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Hypothetical T'odel for Intestinal Glucose Transport
(52)

C — 0

A series of glucose analogues has also 
been used to explore a slightly different problem. 
Bessel et al. were prompted to study the specificity 
and Quantitative differences between normal liver 
hexokinase and that of certain hepatomas, with a 
view to devising anti-tumour agents, -aving prepared 
a series of dcoxy-halo-hexoses, they used readily 
available yeast hexokinase, which, it was argued, 
would serve as a suitable model system (95). The 
glucose analogues that were substrates for yeast 
hexokinase are shown in Table 5 and the effect of 
other analogues that were tested shown in Table 6. 
From these data it has been possible to assess the 
relative importance of the hydroxyl groups of glucose 
in binding to the enzyme. Tt was suggested that the



TABLE 5

Glucose Analogues that are Substrates of Yeast 
Hexokinase (95)

Hexose (ralVl)
Hel.
V max

Mg.ATP
(ïïiTÆ)

Glucose 0.17 1.0 0.2
2-d e oxy-gluc os e 0.59 0.85 0.36
2PG 0.19 0.5 0.26
2PM 0.41 0.85 0.66
22PG 0.13 0.53 0.21
3PG 70.0 0.1 2.3
4PG 84.0 0.1 1.9
2-chloro-2-deoxy-glucose 2.1 0.54 0.97

TABLE 6

Glucose Analogues that are not Substrates of 
Yeast Hexokinase (95)

not Substrates not inhibitors inhibitors

a-IPG 
P-IPG
2-0-methyl-glucose
2.2-dichloro-glucose 
2PGal
2.3-anhydro-mannose
2-c hi0 ro-2-d e 0 xy-mannose
2-0-methyl-manno s e

a-IPG 
S-IPG 
2PGal
2.2-dichloroglucose
2.3-anhydromannose

2-0-methyl 
glucose 

=̂3 GOmî/I

2-0-methyl- 
mannose 

= 7mra
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hydroxyl groups at positions 3 and 4 do not function 
solely as hydrogen bond acceptors when located at the 
receptor site (95).

The same group of workers have taken this 
investigation a stage further, by preparing some of the 
fluoro-glucose phosphates and exploring their effects 
on other isolated enzymes. Both 3PG-6-phosphate and 
4PG-6-phosphate were good substrates for phospho- 
glucose isomerase and the products of the reactions 
very good substrates for phosphofructokinase (106).
The 2-fluoro- analogue of course cannot be a substrate 
for this reaction as the 2-OH is required in the 
isomérisation, however 2?G-6-phosphate is a good 
inhibitor or phosphoglucose isomerase (107).

Whereas these investigations have explored 
a single biochemical event with several fluoro- 
analogues, the Bath Group has been intensively 
studying the metabolism of a single fluoro-sugar (61). 
This has been made possible by the development of a 
fairly simple route to 3-*deoxy-3-fluoro-I)-glucose 
(Pig. 8) (87,90). The syrupy product of this synthesis 
can be induced to crystallise as an equal conglomerate 
of the a and p pyranose forms (90).

Preliminary respirometric results with 
resting cells of Saccharomyces cerevisiae, which 
showed an apparent oxidation of 3PG, were based on 
experiments using a syrupy preparation of the sugar (IO6) 
By the time Miles and Pirt challenged the validity of 
these observations (IO9), it was already known that 
ethanol in the 3PG syrup was responsible for them (llO). 
This fact was duely reported along with fresh data on 
the biochemistry of crystalline 3PG (ill).

The uptake of glucose in yeast cells 
preincubated with 3P0 was markedly inhibited as was
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Synthetic route to 3-dGox?/-3-iluoro-D-ylucose (3?)
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Effect of 3FG on Glycolytic intermediates of Si
cerevisiae

Change in
Intermediate Level

Glucose-l-phosphate elevated
Glucose-6-phosphate no change
Pructose-6-phosphate lowered
2- & 3- phospho-glycerate lowered
PSP lowered
Pyruvate lowered
UDPG lowered
ATP lowered
ADP elevated
Total phosphate no change
Inorganic phosphate lowered

the polysaccharide accumulation. Oxygen consumption did 
not appear to be affected. 'vYhen galactose was presented 
to cells pretreated with 3FG, sugar uptake was not 
affected but oxygen uptake was and polysaccharide 
accuiTiulated (ill). After incubating yeast cells with 
5mM-3PG- for 90 minutes, the levels of glycolytic 
intermediates were determined and compared with 
controls (Table 7) (112). The reduction of the 
inorganic phosphate level in the context of a constant 
total phosphate level in these cells, suggested that 
3PG caused a binding of inorganic phosphate, possibly 
as 3FG- phosphates. Puthermore the changes in intermediate 
levels could have resulted from the removal of the 
phosphate which would have changed the energy balance 
of the cell. Alternatively metabolites of 3^0 may have 
been directly inhibitory to the cells (61,112).
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In order to explore the latter possibility,

3PG-ô-phosphate and 3PC--a-1-phosphate have been
synthesised, and their effects on phosphoglucomutase
and UDPG pyrophosphorylase investigated (II3). 3fG-a-
1-phosphate was not a substrate for yeast UDPG-
pyrophosphorylase but it was a competitive inhibitor

-2of the natural substrate with a of 4 -X 10 M. 
3PG-6-phosphate was not a substrate for yeast phospho
glucomutase but it too was a competitive inhibitor 
of the normal enzyme reaction with a of 4 x 1 0  ̂M.(113) 
In addition it has been found that 3PO-6-phosphate is 
a mixed type inhibitor of yeast hexokinase with a 
similar to that of glucose-6-phosphate (74). Results 
so far available confirm the earlier observations that 
3PG is a poor substrate for yeast hexokinase (108) and 
that at suitable concentrations 3PG-6-phosphate can 
act as a substrate for phosphoglucose isomerase, with 
the ultimate production of 3-fluoro-fructose-1,6- 
diphosphate via phosphofructokinase (6l).

The poor substrate activity of 3PG for 
yeast hexokinase, led to the examination of the effect 
of this analogue on the glucokinase and hexokinase free 
system of Pseudomonas fluorescens (114,115). Washed 
resting cell suspensions of this species oxidised 
3PG with the consumption of Ig. atom of oxygen per 
mole of substrate and the production of a fluorinated 
aldonic acid. This acid was identical to synthetic
3-deoxy-3“fluoro-D-gluconic acid (3PGA) (90). At no 
time was fluoride ion detected in the incubation 
mediijon. Although 3PG oxidation only proceeded to 3P0A, 
synthetic 3FGA could be oxidised by resting cell 
suspensions. This too proceeded one step yielding a 
product considered to be 3-RGoxy-3-fluoro-2-keto-D- 
gluconic acid (3P2ÎCGA). When a cell free enzyme 
preparation was used, interuption of the oxidation 
scheme was abolished (115). Two possible explanations



33
of these observations have been forwarded. Either the 
limited oxidation of 3FG by whole cells is related to 
differences in binding and stability of the 'Porter 
Protein' for the 3FGA substrate. Or the formation of 
3PGA proceeds via a 3R%A-lactone, which could inhibit 
the lactonase (61).

Separate enzymes could be involved in the 
oxidation of 3^0 and glucose by Ps. fluorescens but 
evidence has been presented to show this to be unlikely. 
When 3FG and glucose were offered to cells together, 
the initial rate of oxidation was between those obtained 
with the tv/o sugars separately. If two enzymes had been 
present the rate would be expected to approach the 
sum of the individual rates (115). Additional evidence 
on this point has been provided by demonstrating that 
the oxidised and reduced spectra of the cytochrome 
system, which are linked, to glucose oxidation in Ps. 
fluorescens. were the same whether glucose or 3PG- were 
substrates.

The consumption of 3PG by Ps. fluorescens 
was insufficient to support its growth. Furthermore 
3FG inhibited glucose supported growth. Some evidence 
has suggested that this in part may accounted for by 
an inhibition of the kinases that exist to phosphorylate 
gluconic acid and possibly 2-keto-gluconic acid (6l).
An alternative explanation has recently been proposed.
The build up of 3FGA in the medium could have reduced 
the pH of the cells to a point where growth was inhibited 
(116).

Reference to another Pseudomonad that 
metabolises 3FG has already been made in connection 
with its ability to cleave the carbon-fluorine bond.
A mutant strain of Ps. aeruginosa has been isolated, 
which can grow on either 3FG or 3FGA. It appears 
that conversion to an oxidation product (3-fluoro-
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2-keto-gluconic acid ?) and subsequent G-P cleavage 
must occur before growth can take place (61).

Independant observations on Escherichia 
coli. demonstrated that 3FG could be phosphorylated 
by the PEP phosphotransferase system. Although it was 
not lethal to the cells, it was able to prevent the 
utilisation of all carbon sources except glucose (117). 
Lactose utilisation was prevented by the inhibition of 
the synthesis and activity of the (3-galactoside permease.
A similar inhibition of utilisation of substrates was 
noticed with Saccharomyces cerevisiae (117).

Most of the biochemical investigations with 
3?G have been performed with micro-organisms but some 
preliminary studies with rat kidney cortex slices 
have been made (ll8). A small inhibition of oxygen 
uptake of slices incubated with 3EG was observed. This 
may not have been directly due to 3FG but to the 
fluoride ion shown to be present in the incubation 
medium. The most promising observation v/as that gluco- 
neogenesis from lactate was stimulated by 3FG (ll8).

These many and varied reactions of fluorinated 
natural products have clearly been of value in providing 
much information on the specificity of biological 
systems. Recently some of these interactions have been 
exploited to explore aspects of the reaction of substrate 
and enzyme using nuclear magnetic resonance (119, 
120,121)

The purpose of this research programme was 
to persue some of the earlier preliminary findings 
with rat kidney cortex slices (118) and explore the 
activity of 3PG in both whole animals and isolated 
tissues.
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MATERIALS Aim METHODS

Reagents

All reagents were of analytical grade or the 
best grade available, unless otherwise stated. Aqueous 
solutions were prepared using single distilled water.
The following reagents were used: Scintillation grade
1,4-Dioxan (British Drug Houses (B.D.H.) Poole, England), 
M.A.R. naphthalene (B.D.H.), P.P.O. (Nuclear Enterprises 
Edinburgh, Scotland), P.O.P.O.P. (Nuclear Enterprises), 
Glucose Test Kit (Pye-Unicam, Cambridge, England),
Casein (B.D.H.), Margarine (J. Sainsbury, Bath, England), 
Dowex 50-Z8 (B.D.H.), Amberlite IR-45 (B.D.H.), Silica 
Gel G according to Stahl (E. Merck, Darmstadt, Germany), 
Crude Initiated 3PG (Radiochemical Centre, Amersham, 
England).

The following enzymes and co-enzymes were 
obtained from Boehringer and Son, Uxbridge, England:
Yeast Hexokinase (EC 2.7.I.I.), Yeast Glucose-6- 
Fhosphate Dehydrogenase (EC 1.1.1.49), Yeast Phospho
glucose Isomerase (EC 5.3.1*9), Rabbit Muscle Phospho- 
fructose Kinase (EC 2.7.1.11), Rabbit Muscle Aldolase 
(EC 4 .1 .2 .13), Yeast Triose Phosphate Isomerase 
(EC 5.3.1.1), Rabbit Muscle L-a-Glycerophosphate 
Dehydrogenase (ECl.1.99*5), ATP, NADP and NADH^.

Eouinment:

Yhatrnann S ®  paper (22 x 55cm), 50ml low 
density polythene bottles with screw caps (Arnold R. 
Horwell, Ltd., London), I.D.L. Tritomat 6200 
Scintillation Spectrophotometer (Nuclear Enterprises), 
Pye-Unicam 3P 600 Spectrophotometer, Orion Specific 
Pluoride Ion Electrode model 96-09 (from E.I.L., London). 
Radiometer Specific Ion Meter PHM 53 (from V.A. Howe 
Ltd., London), Pye-Unicam SP 800 Spectrophotometer 
fitted with a 10 x expansion unit and Chart Recorder



37
(SP 20)

METHODS

Thin Layer Chromatography

This was performed on 20 x 20cm 0.25mm thick 
Silica Gel layers. Plates were run in Ethyl Acetate: 
Ethanol (4:1) and developed with Sulphuric Acid:Ethanol 
(1:1), followed by heating at 100‘C for 10 minutes.

Determination of Radioactivity

Tritium activity was d e te rm in e d  by 
scintillation counting. The scintillation liquid was 
prepared from 100ml Dioxan, 8g Naphthalene, 0.7g P.P.O., 
5mg P.O.P.O.P.. 5ml of scintillation liquid was mixed 
with the aoueous sample, which did not exceed 0.5ml.

Paner Chromatography of Tritiated 3PC

120mg of crude Tritiated 3PC was dissolved 
in 1ml ethanol and anplied as a single band, on 3 ^  
paper. Standard 3EG m arkers  were applied and the 
descending chrom atogram  run for 17 hours in Butanol; 
Ethanol :V/ater (5:1:4 u p p er l a y e r ) .  After d r y in g , the 
marker strips were cut from the paper and the 3EG snot 
developed with Aniline Hydrogen Phthalate p re p a red  

from b.64g phthalic acid, 3*72g aniline dissolved in 
400m l butanol saturated with water (122). The papers 
were heated f o r  5 minutes at llO'C, the sugars a p p e a r in g  

as red-brown snots. 3EG- 0.28, Glucose- 0,12.

A 0.5cm band was cut from the mid-line of the 
chromatogram and cut into 1cm lengths. The tritium 
activity of each niece was determined after sh a k in g  in 
5ml of scintillation liquid.

The band containing 3EG, in d ic a te d  by the 
markers, was cut from th e  chrom atogram  and eluted with
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4 X 100ml water. The solvent v/as removed under reduced 
pressure and the activity determined. This product was 
stored at -20'G in water.

The carbohydrate was assayed by the nhenol- 
sulphuric acid method (123). 1ml 3^0, sample or standard 
(0.0-0.5 p.mol/rnl) , was mixed with 0.05ml w/w phenol.
The latter was prepared by melting the phenol and adding 
the water subsequently. 6ml AR sulphuric acid were added 
to the phenolic sugar solution and the extinction at 
490nm, determined.

METABOLISM OF KIDNEY CORTEX SLICES 

Preparation and Treatment of Slices (124)

'Tale black-hooded rats were allowed free 
access to water but starved for 24 hours prior to 
sacrifice. The animals were killed by a blow on the head, 
kidneys removed and placed on ice. The capsule was removed 
Slices were cut by gently pressing a kidney between 
two perspex blocks and slicing against the lower surface 
of the upper block, with a razor blade (125). The slices 
were suspended in ice cold saline for 5-40 minutes to 
allow the exit of preformed glucose (124). About 50mg 
of tissue were weighed into 25ml erlenmeyer flasks 
containing lOmM sodium succinate and 0.0-20mM 3RC in 
Krebs phosphate Ringer (126). at O'C. Che flasks 
were placed in a water bath at 37'C, stoppered and 
shaken (100 beats/min. ) for one hour. A 2ml sample of 
the supernatant was taken, mixed with 0.2ml 2.4M 
perchloric acid and allowed to stand at room temperature 
for 5 minutes, ^his mixture was centrifuged and 1.0ml 
assayed for glucose.

Glucose Assay (118,127)

A commercial preparation of glucose oxidase/ 
peroxidase/o-dianisidine in 200ml 509̂  v/v glycerol was
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used. This mixture, which was stored at -20'G was 
diluted for use with 4 parts of O.84M sodium phosphate 
buffer pH 7.0. 2ml of this enzyme solution was mixed 
with 1ml of the perchloric acid extract and incubated 
at 37'0 for 50 minutes. The extinction was determined 
at 440nra (124).

3PG METABOLISM IN VIVO

Preparation of a Special Animal Diet (128)

30g. Casein was thoroughly mixed with lOg 
magarine and 20ml 75/*-’ ethanol and passed through a 
mincer. After drying at 50'C, this diet was broken into 
small pieces. 3EG was included in the diet by first 
dissolving it in the ethanol.

Treatment of the Animals

Male black-hooded rats weighing between 
150-200g, were starved or fed with the low carbohydrate 
diet for 16hrs. The animals were weighed and the 
required dose administered, about 1ml by stomach tube 
and up to 3ml i.p.. Each animal was placed in a 
metabolic cage for the collection of urine and faeces. 
Urine was collected periodically, the intervals 
depending on the rate of urine production. After 24hrs 
the animals were killed by a blow on the head, the 
required organs rapidly removed, weighed and mixed 
with approxi ately 2 volumes of lOM KOH. This mixture 
was warmed to about 60'C for about 10 minutes to 
disperse the tissue, f'he digests and urine samples 
were analysed for total fluorine, and fluoride ion.
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Fluorine Assays (129)

All operations were performed using 50ml 
screw top polythene bottles.

Preparation of the Assay Samples

a) URINE (Total (covalent and ionic) fluoride)

Normally 0.1ml urine was mixed with 1ml 
lOM KOH and heated at 90'G for 3 hours to hydrolyse 
the C-P bond. When cool, 10ml IM sodium phosphate 
buffer pH 5.5 was added to the hydrolysate and 
titrated to pH 5.5 with conc. hydrochloric acid.

b) URINE (Fluoride ion)

0.1ml urine was mixed with 4.9ml IM 
sodium phosphate buffer pH 5.5.

c) TISSUES (Total fluoride)

The volume of the alkaline tissue digest 
was recorded and 1ml heated at 90'C for 3 hours. The 
procedure was then as described in (a).

d) FAECES (Total fluoride)

The faeces were weighed and homogenised 
in a Quantity of distilled water, usually about 25ml.
A 1ml sample was removed and mixed with 1ml lOM 
potassium hydroxide. Hydrolysis and neutralisation 
procedures were as described in (a).

Fluoride Assay (129)

The fluoride electrode and meter were 
standardised using solutions of 1 x 10 M and
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1 X 10~^M sodium fluoride in 0.9M sodium phosphate 
buffer pH 5.5. Fluoride samples were allowed to 
remain in contact with the electrode for 10 minutes 
each, with stirring, so that the full response of the 
electrode could be expressed..The concentration of 
fluoride in the sample was read directly from the 
meter.

Mon-Enzymic Hydrolysis of 3FG

The buffers were pH 1.6, prepared from 
160ml 0.2M hydrochloric acid and 340ml 0.2M potassium 
chloride, pH 7.5 and 8.0 (O.IM potassium phosphate), 
pH 8.5 and 9.0 (O.IM boric acid).

45mg 3FG (0.25 mmol) were dissolved in 
each of the 5 buffers. Immediately a 0.5ml sample was 
taken and mixed with 4.5ml IM sodium phosphate buffer 
pH 5.5, and assayed for free fluoride. The solutions 
were placed in a water bath at 37'C and shaken for 4 
hours. The mixtures were sampled at intervals and 
assayed for free fluoride. At the end of the incubation 
period, 0.1ml of the mixture was removed and assayed 
for total fluoride.

Further Examination of the Urine Samples 

Sample Preparation

Urine samples from a series of rats 
treated with 3FG, were pooled and 1/60 vol. of 70^ 
perchloric acid mixed and allowed to stand for 5 mins 
The samnle was centrifuged and the sediment discarded
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Ion-Exchange Chromâtogranhy

Two 140 X 16mm glass columns containing 
Dowex 5O-X8 and Amberlite IR-45 were prepared. They 
were washed with IM HCl and IM MaOH respectively and 
then washed with distilled water until the washings 
were neutral (pH 5-7*5 meter). The columns were 
connected, so that the eluate ran directly from the 
cation exchanger to the anion exchanger. 10ml of the 
urine sample was applied to the column and eluted with 
water. Fifteen 25ml fractions were collected and 
evaporated under reduced pressure to 5ml. Those 
fractions containing 3FG were identified by paper 
chromatography as nreviously described. These fractions 
were pooled and assayed for free fluoride ion and 
total fluoride.

When the columns had been eluted with water, 
it was replaced by 200ml IM sodium chloride. This 
eluate was reduced in volume and the sodium chloride 
crystals which separated out, filtered. Samnles of the 
supernatant were also assayed for fluoride ion and 
total fluoride.

ISOLATED EKZYT.IE STUDIES

Determination of the Annarent of 3FG for Hexokinase

The cuvette contained 0.1ml 30mg/ml ATP,
0.1ml 20mg/ml NADP, 0.2ml O.IM Magnesium Chloride,
0.9ml Tris buffer (1.2g to pH 8.0 with IM HCl and 
diluted to 100ml), 0.1ml Hexokinase (0.1ml commercial 
enzyme to 1ml with water), 0.1ml Glucose-6-Phosphate 
Dehydrogenase (0.1ml commercial enzyme to 1ml eith 
water), 1ml 3FG (various 0.05M to 0.25M in the 
cuvette), giving a total volume of 2.5ml.
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The temperature was maintained at 31'G.
The reaction was started by the addition of the 
hexokinase to the other components. The rate of NADPH 
production was followed at 340nm with a TJnicam SP 800 
spectrophotometer with an expanded signal output.

Reconstituted Glycolytic Enzyme System (108)

Buffer- 0.2M Triethanolaraine hydrochloride 
containing 0.02M magnesium chloride to pH 7.6. All 
enzymes were used as supplied commercially, without 
dilution, to give 10 units of each in the cuvette.

The cuvette cotents were as follows, 501,-1 
hexokinase, 20ul phosphoglucose isomerase, 20pl 
phosphofructose kinase, lOOpl aldolase, lOpl triose 
phosphate isomerase, 25pl L-a-glycero-phosphate 
dehydrogenase, lOOpl 30mg/ml ATP, lOOpl 1mg/ml NADH, 
1.0ml buffer, 0.575ml water and finally 1.0ml 0.11,1 
3?G or 50pM glucose, giving a total volume of 3ml.

The oxidation of NADH at 31*0 was followed 
spectrophotometrically at 340nm. The 3PG reaction was 
terminated at intervals and a 1ml sample mixed with 4ml 
IM sodium phosphate buffer pH 5.5 for fluoride 
estimations.
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RESULTS AND DISCUSSION

The aim of this research programme, was to 
investigate, as far as possible, the metabolism of 
3PG in mammalian tissues. In order that these 
investigations might be facilitated, an attempt was 
made to prepare radioactive 3FG. During the synthesis 
of 3?G from glucose, there were no changes in the 
carbon skeleton of the molecule. Consequently it was 
difficult to introduce ^^C in the molecule without 
using labelled glucose as starting material. Since 
this would have involved the rather uneconomic use 
of ^^C-glucose, it was decided to look for alternative
labelling schemes. The chosen alternative, was that
of exchange of the protium of 3FG with tritium, followed 
by re-exchange of the labile tritium with protium.
This should leave 3FC labelled only in those positions 
where tritium v/as bound to carbon.

A Tritium exchange procedure was applied
to crystalline 3FG and was supplied as the crude
tritiated product. Thin layer chromatography 
indicated that the major fraction of this crude mixture 
wa 3FG. Purification was effected using paper 
chromatography and the distribution of radioactivity 
on the chromatogram determined (Pig. 9) . \'fhen the 3PC 
band was eluted, and assayed for carbohydrate, a 28^ 
yield of 3PC was obtained. However, only 1.5^
(1.: 25 X 10^ c.p.s.) of the original activity 
remained. It seemed that the exchange procedure had 
only been partially successful. The reaction with 
tritium appeared to accompany a breakdown of 3FG 
into numerous products (Fig. 9)• Since the
activity of radioactive 3PC was low and insufficient
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TABLE 8

Glucose production by Rat kidney cortex slices incubated 
with lOïïii'Æ succinate and 3EG (corrected for the 3PC 
contribution).

Experiment
number

3PG cone 
(niM)

Glucose Production 
(pmol glucose/g wet 

tissue/hour)

0
5

10
20

35.2 (3) 
36.9 (3) 
34.7 (3)
34.3 (3)

0
5

10

45.3 (2) 
42.2 (3) 
43.1 (3)

0
10
20

45.6 (3)
40.7 (3) 
47.3 (3)

4 0
20

28.5 (4) 
28.8 (4)

Numbers in parenthesis = observations
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for meaningful metabolic experiments, this approach 
wa s aband o nd e d .

In a preliminary report (118), evidence 
was presented that 3PG was able to stimulate the 
rate of gluconeogenesis from a suitable substrate 
in rat kidney cortex slices. A re-examination of the 
method used, indicated that these results were erroneous 
The experimental procedure had involved the incubation 
of kidney slices with and without 3PG for one hour at 
37'G . This was followed by assaying the glucose in the 
supernatant. The assay employed the glucose oxidase 
/peroxidase/o-dianisidine test (127) which had been 
considered to be unaffected by 3PG. However when 3FG, 
at concentrations normally present in the slice media, 
was mixed with enzyme reagent a reaction clearly took 
place (Pig. 11). It can be estimated that this reaction 
proceeded at about I f  of the glucose rate. Slice  ̂
experiments repeated with the necessary 3PG controls, 
gave glucose levels in the incubation media shown in 
Table 8. When these data were analysed by the method 
of paired comparisons, 3PG was shown to have no effect 
on the control rate of gluconeogenesis (p)>0.05).

Some of the restrictions placed on 
investigations into the metabolic activity of 3PG, 
were removed by a synthetic programme, designed to 
produce sufficient quantities of the sugar for 
biochemical studies with whole animals. Since large 
ammounts of 3PG were not envisaged, experiments were 
performed with certain specific aims. To (a) discover 
if 3PG is toxic, (b) identify those tissues in which 
3PG is accumulated and (c) determine if possible, 
what metabolites are produced. Such information could 
then be used to direct further in vitro studies.



TABLE 9

The effect of alkaline tissue digests on the response 
of the Specific Fluoride Ion Electrode.

Tissue Observed Expected ^Fluoride Response
cone. cone. recovery time

(x lO^M) (x lO^H) (mins.)

Liver 4.18 4.16 100 10
Kidney 4.35 4.18 104 11
Spleen 4.15 4.19 99 18
Testis 4.1 4.19 98 13
3PG* 4.15 4.14 100 9

1. 5g of the organ hydrolysed in 3ml lOM KOH and 0.9ml
mixed with 0.1ml 10 3EG and hydrolysed for 3 hours
at 90'C

* 0.1ml 10 3FG mixed with 0.9ml lOM ICOH and
hydrolysed for 3 hours.
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Since radioactive 3FG was unavailable, 
the progress of this analogue was followed by assaying 
the organofluorine content of the tissues. Development 
of a method for the quantitative estimation of organo- 
fluorines had made this possible (129)• The method 
involved hydrolysis of the carbon-fluorine bond and 
determination of the fluoride ion concentration 
using a specific ion electrode (132). In the original 
reports of,these methods, the fluoride sample had been 
prepared in an acetate/citrate buffer (129,132). A 
later report suggested however, that this had a 
deleterious effect on the lanthanum fluoride crystal 
membrane of the electrode. It was proposed that 
lanthanum complexed with acarboxyllic acid carbanion.
The latter would form readily as the a-hydrogen atoms 
of the acid are labile. This reaction would lead to a 
sluggish and inaccurate response of the electrode (133). 
dince phosphate appeared to have no effect on fluoride 
detection (134), a sodium orthophosphate buffer was 
used instead of acetate/citrate. A quantitative 
response of the electrode was obtained from fluoride 
and 3FG samples with various tissue digests (Table 9). 
Therefore no isolation of metabolites from organs was 
necessary , before the total fluorine content was
assayed. The sensitivity limit of the electrode of

-6about 1 x 10 M, restricted the detection of fluoride 
to those tissues containing the eouivalent of 
approximately 0.2;,.mol fluoride per gramme of tissue.

In an exploratory experiment, a single 
male rat was given a large dose of 4g 3EG/kg/l2ml 
(i.p.). No obvious signs of distress were apparent 
during the 24hr. post-injection period, at the end 
of which time, the animal was killed and several 
organs removed. The fluorine distribution pattern 
that emerged was similar to that obtained when a 
second animal was dosed orally at the lower rate of



TABLE 10

Distribution of total fluorine in rat tissues, 24 hours 
after 3FG administration

(ilmol fluoride/g tissue)

Dose
4g /kg
(i.p.)

1.5g /kg 
(oral)

Ig /kg
(oral)

Heart
Liver
Kidney
Testis
Brain
Blood
Gut
Eat
"uscle
Spleen
Lung
Skin
Faeces
Urine
Urine^

0.39
0.38
0.67
3.6
UD
"3D
ND
ND
ND
m

ND
ND
10.2

150.0*
2.7*

0.17
0.13
0.31
2.58
1.05
0.25
ND
m

ND
ND
ND
ND
3.42 

66. 4*  

2 .7*

0.38
0.37
0.6
7.85
ND
0.13
1.4
0.48
1.98
5.54
5.2
1.5
7.3 
91.6*
7 .6*

+ free fluoride
* p,mol/ml
ND not determined
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1.5g 3FG/kg/8ml. Certain features became apparent.
The urine contained by far the largest quantity of 
the fluoro-sugar, some of which had been degraded to 
fluoride. Whereas most tissue fluorine levels were in 
the region of the blood concentration, those of the 
Testis, Brain, Spleen and Lung were elevated (Table 10)

During these experiments the animals 
were fed a low carbohydrate diet, consisting of a 
Casein-Margarine (3-1) mixture. This had been shown to 
reduce the carbohydrate stores in the animal (124).
An attempt was made to administer 3FG mixed with the 
diet. Pellets were prepared containing 0.5g 3FG/4g 
diet. A male rat presented with this food consumed 
a small ammount in 24 hours (0.8g), confirmed by the 
appearance in the urine of 59pmol organo-fluorine per 
ml. After 48 hours the volume and fluorine content of 
the urine diminished, no further food having been 
consumed. This situation was allowed to continue, 
until after a total of six days both food consumption 
and excretion had ceased and the experiment was 
terminated. It was therefore apparent that this 
method of 3EG administration was unlikely to be 
successful.

It was decided to persist with the oral 
route of 3EG administration, as this probably dictates 
the distribution pathway throughout the animal, more 
than any other (135). A series of trials was conducted 
in which three groups of five animals were treated as 
follows :

Group 1 rats dosed Ig 3?G/kg oral
Group 2 rats dosed lOOmg 3FG/kg oral
Group 3 rats dosed 250pmol NaP/kg oral 

All animals were deprived of food for the 16 hours 
prior to the dose and during the experim ental period. 
Urine was collected at intervals, for up to 24 hours,



TABLE 11

Total fluorine in rat tissues 24 hrs. after 3PG ingestion,
(umol total fluoride/g tissue + S .E .M., 

Dose

less control)

Organ Ig 3PG/kg* lOOmg 3FG/kg*
250pmol
Fluoride/kg

Liver 0.08 + 0.006 0.03 + 0.002
All lessKidney 0.2 + 0.01 0.08 + 0.006

Brain 1.2 + 0.1 0.14 ± 0.012 than
Testis 2.7 ± 0.34 0.34 ± 0.017 0.Olumol/g

n=5 * p <([ 0.05 for any pair of organs at 
a particular dose rate
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Fluoride excretion of rats dosed with 3FG and 
sodium fluoride
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Total fluorine excreted by rats dosed with 3PC-
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The animals were sacrificed and their liver, testis, 
brain and kidney removed for fluorine analysis 
(Table 11). Since fluoride did not accumulate in the 
tissues of Group 3 animals, it was deduced that the 
fluorine detected in the 3PG treated animals, was 
covalently linked. These results confirmed the 
earlier observations (Table 10) and demonstrated further 
that the tissues can differ markedly in their responses 
to 3FG.

The retention of a fluorinated compound 
by the brain and testis, was as striking and consistant 
a response as the excretion of fluoride ion in the 
urine (Pig. 12). Since administered fluoride rapidly 
appeared in the urine, the fluoride ion excretion 
profile of rats treated with 3PG probably followed 
that of 3PG hydrolysis. This reached a maximum after 
5-8 hours, depending on the dose. The excretion 
pattern of covalent fluorine followed that of free 
fluoride ouite closely (Pig. 13). However at the higher 
3PG dose rate the profile of the former was displaced 
to the left, indicating perhaps that this correlation 
was false.

The recoveries of covalent fluorine plus 
fluoride ion from the three groups of animals were 
notable. Prom rats dosed with 3PG Ig/kg and O.lg/kg,
19% and 71̂ '̂ recoveries of the fluorine label in the 
urine were possible. .Vhen sodium fluoride was 
administered to the animals, only 12.5/^ was recovered. 
Since the residue could not be traced to the soft 
tissues, it was possible that some had entered the 
bones (135,136). It is therefore possible that 
fluoride from 3PG hydrolysis, could have followed this 
path and accounted for much of the unrecovered 3PG. 
Fluoride production and therefore 3PG catabolism 
could be much higher than the levels indicated above.
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G-P hydrolysis of ]PG in buffers at five pH's
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Fluoride in urine of rats dosed v/itb. 3P&, expressed as 
a nercentage of the total fluorine.
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The source of free fluoride was obvious 
but the mechanism that led to its appearance was not 
so clear. Strong alkali can cleave the carbon-fluorine 
bond (129) but its sensitivity to the pH of the 
various animal fluids was unlmown. Physiological data 
suggest that the highest pH reached in the small 
intestine is about pH 8.5, although this can be 
exceeded in certain diseases or disorders (138). To 
test the possibility that the body fluids might be 
responsible for the C-P scission, 3PG was dissolved 
in buffers at pH l.o (gastric pH), 7.5, 8.0, 8.5, and 
9.0. A slow release of fluoride from 3F0 was apparent 
but only up to 0.5^ after 4 hours at pH 8.5 (Pig 14). 
The ammount of chemical hydrolysis by this method, 
was therefore likely to be small in vivo. Some 
additional confirmation of this interpretation was 
obtained by replotting the data of Pigs. 12 and 13 
as percentage free fluoride against time (Pig. 15). 
Chemical hydrolysis seemed unlikely,as a higher 
percentage of 3P0 v/as hydrolysed at the lower dose 
rate. This observation is characteristic of the 
saturation kinetics of enzyme catalysed reactions, 
where there are a fixed number of reaction sites.

There was a possibility that the 3PG 
metabolism observed was microbial and not animal in 
origin. 3PG- could have been hydrolysed by a 
micro-organism present in the urine of the animals, 
while it was being collected. This was ruled out when 
20mg 3PG- was dissolved in 5ml fresh urine and no 
increase in free fluoride ion noticed after 24 hours 
at room temperature.

An attempt was made to identify some of 
the fluorinated componants in the urine of rats 
treated with 3PG. Urine samples were passed
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successively through a cation then an anion exchange 
resin, to remove all charged particles. Samples of the 
eluate were run on paper chromatography. Only the 
appearance of a spot with the of 3PG distinguished 
urine samples from 3PG treated rats and the control, 
when the paper was sprayed with aniline hydrogen 
phthalate. This confirmed that 3PG appeared unchanged 
in the urine and the intensity of the spot suggested 
that it was a major componant. The limitation of the 

spray reagent, ruled out detection of any non-reducing 
agent.

The ionic species from the urine were 
stripped from the column and these fractions assayed 
for total fluorine and free fluoride (Table 12). These 
results suggested that most, if not all of the 
fluorinated material which possesed a charge was 
fluoride ion. Pluorocarboxylic acids or phosphates

TABLE 12

Fluorine content of ionic and non-ionic componants 
of rat urine, from animals treated with 3PG.

(pmol fluoride/ml urine)

Total Fluorine Free Fluoride
Dose ionic non-ionic ionic non-ionic

lOOmg 3FG/kg 0.73 5.65 0.2] 0.005
4g 3FG/kg 6.0 184.0 5.85 0.1
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A proposed mechanism for the Aldolase reaction of a 
hypothetical fluorinated intermediate. (139)
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etc. cannot be ruled out however. Available data 
indicated that the major nroducts in the urine after 
treatment with 3P1, were unchanged 3F1 and fluoride 
ion. Other products were nrobably ouite small by 
comnarison.

Identification of the site and mechanism 
of 3PG- hydrolysis was di"’ficult, because the 
carbohydrate moiety could not be followed after C-P 
scission. It wr s possible that 3FG was hydrolysed as 
part of a general dehalogenation mechanism in the 
ani::-al. Or it could have occurred during the 
catabolism of 3PG, when fluoride release might be 
facilitated. One point in glucose metabolism that 
seemed a candidate for the latter possibility, wa:- 
the aldolase reaction. In this reversal of an Aldol 
condensation, the bond between carbons 3 and 4 of a  

fructose diphosphate derivative is broken (Pig. 16).
The involvement of G-3 in this reaction may have 
labilised the G-P bond.

It has been reported that 3FG can be 
metabolism by a reconstituted glycolytic enzyme system 
(108). It was felt that by repeating this work and 
assaying the free fluoride in the reaction mixture, 
the above hypothesis could be evaluated. Since it 
was known that 3PG was a poor substrate for hexokinase, 
the level of 3?G- required to prime this reaction 
was studied in isolation. Using commercial yeast 
enzymes, hexokinase was assayed with the method of 
Slein (131), which employer’ the following scheme:

3-Pluoro-
3PG ^ -- > 3PG-6-Phosphate 6-Phospho-

vGluconate

ATP ADP UADP"^ NADPH -f
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Determination of of 3PG for Yeast Hexokinase
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The increase in absorbance of NADPH at 31'G was followed 
at 340nn. The apparent K for hexokinase under these 
conditions was estimated as 2.18 x 10 M (Pig. 17).

A reconstituted glycolytic enzyme system 
was prepared using the method previously reported (108). 
The concentration of 3PG employed here was chosen in 
the light of the experience gained in the hexokinase 
experiments. When all the enzymes and the necessary 
buffer were placed in the cuvette, a small endogenous 
rate was recorded. Addition of 1ml 50pM glucose was 
followed by a lag period of about 1.5 minutes, when 
a rapid linear rate of 50 x 10”  ̂mol NADH/litre/min 
began. A much slower rate of 22.2 x 10"^ mol NADH/litre/ 
min was observed when 1ml O.IM 3P0 served as the 
substrate. The reaction was sampled at intervals and 
the fluoride ion content determined (Table 13). The 
percentage fluoride present after 18.5 hours, was no 
more than might have been expected from^a non-enzymic 
hydrolysis at pH 7.6 (see Pig. 14). It therefore 
was unlikely that glycolysis was the source of fluoride.

TABLE 13

Percent fluoride released from 3P0 by a reconstituted 
glycolytic enzyme system at pH 7.6

Incubation
time 10 mins 30 mins 18.5 hrs

0.1 0.1 0.25
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Ihese preliminary studies have, despite 
their limitations, provided a basis for further 
investigations. 3PG can be regarded as being non-toxic 
during the 24 hour post-administration period. Both 
brain and testis retained significant ammounts of a 
fluorinated substance 24 hours after 3PG administration, 
but whether this is connected with a known metabolic 
pathway is uncertain. The brain is dependant upon 
glucose as its energy source (140). The testis too 
appears to rely heavily on glucose as an energy 
source, especially for the production of NADPH via 
the phosphogluconate pathway, to serve the biosynthetic 
needs of the organ (141)• Aetabolic incorporation of 
3P0 in these organs, by a Jmovm glucose pathway may 
be possible in these tissues if the conditions are 
favourable.

With regard to the 3?G metabolites, there 
must be at least three inihe rat. Unchanged 3P&, 
fluoride ion and an unknown carbohydrate derivative.
The de-fluorinated carbohydrate could be glucose if 
hydrolysis proceeded with retention of configuration.
If so it would be incorporated into the body tissues 
in the normal way. Under these conditions it would be 
expected to become incorporated in the organ that 
effected the G-P cleavage.

At this point it was not possible to 
identify the cause(s) of the observed effects. Since 
3PG must have undergone changes of both location 
and structure in its travel through the rat, it was 
decided to study a model system where these phenomena 
might be investigated in isolation. Hopefully this 
would point to possible explanations of these 
observations. The Human Erythrocyte provides such a 
model system and in Part 2, 3PU uptake and metabolism 
by the Hed Blood Cell is described.
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PART 2

THE CARRIER MEDIATED TRANSPORT AND 
METABOLISM OP 3-BEOXY-3-PLUORO-D- 
GLUCOSE, IN THE HUMAN ERYTHROCYTE.
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INTRODUCTION

The primary function of the Human erythrocyte 
is to deliver oxygen to the tissues and transport 
carbon dioxide from the tissues to the lungs. These 
functions do not in themselves require the expenditure 
of metabolic energy. However to perform them efficiently, 
it is necessary for the red cell to carry a highly 
concentrated solution of haemoglobin while preserving 
the biconcave form of the cell. It must protect the 
membrane and haemoglobin from oxidative damage and 
prevent osmotic ' haemolysis. Preservation of the 
constituents of the red cell in an active form and 
the maintainance of ionic gradients across the cell 
membrane, require a source of metabolic energy (142).

The human erythrocyte appears to rely almost 
entirely upon hexoses, notably glucose, for the 
provision of the necessary energy. A specific uptake 
mechanism has developed to allow .the rapid passage of 
monosaccharides, from the suspending medium to the cell 
interior. Since erythrocytes are easily obtained and 
prepared in a homogeneous suspension, the transport 
process has been extensively studied as a model 
system for application to other tissues (143).

An additional advantage of the red blood cell 
is its relative simplicity. It contains no nucleus, 
vacuoles, mitochondria, vesicles, granules, etc., 
normally found in other cells. Kinetically this is 
important, since these cells form a two compartment 
system in which the membrane alone, (with no cell 
wall) separates the external and internal media. In 
addition as the flux of glucose across the membrane, 
is up to 250 times faster than its metabolism, the 
passage of glucose is essentially independant of any 
other cellular function (I44).
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The only barrier to the flow of sugars into 

the erythrocyte is the membrane. The structure of this 
has been the subject of intensive study over many 
years '(145). Despite this, it is obvious from recent 
reviews (146,147), that there nis a conflict of opinion 
as to the detailed structure. There is however, 
general agreement on the essential features of the 
membrane. It is composed of a mixture of phospholipids 
and proteins, the latter existing as either a-helices 
or in the extended |3- form (147). These molecular 
subunits possess both polar and non-polar groups.
The membrane therefore, is considered to be an ordered 
arrangement of these subunits, so that the non-polar 
lipid region is sandwiched between two layers of polar 
groups. The problem for the cell to overcome in 
providing nutrients for itself, is to selectively allow 
certain water soluble polar substrates to pass through 
a lipid phase.

Kozawa, in 1914, reported that isomeric sugars 
penetrated the red cell at different rates, and that 
methyl glucoside did not penetrate. This was the first 
evidence that simple diffusion did not explain the 
entrance of glucose (148). Massing, in the same year, 
reported the apparently contradictory evidence that, 
although glucose penetrated the cells freely, equilibrium 
was slow to be achieved (149). Further development of 
these observations was delayed for some years, until 
Orskov's group described an optical method for the 
study of these phenomena,(150, 151). As a result, a 
surge of interest took place in the post-war years.

Le Fevre and his colleagues, argued that 
the uptake phenomenon was consistant with an active 
transport process (152, 153). Later this hypothesis 
was abandoned when it was demonstrated that glucose 
could flow outwards from the cells (154). At about 
the same time, Widdas had noticed a similar glucose



Fi^. 18
Erythrocyte Hexose-Carrier Model.

OUT IN

Substrate Carrier Substrate

PX X

X
PX

(I) (II)

and as long as >  X^j,
The Substrate (X) combines reversibly with Carrier (P)

the complex PX moves along 
its gradient transporting X from side I to side II. 
(from \Vilbrandt(l57) )



71

transport process in sheep placenta and had proposed 
a simple carrier model (155). This he later applied to 
erythrocytes and the model has remained, in one form 
or another, a reasonably successful explanation of the 
observations (144).

The proposed model, described as facilitated 
diffusion or carrier mediated transport, has been 
compared with the crossing of rivers by ferry boats 
(156), and is shown schematically in Pig. 18(144, 155, 
156). The formation of a carrier substrate complex, 
promotes the high degree of specificity for particular 
sugars and also accounts for the saturation kinetics, 
which are observed. Since loaded carriers only move 
according to the concentration gradient, no metabolic 
energy is required and the reaction is fully reversible.

This model has formed the basis of numerous 
investigations. The kinetic parameters of glucose 
transport, have been determined by several methods, 
but different methods have often resulted in different 
absolute values of the parameters (158, 159). To account 
for this, Stein and his colleagues have proposed a 
modified carrier model, which has a tetrameric subunit 
structure (160, 161, 162, 163). Recently Hoare has 
developed an alternative argument, which retains the 
principle of the monomeric carrier. This explanation 
suggested that the anomalous kinetic data can be 
explained by the rates of re-orientation of carriers, 
which have just released the substrate. The different 
methods used for determining the kinetic parameters, 
could then give different values, if the re-orientation 
rates were altered by experimental conditions (164, 165 
166).

The structure of the carrier has been 
subjected to less intensive study. Inhibitors of
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glucose transport have been used, in attempts to identify 
functional groups on the carrier. Biphenyls, such as 
phloretin and stilboesterol, are good inhibitors (167, 
168), as are the alkylating agents p-chloro-mercuri- 
benzoate (PGMB) and l-fluoro-2,4-dinitrobenzene (FDMB) 
(169,170,171). Ghloropromazine at low concentration 
can stimulate glucose transfer (172). However no 
inhibition by metabolic inhibitors like fluoride or 
iodoacetate, has been observed. This has confirmed the 
indépendance of the carrier from a metabolic process 
(173).

The use of inhibitors has led to the 
suggestion that thiol groups are necessary for carrier 
function (173) and there is evidence also, that 
phospholipids play an active part (174,175,176). 
Phospholipase A2 treatment of ghosts stimulated the 
uptake of glucose into the stroma. This was interpreted 
as demonstrating that the carrier was protected by 
some part of the membrane (177). Gertainly the carrier 
is deeply embed ed in the membrane as is evidenced by 
the difficulty of its isolation (178).

The ease with which sugars can become bound 
to the carrier, has been connected with the relative 
stabilities of monosaccharides in a particular ring 
conformation (173). This correlation could exist as 
a consequence of the ability of sugars to form hydrogen 
bonds in fixed spatial arrangements (179). Hydrogen 
bond formation has been both qualitatively (52, 179) 
and Quantitatively (I80) implicated. The formation of 
five hydrogen bonds between glucose and the carrier, 
was suggested by the value of 10 kcal/mol for the 
dissociation energy of the complex (I80).

Langdon and Sloan attempted to implicate 
Schiff's base formation between the carrier and glucose, 
by reducing the predicted -G=N- bond with borohydride. 
They compared the incorporation of ^^G-glucose by 
indifferent proteins (such as serum albumin or
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haemoglobin) and by red cells and their ghosts in the 
presence of borohydride. Dpta produced in this way, 
led to the conclusion that a high affinity site on the 
membrane, possessed the ability to form a Schiff's 
base with glucose (l8l). Subsequently, Le Pevre 
demonstrated the invalidity of such evidence. This 
criticism did not constitute a rejection of the hypothesis, 
that the binding of the sugar to the membrane protein 
by immine linkages, is perhaps the essential mechanism 
of sugar-carrier complex formation. To add weight to 
the argument against immine formation. Le Pevre 
reported that 1,5-anhydroglucitol, lacking the carbonyl 
function, had a high affinity for the glucose carrier 
(182).

A number of glucose analogues have been 
tested for their ability to bind with the glucose 
carrier. In decending order of affinity for the carrier 
the following sugars are transported; 2-deoxy-D-glucose 
- D-glucose ^  L-mannose ^  D-galactose ^>L-xylose %> 
D-ribose )> D-arabinose ^>D-fructose (173)* Using these 
and several other analogues it has been possible to 
predict that glucose binds, probably by hydrogen bonds, 
to the carrier via the 1-hydroxyl, 3-hydroxyl, 4- 
hydroxyl and the ring oxygen (179).

Undoubtably the most active area of research, 
has been in the building of theoretical mathematical 
models and their testing by the determination of the 
kinetic parameters. Several such models have been 
proposed, with varying degrees of mathematical 
complexity (163) Por the purposes of this work, the 
simplest and probably the best documented kinetic 
analysis is described (144, 180).

The mechanism, shown schematically in Pig. 19, 
may be described by following the movement of 
substrate X,from the bulk of the outer solution to the
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solution inside the cell, by the following steps:
Step 1 , Diffusion of substrate X, from the bulk of 
the outer solution to the outer membrane surface, with 
a diffusion coefficient D^.
Step 2 , Combination of the substrate with the carrier 
P, exposed at the outer surf ce, to form the complex 
PX, with a dissociation constant
Step 3 . Movement of the complex, with a diffusion
coefficient D , so that it becomes exposed to the px
inner me brane surface.
Step 4 , Dissociation of the complex, dissociation 
constant E^, releasing X at the inner surface.
Step 5 Diffusion of X into the inner solution, v . ith a 
diffusion coefficient D̂ ,.
Each of these steps is reversible, so that outward 
movement of the sugar follows exactly the reverse 
pathway.

The following assumptions are also made:
1. The free carrier 1 and the complex PX, are confined 
to the membrane phase, and have the ability in some 
unspecified way, alternately to expose themselves at 
one surface of the other. Free substrate is excluded 
from the membrane phase.
2. The rates of transfer of the complex and the free
carrier, between the two membrane faces are eoual,
i.e. D _=D_, and are the same whether transport is px p ’
inward or outward.
3. The rates of diffusion of X in both solutions, (steps 
1 and 5), are very much greater than the overall 
transport rate, so that [x^j^ [x^] and [x^]= [X^] .
4. The rates of formation and dissociation of the 
comlex (steps 2 and 4), are very much greater than 
the overall transport rate, so.that the concentrations 
of P and PX, are at all times defined by the mass law 
equation: =Iz1_lI±I

[FX]
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5. The affinity of the substrate for the carrier is 
the same on both sides of the membrane (i.e. has 
the same value at both the membrane surfaces)
6. The ammount of carrier present in a given area 
of membrane remains constant.
7. The flux of complex or free carrier in one direction 
across the membrane, is proportional to its concentration 
at the interface from which the flow originates. Thus 
inward flux of complex equals D .TPX 1 and outwardP X  0
flux eouals 1’.̂ .̂ [PX^] so that the nett inward flux is 
Dp̂ ,( [PXJ - [PXj ) for the complex, and Bp( [Pq]-[P J  ) 
for the carrier.

A kinetic equation may now be derived, for 
the rate with which substrate X is transported into 
the cell.
Prom assumption 7 , the basic rate equation is:

If =

oince there is no way of directly determining either 
[pX^] or [PXj , they must be expressed in terms of 
measureable quantities [x̂ ] and [xj .
The mass law equation is:

D  = P j ]  [Pj] , = [ M J f o ]
[pxj

2 .

Therefore,

[ X j
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The carrier conservation equation:

T = [Pj+[PXj+[Pj+[PX.] 4.

According to assumption 2, both forms of the carrier 
move at the same rate. Thus the number of carriers 
moving inward must equal those moving outward, whether 
complexed or not. This leads to the steady state 
equation:

P:,[PXo] + [PJ = [PXp + Dp [Pp 5.

and since D =1)p px

I = [Pq ] + [P:q] = [Pil + [pxj 6.

Thus, by substituting equation 3 into 6, we can solve
for and , which can be introduced into
equation 1 to give:

f | =  ' V  [%i]

+ [%o] + [%i]
7.

Where, V = maximum velocity = D . Tpx ^

Measurement of the parameters, and V, can be effected 
if the cells are preloaded with sugar, so that

[h] ^  ,
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Equation 7 then becomes,

ax
dt " 1 \ 8.

where v is the initial rate of exit of the sugar from 
the cells into low concentrations of the sugar 
Eouation 3 rearranges to,

1 i^oJ . 1 9.

Thus a plot of l/v against [X^]should give l/V as 
the intercept on the y axis and - as the intercept 
on the X axis.

Prom equation 9 it can be seen that when 
V = V/2, = [X^] (cf. Hichelis constant). The
parameter, K^, is more conveniently refered to as a 
half-saturation constant (144)• To avoid possible 
confusion with the kinetically different hichelis 
constant, the symbol will be used to describe
this parameter for transported sugars. V7hen X^ 
represents a non-transported sugar, should 
approximate to an inhibitor constant, provided that 
the equilibrium concentration of the transported 
sugar is much less than its own half-saturation 
constant. The inhibitor constant is also a half
saturation constant, and will be refered to as C^.

When the erythrocyte has accomplished the 
task of transfering a suitable carbohydrate substrate 
into the cell, it is left to the metabolic machinery 
of the cell to utilise that substrate to its benefit. 
The glucose carrier is not unique in its fairly broad
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substrate specificity. Under artificial conditions 
the red cell can metabolise fructose, mannose, inosine 
or adenosine with considerable ease. In the circulation 
however, it is undoubtably glucose that forms the 
main sustenance of the erythrocyte (142).

Early studies revealed that glucose disappeared 
from blood (I83). Harrop and Barron (I84), in 1928, 
reported that red cells consumed oxygen, and the rate 
could be stimulated by the addition of methylene blue.
The crucial investigations that led to the modern 
theory of glycolysis, allowed Dische (I85) to propose 
the general theory of the connection between the 
oxidoreductive and phosphorylating mechanisms of 
glycolysis in erthrocytes, as a self regulating 
system.

The red cell possesses metabolic processes 
which are well suited to its requirements. These are, 
the conversion of the glucose molecule to energy in 
the form of ATP and reduced nyridine nucleotides.
The metabolism of these cells differs from that of 
most other tissues, since erthrocytes have no 
intracellular organelles. It cannot produce fresh 
protein for repair or replacement of defective 
componants, and without mitochondria it cannot produce 
large ammounts of ATP from little glucose. The , 
erythrocyte must depend on anaerobic glycolysis and 
the hexose monophosphate pathway as a source of 
metabolic energy (Pig. 20) (I83).

A remarkable feature of erythrocyte 
metabolism, is the flexibility of the relatively few 
metabolic pathways which are available. Por example 
the Rapoport-Leubring cycle (I86) provides an energy 
clutch for the cell (Pig. 20). When NADH^ is required 
by the cells, glucose degradation to pyruvate, can 
proceed via 2,3-diphospho-glycerate with no nett change 
in the ATP/ADP ratio. If however, ATP is required.
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then glucose degradation would proceed via l-nhosnho- 
glycerate kinase, with the nett generation of 2 mois 
of ATP. The superfluous NADH^ can be reoxidised by 
the reduction of pyruvate to lactate.

Recently 2,3-diphosphoglycerate has been 
shown to have an additional function, in that it binds 
to haemoglobin and affects the dissociation curve of 
oxy-haemoglobin (l87). It has been further suggested 
that 2,3-diphosphoglycerate levels act as a 'fine- 
tuning' mechanism, allowing the close adjustment of 
the respiratory system of the cell, with the level of 
oxygen use by the body tissues (l88).

The main function of ATP in the red cell 
is to maintain the selective ion pumps (142). A 
small change in the internal ion concentration, may 
lead to changes in the oxygen carrying capacity of 
the cells (189). Also sudden changes in the electrolyte 
composition of the plasma could lead to osmotic fragility 
Reduced pyridine nucleotides have the function of 
maintaining various componants of the cell in the 
reduced state. Hydrogen peroxide, probably a break
down product of oxyhaemoglobin, is reduced by 
Glutathione (G3H) or possibly ascorbic acid, which have 
been activated by NASPH^ from the IMP pathway (190).

The slow oxidation of haemoglobin (Pe^^) to 
Methaemoglobin (Pe )would, if not checked, deplete 
the oxygen binding capacity of the cell (l9l).
Specific reductases exist in the cell to convert the 
Pe^^^ back to Pe^^. The most active enzyme is MADH- 
methaemoglobin reductase with NAPPH reductase playing 
a minor role. It is probable that the NAPPH reductase 
requires glutathione as an electron carrier (191).
The observed increase in oxygen consumption by cells 
incubated with methylene blue has been explained by
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the redox dye replacing the natural electron carrier 
and either uses 
acceptor (192).
and either uses methaemoglobin or 0^ as the terminal

The metabolic demands of the erythrocyte 
are low, and consequently the rate of glucose 
consumption is low compared with other animal cells 
(193)' Since the normal rate can be greatly elevated 
by the addition of methylene blue, it is possible 
that some enzymes do not work at full capacity. 
Minakami and Yoshikawa (194) have presented evidence 
that the kinase reactions limit glycolysis as they 
are far from equilibrium at cellular steady state.

The essentially simple nature of the human 
erythrocyte, has provided a suitable model system 
for othe biochemical investigations (143,194). In 
view of this it was honed that these cells could be 
similarly employed to study the metabolic activity 
of 3-Deoxy-3-Pluoro-D-Glucose.
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MATERIALS AND METHODS

Reagents

D-Crlucose (B.D.H.), 2-Deoxy-D-Glucose (B.D.H.), 
3PG (kindly provided by Dr N.P. Taylor), 3-0-Methyl- 
D-Glucose (Koch-Light), 3-Leoxy-D-Glucose (see 
appendix), D-Mannose (B.D.H.), D-Galactose (B.D.H.), 
L-Arabinose (B.D.H.), a- Methyl-D-Gluconyranoside 
(B.D.H.), (3-Methyl-D-Glucoside (Koch-light) , Mannitol 
(B.D.H.), meso-Inositol (B.D.H.), Maltose (B.D.H.), 
^ethylene Blue (3.D.H.), Triton X-100 (B.D.H.), 
Penecillin-G (Sigma), Streptomycin Sulphate (Sigma).

Ecuinment

M.S.E. Bench centrifuge (Max. speed 3,500 
r.p.m.), Pye-IJnicam SP 500 series II spectrophotometer,
3P 45 Concentration Readout Unit, SP 22 Chart 
recorder, SP 600 spectrophotometer.
Special Equipment fitted to the SP 500 series II:

The stirring gear necessary to agitate the 
blood cell suspension during transmission experiments 
is shown diagramatically in Fig 21. A large cuvette, 
prepared from 0.125 inch Perspex sheet, designed to 
accomodate the paddle stirrer, together with the 
accompanying copper water jacket are shown in Fig. 22.

Erythrocyte Preparation

Acid-Gitrate-Dextrose (AGD): 100ml 2% w/v disodium
hydrogen citrate plus 20ml 15^ w/v glucose (195).

10ml blood was collected from volunteers 
by venepuncture and immediately mixed with 2.5ml AGD 
For the transport studies, the blood could be stored
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Fig. 21 (contd.)

KEY:

AA 7mm
BB 0. 5in
CC 12mm
DD 4cm
EE 4mm
FF 4cm
GG 5mm
HH 4mm
II 14cm
JJ 15.5cm

The Tension of the rubber belt was adjusted by 
altering the position of the Electric Motor.
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Piff. 22 (contd.)
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in this condition for up to three weeks at 4'C, but 
when reouired for metabolic studies it was always 
used on the day of collection.

The cells were isolated by centrifugation 
(3000 r.p.m.), the plasma and the top layer of cells 
removed and the packed cells resuspended in 
nhysiological saline. This process was repeated twice 
more and the washed packed red cells were resuspended 
as required.

MONOSACCHARIDE TRANSPORT (I80)

Cells were prepared in saline containing 
Ifo w/v sodium chloride and 5mM sodium phosbhate at 
oH 7 .4 . This saline solution was routinely filtered 
before use. All sugar solutions were prepared with 
saline.

Hashed packed red cells (l part) were 
suspended in a solution of the penetrating sugar 
(7 parts) to give the internal concentrations :
Glucose, 3-0-Methyl-Glucose, 3P0 to lOOmM and- 
3-Deoxy-Glucose, Mannose, Galactose and L-Arabinose 
to POOmîïI. These solutions were allowed to equilibrate 
at 37'C for thirty minutes.

15ml of a low concentration of the test 
sugar, up to 50̂  ̂ of the preloaded concentration, were 
measured into the cuvette, stirred and equilibrated 
to the working temperature (18-40’C). 0.2ml Of the 
blood suspension was added and the slit-width control 
of the spectrophotometer ranidly adjusted to bring 
the optical density at 700nm on to the scale 0-0.1 
(196). Amplification of the 3P 500 output by the 3P 
45 unit gave full scale deflection on the SP 22 chart
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recorder at 0.1 absorbance. The ontical density 
scale was calibrated with the exit sugar concentration, 
by equating /^absorbance with ^internal cell 
concentration, when equilibrium was reached.

HBXOSE METABOLISM OF ERYTHROCYTES

By the Reduction of Methaemoglobin (I9l)
Solutions :
Buffered Saline (9 parts 0.9^ sodium chloride plus 1 part 
O.llM sodium phosphate, pH 7.3)? 1^ w/v sodium 
nitrite in saline, O.IM sodium phosphate buffer pH 
6.8, w/v potassium cyanide, 5^ w/v potassium 
ferricyanide, 1% v/v Triton X-100, 7.2 x 10”^M 
methylene blue in saline.

Method:
Cells washed in the buffered saline, were equilibrated 
at 37'C for 20 minutes with an equal volu e of sodium 
nitrite solution. After washing in five changes of 
10 volumes of saline, the cells were resuspended in 
the same medium to a haematocrit of 2 0 - 3 0 % . In 
those experiments where the Hî.-IP pathway was under 
investigation, 2ml of the blood suspension was placed 
in a 25ml erlenrneyer flask, mixed with Irai of 
methylene blue solution and 1ml of a solution of the 
substrate in saline. When glycolysis was required to 
operate, the methylene blue was omitted and replaced 
with 1ml saline containing 5mg Penecillin-G and 5mg 
Streptomycin Sulphate.

Immediately on mixing, a 0.2ml sample was 
taken and these cells disrupted with a mixture of 2ml 
of O.IM nhosphate buffer and 3ml Triton X-100. The 
flasks containing the whole cells were stoppered 
with cotton wool plugs and shaken(lOO oscillations per
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minute) at 37‘G. Additional 0.2ml samples were taken 
at intervals and solubilised as described above (199).

Methaemoglobin Assay (199, 200)
The absorbance at 630nm of 2.5ml of the cell 

free sample was recorded (Al). One drop of notassium 
cyanide solution was added and the absorbance noted (A2) 
One drop of potassium ferricyanide was mixed with the 
remaining cell free samnle and after five minutes at 
room temperature, the absorbance of 2.5ml recorded (Bl). 
A single dron of potassium cyanide was then mixed with 
this solution and the ontical density recorded (B2).

% Methaemoglobin was estimated as

Al X A2 X 100 
Bl X B2

Glycolysis Monitored Manometrically (201)

Bresh venous blood was washed in bicarbonate 
saline (l39mî»î sodium chloride and 15mil sodium 
bicarbonate) was resuspended in the same buffer to a 
35̂ - haematocrit. 1ml of this suspension, containing 
lOmg Penecillin-G and lOmg Streptomycin Sulphate, 
was placed in the main compartment of Warburg flasks. 
The side arms of the flasks contained 0.5ml of each 
of the required substrates. The total volume of the 
flask contents was 2ml.

The flasks were attached to their manometers 
and placed in a water bath at 37*C. After flushing 
the flask atmosphere with 95f̂  oxygen/5% carbon dioxide 
(bringing the uH of the solution to 7.4 (201)), the
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flasks and manometers were equilibrated at 37’G for 
ten minutes. The reactions were started by additions 
from the side arms. Garbon dioxide evolution was 
measured manometrically in the usual way for 24 hours.

At the end of the incubation, the cell 
suspensions were centrifuged and 0.1ml and 0.5ml 
samples of the supernatant, taken for total fluoride 
and free fluoride ion assay. The cells were washed 
twice with the bicarbonate buffered saline and 
incubated at 37’G with 20 volumes of fresh saline, for 
15 minutes. They were washed once, followed by a second 
incubation and tv/o final washes. The packed red cells 
were assayed for total fluorine, according to one of 
the regimes described below.

Preparation of Samples for Fluorine Analysis

These samples once prepared were assayed for 
fluoride ion, as described earlier (Part l).

a) Total Fluorine Content (covalent + ionic fluoride)

The erythrocytes were resuspended to 2ml 
and a haematocrit determined. 1ml of cells was mixed 
with 1ml lOM notassium hydroxide and the total fluoride 
content determined.

b) Total Fluorine in a Barium Precipitate of the Cell 
Contents (202)

After resuspending cells in 2ml saline and 
determining the haematocrit, 1ml was homogenised in a 
Potter type homogeniser with 2.0ml 0.6M perchloric 
acid. Having allowed the mixture to stand for 5 
minutes, it was centrifuged and 2ml of the supernatant 
neutralised with solid barium carbonate. The nrecinitate
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was collected by centrifugation, mixed with 1ml 2M 
hydrochloric acid and heated for 20 minutes at 100'C 
On a water bath, stoppering the tubes with marbles.
0.5ml 5% sodium sulphate was added to precipitate 
the barium and 1.4ml of the supernatant assayed for 
total fluorine, after hydrolysis with 2.0ml lOM 
potassium hydroxide.

c) Total Fluorine in Ghosts

Ghoste were prepared from cells incubated 
for 24 hours with 3FG, by a modification of the post
incubation wash procedure. The cells were washed 
twice, before being disrupted in 20 volumes of a l/lO 
dilution of the saline (178). The ghosts were allowed 
to reform by standing at room temperature for 25 minutes 
when they were collected. This served as the first 
incubation neriod of the wash procedure described above. 
The next stages of the wash were similar except that 
l/lO diluted saline was used.. The ghosts so prepared, 
were resuspended in 2ml saline and 1ml assayed for 
total fluoride after hydrolysis with 2.0ml lOM KOH.

Effect of 3PG- on Substrate Transport

0.5ml of washed packed red cells, prepared 
in O.OIM phosphate buffered saline at pH 7.4 from 
fresh blood, were mixed with either a) 0.5 ml lOOmM 
3FG, b) 0.5ml saline or c) 0.5ml lOOmM glucose. These 
suspensions were equilibrated at 37’0 for lOminutes, 
the flasks were sealed and shaken (100 beats/min.) 
for 24 hours at the same temperature. At this time 1ml 
lOOmiM 3PG was mixed with (a) , 1ml 150mM glucose with 
(b) and 1ml lOOmM glucose with (c). The cells were 
allowed to equilibrate for 20 minutes at 37'c. 
Simultaneously similar suspensions of fresh cells in



93
75rnM 3?G and glucose were prepared. The exit of sugar 
from these preloaded cells was determined by the optical 
method as described earlier.
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RESULTS Arm DISCUSSION

In general the parameters of hexose transport 
in the human erythrocyte,can be determined by one of 
two methods, l) by measuring the flux of a labelled 
sugar,or 2)by measuring the changes in volume of the 
cells as osmotic equilibrium is maintained during the 
transport of the sugar. Although the absolute values 
of the parameters vary according to the method used, 
the relative values -re unaffected. Since radioactive 
3FG was not available, the optical method was chosen.

The photometric method, originally devised 
by Bang and Orskov (150), depends on the scattering 
of a beam of light by the red cell. Since cells act 
as osmometers, they react rapidly to changes in solute 
concentration, and consequently this is related to cell 
volume. As the erythrocyte volume alters, so the ammount 
of light scattered from a beam passing through a cell 
suspension changes. Therefore the rate of change of 
optical density is directly related to the flux of 
solute across the cell membrane.

Several reports have shown that vigorous 
stirring of the cells was essential, when the optical 
measurements were being made (163,203,204). Consequently 
a means of measuring the transmission of light through 
a continuously stirred suspension of cells had to be 
devised (144) (Pigs. 21 and 22).

It was decided to follow the method described 
by Sen and /iddas (l80), which was considered to be 
the simplest to use. Briefly, this method depended on 
following the change in cell volume, accompanying the 
exit of sugar from red cells preloaded with solute, 
into dilute solutions of that solute. The results 
obtained by this method for several sugars are



Fie. 23

Determination of Glucose Transport Parameters

26

24

22

20

16
1/v

14
(litres. 
min. 12

X 10

Glucose (mM)

Temperatures :
• 22.5'G
o 2 7 . 0 ' G  

■ 32.0'G
o 3 7 . 0 ' 0



 LçontdJ.-

T C, + 3 . E . M .  V + S.E . M.hs — m —

(’0) (mTÆ) (mmol. litre”" .min”^)

2 2 . 5  1 . 9  + 0 . 1 9  148 + 15

2 7 : 0  2 . 8  + 0 . 1 8  226 + 13

3 2 . 0  4 . 7  + 0 . 1 6  324 + 80

3 7 . 0  3 . 9  + 1 . 0 6  640 + 137
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Determination of Glucose Transport Parameters

1/v
(litres
min.

-Inmmol )

X 103

60

20

10

Glucose (ml',I)

Temperatures

• 18.5'0 
o 2 5 . 0 ' 0
■ 30.O'G
o 4 0 . 0 ' C



gig. 24 (conta.)

T G. + S.E.M. + S.E.M.ns — m —

C (mM) ( mmol. litre”", rain"'̂ )

18.5 1 . 9 5 + 0 . 4 4  7 0 + 2 0
25.0 2.99 + 0.9 114 + 26
30.0 4 . 6 3 + 0 . 5  2 1 4 + 1 8
40.0 7.24 + 1.0 262 + 99



Pic. 25

Determination of Glucose Transport Parameters

1/v

(litres. 
"in.

-1 \ mmol )
X 103

60

50

20

10

-O-

Glucose (mM)

Temperatures
• 22.0'0 
o 30.0'C 
■ 35.0'C
o 40.0'0



?ig. 25 (contd.)

T C, + S.E.M. ’/ + S.E.M.ns — m —
(’C) (mM) (mmol.litre ^.min “)

22.0 1.6 + 0.55 88 + 25
30.0 3.0 + 0.35 253 ± 22
35.0 3 . 91 + 0 . 8 5  407 ± 61
40.0 7.0 + 0.45 512 + 165
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Determination of Glucose Transport Parameters

60

1/v
40

(litres.
min.
mmol

X 10^

20

10

10

Glucose (mlvl)

Temperatures :
• 21.0'C
o 25.0'C 
■ 30.0'0 
□ 40.0'C



Pig. 26 (Contd.)

T C, + S.E.M. V + S.E.M.ns — m —
' C ( ml'.'T ) (mmol.litre ^.rain

21.0 2.36 + 0.3 85 ± 9
25.0 2.0 + 0.59 184 ± 47
30.0 3.9 ± 0.53 230 + 25
40.0 7.7 + 0.33 556 + 13



Fie. 27

Dtermination of Glucose Transport Parameters

1/v

(litres 
min. 
mmol ^)

X 103

60

40

20

10

Glucose (mM)
Temperatures :

• 22.0'C
o 28.0'C 
■ 34.0'G
o 42.0'C



27 (contd.)

T G. + S.E.M. V + S.E.M.ns — ra —

('C) (mM) (mmol.litre”^.min~^)

22.0 1.55 + 0.27 182 + 31
28.0 2.65 + 0.44 323 + 49
34.0 3.25 + 0.97 510 + 136
42.0 4.41 + 1.32 1045 + 257
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Dtermination of Glucose Transport Parameters

1/v
(litres.
min.

-_Lmmol
X 10

26

22
20

16

12
10

Glucose {ml-.)

Temperatures :
• 23.5'C 
o 37.0'0



Pig. 23 (contd.)

T G, + S.E.M. V + S.E.M.ns — m —

('G) (mlÆ) (mmol.litre ".min

23.5 2.49 + 0.08 144 + 5
23.5 2.66 + 0.27 156 + 14
23.5 2.67 + 0.34 184 + 18
37.5 3.5 ± 0.4 575 ± 53
37.5 3.16 + 0.29 650 + 50
37.5 3.75 + 0.19 630 + 26
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Estimations of the Glucose-Carrier Complex Dissociation 
Energy, from the Slope of the riot of log^QC^^ v. l/T.

V

o"
o

32.0 33.0 33.5 34.0 34.5



Pi^. 2 (contd.)

Data
Source
Figure

Symbol A e + S.E.M.

(kcal/mol)

Dissociation
Energy

(kcal/mol)

23
24
25
26
27
28

o

A

T

-2.24 ± 0.89 
-2.42 + 0.21 
-3.03 ± 0.34 
-2.77 ± 0.67 
-2.07 ± 0.32 
-0.83 + 0.16

q.6
10.5
13.4
12.2
8.86
3.2



gis. -ig

Determination of Transport Parameters

1/v
(litres. 
min. _l .mmol )

25
20

X 10
10

3FG
Temperatures:

• 23.0'C
o 28.0'C 
■ 32.0'C
o 37.0'C

(mM)



Pig. 30 (contd)

T 0, + S.E.M. V + S.E.M.hs — m —
('G) (ml.l) (mmol. litre~“ .min

23.0 1.05 ± 0.12 173 ± 19
28.0 1.56 + 0.1 274 ± 16
32.0 1.79 + 0.18 450 + 42
37.0 2.3 + 0.76 600 + 180



"is. 31

Determination of 3FG Transport Parameters

26

22
20

1/v
16

( litres.
min.
mmol “) 12

10X 10

Temperatures :
• 23.0'C
o 27.5'G 
■ 30.5’C
O 35.0'C



(contd.)

T C. + S.E.M. V + S.E.M.hs — m —
(’C) (mM) (mmol. litre”", min”^)

23.0 0.64 ± 0.2 38O + 116
27.5 0.71 + 0.16 730 + 159
30.5 1.1 + 0.15 752 + 102
35.0 1.55 + 0.44 1015 + 249
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Determination of Transnort Parameters

1/v 25
(litres.
min. 
mmol ^)
X 10-

10

2 3 4 5 6 71
3PG (nf)

Temperatures : 
• 23.5'G
o 29.0'C 
■ 33.0'C



32 (contd.)

C, + S.E.M. V + S.E.M.hs — m —

(’G) (mliî) (mmol. litre ^.rain  ̂)

2 3 . 5  1 . 5 9  + 0 . 1 5  193 ±  17

2 9 . 0  2 . 2 4  ±  0 . 0 8  336 + 10

3 3 . 0  2 . 3 7  + 0 . 1 7  460 + 26
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Determination of 3FG Transnort Parameters

26

22

20
1/v

(litres. 
min.

-Inmmol )
16

X 10 12
10

4 5 6 721

3PG (mill)
Temperatures :

# 23.5'0
o 37.5'C



P i 33 (contd.)

1 C, + S .E .M . V + S .E .M .ns — m —

( ’ C) (mM) ( m m o l . l i t r e ” ^.min~^')

23.5 1.63 ± 0.08 182 + 9
23.5 1.78 + 0.23 200 + 25
23.5 1.85 + 0.3 196 + 29
37.5 2.36 + 0.25 765 + 77
37.5 2 . 4 7 + 0 . 2 2  777 + 61
37.5 2.46 + 0.32 815 + 95



Estimations of the 3FG-Carrier Complex Dissociation 
Energy, from the Slope of the plot of lo^-po^hs

0.2

ct>o
0.0

- 0.1

- 0.2

32.0 32.5 33.0 34.0

l/T X 10^



Pig. 34- (contd. )

Data Symbol
Source
Figure

A e + S.E.M.

(kcal/mol)

Dissociation
Energy

(kcal/mol)

30
31
32
33

▲

o
A

^.16 + 0.25 
^.97 ± 0.67 
■1.70 + 0.51 
■0.95 +  0.11

9.3
13.0
7.2
3.8
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Determination of The Kinetic Parameters of Ks.nnose
Transport

2 4 -

20 -

18 -

16-

14-
12 -

10 -

6 -

4-

10 15 20
Kannose { Æ )

Temperatures :
• 25.0'C
o 31.0'C
■ 36.0'C

40.0'C□



Fig. 35 (conta.)

T C, + S.E.M. V + S.E.M.h S  —  El —
('C) (mîÆ) (mmol.litre~“ .min~^)

25.0 7.41 + 0.72 216 + 8
31.0 8.86 + 0.36 414 + 10
36.0 1 2 . 4 + 1 . 0 5  7 2 4 + 3 7
40.0 13.6 + 1.13 1156 + 56



7iç. 16

Determination of the Kinetic Parameters of Galactose
Transport

1/v

(litres 
min. 
mmol )

X 103

12 -

11 -

10 -

Galactose ( mf.T )
Temperatures t 

• 24.5'G
o 31.5'C 
■ 37.0'C
□ 41.5'C



36 (conta.)

T G, + S.E.M. V + S.E.M.ns — m —

(•G) {rnhl) (ramol. litre”^'.min” )̂

24.5 23.14 ± 2.6 235 4- 17
31.5 32.8 + 4.5 435 + 23
37.0 36.8 + 4.5 620 + 34
41.5 51.6 + 4.6 675 + 26



-iglv 37

Estimations of the Mannose- and Galactose-Carrier 
Dissociation Energy, from a plot of log^^C^^ v. l/T

34.032.0 32.5 33.0
A



Fig. 37 (contd.)

Data
Source
Figure

Symbol A E + S.E.M.
(iccal/mol)

Dissociation
Energy

(kcal/mol)

35
36

e (Mannose)
O (Galactose)

-1.66 + 0.21 
-1.79 + 0.26

7.0
7.6



Pic. 38

Determination of the Kinetic Parameters of 3-0- ethyl-
D-G-lucose at 37'G

18
16

1/v 12

(litres. 
min. g
imnol  ̂)

X 10^ o

3-0-' ethyl-Glucose (mM)

G, + o.E.l. hs —
(m)

2.1 + 0.2

V m a x  ±  a . E . K .

(mmol.litre”^ .min~^) 
340 + 26



Determination of the Kinetic Parameters of
3-Deoxy-D-Glucose at 37'G

1/v 
(litre. 
min.

-1 \ mmol )
X 10^

. 3-Deoxy-glucose (mTi)

G, + S.E.M. hs —
(mi'v!) 

15.3 + 1.6

(mmol.litre ^.min ^ )

795 + 40



Pi%. 40

Determination of the Kinetic parameters of
L-Arahinose Transport at 37'C

1/v
(litre.
min.
mmol"^)
X 10

10 90 100 110
Arabinose (mAi)

(mi'-'l)

45.0 + 3.5

V x i  S.E. \ 

(mmol.litres"^.min” )̂

425 + 50



Pig. 41

Exit 01 3PG and Glucose into dilute solutions 
of Maltose at 25'G

1/v
(litre. 20 
min.
mmol“^) 15

X 10^
10

Maltose (mf,l)

Exit solution:
• 3PG 
o Glucose



Fig. 4-1 (contd.)

Maltose of Glucose and 3FG exit

Exit T G. + S.E.M. V + S.E.M.1 — m —
sugar (’G) (mM) (mmol. litre*”” . min"^')

3FG 25' 10.2 + 0.9 153 ± 12
Glucose 25 13.5 + 0.7 140 + 6



Fi^. 42

Glucose inhibition of ]FG exit at 25.0'G and 
3-0-; hthyl-Glucose exit at 37'G.

1/v 
(litre.
min.

-Inmmo 1 )
X 103

20.0

15.0

12.5

10.0

Glucose (mM)

Exiting sugar:

o 3PG
e 3-0-methyl-glucose



Pig. 42 (contd.)

Glucose of 3PG and 3-0-Methyl-Glucose exit

Exit T C. -f S.E.M. + S.E.M.1 — m —
•"1 —1sugar ('G) (mM) (mmol.litre .min )

3PG 25 2.7 ± 0.15 151 ± 6
3-0-methyl-
glucose 37 4.6 + 0.3 275 + 13



Fig.. 43.

The Inhibition of Glucose Transport bv a-methyl- 
glucoside, p-methyl-glue os id e, Inositol and " ;-?nnitol

Vv 2.0
(litres. 
min.
mmol ^)l.5
X  10

1.0

90 100

Inhibitor concentration (mT,T)

Inhibitors :
■ a-methyl-glucoside 
o p-methyl-glucoside 
a Inositol 
• hannitol



Fig. 41 (contd.)

of Inhibitors of Glucose Exit at 37'G

Inhibitor C. + S.E.M. V + S.E.M.1 —* ÏÏ1 —
(mi'-'l) (mmol.litre ^.min

a-Methyl-Glucoside 193 ±  13 676 + 14
p-Methyl-Glucoside 120 + 11 63O + 27
Inositol 219 1 17 685 ± 14
Mannitol 282 + 39 553 + 15
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displayed in Pigs. 23 to 43- The lines were fitted 
by the method of least squares, using the computer 
programme described in the appendix.

The mathematical principle upon which this 
method was founded has already been outlined. In 
practice, provided that the initial concentration of 
the sugar in the cells, was several times its ,
a plot of the extracellular sugar concentration against 
the reciprocal exit rate is linear. The intercept on 
the X axis being erual to and that on the y axis

44).

Since this method v/as an indirect measure of 
transport, it was essential to establish that the 
•parameters measured were representative of the sugars 
involved. The G^^ values of a number of sugars were 
determined and comnared with those ouoted in the 
literature (Table I4).

having established that the method could be
used to determine the characteristic parameters of
hexose transport, the C. values of a number of a' hs
number of transported monosaccharides were estimated 
(Table 15). Also the 0 ^ values of a number of 
inhibitors of glucose transport were determined (Table
16). These results agree Qualitatively with several 
other reports (52,173,179). If it is assumed that 
G^^ and G^ are indicative of binding of sugars to the 
carrier these results are in particular agreement 
with the model of Kahlenberg and Dolansky (Pig. 45).
This is particularly interesting, as the method used 
by these workers was entirely different from the 
present one. In their experimental situation, the 
binding of a glucose analogue was assessed by 'its -ability 
to displace ^^G labelled glucose from ghost cells (179).



Fig. 44

"■ethod of Determination of the Kinetic Parameters of 
3PG- and Glucose Exit from Erythrocytes at 37'G.
(taken from Pigs. 23 and 30)

1/v

(min.litre.mmol ~)

1/V

-5 -4

Extracellular Sugar [ij 
(mlvT)

(mFl)
1/Vm Vm

(min.litre
•)
.3

mmol
(mmol.litre 

min““)

-1

10-

• Glucose 
o 3PG

3.9
2.3

1.56
1.67

640
600



TABLE 14

Half-Saturation constants of some sugars compared 
with their literature values.

Glucose
Mannose
Galactose
Maltose

°hs at 37'C 
(mM)
3.9 

12.4
36.8 
13.5*

Lit.
Value

4.0
13.0
38.0 
14.0*

Ref.

(180)
(167)
(173)
(169)

The values presented for maltose are inhibitor 
constants (0^) for non-transported sugars.



TABLE 15

Half-Saturation constants of monosaccharides at 37'C

D-Glucose 
3PG -
3-0-Me thy1-D-Glucose 
3-Deoxy-D-Glucose 
D-Mannose 
D-Galactose 
L-Arabinose

± S.E 
(mM)

3.9 ± 1.1 
2.3 ± 0.8
2.1 + 0.2

15.3 ± 1.6
12.4 1 1.1
36.8 + 4.5
45.0 + 3.5

Taken
from
Fig.

23
30
38
39
35
36
40



TABLE 16

Inhibitor constants of Inhibitors of Glucose Exit 
from Erythrocytes at 37'G.

Taken
from

+ S.E.M. Fig.
( m )

a-Methyl-D-Glucoside
p- ethyl-B-Glucoside
meso-Inositol
Mannitol
Maltose*

193 ± 13
120 + 11 
219 ± 17 
282 + 39

13.5 + 0.7

43
43
43
43
41

* determined at 25'G
Mo could be determined for Sucrose or D-Arabinose
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Fir. 45

The Xhhlenberg and Dolanslcy JTodel for the Interaction 
of Glucose and the Carrier

CH

The difference in binding between D-mannose 
and D-galactose, which are both simple epimers of 
glucose, is consistant with the suggestion that the 
C-4 hydroxyl is important in binding and the C-2 
hydroxyl is not. The similarity between the 0^^ for 
Galactose and its pentose relative,I-arabinose, indicated 
that the G-6 hydroxyl is not required in binding to the 
carrier. The pattern of the 0^^ values of sugars 
modified at G-3, can be interpreted as the carrier 
requiring the glucose 3-carbon-oxygen bond participation 
in hydrogen bonding.

Sugars modified at G-1, appear to be inhibitors 
with very high Ĝ  ’s. A possible explanation of this 
is that a reversible covalent bond must be formed



TABLE 17

Maximum Velocity of Exit of Monosaccharides from
Erythrocytes at 37'G

+ S.E.M.
r a  —

(mmol. I'^.min"^)

Taken
from
Pig.

D-Glucose
3PG
3-Deoxy-D-Glucose 
D-Mannose 
D-Galactose

640 ± 137 
600 + 180 
795 ± 40 
720 + 40 
620 + 34

23
30
39
35
36
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between the sugar and carrier to effect transport.
Schiff's base formation has been demonstrated to be 
unlikely, but has not been conclusively eliminated as 
a possibility (182). Steric hindrance by the OH 
substituents, is an equally possible explanation. This 
interpretation would be strengthened if Glucosyl fluorides 
were transported.

. Comparison of the inhibitory effects of
maltose with those of the other inhibitors (Table 16)
must be made with care, because of the temperature
differences. Since the G^ of maltose was similar to
the G^g of galactose, at the same temperature (Pigs.
36 and 41), the G^ of maltose at 37'G might be expected
to be in the region of 40mM. This value is much
lower than those obtained for the other inhibitors
(Table 16). Maltose can be viewed as either a G-1 or
a G-4 modified glucose molecule. In view of the
oronosed differences in the G . values of maltose and1
the other G-1 glucose analogues, it would be reasonable 
to deduce that maltose was acting as a G-4 analogue.
The relative ease of binding of maltose would therefore 
indicate that hydrogen bond formation at G-4 requires 
the C-0 bond.

According to the carrier theory, the rate 
of transfer of a sugar across; the lipid phase of the 
membrane, is dependant only on the affinity of the 
sugar for the carrier. The rate of transport is 
proportional to the number of carrier sites occupied 
by the sugar. Consequently, when the carrier is 
fully saturated with hexose, the maximum transport 
velocity is obtained. This should be independant 
of the sugar being transported. The data obtained in 
this study, was in agreement with this concept (Table
17). These values of agree closely with those 
obtained by Miller (205) in a similar experimental
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situation. He obtained (mmol/litre/rnin) + S.E.M.),

Glucose 590 + 93 
Mannose 682 + 62 
Galactose 652 + 31

Recently a report has appeared, describing 
the transport parameter , for glucose, 3FG, 3-deoxy-
glucose and 3-0-methyl-glucose inhibition,of sorbose 
transport (52). The method was originally devised by 
Levine et al., who reported that the determined in
in this way was '....  in our experimental situation,
a simple dissociation constant uncomplicated by the 
transfer process' (206). The validity of this statement 
is questionable however, as the definitions of their 

and were the same as the and G^^ defined 
here. Miller was careful to point out that these 
values are binding constants only if the rate of 
diffusion of the sugar, to the surface of the 
membrane, is very much greater than the velocity of 
the carrier (143)• This situation may only be 
reached when the sugar,whose is being determined, 
is not transported, and therefore a true inhibitor.
This situation is analogous to one which sometimes 
arises in enzyme kinetics. The pitfalls that are 

present in the study of mixed substrate reactions 
have been clearly illustrated by Reiner (207). If 
an inhibitor of an enzyme-substrate reaction is also 
a substrate, then the observed value of is not the 
binding constant. Since in the Levine ervthrocyte 
experiments (206), glucose is being transported, 
it is difficult to see how the observed can be 
independant of the transport process.

Mo problem of interpretation occurs when 
comparing sugars, provided that all sugars are 
transported, or all are non-transported. A mixture



TABLE 18

Inhibition of 3FG and Glucose Exit from Erythrocytes
at 25'C.

Exit Sugar Inhibitor 
+ S.E.M. (mill)

Glucose Maltose

3 EG

Glucose

2.7 ± 0.2*

3.0 + o . y

10.2 + 0.9+ +

13.5 ± 0.7

* pseudo G.1 + Gh;
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of responses within a group of sugars, would make it 
difficult to compare the parameters. Since in Barnett's 
work (52), no evidence was presented to show that 
3FG, 3-0-methyl-glucose or 3-deoxy-glucose were 
transported, this difficulty could have arisen. The 
data presented in Tables 15 and 17, have demonstrated 
that all of these sugars are transported. The comparison 
of the values already referred to (52), as
relative binding constants, was therefore valid, within 
the general restrictions discussed above.

The method devised by Levine et al., had one 
advantage over that of Sen and ,7iddas (180). Since 
sorbose was a common factor in e,ll the determinations, 
it can be assumed that the parameters that were 
determined,were concerned with sugars binding to the 
same sites. Using the Sen-Widdas method, it was 
necessary to deliberatly demonstrate this fact. An 
argument for the sugars used in this work, being 
transported by the same carrier, was their similarity 
in the (Table 17). It was however desirable, to
confirm this fact if possible, in the case of 3FG 
particularly. The Ch's of maltose, as an inhibitor 
of both 3FG and glucose transport, were shown to 
be similar, and 3EG exit was inhibited by glucose 
(Table 18). It was therefore concluded, that 3EG and 
glucose can be transported by the same erythrocyte 
carrier.

A particular object of this reasearch 
programme, has been to show whether or not fluorine 
can replace hydroxyl, not only because of the 
similarity in size but also function. As judged by 
the values, 3EG and glucose appeared to have
similar characteristics when binding to the carrier.
This in itself did not mean that fluorine was involved 
in binding, as 2-deoxy-glucose behaved similarly (173)•



Fis. 46

Arrhenius Plots of log^Q v. l/Absolute Temp

(from Figs. 29 and 34)

Slope =

0.1

32.5 33.0 34.0
1/T



Fig 46 (contd.)

A e + S.E.M.

(kcal/mol)

Dissociation
Energy
(kcal/mol)

O Glucose 
• 3FCr

- 2.24 ±  0 .8 9  

- 2 . 1 6  + 0 .2 5

9 .6 3

9.3



TABLE 19

Dissociation Energies of Garrier-Sugar Complexes at
37'G (koal/mol).

Glucose 3FG- Mpnnose Galactose
9 .6 *  9 .3 *  7 .0  7 .6

1 5 . 7 * *  1 3 . 0 * *

1 0 .5

13.4
12.2

*  p ;> 0 .0 5

* *  p ;> 0 .0 5
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However, as the of 3-deoxy-glucose was much higher
than either 3F0 or glucose (Table 15), the involvement 
of fluorine in the binding process, was implicated.
An attempt was made to confirm this by determining 
A h * ,  th e  dissociation energy of the carrier-substrate 
complex. Sen and V/iddas (IBO) demonstrated how this 
could be achieved (208). A riot of log^g against
l/absolute temperature, gives a slope equal to the 
thermodynamic parameter A e (Pig. 46). This is related 
to Ah* by the eonation

A e  = -  A h* *- ht  

2 .3 0 3  R

where H is the gas constant (1.987 c^ls/mol) and T is 
the absolute te m p e ra tu re .

As the observed value of may not be the 
true eouilibrium constant, it is probable that the 
observed v a le  of A h*  is not eoual to th e  absolute 
value. The previous report of 10 kcal/mol for A  i* 
for glucose (180), compares well with the bulk of the 
values obtained in this work (Table 19). /hen the 
d is s o c i a t i o n  energies of the carrier sugar complexes 
of both 3PH and glucose, were determined on the same 
day, under similar conditions, no significant difference 
could be detected between them. This was interpreted 
as showing that the binding forces between glucose 
and the c a r r i e r ,  were eouivalent to those  for 3PH 
and the c a r r i e r .  The accumulated evidence pointed to 
the fluorine atom of 3PH p a r t i c i p a t i n g  in binding with 
the hexose carrier of the human erythrocyte.

The erythrocyte transport charateristics 
of 3PG, originally d e s c r ib e d  in part by Barnett (52), 
have been confirmed and e la b o r a te d .  It can be said with
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some confidence, that 3PH crosses the erythrocyte 
membrane, as rapidly and by the same pathway as 
glucose, and has a similar affinity for the carrier.
In addition, the C-P bond of 3PG- probably participates 
fully in the binding of the sugar to the carrier.
Having demonstrated that 3PH could enter the cells, 
attention was turned to its effect on the enzyme 
machinery within the erythrocytes.

The relatively simple nature of the 
erythrocyte (183)> means that glucose metabolism is 
restricted almost entirely to glycolysis. In addition 
there is a small, up to lÔ ip contribution from the 
hexose monophosphate pathway (142). The major fates of 
glucose are lactate or pyruvate, providing ATP and 
NADHg, which are consumed by the cell in an effort to 
maintain itself. A disadvantage for biochemical 
investigations, is that the glycolytic flux is low, so 
that sensitive methods have to be used to follow 
glucose consumption (183)• Por this reason, in previous 
reports data have been obtained using labelled 
sugars (209,210).

The unavailability of labelled 3PG 
necessitated the search for alternative methods of 
study. One possible scheme would involve monitoring 
the concentration of a cellular componant, which 
follows, or could be made to follow, carbohydrate 
consumption. A method which appeared to be suitable, 
was suggested in an article by Jaffe (191). This 
utilised the fact that the reducing power generated 
by glycolysis (NADHp) , and HFiTP nathway (NADPH^) , is 
usee to reduce methaemoglobin. The latter is formed 
in vivo, by the atmospheric oxidation of haemoglobin. 
Mild oxidation of intact cells by sodium nitrite, will 
convert all the haemoglobin to methaemoglobin, and 
the subseeuent reduction can be followed spectrophoto- 
metrically.
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The Regeneration of Haemoglobin in Erythrocytes 
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This method depended on the fact that 
Methaemoglobin has a maximum absorption at 630nm.
•"hen cyanide is added, this absorption band disappears 
and the resulting change in optical density is directly 
proportional to the concentration of methaemoglobin. 
Total haemoglobin in the sample is then measured 
after complete conversion to cyanmethaemoglobin, by 
the addition of ferricyanide-cyanide reagent (199).

In normal cells, most of the reducing power 
generated, is MADH^ from glycolysis and so reduction 
of methaemoglobin is a measure of glycolysis. If 
methylene blue is added as an electron carrier, then 
it is the HADPHg from the initial oxidative stages 
of the HMP pathway, that provides the reducing 
power (192). By arranging suitable conditions, the 
consumption of 3?G or glucose, by either pathway, 
could be estimated.

The consumption of glucose by the hexose 
monophosphate pathway, determined by the reduction of 
methaemoglobin in the presence of 3.6 x 10 
methylene blue, is shown in Pig. 47. The initial 
rate was rapid, and 90^ reaction was completed within 
30 minutes. The extent of the reaction naturally 
depended on the concentration of cells, and although 
this latter value was maintained as constant as 
possible between experiments, some variation was 
inevitable. Internal standardisation with glucose 
controls, has allowed a comparison between experiments.

Similar concentrations of 2-deoxy-D-glucose 
(2D0G), were shown to be taken up by these cells 
(Pig. 48). There were however, differences in the 
behaviour of the two sugars. Cells incubated with 
2D0G, exhibited a marked lag period, before any 
metabolic activity appeared, but the extent 
approached the theoretical value. The reducing power
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Hypothetical Scheme for the Oxidation of 3^0 
by Human Erythrocytes.

3P0

3PGI— 6-phosphate

ethylene ilue 
(reduced)

6-nhosnho-3-fluoro-
gluconate

NADP

ethylene Hlue 
(oxidised)

@  Hexokinase
@  Glucose-6-Fhosnhate dehydrogenase
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of 0.5mM 2D0G- is equivalent to 0.25niM glucose, as only 
one reductive sten is possible with the deoxy sugar.
The reason for the lag period was not clear. Transport 
of 2D0G- into the cell was not a barrier (173), enzyme 
induction was not possible in the simple erythrocyte, 
so the answer was probably related to the activities 
of the existing enzymes. A feasible explanation would 
be, that the observed rate is limited by 1>he build 
up of the level of 2DOG--6-phosphate, to a point where 
the reduction step begins. Development of this theme 
was not the subject of this study, but the observation 
served as a useful warning of the pattern that might 
occur with 3PG. Por this reason, experiments with 3P& 
were with an extended time scale.

The potential substrate activity of 3PG for the 
initial stages of the HIP pathway, was investigated 
using O.pmM 3PG (equivalent to the reducing power of
0.25mTÆ glucose), 5.0mM and 50.OmM 3^0 (Pig. 49). Even 
after nine hours incubation, none of these exhibited, 
marked substrate activity, despite being in a 
theoretical 100 x excess. The very small ammount
of Methaemoglobin reduction by 3P0, is too low to be 
considered significant with the present method. A 
more precise and sensitive method might confirm this 
small ammount of reduction.

The lack of success of the cell to metabolise 
3P1 was a little disapointing, in view of the fact 
that only two enzymic steps are required (Pig 50).
There was no evidence that the sugar could somehow 
interfere with the redox steps between NADPH^ and 
haemoglobin, but it cannot be entirely discounted.
Other reasons for the low activity of 3P0 in this 
system can be briefly stated as follows:
1. 3?G is a poor substrate for hexokinase.
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2. 3?G-6-phosphate is a noor substrate for glucose-6- 
phosphate dehydrogenase,

3. Either of the prorosed rhosphorylated products of 
3PG are high affinity inhibitors of the enzymes.

It the last of these possibilities is true, then cells 
preincubated with 3PG should constrain the metabolism 
of glucose, added subsequently. However, as Pig. 51 
shows, this was not the case. Another consequent of 
this observation, was that 3PG- cannot have a high affinity 
for hexokinase, as the 150 x excess of this sugar over 
glucose, does not appear to have affected the latter's 
phosphorylation.

If the cell can be shown to degrade 3P0 by 
the glycolytic pathway, then 3P0 must be a substrate 
for hexokinase. Using the spectrophotometric method 
to monitor glycolysis, there was little evidence to 
promote the view that 3P0 can act as a substrate 
(Pig. 52). It was possible that 3P0 metabolism cannot 
continue in the presence of the natural intermediates, 
which have - higher affinity for the enzymes. 
Unfortunately, in the erythrocyte it is not possible 
to deplete the cells of these intermediates, prior to 
incubation with 3P&, as irrepairable damage can occur 
(210).

Confirmation of the low rate of metabolism 
of 3PG by glycolysis was sought, using an alternative 
method. Preferably one that did not recuire the 
oxidative pre-treatment of the cells. The end product 
of glycolysis was lactate, which existed in a 
concentration much higher than any other anion (202)..
By continuously titrating this acid, glycolysis could 
be monitored. Suspension of cells in a bicarbonate 
buffered saline, produced carbon dioxide, as lactate 
or pyruvate was released into the system. This gas
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TABLE 20

Free Fluoride in 50mîvî solutions of 3FG in Bicarbonate 
buffer at pH 7.4

free fluoride 
as fc of 

total

zero time 0.23
After 24hr at 37'G 0.29
After 24br at 37'G with Red cells 
(Haematocrit 56%^ 1.2
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production could be measured raanometrically (201).

The results o f  the manometric experiments 
are expressed in Fig. 53* 2mM glucose as a substrate, 
yielded a steady ^reduction o f  00^, which was e le v a te d  

when an extra increment of glucose was added after 
12 hours. Control cells, in cu b ated  without substrate, 
showed no extra 00^ production when glucose was 
added after 24 hours, demonstrating that the cells had 

lost the ability to consume the hexose (210). Cells 
incubated with 50mI.I 3FG exhibited a small rate of CO^ 
release, which fell after 5 hours incubation. A small 
increase i n  the rate of production of CO^ by such cells, 
was observed when 2mT.'T glucose was added after 12 hours. 
This was much lower than the level attained by the 
glucose t r e a t e d  cells. When 50mI/I 3FG and 2miH glucose 
were incubated together with cells, acid-linked COg 
production was higher than with glucose alone, but 
appeared to fr..ll off to a level which 'as lower than 
that attained by the glucose treated cells. From these 
results, it seemed nossible that 3FG was able to 
undergo glycolysis to a limited extent, even in the 
presence of competing glucose. In addition it appeared 
that a small inhibitory activity had developed after 
24 hours.

At the end of the incubation, the suspension 
media were assayed for total fluoride and fluoride ion. 
This revealed that in the presence of erythrocytes, the 
C-̂ ' bond of 3FG was hydrolysed to a small extent 
(Table 20). These data immediately suggested an 
alternative explanation for the apparent glycolysis 
of 3FG-. The CO^ production could have been due to the 
release of HF into the medium. The fluoride content of 
the medium after 24 hours incubation of cells with 
3 2C-, was 3*8 X 10 ^11. This is equivalent to 19.5ul 
of carbon dioxide. Gas evolution by the erythrocytes
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TABLE 21

Total Fluoride concentration in Erythrocytes after 
24hr incubation at 37'G in Bicarbonate buffered saline

at pH 7 .4 .

Column 1 Total fluoride in washed whole cells.
Column 2 Total fluoride in a barium precipitate

obtained from whole washed cells.
Column 3 Total fluoride in washed ghost cells.

Incubation

Control 
5mM NaP 
50mM 3PG

9.4 X  10 
7.9 X 10“%

42.0 X 10-4.

6.4 X 10“tïî 
7.3 X 10" %
8.2 X 10"%

3

0.4 X 10
ND

1.0 X 10— 4i',T

ND = not determined
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in the presence of jPG- was 15u 1 after 24 hours. Clearly 
this could be fully accounted for by the HF production.

If the increased rate in the initial phase of 
the reaction of the cells with 3FC and glucose, was due 
to HF, it can be seen that 3PG must have inhibited 
the metabolism of glucose, especially in the later 
stages. This inhibition could have been caused by the 
fluoride ion in the media, as sodium fluoride was shown 
to reduce the rate of COg production by erythrocytes 
(Fig. 54). However, this level of fluoride v/as higher 
than that derived from 3PG-. Consequently there could 
be an alternative explanation for the inhibition of 
erythrocyte metabolism by 3PG.

After 24 hours incubation, the erythrocytes 
were recovered and extensively washed to remove all 
free hexose. This wash procedure included two 
incubation periods of 20 minutes, during which time the 
cells were suspended in saline at 37*C. According to 
the carrier theory already discussed, this should 
have depleted the cells of their free sugar content. 
.Vashed cells, that had been incubated with 50mî4 3P0 
and 5m.M sodium fluoride, were assayed for total fluoride 
(Table 21 column l). A possible explanation of these 
results, was that 3PG was being trapped as a phosphate, 
as proposed in yeast (112). Cells that had been incubated 
with 3FG for 24 hours were homogenised and the phosphates 
precipitated with barium carbonate (202). When this 
fraction was assayed for total fluoride, none was found 
(Table 21 column 2).

Since the fluorine could not be demonstrated 
to have become incorporated with the cell contents, 
it was thought that it might have become associated 
irreversibly with the cell membrane. This was 
considered a possibility in view of the high affinity
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of the transport carrier for 3?G. Ghost cells were 
prepared from erythrocytes preincubated with 3FG, and 
the total fluoride content of the membranes assayed 
(Table 21 column 3)• it was clear that the bursting 
of the cells in the formation of ghosts had released 
the fluorinated componants retained by the cells.

Taken together, these results suggested that 
the fluorinated compound in the cells was probably 
3PG itself. The only way it could have remained inside 
extensively v/ashed whole cells, was if the transport 
mechanism had ceased to function, after equilibration 
with 3FG. To test this possibility, erythrocytes were 
preincubated at 37'G with 50mîÆ 3?^ and after 24 hours, 
the exit of this sugar was followed using the optical 
method. Desnite several trials, no transport was observed, 
freshly prepared cells showed the usual characteristics. 
This showed that the carrier had ceased to function 
in the presence of 3PG-. One possible explanation, was 
that if 3PG- was not a substrate for glycolysis, the 
lack of metabolic energy for the maintainance of the 
cell, might have led to a degeneration of the carrier.
This was not consistant with the fact that the 
transport characteristics of freshly prepared erythrocytes, 
or cells preincubated either with glucose, or without 
substrate, were very similar (Pig. 55).

The most reasonable explanation for all these 
observations is that 3PG- had the ability to 
irreversibly block the carrier mechanism. Since 3PG- 
only has one structural change compared with glucose, 
this irreversible block probably involves the 
fluorine atom. An attractive explanation would be that 
3PG can alkylate the carrier or some other essential 
part of the carrier mechanism, with the slow release 
of fluoride. This could then explain the fluoride ion 
found in the medium of cells incubated with 3PG. If
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the rate of fluoride release is indicative of the rate 
of alkylation, then it p ro b a b ly  r e q u i r e s  in the region 
of 5-10 hours to reach completion ( P ig .  5 3 )• In. these 
incubations the carrier would have been almost completely 
saturated, and th es e  would be ideal conditions for a 
slow.alkylation to  take place.

A plausible mechanism for an alkylation could 
involve the 2-hydroxyl of 3?G, which the transport data 
implicate as not b e in g  involved in binding to the 
carrier. Since the fluorine atom appears to be involved 
in hydrogen bond formation, a concerted mechanism 
could take place with the elimination of HP and epoxide 
formation. The nucleophil now formed on the carrier 
by the loss of a proton, could  re-open the epoxide 
and effect the alkylation ( P ig .  56). If this explanation 
is a true description of the events, the fluoride 
r e le a s e d  should be directly related to the number of 
carriers on the erythrocyte surface. It may therefore 
be possible to estimate the concentration of carrier 
in the e r y t h r o c y t e .

The proceeding results did not give a great 
deal of support to the hypothesis that 3PH could act 
as a pseudo-substrate for the pathways of glucose 
catabolism. Glucose and 2D0G were substrates for the 
initial reactions of the HI,IP pathway. Since 3PG was 
unable to lead to the reduction of methaemoglobin by 
NADPHg, metabolism by this pathway could not have 
proceeded beyond 3PG-6-phosphate. Pretreatment of 
cells with 3PG did not affect subsequent glucose 
metabolism, so neither 3PG, nor the hypothetical 
3PG-6-phosphate, could have had a high affinity for 
the appropriate enzymes of the pathway.
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3PG- could not be catabolised by the entire 
glycolytic chain, nor was it a substrate for the 
sequence of enzymes that leads to the triose phosphates. 
This did not exclude the possibility that some of the 
early reactions in this series took place. These 
could have resulted in an intermediate, that was not 
a substrate for a particular enzyme, or one that was 
a strong inhibitor. When glucose was added to cells 
pretreated with glucose, the increase in the rate of 
glycolysis was greater than the increase shown by cells 
that had been pretreated with This could have
been caused by the build up of a fluorinated inhibitor. 
Accepting that these are alternative explanations, 
the fact that neither pathway could utilise 3FG- as a 
substrate, might point to the inability of hexokinase 
to phosphorylote 3?G. This interpretation v/as supported 
by previous re -orts (95, 108), which have shown that 
3PG is a poor substrate for yeast hexokinase.

Although these studies revealed that there 
wa little catabolism of 3P0, they did disclose the 
time dependant development of a blockade of 3P0 
transport in erythrocytes. This was tentatively 
concluded to be caused by an alkylation of a, hexose 
carrier. 3P0 and glucose had been shown to be transported 
by the same pathway, so there can be little doubt that 
it was the glucose carrier that had been inhibited.
This restriction of glucose entry was probably a 
factor in the inhibition of glucose metabolism by 3PG 
treated cells. The observed lower rate of metabolism 
was probably dependant on the rate of simple diffusion 
of glucose across the membrane.

With the experience and information gained 
from the use of the model system contained within
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the human erythrocyte, the results obtained with the 
whole animal may be re-examined. There ane certain 
qualitative similarities between the two systems, 
namely the production of fluoride and the retention 
of a fluorinated componant by certain tissues. 
Quantitatively the comparison is good also. In the 
human erythrocyte, the fluorine retained ammounted to 
about mol/g of cells (Table 21 column 1), and in 
brain and testis 1.2 and 2.7 umol/g, respectively, 
(Table 11). Obviously, factors such as the effective 

concentration at the 'active site', the affinity 
of 3PG for the different 'active sites' and the rate 
of simple diffusion of the sugar from the dif erent 
cell types, would affect these values. The comparison 
is close enough however, to propose as a working 
hypothesis that the same event was operating in all 
these tissues.

If the mechanism of retention of 3P'l by the rat 
brain was similar to that in the human erythrocyte, 
the glucose transport to the brain should be similar. 
The existance of a facilitated diffusion of glucose 
from blood to brain (211,212,213) and blood to 
cerebro-spinal fluid (214) , has been established by 
experiments in vivo and a similar carrier mediated 
transport has been shown in brain slices (215). 
decently the apparent similarity of the erythrocyte and 
brain hexose carriers has been exploited. The effect 
of certain psychotropic drugs on glucose transport 
in erythrocytes, has been studied as a model system 
to gain more understanding of drug action on the 
brain (172).

Further exploration of the transport blockade 
effect of 3FG, would be facilitated by the availablity 
of a labelled compound. Although earlier attempts to
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prepare tritated 3PG had been unsuccessful, tritium 
labelled 3FG cannot be entirely disregarded. It should 
be possible to introduce Tritium at carbon 3 of 3FG, 
by using sodium borotritide instead of borohydride 
in the reduction step in the synthesis of 3FG (see Pig. 8)

If 3PG does block the hexose carrier in the 
brain, then animals pretreated with it, should incorporate 
less glucose into the organ than untreated animals.
This could be examined, by studying the uptake of 
readily available ^^C-glucose into the brain of the 
animals. Pretreatment of the animals in this and 
other similar experiments, may be more effective if 
a, small daily dose of 3PG- were to be given over a 
period of time. One way of achieving this would be by 
using the oily synthetic precursor of 3PG, l,2;5,6-di- 
isopropylidine-3-deoxy-3~fluoro-D-glucofuranose (I3PG).
It is common practice to elicit slow release of a 
drug into the body of the animal, by an intramuscular 
injection of an oily derivative (135). It is possible 
that muscle glycolysis could provide the necessary 
acid conditions to hydrolyse I3PG and so prove to be 
an extremely useful route of 3PG- administration.

These investigations have illustrated some 
characteristics of fluorine substitution of substrate 
hydroxyl, in biological reactions. It would seem likely 
that the metabolism of 3PG in erythrocytes, and possibly 
in rats, was severely limited by its phosphorylation 
by hexokinase. Some evidence suggested, albeit with 
yeast enzyme, that hexokinase utilises 3PG only 
poorly. However, since 3PG was a substrate for this 
enzyme, fluorine must have been accepted, at least in 
part, in place of hydroxyl. The low affinity of 
hexokinase towards 3FG could have been related to the 
different hydrogen bonding capacities of fluorine
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end hydroxyl.

These observations have led to a re-evaluation 
of the concept of 3FG as the origin of metabolites, 
capable of producing biochemical lesions. However the 
choice of the carbohydrate field, leaves several other 
fluorinated hexoses open to investigation. These may 
have different effects in biological systems.

If metabolism of 3FG in those glucose 
phosnhorylating systems so far studied was poor, there 
has been one biological situation in which 3FG was a 
substrate. This was in transport reactions. It has been 
demonstrated that 3FG was transport in vitro by 
hamster intestine (52). These observations were supported 
by data presented within this report, which revealed 
the rapid appearence of 3FG, in the urine of rots 
dosed orally with the sugar. 'Vhen the simple transport 
system within the human erythrocyte membrane was 
examined using 3FG, the concept of hydroxyl replacement 
by fluorine was strengthened. In fact it appeared 
that fluorine could not only sterically replace hydroxyl, 
but also mimic its function. This interaction appears 
to have led to an identifiable biochemical lesion 
caused by 3FG. This being the proposed irreversible 
blockade of certain glucose transport systems.

In conclusion it can be said that under 
suitable circumstances, fluorine can replace the 
function of the hydroxyl group in biological reactions.
In those reactions where their functions are not 
compatible, the steric substitution of hydroxyl by 
fluorine is possible. The requirements for metabolic 
incorporation of a fluorinated natural product, appear 
to be that the replaced hydroxyl, should either be 
totally non-functional in the enzyme reaction, or 
functional with respect to hydrogen bonding by way of 
the G-0 bond.
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1 ) The Synthesis of 3-Deoxy-D-Glucose
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Preparation of Methyl-4,6-0-Benzylidine-a-D-Gluco- 
pyranoside (V) (216)

2 d g Methyl-a-D-G-lucopyranoside (IV), 21g 
anhydrous granulated zinc and 70ml benzaldehyde were 
mixed in each of six bottles and shaken for four hours 
at room temperature. The contents of each bottle was 
poured into 1 litre of ice cold water and vigorously 
shaken. The product, which separated as a white solid, 
was collected by filtration. It was washed with water 
followed by Petroleum ether 40-60 and allowed to dry 

in air.
Yield 98g 40^
Melting Point 163'0 (recryst. from hot water)
N.K. Richtmeyer reported M. Pt. 163-164'0 (216)

Preparation of Methyl-4 *6-0-Benzylidine-2,3-0-di- 
(Toluene-4-3ulohonyl)-g-D-Olucopyranoside (VI) (216)

76g (V) were dissolved in 530ml anhydrous 
Pyridine and cooled to O'C. 152g. Toluene-4-3ulphonyl 
Chloride were added with shaking and cooling. When 
the addition was complete the mixture was left at 
room temperature for ten days. (VI) was isolated by 
pouring the reaction mixture into 2 litres of ice cold 
water and after vigorous shaking, allowed to stand at 
4 ’C for one hour. The crude precipitate was washed 
with water and recrystallised from ethanol/chloroform. 
Yield 105g 66#
Melting Point 152’G
N.K. Richtmeyer ouoted 154-155'C (216)
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Preparation of Methyl-2,3-Anhydro-4,6-0-Benzylidine- 
g-D-Allopyranoside (VII) (216)

lOOg (VI) were dissolved in 1250ml chloroform 
and cooled to O'C. 315ml of 2.7M sodium methoxide (nrep.
by dissolving 31g sodium metal in 500ml AR methanol),
was added carefully, maintaining the temperature below 
5'C. The reaction was left at O'C, with occasional 
shaking, for 3 days and then for a further day at room 
temperature. After washing the chloroform solution 
with 4 X 1000ml water and drying the organic layer 
with calcium chloride, the ahhydro sugar separated on 
concentration in vacuo. The solid was recrystallised 
from acetone.

Yield 38g 85#
Melting Point 197'C
N.K. Richtmeyer quoted H. Pt. 200'G (216)

Preparation of Methyl-4,6-0-Benzylidine-3-Deoxy-3-Iodo- 
g-D-Glucopyranoside (VIII) (217)

The Grignard reagent was prepared in the 
usual way, from 0.45g magnesium turnings, 2.5g Methyl 
Iodide in 20ml anhydrous tetrahydropyran (dried over 
sodium wire), the reaction being initiated by a crystal 
of iodine. 3*5g (VII) dissolved in 100ml hot dry 
1,4-dioxan (dried over sodium wire) was added drop-wise 
to the Grignard reagent. An exothermic reaction took 

place yielding a white solid. When the addition was 
complete the mixture was refluxed for two hours and 
cooled by the addition of powdered ice. Acidification 
with 2M hydrochloric acid was followed b'̂  extraction 
with 3 X 100ml saturated sodium bicarbonate, 2 x 100ml
0.51 sodium thiosulphate and 3 x 150ml water. After 
drying (Nap30^) the solvent was removed and the solid 
that separated recrystallised from methanol.



Yield 2.5g 48^
elting Point 195'C (160'G on admixture with VII) 

Newth et al. quoted 195-196'G (217)

Preparation of Methy1-3-Deoxy-3-1odo-a-D-Glueopyranoside
(IX) (217)

2g (VIII) were shaken with 100ml AR methanol 
containing 0.2ml concentrated hydrochloric acid, at 
30'G for 24 hours. The solution was neutralised with 
solid sodium carbonate, filtered and evaporated to 
dryness. The solid was dissolved in water and washed 
with 3 X 50ml ether. The aqueous layer was concentrated 
under reduced pressure to give a crystalline solid, 
which was recrystallised from ethyl acetate.

Yield 0.97g 62.5#
.. elting Point 164'G
Newth et al. ouoted 165'G (217)

Preparation of Meth.yl-3-Deoxy-a-D-Glucopyranoside
(X) (218)

1.2g (IX) was dissolved in 50ml ethanol and 
warmed with 0.5g activated charcoal. The suspension 
was filtered into the hydrogenation vessel, which 
contained 7.2g 10# Palladium on calcium carbonate. 
Hydrogenation proceded for 4 days at room temperature. 
After removal of the catalyst, the solvent was removed 
and the syrup redissolved in 5ml ethanol. This 
solution w, s applied to a Silica Gel (0.05-0.2mm 
Merck) column (1.5 x 20cm) and eluted with ethyl 
acets..te; ethanol, 3:1. 25ml fractions were collected and 
those containing (X).,ident if led by T.L.G. (Rf 0.31) in 
the same solvent. These fractions were pooled and 
reduced to a syrup.
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Yield 50 Orag (s yrup)

Preparation of 3-Deoxy-D-Glucose (XI) (219,220)

500mg (X) were dissolved in 5ml 0.75M 
hydrochloric acid and re fluxed for four hours. vVhen 
cool, the solution was neutralised with Dowex-1 (HCO^) 
resin. The resin was filtered and the filtrate reduced 
to a syrup. Purification of the Deoxy sugar was 
accomplished using P.L.C. on Silica PP^^^ (Merck) 
layers run in ethyl acetate; ethanol, 4;1. XI was 
identified by its ability to ouench the fluorescent 
componant in the silica, when irradiated with U.V. 
light. Elution of this band from the plate with acetone 
and removal of the solvent yielded XI as a syrup.
After several weeks at -20’G the syrup crystallised and 
was recrystallised from ethanol.
Yield 150mg 32.5#
Melting Point 102'G
Pratt and Richtmeyer reported 105-107'G (219)
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GOMIvIENTS ON THE SYNTHESIS

Some difficulty was encountered in repeating 
some of the published methods.
1) Preparation of VIII (217)

The original report of this synthesis 
employed tetrahydropyran in which VII is sparingly 
soluble. This made the addition of a solution of VII 
to the Grignard reagent very difficult. Substitution 
of 1,4-dioxan for tetrahydropyran as solvent, 
although giving lower yields of VIII than previously 
reported, was found to be more suitable. The Grignard 
reagent however must be prepared in tetrahydropyran.

2) Preparation of X (218)
Hydrogenation of IX gave very poor yields 

of product and after several attempts it was concluded 
that an impurity in the starting material (which could 
not be removed by recrystallisation) was poisoning the 
catalyst. Improved yields were obtained by adsorbing 
the unidentified impurity on Ilorit before the 
hydrogenation.
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2) FORTRAN PROGRAIffiTE FOR THE ANALYSIS OF ERYTHROCYTE
TRANSPORT DATA.

The programme, written in Watfor, was 
designed to determine values of and from the
transport co-ordinates l/v and X . Then if required 

E and the dissociation energy were calculated, 
from the generated values of Line fitting and
error estimations were by the Method of Least Squares 
(221).

The input of data for the determination 
of the transport parameters was restricted to 16 
co-ordinates at each of 6 temperatures for a particular 
data set. The programme v/as able to accomodate the data 
input, either according to the integrated rate 
equation of Sen and Widdas (l80) or the differential 
rate equation of Miller (143).
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PROGRMI BLOOD
DIMENSION TEfJP(6) ,Z(16) ,Y(16) ,X(l6) ,PHI(6) ,VrDVX(6 
1) ,3Ef(iKI(T(6) ,SEMV(6)
INTEGER SIGNAL 
WRITE (6,101)

101 PORIÆAT('l')
31 READ(5,1)Z(1),Z(2),Z(3),Z(4),Z(5),2(6),Z(7),Z(8),

22(9),2(10),2(11),2(12),2(13),2(14),2(15),2(16) 
IE(2(1)'.EQ.-1.0)WRITE(6,101)
IP(2(1).EÇ.-1.0)3T0P 
READ(5,102)CONC

102 EOHIiAT(PlO.O)
93 READ(5,2)NL,IT,TET,rP(l) ,TEI.1P(2) ,TEfiP(3) ,TEf,tP(4) ,TE 

3ICP(5) ,TEÎ,ÎP(6)
IP (i!L .EQ .O )G O  TO 31

1 P0RMAT(16P5.0)
2 FORMAT(215,6F5.0)

DO 90 fflJ=l,NL
11 READ(5,1)Y(1),Y(2),Y(3),Y(4),Y(5),Y(6),Y(7),Y(8),

4Y(9),Y(10),Y(11),Y(12),Y(13),Y(14),Y(15),Y(16) 
SUMY=0.0 
3U; Y=O.C 
3UI£!a=0.0 
SU;"'YY=0.0 
SUi.CCY=0.0 
DO 30 N=l,16 

30 X(N)=Z(N)
NI'T=16
DO 3 N=l,16
IP(Y(N).E0.0.0)X(N)=0.0 
IF(Y (N).EQ.0.0)NN=NK-1

3 CONTINUE
DO 4 1=1,16 
SUK=SUNiX+x(l)
SUMY=3Urr.Y+Y(l)
SOT.GCX=SUB'IX2+X ( I ) *7. ( I ) 
sut YY=3UMYY+Y(I)*Y(I)

4 SUMXY=SUMXY+X(I)*Y(I)



1833IGNAL=1
CALL HEGRE3 ( SUICC, SU'-Y, SUIKX, SUi.'YY, SITT'XY,COKG , SIGN 
5AL, KK, SLOPE, CEPTl, CEPT2 , 3EI.3 ,32 , XVAR, SEHA, SISMAB, 3

PHI(M)=CEPT2 
SEMKH(M) =SEr.!AB 
IF(IT.LE.2)G0 TO 41
VMAX(Rffl) =(CONC+PHI(œ) )/(308. 0*GEPTl) 
3Ef.TV(îS4)=SEræ 
GO TO go 

41 Vr.IA]{ (MH ) =1. 0/CEPTl
SECT ( m  ) =VHAX ( m O  * * 2 * SEFA

90 CONTINUE 
IF(IT.EQ.0.0R.IT.EC..3)G0 to 51 
3Ur;IX=0.0
SUCT=0.0 
SUKZX=0.0 
SUI4YY=0.0 
3UI/KY=0.0
IF(NL.LT.3)G0 TO 99 
DO 91 IX=1,M.- 
X(IX)=1.0/(TEP.IP( IX)+273.0)
Y( D; )=AL0G10(PHI(IX))
SUMX=SUHX+X(IX)
SUÎ(iY=3U7Y+Y( IX)
8UMXX=SUI'XX+X ( IX ) *X ( IX )
SUKYY=SUMYY+Y(IX)♦Y (IX)

91 3UHXY=SU 'DCY+X ( IX ) * Y ( IX )
3IGNAL=2
CALL REGEE3 (SUP.5X, SUHY, 3UMXX, SUIÎYY, SUP.IXY,COMC , SIGN 
7AI:,NL, SLOPE, CEPTl,CEPÏ2 , SE?;3,32 ,XVAR, 3El\tA, SEIUB, S

DELTAH=-(3L0PE*2. 3 0 3 * 1 • 9 8 ? ) - ( 3 1 0 . 0 * 1 . 9 8 7 )  

IP ( IT .B Q .1 .0 R . IT .E Q .4 ) G 0  TO 52 

IP ( I T .E Q .2 .0 R . IT .E C .4 ) G 0  TO 53 

52 312=32
B1=SL0PE 

XVAR1=XVAR



î:i=kl -̂̂ 4
GO TO 51

53 322=32 
B2=3L0PE 
XVAR2=XVAR 
K2=NL
32!7EW=(S12*(Kl-2)+S22*(N2-2) )/(fJl+N2-4) 
C0VAH=32NEW«(1.0/(XVARl)+1.0/XVAH2) 
T=(B1-B2)/3QRT(C0VAR)
IDP=Nl+W2-4 

51 CONTIHÜE
IP ( IT. EO. 1)7,'RITE (6,54)
IP(IT.EQ.4)WHITE(6,54)

54 P0RKAT(/3X,'COMPARISON OP 3PG AND GLUCOSE TRAfîSPO 
3RT DATA IK RED BLOOD CELLS'/)

99 WRITE(6,94)
94 PORKAT(/6X,'CUVETTE TEMPERATURE',5%,'HALP-SAT. CO 

5N3TANT',14X,'MAX VELOCITY')
DO 96 1=1,NL

96 WRITE(6,97)TEHP(I),PHI(I),SEMKM(I),VMAX(I),3EMV(I 
5)

97 P 0 R M A T (1 5 X ,P 4 .1 ,1 0 X ,E 9 .3 , ' + / - ' ,P 5 . 1 ,1 6 X ,P 5 . 3 , ' V -  

8 ' , P 5 . 3 )
IF(NL.LT.3)G0 TO 93
WRITE (6,98 )DELTAH, SLOPE, SEf.ffi

98 FORMAT(//3X,'DELTA H = ',P?.1,'CALS/MOL',3%,'DELTA 
5E=',P7.1,' +/- ',P6.1//)
IP(IT.EC.2)G0 TO 55 
IP(IT.EQ.5)G0 TO 55 
GO TO 93

55 WRITE(6,56)T,IDP
56 FORMAT(/2X,'THE SLOPES ARE DIFFERENT BY A T VALUE 

70P ',P7.3,'WITH',13,' DEGREES OP FREEDOM')
GO TO 93 
END
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SUBROUTINE REGRES (A ,B ,C ,I),E ,CONG , SIGNAL ,N , P , G , H ,0 

8, P , XVAE, SEMA, 3EMAB, SEf.UC)
INTEGER SIGNAL
XIIEAN=A/N
YT.BAN=B/N
XVAR=C-(A*A/rO
YVAR=D-(B*B/N)
XYVAH=E-(A*B/N)
P=XYVAR/XVAR
G=YMEAN-P*XMEAN
H=G/P
P=(YVAR-(XYVAR*XYVAR/XVAR))/(N-2)
0=SQHT(P/XVAH)
IP (S IG K A L .E Q .2 )G 0  TO 10 

S=3QRT(P)
3EKA2=(P« C )/(N*XVAH)
SEr,ÎA=SQRT(SEMA2)
V ALUE= ( SEP!A2/ (G*G)) + ((0*0)/(P*P))
SEMAB=H*SQRT(VALUE)
SUGAR=C0NG/308.0 
0PHI=H/3O8.O 
3EMPHI=SEMAB/308.0 
TT=GONC+OPHI 
V=TT/G
SEMK=3QHT( S E M P H I**2 /G **2 + S E M A **2 /T T **2 )

10 RETURN 
END
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