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Abstract.

Glucose transport across the erythroc*die membrane is brou”t
about by facilitated diffusion. Extensive kinetic studies have
been made of this system, but as yet relatively little is known
of the underlying mechanism. Further characterisation of the
component (s) involved was attempted.

Various inhibitors and the effects of temperature were studied.
Phenolphthalein was shown to be acompetitive inhibitor of glucose
transfer. The A*i'“Gnius plot for this substance gave a slope
of 18,000 cal/mole while those for phloretin and stilboestrol
were 20,000 cai/mole and 4,600 cal/mole. N-phenyl maleanide and
1, 3-difluoro-2, 4-dintrobenzene were not found to be more specific
inhibitors than their homologues, but the latter compound was used
to follow exchange diffusion of sugars in the erythrocyte. Exchange
.of glucose appeared to occur more rapidly than net flux. Glucose
transfer was also shown to be unaffected by sodium concentration in
the medium.

Uptake of -labelled n-ethyl malegaide and 1-fluoro-2,
dinitrobenzene (DNFB) w-S followed ooncJirrently with the development of
inhibition. Tne two were found to be related, the relationship for DNFB
being independent of temperature. A maximum uptake of 400 million
molecules per red cell was calculated to give full inhibition.

Uptake of I4c-stilboestrol could not be used to give information on

the number of sites available for glucose transfer since cell uptake



depended solely on the concentration of the inhibitor in the medium,
~“C-labelling from these inhibitors was obtained in butanol
extracts, associated with certain lipid fractions, the DNFB being
present in a quantity representing 10-20 million molecules per red
cell. Several DNP-derivatives were isolated from these fractions.
Erythrocytes and erythrocyte ghosts were extracted, after
incubation with ““C-glucose, by various solvents including butanol
and isopropanolichloroform 11:7 to see if evidence of a glucose
lipid complex could be demonstrated. Labelling associated with
lipid was obtained with several of the solvents in the fractions
eluted from silicic acid columns with chloroform:methanol 4:1 and

1:4, free glucose being eluted by ohloroformmethanol 3:2.
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Abbreviations.

In general the abbreviations used are those recommended by the
Physiological Society in Suggestions to Authors” in The Joum*il of
Physiology (i960) vol. 182 pp 1-3%

Other abbreviations used:-

NBM - N-K*thyl maleimide,

NPM - N-phenyl maleimide.

DNFB - l-fluoro-2, 4-dinitrobenzene.

?DNFB - 1, :?-difluoro-2, 4-dinitrobenzene.
DM? - dimethyl formamide.

TLC - thin layer chromatography.
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General

IWvrA pti - all is flux - nothing remains still and so it is
with life ever changing yet ever constant. It is part of the
uniqueness of life that in an ever changing environment a more
or less invariant composition is maintained quite distinct from
the surroundings. On this fact Bernard based his famous dictum
*la fixité du milieu interieir c*est la condition de la vie libre*,
a dictum which to a large extent meets the need for a general
principle in physiology. A number of elaborate processes exist
for the regulation in a species of its internal environment, the
overall mechanism was called homeostasis by Canon in 1932. The
regulation extends to the smallest biological unit the cell, unless
one entertains the idea of an operon and at this level the cell
membrane which is rarely indifferent to the bathing medium plays
an important controlling role. The membrane may be thought of
as a *black box* regulating flow into and out of the cell.

By 1835 the cell was beginning to emerge as an entity possessing

a life of its ovm and a complex structure and in 1838 Schleiden and
Schwann formulated the cell theory. About 15 years later Ndgeli
as a result of his experience with cryptograms recognized that the
protoplasm at the surface was morerdense and more viscous and he
called it the “plasma membrane *.

As a result of Mgeli*s discovery of plasmolysis and

deplasmolysia in 1855 many botanists became interested in the
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permeability problem - especially Pfeffer. Pfeffer studied the
entrance of water into plant cells at virtually constant volume
and finding that some cells behaved in a manner akin to that of an
artificial osmometer was also led to postulate an invisible plasma
membrane. Thus the existence of a plasma membrane was inferred
from an indirect observation as Harvey inferred the capillary bed.

Other workers on permeability at the time did not feel the
necessity to invoke a plasma membrane. De Vries studying the
escape of water from plant cells attributed the osmotic results to
the properties of protoplasm as a vhole. Overton after 10,000
experiments in 9 years on the rate of entry of solutes into living
cells merely wrote of an "impregnation” of the cell surfaces by
substances such as lecithin and cholesterol which he believed to
be also present in the cell interior.

The concept of a plasma membrane met great resistance from the
colloid chemists. Fischer and Moore for example held that imbibtion
by colloid is capable of explaining the phenonomena for which a
semi-permeable membrane was postulated. MBIt is only fair to point
out, however, that at this time there was no real evidence that there
was a fundamental difference between the surface layer and the
interior of the cell.

Evidence in favour of a plasma membrane was building up and
by 1914 the idea was generally accepted. Apart from the osmotic
evidence there were two main lines of evidence at this time. The

first was the difference between the cell and the surrounding medium
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as regards the presence and concentration of electrolytes. The
erythrocytes of rabbit were found by Abderhaldan to contain more
potassium than the plasma and no sodium, HOber maintained it
was impossible to account for this constant difference in the ratio
of potassium to sodium except on the hypothesis of complete semi-
permeability, The second was the resistance of living cells to
the passage of electric currents through them. This does not
necessarily indicate that the membrane is impermeable to salts.
If the electrolytes were bound no current could pass. H5ber,
however, in 1910 and 1912 successfully demonstrated the presence
of free electrolytes in the interior of living cells.

The plasma membrane was first given form by the micromanipulative
studies of Chambers. By 1922 he had developed a technique by which
a drop of aqueous solution could be introduced into the interior
of the cell. By use of coloured solutes it could be demonstrated
that while thei*e was free diffusion within the cell the substances
failed to cross the surface of the cell. Further evidence came
from the work done in the early 1940*s on membrane ghosts obtained
from erythrocytes by lysing them and washing extensively with water.
Finally the actual structure may be seen under the electron
microscope in the section of a cell stained with a reagent such as
osmium tetroxide when the plasma membrane is visible as a dark

line at the periphery of the cells.



The Nature of the Plasma Membrane - Development of a Model.

Once the existence of the plasma membrane had been established

the next step was to determine the manner in which it exerts its
regulatory influence. Studies on artificial membranes up to
and at the turn of the century had led to certain mechanisms
being proposed to explain the permeability of membranes. Studies
of Traub on copper ferricyanide membranes and the work of Walden
(1892) on a large number of precipitation membranes gave rise
to the idea of membranes acting as molecular sieves. Another
suggestion was that certain substances may cross the membrane
because of solubility in the membrane or because of the formation
of reversible chemical compounds with some membrane constituent.
A membrane of palladium, as investigated by Ramsay (18%) was
considered to be permeable to hydrogen but not to oxygen,either
because the hydrogen dissolved in the palladium or because a
reversible compound of some kind formed which dissociated under
low tension of hydrogen. These type of studies though laying
foundations for further work were inadequate to explain complex
biological mechanisms. Hot until the chemical groupings are
known may a mechanism for transport be defined. It is, therefore,
essential to know the composition, dimensions and configuration
of the membrane involved.

The chemical compositTon of cell membranes has been the

subject of mubh discussion. It was knov/n for a long time that
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lipoid substances and cholesterol are found in protoplasm and”" as
they have the power of lowering surface tension, must form an
important part of the membrane. In 1889 Overton advocated the
idea that access to the cell was limited by a layer of a lipoid
nature. The lipoid nature of the membrane was supported by the
fact that in starvation a certain proportion of the lipoid content
of the body remains relatively constant (the Element constant* of
Terroine) suggesting that some lipids perform a structural rather
than a metabolic function and later chemical analysis supported
this hypothesis.

While it was evident that lipids formed an important part of
the constituents of the cell-membrane it was becoming obvious that
they were not the sole substances involved if only for the reason
that it was difficult to understand how the permeability could be
regulated unless complex processes were involved. The presence of
more than one constituent in the erythrocyte membrane was early
shown by the experiments of Byvosh (1907) on haemolysis by saponin
and according to Pasculli (1905) the stroma of the eiythrocyte
consists of protein, lecithin and a cerebroside. Mills (1912) showed
that red blood corpuscles behaved to the agglutinating action of
trivalent cations as if treated with an emulsoid colloid suggesting
a protein constituent. Further evidence that proteins are involved
in the structure is the fact that proteins are known to be readily

adsorbed onto a surface. The very low surface tension of the cell
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surface»of the order of d*Oidynes/cm” (Harvey 1931, Cole 1932)

is indicative of a complex structure as no free lipid surface could
have such a low value. Another attraction of the protein theory
was the sieve-like character of the membrane which was thought to

be best provided by polypeptide chains of proteins, but workers

were unable to obtain protein membranes which sufficiently resembled
the cell structure. Harvey (1912) experimented with protein membranes
formed by an adsorption process and CoUander in 1927 prepared a
membrane fixing gelatine with formalin. These membranes failed to
show preferential lipid solubility. Interest, therefore, seems

to have centred on lipids.

The developing understanding of cell membranes was to a large
extent conditional upon the work of langmuir on the arrangement of
molecules at surfaces. He used many widely different methods, -
all with a common inspiration that molecules have a shape, but his
chief work was with liquids in the trough. He made mary studies
covering water with a monolayer of lipid. The “rpical lipid molecule
has one or more paraffin chains and a "head group” - usually polar
in nature. An essential feature of his approach was that the
molecule should be orientated so that the polar group was located
in the water surface and the hydrocarbon tail should project from
the surface. Prom the area of closest packing and the weight of
the molecule, the area per molecule could be determined. This
work was developed and extended in the decade 1925-35 by N.K. Adams

who conducted systematic studies of monolayers, with not only the
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idea of molecular shape but also the conception of the orientation

of a heteropolar moleoule -at the surface interface. Studies of
monolayers were insufficient to find the actual shape of molecules.

It was the X-ray crystallography of Sir William Bragg that showed

that the form of the tail was a zig zag. Studies of monolayers

also allowed molecular associations to be studied. Important work

on these lines was done by i%ule Collet (1922), Leathea (1925),

Adam and Jessop, and Schulman and Hughes (1933). One important
observation arising from studies was the condensing effect of cholesterol.
In 1925 Sorter and Grendcl extracted lipids from human erythrocytes

by means of acetone which was evaporated off later; the residue was
dissolved in a little benzene and spread on a Langmuir Trough.

They found that the cell membranes contained sufficient lipid to

form a membrane two molecules thick. They also enquired into the

nature of the lipid molecule. Earlier analysis had shown that from 1 1.
blood, 0.5g sphingomyelin, of 0.5g cephalin, lecithin, and cholesteroloould
be obtained. The relative contributions in terms of spread area

were cholesterol 5 % cephalin and lecithin 5Q* and sphingomyelin 134
From this they estimated a double layer with average thickness 31A®.

The lipid molecules according to this theory are arranged radialdy.
Schmidt et al (1936, 1938) examined the birefringence of the red cell
ghost with polarised light and also came to the conclusion that it
contained radially arranged lipid molecules and was no more than

a few molecules thick. Similar views were expressed by Dzieman

(1939) except that he considered the lipids to be in the form of
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lipoprotein.

Thus by the late 1930 *5 sufficient evidence on the orientation
of molecules had been accumulated for several important theories of
membrane structure to be advanced. They had to take into account
many conflicting theories of permeability but the three main
characteristics of protoplasmic membrane to be accounted for were
Bbat it is a statistical sieve, a solvent for substances poorly
soluble in water and'an ion exchanger. Wolpers (1941) suggested
that the lipid was present in patches and Winkler (1938) proposed
a unimolecular membrane. The two models which have laid the basis
for current concepts are the bimolecular layer of Bungenburg de
Jong and the paucimolecular layer of Davson and Danielli. Bugenberg
de Jong et al (1935» 1937), as a result of work on simple systems
such as gum arabic gelatin coascervates, suggested a double film model
consisting of phosphatides in contact at their head groups” together
with a thickening substance such as cholesterol. They modified this
concept so that the membrane was seen as being a tricomplex between
protein, phosphatide and a cation such as calcium. The Davson-
Danielli model was first proposed in 1935. The membrane is seen to
consist of one or more double layers of lipid molecules which are
orientated parallel to one another and at right angles to the plane of
membrane with the tails of the lipid molecules in contact with one
another. Bound to the polar groups at the surface of the membrane

by electrostatic forces are layers of protein which are considered
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to be globular. Di the early versions of this model the two

layers of phospholipid were assumed to be separated by a layer of
neutral 1lipid. This space was eliminated in a later version of the
model (1952). This model gives a membrane 8C& in diameter, the

two protein layers being 1OA thick and the double lipid layer 60&
thick. They showed that the rate of penetration by organic molecules
is vdiat would be expected for penetration of an approximate bimolecular
leaflet of lipid molecules by a process of activated diffusion. At
the time this molecular arrangement was proposed, information on the
thickness of the membrane was produced by Waugh and Schmitt (1940)
with the analytical leptoscope. This method was based on a
comparison of the intensity of light from dried erythrocyte stroma
with that reflected from barium stearate films of known thickness.
Their results suggested a thickness of 10C&.

Ifést of the subsequent work on membranes and membrane models
has served to consolidate the picture put forward by Danielli and
DaVson. Up to the ear]y 1950's information about the molecular
structure of cell membranes had been obtained by inteasgrating
information acquired in 3 main ways:-

1. Analysis of cell fractions consisting mainly of membranes
and the physicochemical properties of their chemical
constituents;

2. studies on the permeability properties of living cells;

3. Analysis of coll membranes with the light microscope,

not discussed here.



Other useful approaches seem to have been studies using .lytic agent¥*
and narcotics. As mentioned, studies of the monolayer had given
results but its usefulness as a model must be questioned. It is ~
unlikely that similar planar structures exist in cells and penetration
at air water interfaces will be different from that through cell
membranes. Still it seems quite a useful system especially for
studies related to the mechanism of haemolysis.

As is so often the case with physiology, advances were attendant
upon developments in other fields - namely those of physics and chemistry.
Recent studies have involved X-ray diffraction and polarization
studies of the myelin sheath and electron microscopy. Schmitt and
I~lmer (1940) who pioneered the work on diffraction patterns suggested
that the nerve sheath consisted of concentric plasma membrane lipid
leaflets with a repeating unit of Finean after more exhaustive
studies found a large number of atomic groupings repeated at 85I.

After modifying the spacing by drying, freezing and lipid extraction
they were able to conclude that the hydrated protein layer was 3g2
thick leaving the lipid layer 55& across. Their results thus confirm
the general picture of the cell membrane.

The laminar arrangement of myelin was confirmed by the electron
microscope studies of Fernadez-Moran (1952) and Sjostrand (1953).

Much work with the electron microscope has now been performed on
sections of cells from many organs. A large number of preparations

stained with osmium tetroxide or potassium permanganate show a dark



line at the periphery of the cell. Under hi“er magnification

a triple layer is seen. Early in the history of electron microscopy
it was seen that cell organelles like the mitochondria had complex
membranous structures and hosts of canals and vesicles were to be
found in the cytoplasm between these organelles. Triple layered
structures have now been found at the cell surface and in all these
membranous organelles. This led Robertson to propose the unit
membrane hypothesis which is very similar to the Davson-Danielli
model but has the number of bimolecular leaflets restricted to one
and unlike the Davson-Danielli model, is considered to be asymmeterical
with mucopolysaccharide or mucoprotein on the outside and conjugated
protein on the inside. The protein layers are visualised as
polypetide chains not# more than 10& thick. Very recently Green
and Perdue (1966) have defined membranes as vesicular or tubular
systems made up of a single layer of repeating units which are the
only structured elements in the membrane. The units are described
as consisting of a base piece which is the membrane forming sector
and a detachable sector that is not essential to the membrane
continuum.

Another approach to the problem of the orientation of
phospholipids within the membrane is the study of phosphlipid/water
systems. It has been known for some time that suspensions of
cholesterol and lecithin in water formed nyelin figures. Subsequent
studies on lipiprotein extracts and lipids alone using X-ray diffraction

and electron microscopy of preparations fixed and stained with
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potassium permanganate and phosphotungstate confirmed that the
formations consisted of tubes of bimolecular leaflets, suggesting
that in water saturated with phospholipids the bimolecular leaflet
is the lowest free energy configuration for undissolved lipid. In
some cases, however, the picture obtained was not consistent with a
lamellar structure although the observations seem to have been
interpreted in these term*. Luzzati (1962) using X-ray diffraction
studies and Stocckenuis (1962) using electron microscopy both
concluded that in soap/water systems a mioellar structure could
exist. Bangham and his co-workers confirmed this and indicated
that the lamellar structure of lecithin was controlled by the
electrostatic environment at the water lipid interface a* Haydon
and Taylor (1963) had suggested. Bangham et al (1962,1963,1964)
used this system to study the effects of ions and various surface
active agents. They found that in a three component system of
lecithin, cholesterol and saponin, which was negatively stained, a
hexagonal structure appeared similar to that described by Lucy
and Gluaert (I964). It has been suggested that similar phase
changes may occur in the natural membrane which may be of significance.
The search for a suitable membrane model continued but direct
experimental studies of the physical properties of a symmetrical
bimolecular membrane in an aqueous phase were not possible till
very recently since, apart from their postulated existence in
natural membranes, films of this type were unknown. Mueller et al

(1965) described the reconstitution "in vitro" of membranes



60X—90R in thickness derived from a complex mixture of lipids.

The membranes, derived by a process analogous to the fonmition in
air of black soap films, were essentially bilayer structures

but v/ere of a complex nature so that the essentials of molecular
structure were obscure. They exhibited electrical properties
similar to those of natural membranes. Hanai, Baydon and Taylor
(1963) and Huang and Thompson (1964,1965, 1966) have prepared
membranes consisting of, for example, lecithin and n-tetradecane
separating two aqueous phases and with dimensions of kSSi and 61X
respectively, which is compatible with a bilayer structure. These
membranes shovf certain permeability properties characteristic of
natural membranes. Hanai et al (1965) have also studied the effects

of adsorbed protein on the membrane.

The Erythrocyte - a suitable system for study.

There are many limitations to the study of the lipid composition
of membranes, the chief of which are the difficulties in obtaining
non-contaminated fractions in sufficient quantities and difficulties
of analysis. The first has been overcome largely by the use of
erythrocytes. These cells devoid of maqy of the living constituents
serve as simplified models. They are circular biconcave discs with
a diameter of thickness of 2.4, a mean volume of 90cu.”. and
a membrane thickness of 60&. Extractions have been made of intact
erythrocytes or of "ghosts" which are the eiythrocyte stromata
remaining after the cells have been haemolysed by suspension in

distilled water or a relatively dilute salt solution. IVhile lio



method of haemolysis can produce a stroma which accurately represents

the true cell membrane as it is constituted in the intact cell, the

stroma does represent a derivative of the original membrane, a

study of which can produce a biochemical understanding of the nature

of the membrane. The permeability properties of the “ost are not

too altered. Teorell (1952) showed that untreated ghosts behave

as almost perfect osmometers being semi-permeable in the sense that
and Ha* diffuse slowly while water is rapidly transferred across

the ghost membrane. Lefevre (1963) demonstrated the persistence of

carrier mediated sugar transport in the erythrocyte ghost.

Biochemical Methods of Study.

Only with improved techniques has the widespread analysis of
phospholipids been possible. In the last fifteen years or so the
traditional techniques of lipid fractionation, such as fractional
crystallisation, have been almost completely replaced by chromatographic
methods. The term chromatography had been used for some time before
Tswett coined it for his special application. (It had been used
to define a treatise on colour). Williams (1952) proposed a definition
'ty chromatography is meant those processes which allovf resolution of
mixtures by effecting separation of all their components in
concentration zones or in phases different from those in which they
are originally present, irrespective of the nature of the forces
causing the substances to move from one phase to another'. At

present the three chief ways of separating material between a matrix
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and a solvent or two solvents are on. paper, in columns or on thin
layers. The first person to seriously consider the phenonmenon
of separation due to capillary action was a dye chemist F.R, Runge
in the first half of the nineteenth century who separated dyes and
inorganic cations on paper. Runge was followed by Goppelsroeder,
who introduced what is now knovm as the "Rf factor", a measure of
the rate at which disolved substances move relative to the solvent
when the solution spreads in porous matter.

The next major development came from interest in chromatographic
analysis on columns of adsorbents. The origins of column chromatography
go back to the middle of the nineteenth century. Early investigators
like Ualleucci and Goppelsroeder believed that the separation was
a result of the same capillaiy forces as assumed to operate in the
lattice of the paper. It is now realised that they are the result
of differences in the adsorbtive affinity of the constituents of
the mixture &r the solid phase of the column, ,Further advances
came from soil chemists and industrial chemists such as D.T. Day
(1900), vdio separated the various constituents of natural petroleums
on columns of Pullers* Earth, Important experiments on adsorbtive
chromatography were made by Tswett (1903), He was able to separate
extracts of green leaves in petroleum ether into a number of coloured
bands by pouring extractson to a column of powdered calcium carbonate.
Despite Tswett»s extensive work on the subject, the process was
virtually ignored for thirty years until Kuhn and his ccv-workers

in 1931 developed the technique for the separation of polyene

pigments.



next step forward came when Martin and Synge (1941),
introduced partition chromatography. It had been known for some
time that a many stage fractional distributioncould be used to
separate a mixture whose components differed but slightly. Martin

Synge realised that a multi-stage process could be achieved
in another way, distribution occurring between two liquids in a
silica gel column. One liquid represented the mobile phase and
the other the stationary phase, which was held in the pores of the
silica gel. This method appears to be the same as that of Tswett,
but uses different principles.

Since then has followed a period of rapid development in
column chromatography incorporating techniques of frontal displacement
analysis, carrier displacement and gradient elution analysis. The
use of silica columns, however, could not meet all their needs and
in 1944 Martin and his co-workers introduced two dimensional chromatog-
raphy on paper, Leisegang had already introduced the idea of using
strips in order to gain extra space for manoeuvring the substance
to be separated, thereby preparing the way for two dimensional
chromatography.

Another important branch of chromatography is thin layer
chromatography. Tswett*s column chromatography had been successful
but the methods could not be successfully adapted for micro-separations.
The problem was solved by using an open column - thin layer separation.

Thin layer chromatography is of special use in separating lipophilic



mixtures as it is much more convenient than separation on impregnated
papers. As early as 1935 the basic principle underlying the process
had been observed by Izmailov and Shaiber who observed the division
of one drop of substance into zones on thin layer of adsorbent.
Twelve years ago Stahl gave a detailed description of the separation
of substances on thin layers of very fine grained silica gel, but

it is only in the past five years that thin layer chromatography

has been widely adopted.

Lipids of the Erythrocyte Membrane.

With reliable separation methods available, improved extraction
procedures have been developed. Dawson (I960) introduced a method
for identifying phospholipids which is now standard. The material
is hydrolysed with mild alkali, the water soluble products are
separated by two dimensional chromatography and estimates made of the
phosphorus content of the esters. Extensive and accurate work has
been carried out on the analysis of cells and ghosts™ by Dawson,
Hemington and Lindsay (I960), Hanahan, Watts and Papjohn (I960),

Reed, de Grier, Van Deenen, et al (1961), Matsumoto (I96I), Axelrod,
Reichenthal and Brodie (1953), Formigne and Poulie (1957).

Of the lipids of the erythrocyte some thirty per cent are
neutral lipids,choiestrol with some glycerides and other non-
phosphorus containing chlotofona-soluble material. The remainder
is chiefly made up of phospholipids which can bear charges.

Hawthorne has suggested that phospholipids be classed as glycerophos-



phatides and sphingophosphatides. Glycerophosphatides derive
essentially from phosphatidic acid which is composed of a glycerol
molecule esterified with two fatty acid moitiés and phosphoric acid
at the terminal alpha-hydroxyl group. The phosphoric acid may be
bound by an e”“ter linkage to choline, ethanolamine or L-serine to
give phosphatidyl choline etc. The lyso form of the compound
simply contains one fatty acid residue and in the plasmalogen the
fatly acid at the alpha position is replaced by an alph-beta

unsaturated ether. The remaining glyoerophégphospholipids contain

no bases. Sphingolipids as sphingomyelin containing choline and cerebrosidc

containing galactose derive from the nitrogenous base sphingoaine.

The chief phospholipid components of the human erythrocyte
appears to be phosphatidyl choline (lecithin) and its lyso compound,
phosphatidyl ethanolamine (cephalin) phosphatidyl serine and their
plasmalogen forms also sphingomyelin. Small quantities of
phosphatidic acid and phosphatidyl inositol are found and there is
some uncertainty as to whether diphosphatidyl glycerol (cardiolipin)
is present. The various authors differ somewhat as to the percentages
to be found. In the preparation of **ghosts** essentially all the lipid
is recovered, but several authors have reported that **ghosts” contain
slightly more phosphatidyl serine and slightly less phosphatidyl
ethanolamine. .

With the advent of gas liquid chromatography it has become possible
to perform a rapid analysis of the fatty acids of lipids. The

methyl ester of the fatty acid is volatilised and swept through a



column of a finely divided inert solid such as diatomaceous earth
by a constantly flowing stream of an inert gas. Each component of
the ester mixture moves at a rate determined by its ratio of
partition between the gas phase and the non-volatile liquid
(stationary) phase. Various chemical and physical means are
available to detect the ester. It has been found that while
individual phospholipids differ in fatty acid composition the relative
proportions of fatty acids tend to be characteristic of a certain
phospholipid in individual tissues.

Comparative studies have been made on the phospholipids and
fatty acid composition of red cells of various mammalian species
by de G-ier and Van Deenen. Turner (1957) earlier had been unable
to find any lecithin in the red cells of ruminants. De G-ier and
Van Deenen (I96I) found that erythrocytes of the animal series rat,
man, rabbit, pig, ox and sheep revealed a significant fall in the
proportion of lecithin to sphingonyelin in this order. The percentage
of arachacidonic and palmitic acids in the total phospholipids fell
whereas the oleic acid content rose in the given sequences. The
permeability of the red cell to glycerol also decreases in the same
order. The suggestion that the permeability of erythrocytes might
depend on the lipid components had been made by KOber (1935) and
Dzieman (1939). After experiments involving alterations in dietary
fatty acid it was concluded that differences in fatty acid composition
could not account exclusively for the distinction in permeability

#

behaviour of red cells from various animal species.



Timrover of Fhospholipids in the Erythrocyte.

These dietary experiments also gave an indication of the factors
controlling phospholipid metabolism. While it appears that pertinent
Variations are to a certain extent brought about by dietary variation,
the specific phospholipid composition is probably governed by genetic
factors. There is evidence suggesting that the lipid fraction of
the membrane exists in a dynamic state, although the protein does
not do so. It was, therefore, of interest to see the extent of
phospholipid synthesis in the red blood corpuscle. The red cell
does not on the whole maintain many metabolic processes, which is
one important factor in its use in permeability studies. Altman

(1951) and Lovelock and Webb (1957) have shown labelling of lipid
occurs if the blood is incubated with -acetate and that the
labelled lipids are then released in to the plasma. Buchanan
(1960), however, has shown that the red cell contribution must be
very small and Van Deenen has suggested that there might be no net
synthesis of phospholipid in the mature erythrocyte. Maiy authors
have shown that there is an extensive transfer of fatty acids and
sterols between human alpha-lipoprotein and erythrocytes. Prom the
work of Mulder and Van Deenen (1965) it appears that the phospholipid
constituents are renewed by complete exchange of entire phospholipid
molecules and eifzymatic taansacylation. This second process is
mainly responsible for the uptake of fatty acids into the phospholipids

of intact erythrocytes, thus the mono-acyl derivatives as well as



the fatty acids are provided by the serum. Robertson and Lands
(1964) have found an active acylating system in the human erythrocyte
with a rate of synthesis of phosphatidyl choline several times that
of phosphatidyl ethanolamine. The incorporation of phosphate of
phospholipid appears to be of a low order, the incorporation of
phosphoglycerateirrto phospholipid falling during maturation of the
erythrocyte, Robertson also feels that a significant factor
controlling erythrocyte phosphatide composition may be differences

in the protein portion of the cellular lipoprotein that leady to a

more stable binding of one phosphatide over another.

Protein and Lipoprotein Complexes in the Erythrocyte Membrane.

While the lipids of the erythrocyte stroma have been well
characterised, inadequate description has been made of the protein
content. Studies of stromal protein have been hindered by difficulties
in solubilizing the protein. Maddy (I964) achieved this by
extracting a suspension of erythrocyte %ghosts** with butanol. After
centrifugation in the cold at 20, 000g. for ten minutes the lower
aqueous phase containing the protein could be removed. I6.nety per
cent of the protein could be recovered as a single component with
a molecular weight of 200,000. The bulk of the protein is strongly
acidic and it is suggested that this is due to the sialic acid
residues. By using a fluorescent label which reacts only with the
outside of the cell, it has been possible to demonstrate that much

of the protein resides on the outside of the permeabiliiy barrier.



With the use of ultrasonic irradiation of a suspension of human
erythrocyte stroma in a 10 butanol solution., Morgan' and Hanahan
(1966) were able to obtain a soluble lipoprotein of the stroma.

The average molecular weight of the protein moiety was 163,000 and
it was characterised by an K-terminal glutamic acid. The exact
nature of the 1lipoprotein interaction is not known, Mitchell and
Hanahan (1966) were also able to isolate aldolase, glyceraldehyde
phosphate, dehydrogenase, carbonic anhydrase, adenosine deaminase
and acetyl cholinesterase from, the stroma membrane. Schier (I966)
working on the organisation of enzymes in the human erythrocyte membrane
found a tendency for them to be orientated towards the interior of

the cell.

Arrangement of Membrane Components.

Parpart and Ballentine (1952) made the distinction between
loosely, weakly, and strongly bound lipids after experiments in
which they treated bovine red cell *ghosts'* with solvents of
increasing potency. Cholesterol was found to be loosely bound and
sphingomyelin strongly bound while the cephalin fraction exhibited
more complex behaviour. If it is assumed that electrostatic
forces hold together the protein and lipid components, while Van der
Waals forces affect cohesion between the paraffim chains, the
differences in behaviour of the lipid fractions can readily be
understood. On the basis of these results Parpart and Ballentine

proposed a structure for the erythrocyte membrane quite unlike the



Davson-Daxiielli model. The membrane is pictured as consisting
of a continuous protein network possibly two molecules thick with
lipid molecules interspersed in a three dimensional pattern. It
was suggested that as well as aqueous channels or pores crossing
the membrane there were water pools within the membrane.

The results of Luzzati and Stoeckenius already mentioned
suggesting a non-lameliar arrangement of phospholipids agree well
with the observations of j“rpart and Ballentine, Further evidence
suggesting that a mosaic arrangement might exist in the erythrocyte
membrane came from the experiments of Dourwrshkinet al. (1961)
Electron micrographs of saponin treated erythrocytes stained with
phosphotungstate showed a hexagonal array of pits. Prior treatment
of the cells with digitonin prevented the formation of pits. As
this blocking was quantitative it was suggested that the pits
originally contained cholesterol. Dourmashkin found similar hexagonaHy
arranged pits in other membranes similarly treated. However, Bangham
and Home (1962) and Olauert et al. (1962) have shown that the
hexagonal patterns could be artefacts caused by the reairangement
of surface cholesterol in the presence of saponin during the
preparation of sections rather than indicative of any pre-existing
structure in the cell surface. Films of cholesterol alone when
treated with saponin and negatively stained give similar pictures
to those obtained by Dourmashkin et a] . Finean and Rumaby (1963)

working with "ghosts® have suggested that the hexagonal appearance



may be due to cholesterol separating from the structure in the
last stages of dehydration. Betraud and Hedley (1963) have found
that the fine. structure of a marine protozoan shows a hexagonal
array of hollow cylinders. No surfactant was used in the
preparation and it was stained after mounting with potassium
permanganate so that there was no separation of the lipid phase
on drying. Thus there may be a hexagonal arrangement in some
membranes. More recently Lucy and Grlauert (1965.) have described
the assembly of macromolecular complexes composed of globular
micelles. It is obvious that the phospholipids need not be
considered as existing solely as bimolecular leaflets within membranes,
The lamellar structures regarded as representing bimolecular leaflets
may be formed by the association of globular micelles of lipid.
Whether extensively found or not, a mosaic structure provides
a more interesting structure for the description of permeability
phenomena.

As well as being suitable for the study of the structure
and composition of isolated membranes, the erythrocyte is useful
for permeability studies. It is a free cell readily obtained
and the large number available, 5 x 10” in one millilitre, ensures
that the mean behaviour of a large cell, population is observed.
Because of its bioconcave shape it can change volume without an

increase in area so that equations describing fluxes are simplified.



The erythrocyte is also simple in structure and metabolic pattern
and it is relatively easy to separate glucose metabolism from its
penetration. On account of the high refractive index of the
contained haemoglobin, optical means can be used to follow volume
changes resulting from glucose penetration or loss thus giving
indirect information of glucose permeability. Direct chemical

analysis is also relatively easy.

Studies on Permeability - Historical.

The cell may be considered as being surrounded by a barrier of
lipid and protein. From the nature of the membrane discussed
above it is not surprising that permeability studies have emphasized
as did those of Hedin, the importance of lipid solubility. There
is also the possibility of a substance penetrating through pores
since the work of manyauthors including that of jirskov and HOber
supports the dependence of solute penetration on molecular size.

The lower alchols, methyl alcohol and ethyl alcohol are thus
able to penetrate rapidly, but there is a marked slowing if a
group of polyhydric alcohols is ascended. Hexahydric alcohols do
not penetrate. Thus larger hydrophilic molecules such as sugars and
amino acids which are necessary for the maintenance of the cell
would be unable to penetrate unless some special mechanism existed.
Penetration of such substances, especially glucose”has occupied the

attention of maiy workers.

Research into the permeability of erythrocytes to glucose
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started in 1855 with the studies of Otto, who, having compared
the distribution of glucose in whole blood with that in plasma and
fibrin“concluded that the red blood corpuscle was deprived of glucose.
This was confirmed by Grynns (I896) and Hedin (1897) using haemolysis
techniques on chicken cells and by Abderhalden. (1898). The question
seemed settled until 1909 irtien Rona and Michaelis affirmed that the
red blood corpuscle was permeable to glucose. Hollinger (I909), a
contemporary worker came to the same conclusion. While maiy workers
believed that the red cell was impermeable to glucose, ol%ers
including Kozawa (1914), Masing (1914), and Bge (1919) found glucose
in the erythrocyte. Masing and Kozawa using haemolysis techniques
found that while the majority of mamalian erythrocytes were impermeable
to glucose, those of man, monkey and dog were permeable.

Brinkman'”and Van Dam (1919) found glucose in the red blood
corpuscles of man and frog, but concluded that it was present only
as a result of damage to the cell. The concept of damage to the
red blood coi'puscle was developed by VaR Oreveld and Brinkmann (1921) who
performed analyses on plasma and cells separated in a length of

extirpated jugular vein by centrifugation.

In 1924 Falta reappraised the whole situation. He found that
the glucose in the plasma varied between 71 and 124 mg. and that
in the red cells between 40 and 100 mg. % The results were constant

whatever the mode of collecting and it was, therefore, concluded

that varying results obtéd.ned previously were not due to alterations



. 35 .
in the membrane butto technical errors.

Most authors including Ege, Gottlieb and Rakestraw (1925),

Ege and Hansen (1927?) and AndreeUf-Svedberg (1931) seemed to agree
with the conclusions of Palta save for Glas-smann (192, who upheld
that there was no free glucose in the erythrocyte. For this
reason it was surprising to find Olmsted (1935) maintaining that
the presence of glucose was solely due to a modification of
corpusclar permeability by oxalates. Olmsted's results were
subjected to the criticism of Neuv/irth (1936) and then ICjinghoffer
(1935), who repeating the experiments with the same techniques as
Olmsted concluded that the addition of oxalates did not alter the
proportion of glucose in the plasma relative to that in the
corpuscles. He also showed that glucose equilibrated rapidly if
its concentration did not exceed 2%»

It seems that one of the reasons for the variance between
authors lies in the fact that they were preoccupied with a complete
separation of the plasma from the corpuscles and subjected the cells
to extensive washing procedures with solutions low in glucose.
Another cause of error is the indifferent use of red blood corpuscles
from human and other species.

As this field developed it became increasingly obvious that
the process of penetration could not be considered to be one of
simple diffusion. Iﬁ 1897 Hedin had shown that red cells were
impermeable to inositol, an isomer of glucose. In 1914 Kozawa,

working v/ith tv/o-thirds isotonic sugar solutions “demonstrated that



various monosaccharides exhibited different rates of penetration
and in 1928 Pleischman reported similar results. Ege (1919)
showed that the rate of sugar penetration vfas affected by the
concentration of the sugar solution. Bjerring (1932) confirmed
this and also noted a lowering in the diffusion rate when glucose
concentration was raised in an artificial system involving a
collodion membrane.

The early work generally involved chemical methods or
haematocrit volume changes for the estimation of sugar movement and
often haemolysis. Such techniques although providing qualitative
changes gave no quantitative results. In 1935 jfrskov developed a
technique by v/hich volume changes of the erythrocyte,indicative of
solute movement, could be follov/ed by recording changes in light
transmission of cell suspension with a photocell and galvanometer.
This method has since been developed and used extensively in
subsequent work in the field of sugar permeability. The present
study has involved the use of this method which will be discussed later.
Very recently isotopic methods have been used. Using the photo-electric
apparatus jfrskov and Bang showed that the movement of wvarious
electrolytes into the red cell did not appear to be ijq accordance
with Picks Law. Wilbrandt, Guensberg and Lauener seven years later
published quantitative studies showing that the penetration constant
for glucose calculated on the basis of Pick's Law decreased with

raised glucose concentrations.



Possible Mechanism Of. Glucose Transfer.

In recent years, therefore, workers have had recourse to
postulating a special membrane mechanism for sugars. Apart from
simple diffusion a substance may be transported across a membrane
by at least four other processes and these have all to be noted
when considering sugar penetration. It is not possible to
treat them in detail here but they are:—

a. Entry by diffusion through organised channels of aqueous
pores as for example the altered diffusion mechanism described by
Paust (i960).

b. Entry by pinocytosis claimed by Barnett and Ball (i960)
to be increased by insulin in adipose tissue.

c. Entry by facilitated diffusion. This could be produced in
a number of ways. Those considered include a contre,ctile protein
(Goldacre 1952, Bowyer 1956) and an enzymic mechanism.

Danielli suggested in 1952 that alkaline phosphatase was the

enzymic contractile protein postulated by Gk>ldacre. Rosenberg

and Wilbrandt (1952) have proposed the combination of an enzyme and
a carrier. Facilitated diffusion could also take place through
binding to a sterochemically specific component ot components
extending through a pore, either temporary or permanent, in the
membrane as envisaged in the polar pore hypothesis of Dai”elli (1954)
and the polar 'creep' hypothesis of Bower and Widdas (1956)

A
d. Entry through active transport. This mechanism requires



both a structural relationship between the membrane and permeating
species arid a supply of energy. It is unlikely to be responsible
for glucose entry into red cells as Morgan and Kalman (1958) have
reported that no ATF is required.

The mechanism adopted as a working hypothesis by those
researching in this field is that of a carrier mediated facilitated
diffusion entailing association of sugars with highly specific
"carrier" molecules. This carrier which may be 1lipid, lipo-
protein or protein is by implication mobile. There is a body of
evidence indicating that a limited number of highly specific sites
in the membrane are involved in the transfer of many hexoses.

This evidence ,reviewed by Widdas in 'Recent Advances in Physiology-e
(1963), will not be given fully but includes evidence of substrate
specificity, species differences, kinetics differing from simple
diffusion, mutual inhibition by pairs of sugars or sugars and

drugs which are competitive inhibitors, inhibition by mercuric
compounds and other reagents such as dinitrofluorobenzene (DNI1-)

The general principles of a carrier mechanism were first
considered by Osterhout (1933) who discussed the possibility of
transfer involving reversible combination with some cellular element
present in constant but limited quantity. Shannon (1938)
examining renal function reviewed the mechanism. Ussing (1952)
coined the term "carrier".

7ery simply the substrate is pictured as complexing with the

carrier at one membrane interface, possibly by hydrogen bonding.
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The complex, presumed to be relatively soluble in the membrane
diffuses across the membrane and the substrate is released at the
other interface. The carrier is envisaged as passing backwards
and forwards across the membrane as a result of thermal agitation,
whether or not it is coraplexed v/ith sugar. Several other
assumptions are made in considering this model which”in the 1light
of experimental results seem to a large extent to be justified.
In formulatingasimple kinetic model for the placenta, a model
which was later applied to the erythrocyte (1953) ;1%*iddas assumed
thit the process was symmeterical, that the carrier came into
rapid equilibrium v/ith the substrate at each interface and that the
transfer of the complex was the rate limiting step. Lefevre (1948)
suggested that the complex dissociation was rate limiting, but this
did not fit so well with the experimental observations.

Widdas applied the Langmuir adsoprtion isotherm to derive the

fracticn of carriers saturated (0). This is given by

* T[T
where C is the hexose concentration and 0 is the concentration of

sugar which gives 5PJo saturation of the system i.e. the half

saturation constant.
The net transfer rate will thus be proportional to the

differences in the saturation fraction for the carriers at the two

sides of the membrane.

Thus: dS = K T Co - Cl é)
dt - I'cfTJd cTTJ



where Co and Ci are the external and internal concentrations of
hexose (S) and K is a constant proportional to the total amount '
of carrier.

Widdas .showed that approximations for equation (2) can be
made in two limiting cases. When the equilibrium constant fi is
large compared with the sugar concentration then the equation takes
the form:

dS « K fco - Ci] (3)

Under these conditions it may be seen that the transfer rate
depends directly on the difference between the sugar concentrations.
The kinetics are, therefore, of the diffusion type.

When the constant 0 is small compared v/ith the sugar concentration,
the equation has the form:

d3 * KO0I1l -1~ 1 (4)
dt [cT Co dJd

Here the rate depends on the difference of the reciprocals of the
sugar concentrations and the kinetics are of the saturation type.
Equation (4) may be rewritten as:-

A = Kg [Ca - Ci] (5)
dt CicCo

in which transfer' is proportional to the concentration gradient

across the membrane as appropriate to a process of diffusion. The
"Constant", however, depends on a term including the concentrations of
sugar in the denominator and it can be shown that it would vary

approximately as the inverse of the square of the”“concentration so

that the following equation should hold..



log K “ 2 log C
where K is the diffusion coefficient e.g. Z/0 of equation (3)

Widdas (1954) showed that his experimental results and those of
Wilbrandt et al. (1947) agreed well with this approximation.

A phenonomenon resulting from this concept of carrier transport
which would be difficult to explain on any other basis is that of
uphill transfer by counterflow, Widdas (1952) predicted that if a
substance (x) were equilibrated on two sidespfa membrane and a
second substrate for the carrier system added to the outside, a
temporary transfer of X against its concentration gradient would
result. This prediction was tested by Park et al, (1956). Rosenberg
and Wilbrandt were able to demonstrate the same effect using glucose
and mannose labelled with so that the fluxes could be followed, (1957)

Of the two parameters in Equation (2), K is the capacity
factor related to the number of carriers and their rate of movement
and s) depends on the character of the cell and the species in
question. It will be affected by chemicals influencing the
orientation and interaction «f membrane constituents. On the basis
of the assumptions made, a constant value for K should be found
for different sugars using the same carrier within a certain membrane
and Lefevre (1962) and Miller (1965) have shown this to be the case.
They obtained values similar to those of Sen and Widdas (1962) in the
region of 0.25 isoquantities/min at 20@C. The affinity factor 0

depends on the nature of the carrier and the sugar involved and so



might be expected to have similar values for a given sugar over a
range of species. This is in fact found to be the case. A
number of authors found that the half saturation for glucose only
varies over the range 4 - 10 mM in human erythrocytes, rabbit
erythrocytes, rat heart and frog sartorius.

Several-methods have been used to determine Jg (Jf for glucose)
and K. Estimates of 0g for human eythrooytes have been made from
experiments on entry of glucose into the erythrocyte using a
competitive inhibitor, (Lefevre, 1954) or another sugar (Widdas, 1954).
The parameters cannot be measured directly as the entrance into
an ever increasing sugar concentration is constantly slowed and the
maximum entry rate is not seen. Sen and Widdas (I960), however,
developed a method used in the present work in which exits of glucose
were followed from cells equilibrated with glucose into a saline
medium of low but known glucose concentrations. The value of Og
obtained by the Sen and Vfiddas technique is, however, only about
half that derived from entry experiments and this suggests that
unwarranted approximations may have been made.

More sophisticated equations than the one quoted above may
be derived including rate constants for all the various steps, when
it becomes apparent that the parameters 0 and K include a number of
rate constants.

In considering the model described it was assumed that free
and bound carriers move at the same rate. The experiments of Britton

(1964) and Harris (3$5)on exchange diffusion seem to indicate that



this is not the case. Levine et al. (I965), estimating the
relative rates for movement of saturated and free carriers gave a
figure of 2,8 and Mawe and Hempling estimated the ratio to be
at least four,, (I965).

The kinetic treatment of the carrier concept discussed so
far allows only for the possibility of a single su”r molecule
reacting with the carrier. Stein (1962) suggested that some
sugars crossed the membrane in the form of dimers. He followed
sugar uptake when pairs of sugars were present and found a systematic
deviation of the initial swelling rate which he explained on the
basis of dimérisation. Miller (1966) was unable to confirm his
findings and Lefevre (1966) also could find no evidence for this
hypothesis. It is known that two substrate molecules are required
for the functioning of some enzymes” so it could be that two or
more sugars are required to react with the carrier. Kotyk and

Wilbrandt (1964, 1965) have considered the kinetics involved in a

mechanism using dicomplexes. Their experimental results seem to
be in accord with this hypothesis, Britton (I966) has also given
consideration to a polyvalent carrier system. The possibility

is an interesting one.

It must be emphasized that the existence of carriers is
still hypothetical, but as the body of evidence supporting the
assumption grows so the importance of carriers in physiology grows.

There is now evidence that many substances enter the erythrocyte



by carrier mediated transport - amino acids (Reiser 1961, 1962 ;
Winter and Christensen 1964) purines, pyrimidines (Lassen et al I96I,
1962), and urea, ethylene glycol, glycerol and erythritol (Hunter

et al 1965). It is possible that some compounds share the same
carrier.

It seems that the facilitated glucose transfer is a fundamental
property of most cell membranes. That in the red cell probably
represents the simplest form of this mode of transfer. In other
systems such as kidney tubule cells and luminal intestinal cells
transport is linked with an accumulating system and in bacteria
as first proposed by Cohen and Monod, permeases are believed to
operate. Koch (1964) visualised permeases as catalysing the

reaction betv/een the carrier and the sugar.

Present Problem.

In spite of extensive studies on the problem, all tending to
confirm the presence of some reactive component within the membrane,
comparatively little is known of the mechanism underlying glucose
transport across the membrane* Even the exact nature of the chemical

grouping required for the molecule to be easily permeable is not

known. Jievine (1952) has reported D-glucose, D-galactose and L-
arabinose do oeE readily transport into the red cell. These sugars
share the same configuration at C]*, C2, but this does not

hold for D-mannose which also penetrates readily. Lefevre and



Marshall (1958), who made an extensive study found good agreement
with the suggestion that the affinity of the transport system requires
the conformation of the pyranose ring to be the chair form.

The object of the present work was to obtain information as
to the chemical nature of the suggested glucose carrier. It was
felt that it 7/as important to characterise the components of the
membrane on which glucose transfer depends in several different ways.
It was proposed to adopt three main lines of approach:- kinetic
studies which would involve the use of inhibitors; inhibitor uptake
studies; and biochemical extraction procedures.

The first-group of studies, which were kinetic, were planned
to elucidate the nature of the reactions involved and give more
information v/hich could be useful for the proposed extraction
experiments. It was proposed to study chiefly the action of inhibitors
following the general line of Sen and Widdas and to extend the obser-
vations of Dawson and Widdas on the effect of these inhibitors on
the glucose transfer parameters and the effects of temperature on
the inhibitory processes, Dawson and Widdas found that NEM inhibition
as with DNFB had a high suggesting that the inhibitoiy reaction
is complex, (I963).

Of special interest as inhibitors are the diphenols. As
early as 1899 Von Mering liad observed that phloniiisln could
inhibit sugar reabsorption in the renal tubules. Doubt was cast on
assumption that its inhibitory action in the erythrocyte and heart

muscle was the same as in kidney, by the observation of Wilbrandt



that the aglucone phloretin was maiy times more potent, Lefevre
(1959) had studied the action of derivatives of phlorrhizin and
allied molecules. He found that the breakdown products of phloretii#
containing one or other of the two of the phenolic groups are
relatively inert, whereas some diphenols from amongst the synthetic
oestrogens are as potent as phloretin. Studies of diphenols and
similar compounds, therefore, appeared to be of some value.

It was also hoped that by examining a range of inhibitors it could
be seenif there was one more specific for the transport mechanism.

It was hoped that the second experimental approach would
indicate the possible number of sites available and provide further
information for the proposed extraction and isolation experiments.
Uptake of inliibitor could best be followed by using a non-
competitive inhibijitor. Not all of, the many inhibitors citedin the
literature were suitable for the proposed study. Tannic acid and
n-butanol as reported by Hunter et al. (1965) were thought to act
on a portion of the membrane involved with the movement of glucose
carrier complexes. Mercurial compounds have been shovm by Lefevre
(1948) to be inhibitors, but they are relatively non-specific and
inhibition can be reversed by adding excess of compounds such as
cysteine. Other SH blooldjig agents such as Cu”+ and alloxan are
ineffective. Widdas and his co-workers (1956, 1958 and 1963)
have made extensive studies with NEM and DNFB“commonly called

protein reagents. DNFB which reacts with thiol groups may also
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react with amino and phenolic hydroxyl groups. Bowyer and Widdas
(1958) found that the progressive irreversible inhibition of DNFB
proceeded more rapidly when cells were incubated with inhibitor
in the presence of glucose and suggested that the action of glucose
might have as its basis exposure of active groups at the cell surface.
This was to some extent confirmed by the observation that the hydrogen
bonding agents, urethane and guanidine, exhibited a similar effect
to that of glucose. The availability of NEM and DNFB labelled
with ~C, therefore presented a valuable opportunity to investigate
this type of inhibition.

In the third group of studies it was proposed to try to isolate
red cell membrane components which may be inv*ivedin sugar transfer
or the reaction with inhibitors. Isolation of the material involved
would obviously be an important step in elucidating the fundamental
mechanism of transport. Although red cell stroma have been extensively
studied as described earlier there have been few attempts to correlate
the structure and permeability (except for the work of Van Deenen).
As there is no 'in vitro' method for testing the substance, a
system of stable marking must be adopted, and one object of the
extraction techniques was to evaluate the relative merits of marking
with various labelled compounds.

The work to be described was chiefly concerned with the extraction
of lipids. There has been much speculation as to the chemical
nature of the carrier, whether it be protein, 1lipo-protein or lipid

in nature. The high degree of specificity involved, the efficiency



of various protein reagents and the sensitivity to metal-ions are
indicative of a protein being involved. The high activation
energies required for formation and dissociation of complexes and the
established fact of permeases in bacteria also suggest that a
protein, possibly an ercyme, is required. On the face of it, however,
most evidence seems also to implicate lipid». The need for mobility
and the requirement of lipid solubility as stressed by general
membrane permeability studies favour the involvement of lipid alone
or lipid in conjunction with protein. The experiments of Reinwein
reported by Park (I960) and of Hillman et al. (I965) lend support
to the hypothesis of a lipid substance as a controlling factor.
Lefevre et al. (1964) obtained glucose associated with lipids
in extracts of ghosts and red blood cells obtained through the use
of hot ethanol-ether. One significant fact was that if the red cells
were incubated with DNFB before adding glucose and extracting the
amount of glucose obtained was reduced by two thirds.

It was proposed to attempt the marking of lipids with wvarious
radioactive labelled inhibitors and also * glucose. This last

step would obviously be expected to present difficulties owing to the

temporary nature of the complex.
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CHAPTER 2.

Materials



All chemical reagents were anlar grade and solvents redistilled
A

before use.
e-

Fresh blood was obtained by venepuncture and collected in a hem*iarinised
tube.
Time expired blood from the North London Blood Transfusion Centre,
Deansbrook Road, Edgware.
Sheep blood - defibrinated from Burroughs Wellcome.
Silicic ,cid for chromatography - 100 mesh; Sigma,
Hyflo-Supercel; Hopkins and Williams.
DEA3 cellulose (DB 50); 'Afhatman,
Silica Cel C; Mercx; Anderman & Co, Ltd., London,
Silica Cel H; Merck: Anderman & Co. Ltd., London.
Spray reagents: Merck: Anderman & Co, Ltd., London.

1. Ninhydrin*

2. Phosphomolybdic acid.

3. Analine phthalate.

AAC—-N. ethyl malcmide specific activity 10 “c/ml, ; Schwarz BioResearch Inc,
U.S.A.

labelled compounds from the Radiochemical Centre, Amerslram, Bucks.

1. D-Clucosc'-CIA - U.- specific activity 2:4 mc/iuM,

2. N-ethyl (malebide - 2, j - Cl4) specific activity 15,89 mc/mM.

3. 1 -fluro - 2, 4 - dinitrobenzene - Cl4 - specific activity 50 jrC/mg
4. Diethyl stilboestrol (monoethyl - 1 - Cl4)specific activity

28 mc/mM - disolved in benzene.

Standard Lipids.

Cardiolipin iintigen; Burroughs Wellcome, London,



"1 _

Cardiolipin in absolute alcohol; Nutritional Biochemical Co,
Cleveland, Ohio,

Cerebrosides; Koch-Light laboratories, Colnbrook,

Synthetic cephalin; Nutritional Biochemicrl Co,

Phosphatidyl ethanolamine; Koch-Light Laboratories

DL-Alpha Lecithin (synthetic); Nutritional Biochemical Co,
lysolecithin (cadmium chloride complex) Koch-light Laboratories.
Phosphatidyl inositol (ex beef brain, Folch fraction 1); Koch-
Light Laboratories,

Sphingomyelin; Koch-Light Laboratories,



CHAPTER 3.
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Kinetic Studies.

As was stated in the introduction, for studies in which the
net flux of a sugar was followed, a photoelectric apparatus was
employed. Following the lork of “skov, Widdas developed a stable
sensitive apparatus which could follow accurately small changes of

cell volume# resulting from movement of solute and accompanying

water. The apparatus has been described by Widdas (1933a, 1934)
It employs a chopped double light beam system with an a.c. amplifier
and a phase sensitive rectifier. The outputoperates a pen
recorder and over a limited range of volume changes (maximal 23%).
The excursion of the pen recorder is proportional to the volume
change. The cell suspension is contained in a glass cuvette.

The advantages of using this method are that deparatures of
the cell volume from the physiological value can be quite small and
the cells can be suspended in physiological fluid (which is not
possible with the haemolysis technique).

Solutions.
Stock Solutions. A-Phosphate Buffer - 13.6 g Na R2P94 were dissolved
in 430 ml. de—ionised distilled water and 33 ml of 2 N-NaOH added.
Additional amounts of NaOH were added until a pH of 7.4 was
achieved and the solution was made up to 500 ml., (dilution changes
of pH were found to be negligible).

“B. - Sodium Chloride - A 10" solution was prepared by dissolving
30 g in 500 ml.

A solution of milliosmolarity 342 (isotonic )
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Pig.

3.1,

GLUCOSE EXIT WITH PHENOLPHTHALEIN
Temp. 32°C & pH 7 4.

OmM OOO'IGSmM 0 03I5mM 0-0 525 mM

J

min

Tracings of a series of records from the photoelectric
apparatus dui'ing exit experiments. Cells equilibrated
in 76 mM glucose were losing glucose into media
containing 0,8 mM glucose and phenolphthalein in the
ounoentrations shown - ranging from 0 mM to 0.0523 mM.
Note that the linear character over the first two
thirds of the exit was maintained throughout. This
linear portion was produced to cut the base lines as
shown and the time from injection of the cells to this

point measured in each case.



was prepared for use by diluting 23 ml. of A and 20 ml. of B to
250 ml. with distilled de-ionised water.

A fresh 30" glucose solution was prepared daily. T&is would be
diluted by a factor of 20 before introduction into the cuvette for
exit experiments (Sen and Widdas 1962a).

All solutions were filtered before use (Hfhatman no. 50) as

small dust or fibre particles disturb light transmission.

Procedure for following Clueose iSxits.

The general procedure was as follows:- Red cells, washed
three times in phosphate buffer, were suspended in a medium
containing 76 mM glucose, the suspension being prepared with 0.2 ml.
packed cells, 10.3 ml. buffered saline, and 0.5 ml 30” glucose
solution. The cells were incubated for thirty minutes at 37®C
and then packed by centrifugation for four minutes. Three cu mm
of packed cells were taken up in a blood pipette and transferred to a
smill pyrex tube containing 0.2 ml. of the supernatant recovered
after spinning the cells. In future, as far as experiments using
this technique are concerned, the term *supernatant” will be used
to denote solution in which the cells were equilibrated with glucose.
The cells were thoroughly mixed with the supernatant by drawing up
the solution and discharging it before pipetting it into the cuvette.
The cuvette contained 21 ml. of saline buffer which was either

glucose free or contained low concentrations of glucose Or wvarious
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3.2.

of Phenolphthalein on ¢Inro<*g Exit.
Temp 3 2 and

20 A 60 go 160
Phenolphthalein concn.(x 10 *M.)

Exit times at pH 7.4 and temperature obtained as
described in the text, plotted against phenolphthalein
concentration in the outside meium.

The line gives two intercepts, that on the ordinate

(t*) represents the time which would have been taken
for exit into a medium free of phenolphthalein and that
on the abscissa represents the concentration of phenol-
phthalein in which the exit time would be twice tp.

This last value equals the half saturation constant.



inhibitors. When the cell suspension was added to the cuvette a
rapid initial adjustment was made of the shutter controlling the
reference beam to compensate for variations in the density of the
cell suspension. The cells first swelled osmotical”y and the
recording pen moved in the direction of decreased light transmission.
Then as the glucose came out of the cells they shrank and the pen
moved in the direction of increased light transmission. The
majority of the volume changes traced were approximately linear,

as exemplified by fig. 3.1. Exits into varying media were per-

formed at least in duplicate.

Calculation of Results.

The linearity of the trace was taken as evidence that the
efflux process was nearly saturated. By producing the linear
portion of the trace to the base line; a time for the whole exit #
if it had proceeded at the fully saturated rate could he obtained.
Pig. 3,1, illustrates the point that this time increases when the
outside medium contains increasing quantities of sugars or inhibitors
of sugar transfer. The measured times were plotted against the
concentration of added solution in the cuvette as shown in fig 3.2,
(after Sen and Widdas I960 a). The intercept on the ordinate
gives the minimum time for exit and the concentration of substrate
required to double this time is given by the intercept on the
abscissa. This value represents the apparent half saturation

constant for the material in question and was obtained in general



by calculating the regression of x on y. The 95JS confidence 1limits
for a single estimate are of the order of — 15Ji When three or
more observations were made this reduced to - Mean values

only are given in the text.

Preparation of Tissue and Extraction of Lipids.
Preparation of Erythrocytes.
Time expired cells from a "Blood bank" were suspended in

approximately five volumes of saline-buffered at pH 7.4 spun for

twenty minutes at 4,000 r.p.m. and the supernatant removed. The
washing was repeated twice. The cells were discarded if ary
degree of haemolysis was observed. In experiments using whole

red cells the haemoglobin was found to take up a great quantity
of the inhibitor labelling and its presence generally increased
the difficulty of lipid separation so experiments were performed
using red cell “oats.

Preparation of Erythrocyte Stroma.

The red cells were washed as described above. In initial
experiments ghosts were prepared by first haemolysing with
distilled HgO containing 50 mg SDTA in 100 mX and spinning down
at 20,000 r.p.m. for thirty minutes. The ghosts were then
washed six times in 0.15” saline with gOTA buffered at pH 7.4.
Spinning at 20,000 r.p.m. for twenty minutes was sufficient to

separate the cells from the saline which was carefully removed



with a Pasteur pipette, a strong light being used behind the tube
so that the boundary could be more clearly seen. The method,
essentially similar to that of Dodge,et al. (1963) was quite
effective, 0.3/2 of haemoglobin remaining.

In the majority of experiments the ghosts were prepared by
Miss D.A. Harris who followed the method of post, et al. (I960)
with further modifications of Holcin and Hokin (1964). The cells
were haemolysed and then centrifuged. The concentration of
haemoglobin was further reduced by washing with 5 x 10~* M tris-
chloride buffered at pH 7.4. The resulting ghosts contained less
than 0.1 haemoglobin. Phase contrast microscope photographs
taken show that the cell structure was retained intact. Also
the independent work of Hanahan and ?inean using the diffraction
pattern of ghosts has shown that the lipid protein cellular
structure was retained. These workers also investigated which
enzymes were removed in the process of preparing ghosts.

Extraction of Lipids.

The erythrocytes or erythrocyte ghosts were incubated with
the radioactive inhibitor or “C-glucose for the required length of
time and then extracted with ten volumes of one of several lipid
solvents. The incubation with ““C-glucose was carried out at O”C.
for one minute to reduce any metabolic incorporation. The
extraction was also carried out at 0°C. as at the lower temperature

the “association of the complex is reduced (Sen and Widdas,1962a)



There are many problems involved in lipid extraction, but
these have largely been overcome in the last ten years. Several
reviews on the subject have been written, e.g. Levine (1955).
Entermann and Sperry (1955) and Marinetti (1962). As the erythrocyte
membrane consists of lipid with a protein covering it is necessary
first to break the bonds between lipids and protein before the
lipids can be taken up in a fat solvent. This may be achieved
with any of the low raembered alcohols which in standard procedure
are combined with a fat solvent such as chloroform. A widely
used solvent mixture is chloroform:metharwl.

Total lipid extracts usually contain free amino acids, peptides,
sugars and other hydrophilic natural products which are carried
into the extract through the action of lecithin and other solubilizers.
For chloroform:methanol extracts the Folch washing method is the most
convenient way of purifying and,generally it seems the most effective
method is to subject the preparation to chromatography.

As the object of the experiments was to determine whether glucose
or an inhibitor could be obtained complexed with a membrane constituent,
certain stringent requirements were put on the extraction method to
be used. The introduction of ary procedure involving an aqueous
solvent was considered undesirable as any glucose - lipid complex
would most likely be very labile and probably dissociate at the
interphase. Lengthy procedures were also to be avoided to prevent
chemical changes during treatment or formation of-complexes not present

then the membrahe was extracted. Since the aim at this stage was
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simply separationmther than identification any complex, the
methods were kept as brief and as simple as possible and it was
hoped that a degree of purification would be obtained during the
initial separation on silicic acid columns.

Lipids are liable to become oxidized and undergo other alterations
during handling. Therefore extensive care was used during extraction
and all other procedures. Purified solvents were used and wherever
possible procedures were carried out under an atmosphere of nitrogen.
Heat was only used when absolutely necessary. The lipids were
stored in the cold at 47C. in tightly stoppered f lasks or tubes.

Pilot experiments were run in the laboratory to test the
relative merits of a number of solvent systems including chloroform:
methanol 5:2, petroleum spirit, ether and ethyl alcohol used
successively and n-butanol. On the whole butanol was found to be
the most suitable solvent giving a good yield of lipid and a high
recovery of radioavtivity. A further advantage of butanol is the
slight miscibility isitb” \ water so that the small quantities of
water present in the cell preparation did not separate out to any
great extent.

The procedure adopted for incubation with ~C-labelled glucose
and butanol extraction was as follows: 30 to 40 ml. of ghosts
were mixed with 5 to 10 ml. of saline containing readioactivc glucose
and after one minute added to 10 vol of the solvent which was chilled
and through which nitrogen had been bubbled. The mixture was

constantly stirred during extraction to prevent clumping. The cells
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were then left at 4°C overnight for complete extraction. The
relatively clear supernatant was decanted off, filtered through

a Buchner funnel and evaporated in portions of 50 ml to small
bulk under a reduced pressure of nitrogen at 4070 . The
concentrated fractions were then pooled and taken to near diyneas
at 320c.

The residue after extraction, consisting chiefly of
haemoglobin and membrane protein, was found to contain ~C-glucoae
so that a further extraction was attempted using acid butanol -
100 ml. butanol:0.25 ml. concentrated hydrochloric acid. It
was hoped this would break any remaining lipoprotein links. The
supernatant was again decanted and evaporated to near dryness as
described above.

In those experiments in which chloroform:methanol was used
the red cells or ghosts preparation was poured slowly into four
volumes of methanol and ten minutes after, eight volumes of
chloroform, were added with constant stirring. The mixture
was allowed to stand overnight. The aqueous layer was removed,
the chloroform layer filtered and evaporated down at 3770

under reduced pressure in a stream of nitrogen. Ethyl alcohol

was added from time to time to prevent frothing. A similar
extraction procedure was also followed using isopropanol:chloro-
form 7:11 v/v. Rose and Oklander, (I965) after extracting

human erythrocytes with a number of different solvent systems



found this to be the mos-t satisfactory.

A series of experiments w”re also carried out using ethyl
acetate. It was felt that this might be a useful solvent as it
formed a constant boiling mixture containing a low proportion of
water. The ghosts were shaken with the solvent for fifteen minutes,
left for forty-five minutes and the supernatant filtered off using
a trap. The residue was extracted twice with a volume of chloroform.
The mixture separated into two layers with a layer of material at
the interphase. This material was extracted with acidified
chloroform methanol.

After extraction the material was taken up usually in

chloroform:methanol 9:1 for column separation.

Separation and Analysis of Lipids by Chromatographic-Techniques.
Several reviews have been published discussing theoretical
principles of chromatography, Williams (1954), Smith (i960),
Stahl (1962) and Randerath (I963). Silicic acid column chroma-
tography and thin layer chromatography are essentially a combination
of adsorption and partition chromatography. Polar compounds are
bound by electrostatic forces to the crystal lattice of the
adsorbent which is an oxide previously heated to remove the surface
film of water. Lipids without polar groups are not retained. The
materials are eluted according to the polarity of the solvent used
and their solubility in it. In adsorption chromatography the
preparation of the solid phase is of great importance.

Large amounts of material may be separated by column chromatography.



but unfortunately the separation is in general incomplete (see Marinetti
1962), so that it is necessary to use another method which was
chosen to be thin layer chromatography.

Trappe (1940) was the first to use silicic acid columns for
the separation of lipids eluting them with chloroform and then
methanol. This method has since been modified and improved by
Mckibben and Taylor (1952), 1lea et al. (1955) and Hanahan, Dittmer
and Warashirta,, (1957), In I960 Hanahan et al., extended their
investigations to a number of tissues including red cells. The
procedure adopted in thiff investigation was essentially similar to

that described by these authors.

Silicic Acid Column Chromatography.
Apparatus - The columns were 1-2 cm ittdiameter and 30 cm long.
The larger ones were fitted with sintered glass discs at the bottom

and the smaller had drawn out tips and were fitted with glass

wool plugs. As organic solvents were used all the glass apparatus
was without taps. Gas pressure was applied through an inlet at
the top of the column. Fractions of 5 or ICLml were collected

using a siphon operated collector.

Procedure - The silicic acid was washed with chlorofora;methanol
9:1 and dried overnight at 110”C or by careful washing with acetone
and ether. Sufficient silicic acid was used to give 10 mg lipid
(dry weight) per gram silicic acid: 5, 10 or 12.5 S silicic acid

were generally used and a suitable column selected to give a height



diameter ratio of the order of 10. Two parts of silicic acid were
mixed with one part of Hyflo '-supercel to speed elution and the
mixture was washed with chloroform:methanol 2:1 on a Buchner
funnel. A slurry was prepared in chloroform .-methanol 9:1, poured
into the column and allowed to settle under gravity. The walls
were washed down and the- column packed down under a nitrogen
pressure of 21b./sq. inch &do that a flow rate of 1 ml./minute

was obtained with the smaller column and *~ to 3 ml./minute with
the larger. The column was never allowed to run dry. A column
of 5 gm of silicic acid,of diameter 1 inch and length 16 cm was
found to have a dead space of 5 ml. so that the fractions collected
were equal in volume to the dead space which may be considered to
be rather high but a satisfactory separation was obtained.

The solvent was allowed to run until its level was near the
top of the silicic acid then a 10* solution of the lipid in
chloroform:methanol 9:1 was pipetted on to the top of the column.
The lipids were eluted with chloroformmethanol 9:1, 4:1, 3:2, and
1:4, 10 ml, of each solvent mixture being used per gram silicic
acid. In some experiments elution with chloroform proceeded
the chloroform:methanol 9:1, and after the other mixtures had
been used elution was completed with methanol. Quantities of
the eluent in each fraction were taken for radioactive counts
and for phosphorus estimations” so that the course of elution

of glucose labelling and of phosphorus containing material could



be followed. Those fractions constituting a single peak were

pooled and used for other studies; these were primarily thin layer
chromatography and rapid analysis by infra-red spectroscopy. In

early experiments the pooled fractions were brought to dryness and
weighed, but unfortunately the results were not reliable as silicic

acid was sometimes found to be present, especially in the later fractions.

Radioactive Measurements - These were carried out in duplicate,
0.2 ml. samples being pipetted onto aluminum planchets. They were
uried under a lamp to give a layer of lipid infinitely thin and
counted using a Geiger Mullor Counter for 10 minutes or 4ntil the
number of counts exceeded one hundred.

Phosphorus Estimation - The phosphorus content of the samples,
containing in the region of 0.5 to 20 ug phosphorus, was estimated
by the method of Taussk?/ and Shorr (1953) us used by Rathbone (1962).
To evaporate off the solvent 0.8 ml. of 10 ml, samples were gently
heated. Then they were thoroughtly digested with 0.1 ml. of an
acid mixture containing ION suplhuric acid and perchloric acid
(1:1; v/v) on a sand bath at 12070 for fifteen to twenty hours. At
the end of this time any carbon remaining was oxidised with a few
drops hydrogen peroxide. The tubes were allowed to cool a little,
1.5 ml. distilled watter added to convert an®- pyrophosphate to phosphate
and then 1.5 ml. developing reagent were added to each tube which was
shaken and allowed to stand for ten minutes after which time a

blue colour developed which was read at 690 m'i on the Optika



spectrophotometer against a reagent blank. Quartz cells were used
with a light path of 1 am.

The developing reagent was prepared as follows; from a stock
solution of ammonium moiybdate containing 50g ammonium molybdate
in 400cc ION sulphuric acid and made up to 500 ml. with distilled
water,10 ml. was taken and diluted to about 70 ml, with water.
Ferrous sulj”ate 5”0g were added and the whole made up to 100 ml.
and daken. Samples of 0.05, 0.10 and 0.15 ml. of a stock solution
of phosphate containing 0.5853 g potassium dihydrogen phosphate per 1litre,
(133.3 ug p/ml.) were mixed with the reagents and values obtained used
to construct a standard curve from which the phosphorus content
of each fraction eluted could be calculated. An estimate of the

» *

percentage content of pho*il”“pid was obtained by multiplying the

percentage of lipid phosphorus by 25 (Davenport 1963).

preparation and Elution of DEAE Cellulose Column.
Attempts were made to further separate lipids eluted from silicic

acid columns on DEAE-cellulose columns in the manner' suggested by
Rouser et al (1963). The .impurities present were removed as follows.
A quantity of DEAE-cellulese-was washed with methanol on a pad of
filter paper on a sintered glass funnel. This was followed by
successive washings with 500 ml. N-HCL, distilled water, 500 ml.
N*KOR, distilled water and finally methanol. The DBAS was dried
under very gentle suction, squeezed gently between filter papers and
dried over KOH in a vacuum desiccator.

One gram SEAS was suspended in glacial acetic acid, packed



_ 69 -

"in a small column under low nitrogen pressure and washed with three
volumes of acetic acid and six volumes of methanol. The pH of the
eluent was checked before further washing with chloroform and
chlorofonn:methanol 9:1. At this stage the lipid material was
introduced onto the column and eluted with the following sequence
of solvents-20 ml. chloroform 9:1, 50 ml. chloroform:methanol 7:3,
20 ml. methanol; 20 ml. chloroform.-acetic acid 3:1; 30 ml.
chloroform:acetic acid 3:1 plus 0.005 M ammonium acetate; methanol
wash (6 volumes) 20 ml. glacial acetic acid; 35 ml. chlorofor@:

methanol; concentrated aqueous ammonia 28:70:0%35. Of the 5 ml.

fractions collected 0.2 ml. were taken for radioactive counts.

\

Thin layer Chromatography.

Thin layer experiments were performed essentially as described
by Truter (I963), Randerath (1963), Bobbit (1963) and Stahl (I965).

Preparation of' Plates - Glass plates 20 x 20 cm or 10 x 20 cm
were coated to a depth of 250 yu (or 500 })X in cases where more material
was to be separated) with adsorbent applied in a suspension of 30 g
in 60 ml. distilled water, using a Desaga spreader. The adsorbent
used was silica gel G nach Stahl (Merck) although successful
separation was achieved with silica gel H which has the advantage
that the slurry may be prepared in advance. The plates were allowed
to dry at room temperature for ten minutes and then at 110®C for
. forty-five minutes in a vertical position. The position is important

since only the top plate dries quickly in a rack in the horizontal
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position, the other plates requiring two hours to be activated. The
plates were stored for up to ten days in a desiccator over calcium
chloride and cobalt chloride op blue silica.

Application of Lipid Samples - 3tandai:d lipids were applied in a 0.
solution and samples in a 1% solution of chloroform:methanol 4:1 in
spots containing 10 to 20 *g”or bands up to 2 cm broad and 15 mm
from the lower edge. Unfbrtunately when samples low in radioactive
counts were separated, the plate had to be a little overloaded with
material to allow the radioactivity to be detected. Samples were
spotted onto the plates under a stream of nitrogen with a blood
pipette or, more conveniently with a 10 #1. Hamilton Syringe.
Application under nitrogen was also carried outjCruess and Seguin
(1965

Development of Lipid Material - Many solvents and solvent
mixtures were tried, attention being focused on those containing
varying proportions of chloroform and methanol. An elutropic
series is available (Randerath 1962) which gives some indication
as to which solvents are likely to be the most useful, but that
found to give the most satisfactory lipid separation was chloroform:
methanol:water 80:30:3, a modification of the developing solvent
used by Vogel (1962).

The chromatographic chambers were prepared one hour before
insertion of the plate. They were filled to a depth of 1 cm and
lined with filter paper soaked in the developing solvent. Tank
saturation is necessary for the solvent front to run evenly. De-

velopment was carried out for iQ cm which took twenty five minutes



for the solvent given above. There is good evidence that no oxidation
takes place during development (Mahadevan - cited by Ifetngold 1965)
so that no particular precautions were taken.

Small Scale Chromatography - In order to test solvent mixtures
Simll scale chromatography was carried out on microscope slides.

Six slides were arranged on a perspex tray, the outer two having a
layer of metal foil beneath them the required thickness of the layer.
The silicic acid slurry was poured onto the plates and spread out
and the plates activated in the usual way on a slide holder. The
slides were developed in small screw top jars.

Detection and Identification of Lipids - The methods were
essentially those of Skidmore and Bnteman (1962) and Skipski et al.
@1962) and Nichols (1964)

a.) Iodine - Lipids were first visualised by placing the plate
in a sealed tank containing iodine crystals when lipids were seen
as yellow to brown on a light yellow or white background. The
colour quickly faded so that other tests could be applied. -

b.) Rhodamine - Other universal phospholipid reagents used were
rhodamine B, (0.2jS in distilled water) and rhodamine-6-G (3.5 w/v
in ethyl alchol). Spots were visible under an ultra violet
lamp vdaen acidic phospholipids appeared blue and others yellow.

c.) Stain for Fhog#hé&te- A.blue colour was given by phosphate
containing material when sprayed with a solution made up as follows:-

*500 mg ammonium molybdate dissolved in 40 ml. distilled water

to which 1.5 ml. perchloric acid, 1.5 ml. concentrated HCl was added



and finally the volume made up to 50 ml. with acetone.
d. ) Ninhydrin - Phospholipids containing free amino acid
groups were revealed as red violet 'spots after spraying with ninhydrin,
Ninhydrin spray (Merck) was used or a modified ninhydrin reagent
was prepared.
Solution 1-50 ml. 0.2” anbyg¢”“-ethanolic ninhydrin solution
10 ml. glacial acetic acid
2ml. 2,4,6, collidine
Solution II-1” Cu(NO*)2 in anhydrous ethanol
Fifty parts of I were mixed with three parts of II before use.
e. ) Dragendorf Reagent - Plates sprayed with this reagent showed
free choline as purple spots and tr.choline containing substances as
orange spots. It was prepared as follows
Solution I 1.7 g BiNO3 * 5820 in 100 ml. 20C? v/v acetic acid.
Solution II 40 g KCL in 100 ml. distilled water.
Four ml. of solution I and 1 ml, of solution II were used in
20 ml. distilled water.
f.) Ammonical Silver Nitrate - This was used to determine sugar
molecules. The plate is first sprayed with:
Solution I 0.1 vol saturated Ag HC*in water

20 or 100 vol acetone

and then with:
Solution II NaOH 0.5% in ethanol
Spraying with 2N ammonia bleaches out the background.

For general purposes only a, b, c and d were used in this
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order, b sometimes being omitted.

The spots on the chromatograms were also identified according
to position and with respect to reference lipids. The pure 1lipids
Used were those listed in Chapter II.

Recording of Results - The positions of spots could be marked
on the plate using a dissecting needle and the chromatogram traced
or photographed. Preserving the layer with a plastic material
was not found to be very satisfactory.

Detection of Radiation - The position of radioactive samples
was determined by placing the chromatogram on a trolley moving under
a thin window Geiger counter. Pulses were picked up on a Ecko
Ratemeter and fed to a perr recorder in which paper moved the same
rate as the trolley

Recovery of Lipids from Chromatograms - Chromatograms were
partially dried under an atmosphere of nitrogen, scanned and in some
cases exposed to iodine vapour for a minute or so. The position -
of the material required was then marked. In the case of the
material labelled with dinitrophenol, the yellow compounds were
readily visible. The silica within the marked area was scraped
free from the glass and sucked into a glass aspirator. Seventeen
millitres chloroform;methanol 4:1 or 1:1 was injected into the
aspirator and the lipids eluted under low nitrogen pressure. The

elution was repeated twice. The apparatus, is described by Goldrick

and Hirsch (1964). Sometimes a portion of lipid was left on the
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plate for treatment with various reagents.

Chromatography of Amino Acids - Some of the material obtained
from silicic acid chromatography was hydrolysed with 5 N HQ. for
sixteen hours-at 110°G and examined for amino acid content and for
DNP derivatives when DNFB had been used.

Separation.of ami'no acids in two dimensions was based on the
method of Pahmy et al. (I96I). Preparation of plates and
developmental procedures were similar to those for lipid chromatography,
the solvent systems being

First direction- Chloroform :methanol:17* ammonium hydroxide

(2:2:1 v/v)

Second direction; Phenol:water (75:25 w/w)

The plates were dried at. 110°C for ten minutes after
development in each direction-and the amino acid spots revealed by
spraying with ninhydrin. 'Amino acids were identified by comparison
with a plate of standard amino acids which was run and the diagrams
of Pahmy et al, (1961)

Development in one direction was carried out using either of
the solvent systems alone.

Chromatography of DNP Derivatives - Separation of DNP
derivatives, chiefly DNP amino acids, was carried out on plates
prepared as described above. Several solvent systems were used.
Development in one direction was carried out using chloroform:
tertiary angrl alehoi:acetic acid 70:30:3 or benzene :pyridine:acetic

acid 80:20:2. Two dimensional chromatography was performed using



one of two solvent sequences. The first involved the use of those
solvents already mentioned in the order given. The first solvent
was removed by passing a current of air over the plate for ten
minutes, heating it at 60®C for ten minutes and allowing it to cool
for ten to fifteen minutes. For the second sequence a mixture of
toluene :pyridine:ethylene chlorohydrin : 0. 8N ammonium Hydroxide
100:30:60:60 was prepared, A plate was equilibrated overnight
with the lower phase in a solvent tank and then run in the upper
phase. The solvent was evaporated off and the plate run in the
second direction in chloroform:tertiary amyl alcohol;acetic acid
70:30:3. The spots were viewed directly or under ultra violet
light and identified by comparing their relative positions in the
various solvent systems used with those of standard DNP amino* -
acids which had been run.and Pf values quoted in Randerath (1?63)
Chromatography of Sugars - Chromatography of sugars was
carried out on plates prepared from a slurry of 30 g silica gel
and 60 ml. O0.IN boric acid. The plates were developed in butanol:
acetone:water 40:50:10,sprayed with aniline phthalate reagent (Merck)
and heated when hexoses appeared as brown spots.
Infra-red Spectroscopy,
Many of the samples used for thin layer chromatography were also
examined by Miss J.C. Remfiy .using the infra-red spectrophotometer.
Infra-red spectroscopy represents an ideal way of examining
lipids after very little treatiM”t, The pattern obtained for each

material are very specific and have been called "finger prints¥*.



Schwarz (I960) described hov/ tissue 1lipids in a cell extract may
be identified by the use of a library of adsorption curves of
pure knovm compounds.

The instrument used was a Perkin Elmer model 337 grating

spectrophotometer, double-beam, scanning the range cm™* - 400
(2.5 micron to 25 micron wavelength). Cells with vdndows of
potassium bromide were used. The most satisfactory solvents

were found to be carbon tetrachloride in the range of 2.5 to 7.5u
and carbon disulfide in the range 7.5 to 26U, Samples could be
recovered after this treatment and could be used for further
observation including thin layer chromatography. Substances

not easily soluble in the solvents mentioned were studied as mulls
when, of course, they could not be recovered. Unfortunately,
quantities of material recovered were, on theshole, insufficient

for significant results to be obtained with this method.
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Studies on Competitive Inhibitors of G-lucose Transfer.

As was pointed out in the introduction, several studies (Lefevre
1939; Wilbrandt 1939: Sen and Widdas (1962) have been made on the action
of competitive inhibitors, many of which are diphenols. The purpose
of the present studies was to extend observations on substances
known to inhibit, namely phloretin and stilboestrol and to examine
others which from their structures seemed potential inhibitors.

It was hoped that this would shed more light on the molecular
mechanism of transfer. This study was also of interest since

these substances might be used to label membrane material.

Solutions.

The compounds used were very nearly insoluble in water, so they
were first taken up in the minimum volume of absolute alcohol and
subsequently diluted in the medium to give an alcohol concentraticn of usually
less than 0.3% and never more than 1%, A series of control
experiments demonstrated that this quantity of alcohol did not
affect glucose exits and there appeared no reason for it to alter
the potency of the inhibitor.

Fhenolphthalein - 10 mg of phenolphthalcin were dissolved in
23 ml. absolute alcohol and made up to 100 ml. with buffered saline.
By adjusting the pH of the solution to 8.3 so that the characteristic
pink colour was produced, the concentration of the solution could
be determined using a spectrophotometer set to read at 333 It

was found that 24 hours after the solution had been prepared its



activity was down to one quarter of that initially. Therefore,
a fresh solution was prepared before each series of readings. From
the solution prepared a quantity was added to the cuvette to give
the desired final concentration.
Phloretin — The phloretin was prepared from phlorrhizin
by the method of Bach (1939) as used by Sen and Widdas, 1962).
Two gm phlorrhizin were suspended in 20 ml. of distilled water to
which 10 ml. 20% sulphuric acid were added. The mixture was
heated for 90 min on a boiling water bath. The precipitate was
thoroughly washed with distilled water and recrystallised from
absolute alcohol, A stock solution was prepared by dissolving
25 mg in 2.5 ml. absolute alcohol. A dilution of 1:50,000 was
made with buffer, final dilution being achieved in the cuvette,
Stilboestrol - A 1:50,000 dilution was used as for phloretin.
Thyroxine - A solution was prepared in saline, 25 mg in 25 n*.

to give a concentration of 1 0 " when 1 ml. was used in the cuvette,

Results,

In all the experiments the cells were equilibrated with 76
mM glucose at 37°G and pH.7.4.

Fhenolphthalein - It was found that if cells were injected
into a solution containing 1 or2ml. phenolphthalcin, the exit
time was increased. The exit was rapid at first and then slowed
down so that it was necessary first to resuspend the cells in

the same concentration of inhibitor as present in the cuvette.



Fffect of Phgnolphthalgin on Glucose Exli
Temp.27°C & dH. 7-4.

60x10 M
45X10 M
30x10'°M
Outside Glucose Cone. (mM)
S*ig. 4.1. Five regression lines showing glucose 'exit ' times from

cells equilibrated in 76 mM glucose, effluxing into wvarious
buffered glucose saline media in the presence of
inhibitor concentrations 0 - 60 x 10”M. Experiments at

27 C and pH 7.4



This was done by adding the desired quantity of inhibitor
containing 76 mM glucose to the supernatant which was used to
resuspend the cells. The exit curves then showed the same
characteristics as in the absence of inhibitor, but the non-linear
part was more prolonged as has previously been seen in fig 3.1. -
a typical set of results.

First, exits into 0.8 aM glucose solution were followed in
the presence of different inhibitor concentrations Fig 3.2. shows a
plot of exit times against phenolphthalein concentration. As
noted in Chapter 3 the concentration which doubles the exit time
numerically is given by the intercept on the abscissa, and this
concentration may be taken as the half saturation of the transfer
system, for this particular inhibitor. The value obtained in this
instance was 12.75 x 10"~ M at 27%C.

Second, to see whether phenolphthalein is a competitive
inhibitor, glucose exits into various low glucose concentrations
were followed at constant inhibitor concentrations. Thus the
half saturation constant for glucose could be determined. In
the presence of a competitive inhibitor the apparent half saturation
constant is increased: this is found for phenolphthalein as seen
in fig where exit times are plotted against the outside
glucose concentration. The individual points have been omitted
for the sake of clarity, the graph being constructed from the

regression lines calculated from the me”* of four experiments.



The half saturation constant” about 2.5 mM in uninhibited cells
at this temperature (272C) is progressively increased in experiments
with phenolphthalein in the range 1 5 to 6+ x 10" M. The
increases in values of half saturation and exit times in glucose
free medium are not exactly proportional to the increase in
inhibitor concentrations.

The effect of and temperature on the concentration of
phenolphthalein giving 50j5 inhibition was also examined. The
was varied over the range 6.0 to 8.4. Sen (I960) observed that
the range of pH could not be extended below 5.3 or above 8.4 if
haemolysis was to be avoided and a constant pH maintained. The
PH was adjusted by the addition of 2N HCl or 2N NaCH and its
constancy was checked after each exit experiment by using a glass
electrode,direct reading pH meter (BIL). No significant change
in the half saturation (jij) was observed over the pH range studied.

The apparent JFj was determined every 5°C over the range from
12~0 to 37°C. Constant temperature was maintained in the cuvette
by means of a surrounding water jacket through which water was
circulated from a thermostatically controlled water bath. The
temperature setting was adjusted at the beginning of each experiment
and the temperature observed until it remained constant for a
quarter of an hour. The temperature in the cuvette was checked
before and after a reading was made: variations were rarely found

to be more than 0.5%0, but if they did exceed this wvalue the



Effect of Temperature on Phenolphthalein Inhibition
of Glucose Exit in Human Erythrocytes.

17,000 col /mole.

19,300 col/moll
0 5- Ov
\
33 34 3-5
T abs.
Fig. 4. - Upper line Irrhenius plot' of the half saturation dis-
sociation constants for phenolphthalein. The log of

the half saturation constant is linearly related to the
reciprocal of the absolute temperature, and the slope
corresponds to 17,000 cal/mole for the extra energy re-

quired for the dissociation of the complex which phenol-
phthalein is postulated to form wvn.th the membrane compon-

ent.

Lower line represents equivalent plot with a correction

(see Appendix) made for competition with glucose.
Note; Suggestion of a sigmoid characteristic in this particular

experiment was not a general observation.



experiment was rejected, A difficulty at the lower temperatures
was the condensation of moisture on the outside of the cuvette,
which seriously affected the light transmission. At the lower
temperatures, therefore, two jets of air from a compressed air
cylinder were played over the faces of the cuvette to keep it diy.

The Arrhenius plot of the results obtained in these experiments
is shown in fig 4.2. The points are not truly co-linear and
there may be more than one rate term involved. However, if the
half saturation constant ?/ith the inhibitor is taken as a
dissociation constant, then this slope (17,000 cal/mole) which
is steeper than that for glucose, indicates a greater difference
in the energies required for formation and dissociation of
complexes.

If the results are corrected for the competition exerted
by the glucose in the outside solution the line for the half
saturation inhibition concentration would be as shov/n below and
have a slightly greater slope of 19,000 cal/mole. The
correction necessary is discussed in an appendix.

Phloretin - While phlorrhizin is effective in inhibiting
glucose absorption in the-kidney and intestine it is the aglucone
phloretin which is the more active in the red cell. Its action
has been studied by Wilbrandt (1930), Lefevre (1939) and Sen and
Widdas (1962). Lefievre used it to evaluate the dissociation

constants for various sugars using the transport mechanism and to



Effect of Température on Phloretin Inhibition of
Glucose Exit in Human Erythrocytes

17,600 cal/mole .

20/000 cal/mole .

?3 , 3 ?5

T obs

Pig. if.3 Arrhenius plot of half saturation constant for

phloretin.
The slope is 17,600 cal/mole.
Using the simple correction which allows for

competition by glucose it becomes 20,00 cal/mole.

(c.£. Pig. 4,2.)



establish an order for them. He also examined the effect of
PH on inhibitor uptake and inhibitory potency, finding that both
fell as the pH increased. He ascribed this effect to keto-enol
tdutomerism, suggesting that only the ketonic form is directly
reactive with the cell. The present experiments were carried out
at pH 7.4 vrhich lies in the middle of the range examined by Lefevre.

The variation with temperature of the haIf-saturation inhibitor
concentration was obtained for phloretin as for phenolphthalein by
following exits into varying inhibitor concentrations. The
Arrhenius plot obtained is again not truly 1linear. The value
of the slope 17,600 cal/mole is perhaps a little greater then
for phenolphthalein, but sufficiently close to suggest that a
similar mechanism is involved. Phloretin is, however, a
considerably more potent inhibitor of glucose transfer. In
agreement with Sen and Widdas (1962b) the concentration for 50%
inhibition at 37°C was found to be 1.3 x 10“* M whereas that for
phenolphthalein was found to be 20 to 23 x 1lOr”*M. Lefevre found
that any constraint between the two six-carbon rings reduces the
potency of the diphenolic drug. The phthalic axiisydride in
phenolphthalein probably confers some restriction ofi the two rings
and this may aujcount for the lower potency of phenolphthalein
when compared with phloretin

Effect of phospholipids on inhibition by Phloretin - If a

phospholipid were involved in glucose transfer, phloretin might

be reasonably expected to enter into combination with such a
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Effect of Stilboestrol on Glucose Exit
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OUTSIDE GLUCOSE CONCENTRATION mM .

- Plots of glucose *exit* times for loss from cells, equili-
brated with 7% mM glucose, into buffered saline media con-
taining variation glucose concentrations in the presence of
five stilboestrol.concentrations in the range 0-6.7 x 10”M.
Tw experiments were carried out at each inhibitor con-
centration,

{Temp, 37°C, pH 7,4).



substance. Exit of glucose into a phloretin-containing medium in

the presence of suspensions of various phospholipids was, therefore,

followed. Phosphatidyl inositol, cephalin, lecithin and cholesterol
were used. Two mg of each lipid were dissolved in 1 yl. absolute
alcohol and made up to 23 ml. with buffer. The cells were injected

into the cuvette” containing 2 ml to 4 ml. of the lipid suspension
and 2 ml, phloretin in a final volume of 21 ml. after previous
equilibration in smaller volumes of similar solvents. The
experiments were carried out at 33%C. Phosphatidyl inositol and

phosphatidyl ethanolamine both gave a small reduction (about 10jS)

in the inhibition. Cholesterol gave a more pronounced reduction of
inhibition (40 to 30%). The effect of lecithin could not be followed
as it haeraolysed the red cells. The action of the lipids in

reducing inhibition by phloretin thus appears to have been non-
specific. It probably represents the uptake of phloretin into the
lipid micelles. This would be very likely to occur as phloretin is
virtually insoluble in water,

Stilboestrol - Lefevre (1939) found stilboestrol to be the
most potent of diphenolic inhibitors. In this drug full extension
between the two phenolic groups is possible. ' Exit into varying
concentrations in the presence of constant inhibitor concentrations
was followed. The progressive increase in half saturation constant,
as well known in enzyme studies and'characteristic of competitive

inhibitors, was seen, (fig, 4.4.)



Effect of Temperature on Stilboestrol Inhibition
of Glucose Exit in Human Erythrocytes.
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Pig. 4.5, - Arrhenius plot of half satui'ation constant for stilboestrol.

The slope is 3,700 cal/mole.

"Hhen the correction for competition is made this becomes
4,600 cal/mole.-

Although stilboestrol is a competitive inhibitor the
slopes are significantly less than for phloretin and

phenolphthalein. (cf. figs. 4. 2. and 4.3.).



Changing the pH of the medium over the range 6.5 to 8.4 was
found to have little or no effect on the inhibition produced by
stilboestrol.

The apparent half saturation constant was obtained at various
temperatures and log plotted against the reciprocal of absolute
temperature. A line was obtained with a slope of 3,700 cal/mole.
~ig.4.3.) If the values are adjusted to take into account the
presence of glucose, a slope of 4,800 cal/mole is obtained. In
connection with these results it is of interest to note that the
energy required to break two hydrogen bonds would be 6,000 cal/mole.
The figure obtained is much lower than those for phloretin and
phenolphthalein and could indicate a very much smaller difference
in the energies for formation and dissociation of the complex.
Alternatively there may be some other lipid solubility or
conformational change with temperature which tend to keep the half-
saturation more nearly constant.

Thyroxine - The effect of thyroxine on glucose absorption
in the intestine has been studied by several workers. Althausen
and his co-workers (1937, 1949) found that the thyroid stimulated
glucosse absorption. Moseley and Chornock (1947) could not find
such an effect, while Ponz (1945) reported that thyroxine decreased
sugar absorption. Levine and Smyth (1963) found that hyperthyroidism
results in a greater uptake of glucose which does not, however,
seem to result from alterations in hexose transfer. Since the

molecule of thyroxine is in several respects similar to phloretin



the effect of thyroxine on glucose transfer in erythrocytes was
studied, although inhibition might be contrary to its expected

mode of action. Thyroxine was found to have no effect on glucose
exit except to increase the extent of the excursion. It is
probable that this molecule was ineffective because only one of

the benzene rings was phenolic in character, the other being phenyl-
alanine, Wilbrandt (1957) found that méthylation of any of the

four hydroxyl groups in phloretin resulted in a very considerable

fall in inhibitory potency.
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5.1.

Development of Inhibition of Glucose Transfer by
4mM N-phenyl Maleimide.

100-,
80.
60.

Temp.37°C.
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INCUBATION TIME IN MINUTES .

Time course of development of inhibition by
4mM N - phenylmaleimide at 37®C and pH 7.4
The percentage inhibition of the maximal transfer

rate Ko =K x 100 has been plotted against time

of incubation



Effect of n-phenyl meleimide on glucose transfer.

It appeared from experiments performed on stilboestrol, to be
described later,that the efficiency of an inhibitor of glucose transport
across the erythrocyte membrane depenends to sjare extent upon its
solubility in that membrane. N-ethyl malanide (HBM) is quite a
potent inhibitor of glucose transfer. Its homologue n-phenyl
maleimide (NPM) containing a phenyl group would be relatively more
soluble in 1lipiAl solvents than NBM and would possibly be expected
to be more strongly absorbed and show greater potency as an inhibitor
of glucose transfer. The action of 4mM n-pheqyl maleaaide was tested
at 27°C, 33°C and 37°C. A solution was prepared of 14.3g NPM in
1 ml. absolute alcohol and made up to 10 ml. with buffered saline. Por
inhibition 3 ml. of this solution was added to 0.1lml cells in
2.9 ml. glucose-containing supernatant, after uninhibited gluoose
exits had been tested in the cells. Samples of 0.2 ml. were taken
at various known times and glucose exit followed.

A record of the development of inhibition in one experiment is
given in fig 5.1. There is a rapid initial inhibition followed by a
slower progressive inhibition until transport was 97# inhibited
with a small residual permeability remaining. Even after 6 hours
incubation with the inhibitoj: total inhibition was not achieved.

The picture is similar to that obtained with NBM when a residual

permeability of 3-5”% is obtained. Dawson and Widdas (1963)



showed that for NEM residual permeability has the usual properties
of facilitated transfer and does not represent a pathway for simple
diffusion. They also showed that the reaction «iices not correspond to
a pseudo first order reaction as would be expected if the inhibitor
was in excess.

The progression of ihhibition by NPM was affected to quite a
large extent by temperature. This compound is effective as an
inhibitor, but seems to be in no way more specific for glucose

transfer processes than the previously used reagent NEM.

Effect of 1,5-difluoro 2,4-dinitrobenzene on glucose transfer.
Whilst the action of 1-fluoro”2,4-dinitrobenzene " (WIFB) has been
extensiveley investigated that of 1,5-<iifluoro-2,4-dinitrobenzene
(PDNPB) has not been examined to any great extent. Berg et al
(1965) have reported that treating human erythrocytes with a 3.0 mM
solution of DNFB or 2.0 mM solution of fDNSB causes the cells to
become permeable to sodium and potassium ions. Cells treated with
the monofluoro reagent eventually lyse as a result of this immreased
permeability. Cells treated with the difluoro reagent di%Ahaemolyse
even after extraction with lipid solvents and were found to be
remarkably rigid. They suggested that the difluoro compound
formed cross links in the membrane and increased its strength.
They also followed the permeability of treated cells to small

water soluble non-electrolytes. They found that the permeability
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of these substances fell in cells treated with the monofluro
reagent but were not able to follow the penetration in cells
treated with the difluoro reagent. It would be of interest,
therefore, to see if its action could be followed using the method
already described and to compare it with the effect of DNFB.

This study might also throw seme light on the mechanism of re-
actions within the membrane.

The development of inhibition was followed at 33®C and 27@C.
A 1.0 mM solution of 3DNFB was made in 10” alcohol in saline Care
was needed because of the corrosive nature of this material. Packed
cells ( 0.08 ml. ), were incubated in a mixture containing 0.8 ml
ofiONPB solution, 0.2 ml. 30” glucose and 3.13 ml. saline. Samples
were withdrawn at convenient intervals and glucose exits tested.
Almost complete inhibition was obtained after incubating for 1 hr
~t 330c¢c, After 5 hours it was not possible to obtain a record of
glucose exit or of glucose entry but it was still possible to
haemolyse the cells. PDNHB was taken up very readily by the cells
and in quite large amounts. If a slightly greater quantity of cells
were present the course of inhibition did not proceed to its full
extent but levelled out at about 80%.
If PDNPB were exerting its effect by exerting cross links

in the membrane, the mobility of the carrier should be affected

so that the value of K would be changed. Therefore exits into
varying concentrations of glucose were measured so that K and

could be determined. The cells were incubated with the inhibitor



Effect of Tgmperature on Difluorodinitrobenzene Inhibition
of Glucose Exit in Human Erythrocytes.

Cells 91°/o Inhibited
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Fig. 5.2. - Effect of temperature on inhibition of glucose transfer
in human erythrocytes by PDNFB. Log maximal transfer

rate is plotted against reciprocal of absolute temperature,
The results are from three experiments at approximately
9(Co inhibition. The scatter of points is probably due

to the fact that the degree of inhibition was not

exactly the same in the three experiments.

Slope of line is 16,000 c-al/mole.



as described and when the required degree of inhibition had been
reached (83-95?*) the cells were spun down, washed twice with
buffer containing 76 mM glucose and exits followed in the normal
way. Experiments were carried out at 4 different temperatures,
22°c, 2770, 3270, and 37~C for three degrees of inhibition 834,
90yo and 9572. Values of K and jitwere determined at each temperature
for each of the three degrees of inhibiton and graphs of log K
and log )fewere plotted against the reciprocal of absolute temperature.
was not affected by the presence of the inhibitor implying

that the reaction between the sugar and the carrier was unaffected and
suggesting that increase in the exit time was being caused by a
reduction in the number of carriers available.

Plots of log K V. 1/r gave good straight lines; that for
9%0Jo is shown in fig. 3.2. Such scatter of points as is seen may

be explained by the extreme difficulty of bringing the cells to the

same degree of inhibition in different experiments. The slope
obtained from the graph shown is 13,000 cal/mole. The values for
83S and 93”* inhibition were 13,000 and 16,000 cal/mole. Sen (i960)

found that in uninhibited cells a plot of log K against 1/»p

Could be resolved into two straight lines: that over an upper range
(3240-47%) had a slope of 6,800 cal/mole and that over the range
below 32°C had a slope of 20,000 cal/mole. The values obtained
here are of a similar order to those obtained by Sen for comparable
temperatures so it seems that the inhibitor has not altered the

steps in the passage of glucose across the membrane.
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temperature.



- 100 -

Plots of log 0 V. 1/T also gave quite good straight lines,
that for 90fo inhibition being shown in fig 5.5. For cells which
were 83” inhibited the slope was 11,500 cal/mole. (Compare the
value of 10,000 obtained by Sen and Vfiddas, 1962” for uninhibited
cells) . At 90* inhibition the figure is reduced to 8,200 cal/mole
and at 95* to 6,200 cal/mole. Comparison within the present
sequence of experiments, between the slopes for 85)6 and 95%
inhibited fluxes suggests a significant trend. At 95” inhibition
glucose would probably be entering chiefly through the small
residual permeability found after inhibition. These results raise
the possibility that the underlying mechanism in this case is

different from that normally obtaining.

Exchange of G-lucose in Inhibited Cells.

To check that the volume changes followed in these experiments

were in fact a result of movement of glucose, the exit of glucose
was followed from cells inhibited with PDNPB. Concurrently the
possibility of exchange diffusion was examined. Exchange diffusion

describes a 1;1 exchange of substance across the membrane, as a
result of free substrate molecules exchanging with those bound to the
carrier. This is not to say that the process is limited to a
situation where only complexed carriers move, but can be observed
when the carrier complex is more mobile in the membrane as

described by Britton (I964), Levine et al. (1965), and Mawe and

'S
Hempling (1965). One important feature in exchange diffusion is
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that in contrast to simple diffusion, the flux of a substance

in one direction is sensitive to the concentration of the substance
in the compartment to vhich it moves. The flux of a sugar from
loaded cells will occur at a lesser rate into a saline medium than
into a sugar containing medium where loaded carriers may return

to the inside face of the membrane.

Other models are possible involving two different molecular
species of carrier, one capable of movement only when complexed
but the other mobile in both complexed and uncomplexed states.

Such models cannot be formally excluded but in the present state

of knowledge they are not demanded. Heinz and Walsh had in 1959
found exchange diffusion of amino acids in Ehrlich tumour cells,
lacko and Burger (1961, 1962. and 1963) v?orking at low temperatures
were the first to indicate that the phenomenon was operative within
the glucose transfer of the erythrocyte. It has subsequently been
examined by several workers but it was felt that PDNPB inhibited
cells would be a ‘useful preparation for further study since the
sugar movement was so much reduced as to allow easier time
resolution. The possibility that the residual fluxes are of a
different kind from the majority fluxes is not excluded.

To follow movements of the isotope the following procedure
was adopted. Twelve millilitre packed cells were incubated
with 76 mM glucose (final volume of solution 110 ml.) at 37~C for
30 minutes. A sample was taken for exit, the cells spun down

and 10 ml. packed cells were incubated with 30 ml. saline, 60 ml
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inhibitor solution (I04mg/100ml, ) and 10 ml. 30)* glucose solution
until the glucose exit was 30fo inhibited. The cells were spun

off and washed twice with ice-cold buffer containing 76 mM glucose.
The percentage inhibition after washing was checked. Bight
millilitre of the cells recovered were incubated at 37*0 for one
hour with 30 ml, 76 mM glucose solution containing only unlabelled
glucose and 10 ml. 76 mM glucose with #'#40-glucose of total
activity IC~C. Prom this mixture two 0.2 ml samples were taken
to 50 ml.distilled water for counting and haemoglobin determination
(see below) . The cells were once more spun down and two samples
of 0.2 ml. taken of the supernatant for radioactive counts. The
difference between this count and the previous one provides a figure
for cell content at zero time.

The cells were now taken up in a very small volume of
supernatant and at varying intervals 0.2 ml added to one of a
series of eight tubes containing either 4 ml, saline or 4 ml. 76 mM
glucose.when the 1%—glucose loaded cells had been in the fresh suspension
for the required length of time * glucose movement was stopped
with 10-3 M mercuric chloride and the cells yet again spun down.
Results of control experiments in idiich the cells were spun down
without prior inhibition were not, however, significantly different.
Prom the supernatant 0.2 ml. samples were removed for counting as
a check on glucose movement and cell content of glucose. Of the

cells resuspended in a small volume of supernatant, 0.2 ml were



Loss of °C Glucose from FDNFB Inhibited Cells
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- Plot showing efflux of glucose from FDNFB inhibited cells
into saline and glucose saline.
Counts remaining in cells plotted against length of

time in resuspension.
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spun down alone so that the counts initially present in the cell
could be checked against previous estimates. All samples were then
haemolysed with 2 ml, distilled water and haemoglobin estimation
effected by taking 0.05 ml. aliquots and diluting them a further

200 times for spectrophotometrie estimation at 415 nju. The
proteins were precipitated as described by Harris (1964), 1 ml.

1% barium hydroxide and 1 ml. 1:1% zinc sulphate were added to

the haeraolysate in each tube, and the precipitate spun down. Two
samples of 0.2 ml . were taken from the supernatant for counts. The
amount of 17C-glucose present in the cells after introduction to

the sugar or saline solutions was then calculated,

“C-glucose was able to penetrate FDNFB treated cells quite
readily and its exit was quite easily followed by the method
described above. As expected the movement of glucose from
the cell was considerably enhanced by the presence of glucose in
the external medium. Fig.5.4. shows the exit of glucose from *0%
inhibited cells into saline and glucose containing saline. In
the presence of glucose the isotopically labelled sugar moves out
very rapidly initially, the time for 50” of the sugar to leave being
about three minutes and effective equilibrium being achieved after
the order of 25 minutes. In the presence of glucose free saline
50* of the sugar had been lost from the cells after 12 minutes and
effective equilibrium was reached after 40 minutes. .Cells were

examined at various degrees of inhibition and on average the exit
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of 30" of the glucose was six times faster into a glucose containing
solution than into saline alone.
Glucose Sorbose Exchange - As mentioned in the introduction ,the
values of j/s obtained,following sorbose entry in the presence of
glucose were twice those obtained for exit experiments. This
could be explained if glucose bound to the carrier exchanged with
sorbose. A series of observations was, therefore, made with 76 mM
sorbose in the external solution. The results (not shown) were
surprising in that the exit was slower than for glucose, if anything
in the few experiments performed, even slower than into saline.
As the affinity of sorbose for the carrier is low, the result is
contrary to immediate expectations but it could be explained if the
reaction between the carrier and sugar were enzymically controlled.

To achieve a constant degree of inhibition and possibly more
comparable results, for exchange experiments NPM could be used

and the residual permeability, about 3%, used in such studies.
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Studies with Non-glucose Substrates.

Experiments with Galactose.

Of the several sugars which appear to enter the human erythrocyte
using the same carrier as glucose, galaotose has been widely studied.
It is an isomer of glucose, differing only in the relative positions
of the hydrogen and hydroxy group on carbon atom four.

LeJbvre and Davis (1951) and Wilbrandt (1957) reported that
it has a lower affinity for the carrier than glucose. Its entrance
into muscle cells has been observed by Levine and into the cells of
the mucosa from the intestinal lumen by Fisher and Persons (1953)*
Newey, Sandford and Smyth (1965) have suggested that is shares
one of the two available routes for glucose absorption in the
intestine. It was considered that it would be of interest to
study the entry of this sugar into the red cell further to deterndne
the effect of temperature and also phenolphthalein upon its half
saturation constant.

Galactose exits were followed into a solution containing
increasing concentrations of galactose over a range of tenperature
1240 to 37°C. The affinity of galactose for the carrier was
found to be less than that of glucose. The half saturation
constant at 37*C was 14.2 mM, some four and a half times greater
than that for glucose. A plot of the log of the half saturation
constant against the reciprocal of absolute tei”“erature gives a

slope in the region of 7,700 cals/mole indicating a lesser difference
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between the energies of association and dissociation than for
glucose which would be expected as association does not appear to
occur with the same facility as for glucose.

Exit of galactose was followed into solutions containing
increasing amounts of phenolphthalein. Galactose exit appeared
to be inhibited in the same way as that of glucose had been. The
concentration of phenolphthalein required to double exit time at

3220 was 21 X ICr* M, the same concentration as found for glucose.

Experiments with 2-Deoxyribose.

It is probable that all sugars do not enter the erythrocyte
by the same mechanisms. Steinbrecht and Hoffman (I964) have found
that in the rabbit erythrocyte 2-deoxyribose enters by a process
exhibiting diffusion kinetics, but with a half saturation constant
of IM. The rate of uptake appeared to be unaffected by glucose,
ribose, or xylose, DNFB, phloretin, CUCI2, HgCl2 and iodoacetate,
all at various concentrations. As this was a novel observation
experiments were performed to examine the passage of this substance
across the human erythrocyte membrane.

A 3082 solution of deoxyribose consisting of 1 gm in 4.5 ml.
buffer was prepared and entries followed after an injection of
0.5 ml. of this solution into the cuvette. A fuller account of
techniques for entiy experiments is given in Chapter 8 pages 123-124
It was found that a more satisfactory record could be obtained if

0.25 or 0.5 ml. of 30” glucose was first injected into the cuvette.
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The 2-deoxyribose entered slowly and appeared to do so by diffusion.
Exits were quite easily followed,although the linear portion of
the record was slowed as comparedwith that for glucose. It was
found that increasing the glucose in the cuvette over the range

2.7 to 12.2 mM had only a slight effect, the exit time showing a
very small increase. Incubationwith wi4dh 8 mM NEM appeared to
have no effect on the exit time. Thus the observation of
Steinbrecht and Hoffman was to some extent confirmed in the human
erythrocyte. 2-deoxyribose has only four carbon atoms in the ring

30 that it is very possible that it could enter by diffusion.

Experiments using Modified Saline Media.
The evidence for sodium dependent glucose transfer in the

small intestine is well documented (Crane I960; Sayth 1963,
Quastel 1965). As glucose transfer has alsoofound to be dependent
on the presence of sodium in other tissues - for example the
diaphragm (Clausen I965), it was felt that it would be of
interest to see if reduction or absence of sodium in any way affected
glucose transport in the erythrocyte. A few experiments were
carried out to eliminate sodium as far as: possible.

Attempts were made to replace the sodium by inositol. A
0.3 M solution was prepared containing 5.4g/100ml. Exits were
performed in the normal way into a medium containing increasing

quantities of inositol. Exits could satisfactorily be obtained

until 45?7é inositol was present. No satisfactory record could
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then be obtained. The cells were not haemolysed and appeared
normal under a phase contrast microscope. The instability of the
cells was probably due to the large potentials which could arise
when the ionic distribution was disturbed. It was found that the
half saturation constant for glucose was quite normal when 25jS

of inositol was present in the cuvette.

Sodium was replaced entirely in the buffered solution by
potassium. Stock solutions were prepared of KEL 12.7g/100 ml.
3-nd KH*PO* 3. 51g/100 ml. These were diluted and used in the
same way as the equilivalent sodium containing solutions. Exits
were followed in the usual manner. The half saturation constant
did not appear to be affected by the absence of Nat, There was
thus no evidence that a dependence similar to that in the intestine

existed.
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Uptake of Inhibitors by Erythrocytes.

As mentioned in the introduction, inhibition of glucose transfer
by NEM and DNFB exhibits several interesting properties. Even
though, as Sen and Widdas (1962” reported, the half saturation
constant for glucose remains unchanged in cells progressively
inhibited by DNfB, the most likely explanation of its action is
that it complexes in some way with the glucose transfer system.

NEM is essentially similar” thus it appeared likely that these
irreversible inhibitors would provide useful labelling of the pro-
posed carrier system. Uptake of “C-labelled inhibitors by the

cell was followed therefore and correlated with the inhibition

produced. It was hoped that this would give some information as

to the nature of the reaction involved and indicate the concentration
of components which could be expected in proposed isolation experiments.

Essentially the procedure in these experiments was to incubate
the cells with the inhibitor and as inhibition progressed to remove
samples for simultaneous determination of percentage inhibition and

quantity of inhibitor bound to the erythrocyte.

Binding of NEM and Inhibition of Sugar Transport.
preliminary experiments in which the development of inhibition
by NEM in varying concentrations at 21PC was followed indicated that

6,0 mM and 4.0 mM would be suitable concentrations for the proposed

experiments.

Prom the solution of radioactive material supplied, 1.25 mg.
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in 1 ml. alcohol, 0.2 ml, was added to 2.8 ml. buffer for
spectrophtometric determination. It had been found that NSM
could satisfactorily be estimated in the range 0.05 - 1.0 mM by
reading the absorption at 300 myi. Two stock solutions of 5 ml,
were prepared.
a.) - 0.5 ml. ~~C-NSM ¢ 9.375 mg unlabelled NEM
0.25 ml. 30% glucose
b.) 0.2 ml. **-NEM + 4.75 mg unlabelled NEM
0.25 ml. 30~ glucose solution.
From each of the stock solutions 1 ml. was taken for the con-
centration to be estimated and radioactive counts determined. The
remainder was used for incubation with the red cells.

The erythrocytes were equilibrated with 76 mM glucose as for
normal exit procedure and the exit time in uninhibited cells
determined.

Incubation mixtures were then set up with ;

4 ml. NEM solution

3,84 ml. sugar containing supernatant.

0.16 ml. packed red cells.

Two samples of this cell, suspension were removed at four varying
intervals from the commencement of incubation over a period of 210
minutes.

One sample (a) of 0.4 ml. was used for duplicate determinations

of the exit time and the other (b) of 1.0 ml was taken to follow



- 114 .

the binding of radioactivity in the following way:- The sample
was added to 9 ml. of ice cold buffer, mixed well, divided into two
small pyrex tubes and spun doivn; 0.2 ml. of supernatant v/as taken
for radioactive counting and the remaining supernatant discarded.
The cells were resuspended in 5 ml. buffer and spun down again and
planchets made of the supernatant. The last procedure was
repeated so that the cells were washed three times. The cells
were resuspended in 1 ml. saline of which two samples of 0.2 ml.
were taken onto planchets and two of 0.2 ml. for haemoglobin
estimation as described in Chapter 5,

To determine that the NEM complex was stable and the process
leading to its formation truly irreversible, a further sample of
2 ml. was removed at five minutes in the second experiment where
4.2 mM NEM was used. The cells were vmshed twice, resuspended in
a 76 mM glucose and incubated at 21*0. The time for exit was
tested at 60 and 120 minutes, and at 121 minutes a 1 ml. sample
was taken and treated as for *%" above.

The degree of inhibition produced vfas determined from the
exit times as described by Dawson and Widdas (1963). By comparison
with the counts of the standards, the uptake of NEM could be
expressed in micro-moles NEM and knowing the haemoglobin concentration
this could be expressed in micro-moles per cell.

Pig. 7,1. shows the development of inhibition of glucose
transfer and the uptake of NEM at the two concentrations. The

dotted lines represent results obtained for sample X, i.e. those
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red cells removed after five minutes and incubated in NEM free medi>jm. The

labelling in this sample remains constant, although inhibition appears to fall
off after 120 minutes. However, the times for exit at this low degree of
inhibition were small and the difference may be due to error in measurement.

It may be seen that there is a very rapid initial uptake of labelling whilst in-
hibition develops at a slower rate. After five minutes the uptake drops to

a much slower but uniform rate, whilst inhibition develops at a fairly constant
rate.

There is a sigmoid relationship between uptake and inhibition, (fig, 7.2,),
The steepest part of the curve gives a slope which suggests that 1 x 10* molecules
NEM per cell would be required to produce full inhibition of glucose transfer.
This would represent labelling of quite a large component in the cell and must '
be considered an overestimate.

Binding of DNEB and Inhibition of Sugar Uptake.

The procedure was the same as in the experiments using NEM except that
constant inhibitor concentration was used and the temperature of incubation
varied. These experiments were carried out in conjunction with Professor
W.?. Widdas and Miss J.C, Remfry, and have been briefly reported (Forsling,
Remfry and Widdas, 1964).

Bov/yer and Widdas found that low concentrations of DNEB of the order of 1 mM
gave almost complete inhibition after several hours incubation with red cells
with little risk of haemolysis. After several experiments it was decided that
1.4 mM DNEB gave a suitable development of inhibition. P

AAC-DNEB, 2.1 mg, (specific actild.ty 23,9 “uc/mg) was added to 98 mg

unlabelled DNEB and made up to 19,8 ml, with absolute ethyl alcohol
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For the experiment 0,66 ml. of this stock solution were diluted to
6,3 ml. with a ?6 mM solution of glucose in buffered saline, of
which 1 ml. was made up to 10 ml. to be used as a standard.

Incubation mixtures were set up:-

5 ml. DNFB solution

4,8 ml sugar containing supernatant

0,2 ml, packed red cells.

The experiments were performed at 15~C, 21~C, 28”0, and 33°C
In the first experiment at 21°C the yields of radioactivity were
lower than expected so that a loss of DNFB by evaporation was
suspected. To prevent this cysteine (a solution containing 30 mg/25 ml,)
was used to bind the free DNFB. The DNFB containing supernatant was
mixed with the cysteine solution in the proportion 5:1 or 0,2 ml.
samples were pipetted onto the planchets already containing 0,1 ml,
cysteine. Since little radioactivity was lost in the washing,
samples were not taken of the final washing.

In fig, 7.3. results from experiments at 15°C and 33®C are
plotted. As before the dotted lines show results from sample X,
which here-shows no change in the degree of inhibition nor in the
amount of radioactive labelling bound, confirming the irreversibility
of the combination. Both the uptake and inhibition proceeded at a
slower rate at the lower temperature, but similar uptake results

are obtained at both temperatures so that uptake appears independent
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of the rate of development of inhibition as may be seen from fig.
7.4., which summarises the results obtained. The relation between
inhibition and uptake is also seen to be independent of temperature.
Prom the steepest part of the curve it seems that an uptake
of 4 X 10 molecules DNPB per red cell would be required to produce
full inhibition of glucose transfer. This is some two and a
half times less than the value obtained for NEM but a comparison
between the two experiments is not truly valid as the nature of
the processess involved is not really understood, and for each
compound there may be a different mechanism as the basis of action.
No *fixer" was used in the NEM experiments so that while the
radioactivity bound to the cell was unaffected, that in the standard
solution might have been affected by evaporation so giving a falsely
high value for radioactive uptake by the cell. It was also later
reported that the ~~C-NEM used in subsequent experiments had det-
eriorated. If this were the case in these experiments, part of
the radioactive uptake would represent a non-specific uptake of
breakdown products of NEM. Both the values for NEM and DNPB
must obviously be regarded as an overestimate since the inhibitor
does not bind only with the membrane carrier' sites during the
development of inhibition. It has been estimated that the-SH
groups of haemoglobin comprise about 85” of the total reactive
thiols of the normal human erythrocyte, glutathione 10” and the
membrane less than 3%' Morell, et al. (1964), studying the

reaction of NEM with intact erythrocytes obtained similar wvalues.
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Weed, et al., (1962, 1964), studied the interaction of mercury

and mercurial compounds in conjunction with studies of inhibition of
glucose transfer loss of potassium and osmotic fragility. They
give a slightly different distribution of thiols, 90” in haemoglobin,
6” in glutathione and 4”* in the membrane. Glucose transfer was
inhibited when 1,2* of the membrane 3H groups had reacted and from
this they calculated that the maximum number of transport sites

in the intact cell is 700,000 per cell and that the number of

glucose molecules would cover about 1% of the red cell surface.

Effect of DNFB on Malonamide Entry into Erythrocytes.

Prom these results it seemed that -%4<;“labelled DNPB and NEM
would be of value in attempts to isolate the components with which
glucose is presumed to form a complex. It is, however, possible
that DNFB has a non-specific effect on the membrane simply forming
cross links and “stiffening** the membrane, 1like tannic acid
(Hunter”1964). To determine if this possibility could be eliminated
the effect of DNFB on the penetration of malonamide into the cell
was studied. Malonamide enters the cell slowly and appears to do
so by diffusion so that its entry would be affected by drugs acting
generally on the membrane

The entry was followed in the photoelectric apparatus. Cells
were equilibrated with 76 mM glucose and glucose exit from these
cells into glucose-free medium was followed at 37~C. The pen was
then adjusted to record at the top of the paper and 1 ml. of a 15%
.solution of malonamide was then injected into the cuvette. The

light transmission rapidly increased owing to the dilution of
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the cell suspension and the shrinkage of the cells in the hypertonic
mixture of saline and malonamide. As the malonamide entered,

the cells began to swell and the light transmission increased as
may be seen in the record (fig 7.5%).

The cells were then incubated in a 1.4 mMDNFB solution for a
time sufficient to produce 98-99?* inhibition, when glucose exits
followed by malonamide entries were observed.

The results were calculated as described by Widdas (1954).

The intermediate volumes 0.92 Vi, 0.94 Vi, and 0.98 Vi were marked
off on the record and the time taken for the suspension to return

to these volumes Was measured. These times were then plotted
against functions calculated on the basis of diffusion (fig 7.6.)
from which it may be seen that the rate of penetration of malonamide

was unaffected by DNFB,

Uptake of “*-4c-3tilboestrol.

LeFevre (1959) found stilboestrol to be apotent inhibitor of
sugar transfer in the human erythrocyte. Its apparent high specificity
would suggest that it could be used to label the membrane component
involved in transfer. Experiments described earlier indicate that
this compoaind Is, as supposed a competitive inhibitor with a low
apparent half saturation constant. As the action is competitive
the technique adopted for correlation of uptake and inhibition by
NEM and DNFB could not be used and instead it was decided to

attempt a determination of the reduction in uptake, if any.



Te&ble 7.1.

Uptake of Stilboestrol by Red Cells in presence of increasing quantities

of glucose. Distribution of Counts between Cells and Supernatant.
Experiment 1 Experiment 2
——— — p ___________
3 Tube Cells Superruvtant Cells Supernatant
;Series Number ots/ittl, cts/ml. ots/ml. ots/ini.
1 1 223,000 672 1.052,000 1,285
2 214,000 1,094 1,191,000 3,116
3 237,000 1,320 1,212,000 3,731
| 4 327,000 e 1,649 1,188,000 4,195
5 237,000 1,946 913,000 5,565
1 409,000 950 1,158,000 1,915
Series !
2 333,000 1,122 1,167,000 2,997
2 |l
I 3 437,000 1,510 1,194,000 4,541
i
4 463,000 1,902 1,075,000 5,132
448,000 2,236 942,000 6,682

X e
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produced by saturation of the carrier to a lesser or greater

extent with glucose. The studies were performed over a wide range of
sugar concentrations which would allow the blocking of an estimated
18 to 60 of the available sites.

The radioactive stilboestrol,1.786 mM in 0.1 ml. benzene was
taken to dryneas and dissolved in 4 ml. absolute ethyl alcohol.

A series of five tubes was set up with 0.3 ml. packed cells in
phosphate buffer containing 0, 2.3, 10, 23, and 30 mM glucose. The
tubes were incubated for three quarters of an hour at 37°C; 0,1 ml.
(containing 4.47 nmoles) of the alcoholic solution of stilboestrol
were added to each tube which was thoroughly shaken. After ten
minutes the solution was transferred to a 1.3 ml. haematocrit tube
with a 0.1 ml portion of narrower bore for the cells and spun at
3,000 r.p.m. for five minutes. Part of the supernatant was removed
to a small tube and two 0.03 ml. samples taken for counting. The
remainder of the supernatant was removed leaving only a trace on top
of the cells. To wash, more saline was added to the top of the
baemotocrit tube and pipetted out, removing the top layer of cells
also. Distilled water, 1.0 ml. was added to the haematocrit tube
and 0.1 ml. of the laked cells taken for counts and 0.03 ml. for
haemoglobin determination . A repeat experiment was carried out
for thiity minutes after incubation commenced (series b). As
can be seen from the results,the cells were not in equilibrium
with the stilboestrol solution when the first set of readings were

obtained and the counts in the second series were considerably

44
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higher. A similar experiment was carried out using 0.1 ml. of
cells and 0.2 ml, stilboestrol. The first sample was then taken
after fifteen minutes and the second after forty minutes.

The results showed that there is alarge wuptake of stilboestrol
which does not appear to be affected by the presence of glucose.
The fall in counts in the supernatant seems not to be significant
as some counts were probably absorbed by the thin film of sugar
found on the planchets. Experiments showed that counts declined
if more than 3 mg of sugar were present, which was the case in
ex])eriments at high glucose concentration. This could be overcome
by isolating the stilboestrol in ether before counting. Since
this large apparently non-specific uptake was observed, it was
decided to study the effect of concentration of stilboestrol
present in the incubation medium on uptake by cells.

A stilboestrol solution containing 30 yicin 4 ml. was made and
a series of cell suspensions (1-3)*of atotal volumeof 4.3 ml.
containing 0.1 ml packed cells md 0.03, 0.2, 0.4, 0.6 and 0.8 ml.
of stock stilboestrol solution“yrere prepared. Ten minutes after
the addition of stilboestrol the cells were spun down in a haematocrit
tube for five minutes at 3,000 r.p.m. The supernatant was removed
as cleanly as possible and 2 x 0.2 ml. taken for counts from the
first two tubes (containing relatively low concentrations of
stilboestrol) and 0.03 ml. from the other tubes. To test for
haemolysis, idiioh would interfere with stilboestrol determination

0.73 ml. supernatant was taken up in 1.75 ml. of distilled water.
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ifiematocrit tubes were then filled to the 1l.ml. mark with distilled
water and the cells haemolysed. Two 0.03 ml. samples were taken
for counting and 2 x 0.05 ml. into distilled water for haemoglobin
determination. Twenty minutes after the commencement of incubation
with stilboestrol a second series of determinc*itions were made
(series b). The results are summarised below. The values for
uptake by the cells are calculated on the assumption that

stilboestrol is taken ip and distributed through the whole cell.

Tube N Moles Stlb N Moles Stlb Distribution Batio '>
per mi. celis per ml. Medium of Stlb-cells/*
Medium.
\
la + 1b 207 1.64 126
2a + 2b 775 7.03 110
3a + 3b 1,886 15.45 122
4a + 4b 2,332 20.30 115
5a + 5b 3,015 26.73 113

There is a direct linear relationship between stilboestrol
concentration in the cell and concentration in the medium. Thus
uptake of stilboestrol by the cell seems to be a reflection of the
distribution between the cell constituents and the saline medium.
Since stilboestrol concentrates within the cell it appears that
it would not be so useful for labelling the carrier site as

hoped.
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Introduction.

The foremost consideration in the problem of carrier transport
is the chemical na.ture of the proposed membrane component with which
glucose reacts. At present only a negative statement can be made.
Inorganic phosphorus as was assumed in the phosphorylation theory
of sugar absorption from intestine and kidney tubules must be
discounted. Rosenberg, Vestergaard-Bogind and Wilbrandt (1956),
have sho*vn that neither glucose-6-phosphate nor glucose—l-phosphate
nor any of the other hexose monophosphate esters which they tested
were capable of penetrating the red cell membrane.

A prior requisite for the possible isolation of the proposed
phospholipid membrane carrier is its stable marking. This has

been illustrated in a preliminary paper by Stein. Two reagents

DNFB and phenyl Ilsothiocyanate were found to react with the site
implicated in glycerol transfer, although in quite another way than

the normal substrate and seemingly with only a portion of the site.

The experiments v/ith DNFB already described also appear to indicate
that labelling of the component is possible. These various
experiments appeared promising enough to encourage isolation

experiments.

Lipid Extracts of Hunan Red Cells Incubated with **-C-DNEB.
Time expired cells were used. A series of glucose exits and

entries were followed in these cells and the parameters of transfer

seemed to be normal. This gives a further indication that metabolism
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is not directly involved in glucose transport in the human erythrocyte
as in these cells the ATP supplies are depleted and much Na+ has
leakcf into them.

The cells were inhibited by incubation with in the same
manner as for uptake experiments. In 100 ml. glucose containing
saline 50 ml. packed cells were suspended and allowed to equilibrate
at 3770 for thirty minutes. They were transferred to a bath at 33°G
and 133.5 ml. glucose-saline added containing If*jmml, alcoholic

DNFB (as used in uptake experiments) so that a final concentration
of inhibitor of 1.4 mM was achieved. The mixture was spun and the
48 ml. cells recovered were added slowly to 480 ml. butanol with
constant stirring and left to extract overnight at 4®C under an
atmosphere of nitrogen. No aqueous layer separated out and the
total extract was filtered.

To the remaining solids were added 100 ml. methanol, the T/hole
shaken well and filtered. The residue was extracted with a mixture
of 190 ml. ethanol, 20 ml. concentrated HCl and 30 ml. water The
mixture was shaken and allowed to stand at room temperature for two
hours and filtered: 250 ml. of 0.9% NaCl were added to the remaining
solids”shaken and the mixture allowed to stand at 4°C. Samples of
0.2 ml. of each of the extracts were taken and the total counts in

each extract calculated.

The percentage recovery of radioactivity in each extract was :
butanol 2.2 % m«5thanol 0.28%, acid alcohol 5.58"0 and remainder 91.930
The remaining solid residue was largely haemoglobin. The butanol

extract contained the equilivent of Iqg.l umoles labelled DNFB/ 5q
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ml. red cells. Expressed in molecules of DNFB this is 10 - 20 x 10%
per red cell which is a more likely estimate of the number of carrier
sites available than obtained in the uptake experiments. Even so
the amount of DNFB recovered in the 1lipid extracts could be up to
twenty times more than enough to account for the glucose transfer
sites, if these had in fact been recovered during the course of the
extraction.

The butanol extract was taken to near dryness, during which
procedure two thirds of the radioactivity was lost, probably largely
by evaporation suggesting that much of the DNFB was not firmly
combined. The dried extract was taken up in chloroform and the
insoluble residue in carbon tetrachloride. Of the 138 mg of
chloroform soluble extract obtained (with a total radioactivity of
31,200 counts/minute representing 6 umoles) 30 ag were fractionated
with four elution mixtures on silicic acid column, containing 5 g
silicic acid. Samples were taken for radioactive counts. The
fractions were pooled to give measureable dry weights and evaporated
under reduced pressure at below 377C. The pooled fractions were
examined first by infra-red spectroscopy and then by thin layer
chromatography. Those spots with at least 700 cts/min were
scanned for radioactivity.

I

Pig. 8,1. shows the elution pattern of radioactivity (solid

line) and weight (broken line) of lipids of DNFB treated red cells.
The upper record represents the elution of pattern of DNFB alone.

It appears that DNFB is not absorbed, or only to a very small
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degree and travels with the early part of the first eluent in the
column and with the solvent front on the thin layer plates.
Prom the results of the thin layer chromatography and the infra-
red spectroscopy it was only possible to identify the major components
of the peaks eluted. Complete separation of the components of the
mixture was not achieved on the column, but the general pattern
was as follows

Croups 1, 2 and 3 (as marked below on the diagram) contained
neutral lipids and cholesterol and fast moving phosphorus containing
components, probably phosphorus containing degradation products.
Croups 3, 6 and 7 contained largely phosphatidyl ethanolamine.
Crouffc 8 and 9 appeared to be the major phosphatidyl inositol con-
taining groupa. Phosphatidyl serine appeared chiefly in 7, 8 and
9, whilst lecithin was found in 10 and 11 and in 12 and 13 which
were pooled before running on thin layer chromatography. Sphingomyelin
composed the major portion of groups 13 and 16 where lysolecithin
was also found.

Radioactivity was associated with several of the spots
separated by thin layer chromatography. Croups 1 and 2 contained
radioactivity found at the solvent front, which was probably free
DNFB, but could have been associated with fast travelling lipids
such as glycerides and sterols. A second small peak of radio-

activity was found in group 2 with Rf 0,35 on thin layer plates.

Radioactive peaks were also found near the origin in groups 3 and 5

and near the origin and in a position with Rf between 0.13 and 0.3
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in 6 and 7. In 12 and 13 radioactivity was found associated with
a non-phosphorus containing compound at 0,7 and with a ninhydrin
staining spot at Rf 0.1. It is thus possible to obtain radioactive
labelling which accompanies several lipid fractions during
chromatography . No attempt was made at this point to identify

the compounds associated with radioactivity.

Extracts of Human and Sheep Red Cells Treated with PNFB.

Although it was found possible to label lipids with DNFB in these
experiments it was not possible to determine iidiich inhibitior complex
if any was associated with glucose transfer. Results from
extractions using human blood were, therefore, compared with results
from a parallel experiment using sheep cells which do not exhibit
the phenomenon of facilitated transfer. It was considered that the
difference in labelling of lipids between the two experiments might
give an indication as to which component is involved in glucose
transfer. Fresh cells were used in the following experiments so that
a more valid comparison could be made.

Packed sheep cells (30ml) were incubated with 76 mM glucose
for a few minutes at 33®C and incubated for one hour at 33% with a
1.4 mM DNFB solution containing a quantity of ~C-DNFB and extracted
with 300 ml. butanol. The percentage of radioactivity recovered in
the butanol was 2.7 and of the 270 mg 1lipid obtained, which were
taken up in chloroform, 30 mg were fractionated on a silicic .old

column, samples being taken to estimate radioactive and phosphorus



Uptake ofMc| DNFB by Sheep Red Cells
Fractionation of Butanol Extract.
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Fig. 8.2. Silicic acid column chromatography of lipids extracted with

butanol from sheep red cells incubated '"d.th *C-DNFB.
1. Recovery of radioactivity, counts per fraction  of total,

2. Phosphorus content of fraction -*g p per fraction.



- 139 -

Elution Curve of Human Red Cell Phospholipids after
Incubation with 14C D.K RB.

20- Radioactivity.
.80 3:2
Phosphorus.
fcso

Fraction Number

Fig. 3.3. Silicic acid column chromatography of lipids extracted
vith butanol from human red cells incubated with DNFB.
1. Recovery of radioactivity counts per fraction %
of total.

2. Phosphorus content of fraction - ug P per fractioi.
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content. Fractions were also pooled to obtain dry weights.

Thirty millilitre of packed human red cells were similarly
treated. The results of the experiments can be seen in figs 8.2.
and 8,3. An example of the thin layer plates is seen in fig 8.4.
stained with iodine and silver nitrate. Ninhydrin was not used
as it was of little significance since DNFB had probably reacted with
most free amino groups.

The distribution of lipids was similar to that in the pre-
viously described fractionation, except that sheep cells were found
to contain more sphingomyelin and less lecithin than human cells.

In both experiments a large early peak of radioactivity was found
in fractions 3 and 4, the majority of which ran to the solvent
front on thin layers and probably represents chiefly unbound DNFB,
although with the sheep cells a slower moving component was also
found which stained with iodine. The difference between the two
experiments lies essentially in the second peak. With sheep cells
labelling was found in fractions 7 to 9 which moved close to the
solvent front associated with a phosphorus containing lipid. With
the human cells the peak extended from fraction 9 to 13 and the
radioactivity from the early part was associated with two slower
moving lipids with the Rf of phosphpitidyl ethanolamine. The spread
of radiocactivity is unlikely to be due to poorer separation on the
column as the phosphate peaks separated discretely. In the extract
of human red cells there was also a quantity of radioactivity

associated with fractions 25 to 37 with similar Rf to that of
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Fig. r.4.a - Tilin layer chromatograms of hut-nol extracts of human red

cells treated v/ith DNFB.

Plates developed as usual and stained with iodine.

Lipid mar]:ers 3 - sphingomyelin; C - ccrebrosides; PI -

phoaplv.tic?l inositol; Cl - oirdiolipin.
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sphingomyelin. The fixed DNFB does not correspond to any phosphate
distribution in the early peak and in fractions 7, 8 and 9 (column 6)
is present in greater molarity than the phosphate so that a non-
phosphorus containing lipid is suggested.

From these results it appears that the fraction of phospho-
lipids of greatest interest is that part eluted early in chloroform:
methanol 4:1, associated with phosphatidyl ethanolamine. However
the behaviour of the labelled compound on the column cannot be taken
as a direct indication of the component involved as if DNFB had
reacted with the head group of the lipid it would probably run
differently.

An attempt, therefore, was made to identify the moiety with
which DNFB had combined. The remainder of the human red cell
extract which had been stored at 47C was fractionated on a silicic
acid column, the elution pattern being very similar to that already
obtained. Fractions forming the three radiocactive peaks were
pooled, taken to dryness and taken up in approximately 0.1 ml.
chloroform :methanol 4:1. The lipids were applied to the plates
along a line of 3 am. One spot of each sample was applied to the
plate separately and ~C-DNFB from the stock solution applied over
them so that the position of free DNFB in the presence of lipids
could be compared with the position of DNFB associated with lipids
in the extract. The counts applied at the origin were determined

and the plate was developed, stained with iodine wvapour and scanned



Human Red Cells + DNFB - Butanol Extraction

Pooled fractions from C:M \-4 of columns 6a » 6b.
Developed in CHCI* ° CHAOH - HgO 80 :30 -3-

Stained with lodine Portion removed for further analysis.
TT-<4
Ctlu- Ctlu -
Out.nol E/ttTact- FracF
«
N A

Fig. 8.5. - Thin layer chromatograms of chloroform soluble lipids in
(a) fractions 33-37 eluted from column 6a in chloroform :methanol
1:4

Material applied over 3 om band and plate developed in normal
way stained with iodine.
Material on left represents portion over which free DNFB

applied (see text)
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Pig. 8.5, (b) - Radioactive scan of sample 3,

Pull scale deflection — 600 cts/min.
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for radioactivity, although the position of DNP derivatives was
obvious owing to the yellow colour. There were two radioactive
peaks in the first two samples representing fractions 6 to 10 and

12 to 14 with Rfs of 0.6, 0.95 — 1.0 and 0.8, 0*95 - 1.0 respectively.
The third sample representing frictions 33 to 37 contained one
radioactive peak with Rf between 0.1 and 0.2 The silica was
removed from the plates in the areas of radioactivity - see fig.8.5,
9-nd the 1lipids eluted as described in Chapter III. The material
eluted from the solvent front in the first two samples was pooled

so that four speciraents of material eluted from plates were obtained

1. Material from solvent front of fractions 6 to 10 and 12 to 14,

2. Slow running materialfromfractions 6 to 10.
3. Slow running materialfromfractions 12 to v.
4. Material from fractions 33 to 37.

Counts in the extracts were determined and the U.V spectrum
recorded. Absoiption maxima were obtained at 260 njx and 248
in specimen three. That forfreeDNPB is at 300

The lipids eluted were hydrolysed for sixteen hours at 110~C
with 5 N HCl and the hydrolysate shaken and extracted foui times with
5 ml. peroxide-free ether. The ether extract was washed three times
with water to remove any water soluble material. The aqueous layer
remaining after the ether extraction was re-extracted with ethyl

acetate and butanol and this extract was washed. The «.queous layer
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separating from the butanol was retained as it would contain any
free amino acids.

The ether soluble material of sample 1 was subjected to two dimensional
chromatography to separate the DNP derivatives (as described in
Chapter 3), the plate being scanned after development in each solvent.
Two spots were obtained v/hich could have been lysine DNP and possibly
glycine DNP- The remaining samples were developed in one direction
only with chloroform:tertiary amyl alcohol:acetic acid 70:30:3 with
standards of ethanolamine DNP (Rf 0.56) phenylalanine-DNP (Rf 0,75)
leucine DNP (Rf 0.32) tyrosine DNP (Rf 0.64) and glycine DNP The
standards were prepared by treating amino acids with an equimolar solution
of DNFB and extracting with acetone. No spots were visible in the
samples, but elution of the silica between the origin and the solvent
front in four sections for each specimen indicated that there was
radioactivity in 2 and 3between 0.5a4nd0',75* The DNP derivatives
were identified on the assumption”“that they were amino acid
deravitives, but this need not have been the case. The water fraction
from sample 1 contained material which gave a positive reaction with
ninhydrin, but which could not be identified. Thus some indication
was given of the material with which DNFB reacted but further character-

isation was required.

Further Extraction of Human Red Cells Incubated vTith ~C-DNFB,
The above experiment including incubation with inhibitor,

extraction and isolation of lipids was repeated with time expired
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cells and a higher concentration of DNFB. The percentage recovery
of in butanol was 1.8% as opposed to 3.#” in the previous
experiment and 0.45% in the chloroform soluble lipids as against
2,3%in the previous experiment. Thus the addition of six times
the amount of increased the uptake in chloroform soluble
lipids by only 10%. A quantity of labelled material isolated in
butanol was not soluble in chloroform. This chloroform insoluble
portion v/as a pale yellow powder of fairly high radiocactivity and
gave positive protein reactions so that it could be proteolipid or
protein in nature. Insufficient amounts were recovered for it to
be investigated further.

The chloroform soluble material was fractionated on a silicic
acid column, the elution curve being shown in fig.8.6. The
fractions in each peak were pooled as shovm ¢(A,B,C,D etc.), taken
dovm to dryness, redissolved in 0.1 ml. chloroform:methanol 4:1
and 5 ml. of this solution were applied to plates with standards and
developed as shown in the lower half of the figure. The plates
were stained with iodine, rhodamine-S-G and ninhydrin and scanned.
The crosses indicate the position and relative strength of the
radioactive spots. The remaining lipids of A,B,C, and D (pooled) and
G were chromatographed in wide bands and the radioactive portions

eluted as follows :-

Fraction. Rf for Elution, Thin Layer Chromatography
Samples,
0.2-0.43 la

0.33- 0.93 1b
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Fraction. Rf for Elution. Thin Layer Chromatography
Samples.
B 0 . 3 - 0 4 6 23.
0,7 - 1.0 2b
C+D 0.2 - 0,4 3a
0,7 - 1.0 3b
G 0.02 - 0.08 7

The lipids were hydrolysed, extracted and taken up in acetone
as described before. Fractions 1la, 1lb, 2a, and 2b were applied to
plates with standard DNP derivatives and separated in one direction
only with two different solvent systems - chloroform:tertiary azqyl
alcohol:acetic acid 90:30:3 and benzene ppyridine :acetic acid 80:20:2.
Both systems indicated that la and lb contained 2,4”“dinitrophenol
and lb probably leucine DNP and 2b ethanolamine-DNP. The material
in 2b was found to travel with ethanolamine-DNP, The fractions 3a,
3b, and 7 were run in one direction, using the second solvent mentioned,
with standard DNP-araino acids. The material separated appeared to
coincide with that of DNP-tyrosine.

The water fraction remaining after the extraction of DNP
derivatives was evaporated near to dryness taken up several times
in water and then evaporated down again to remove all traces of HC1,
and finally taken up in N/IO HCl which was applied to plates.

They were developed in chloroform:methanol:17+ NH4QH 2:2:1.

A.11 four samples run (la, lb, 2a, 2b) appeared to contain
amino acids -la appeared to consist of serine, glycine, leucine,
phegylalanine and possibly alanine, histidine and wvaline. Similar
patterns were obtained for the other samples. Two way chromatograms

were run on 2a and 2b, using chloroform ..methanol: ammonia 2;2:1
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in one direction and phenol:water 75:25 in the other direction.

A spectrum of amino acids wis obtained with both of the

samples. They were tentatively identified as glycine, glutamine,
lysine, argjn'ne, alanine, valine, leucine and proline.

It is not known whether these lipo-amino acids were artefacts
formed during extraction and isolation procedures. Wren (i960)
has reported that these can be formed artificially, although he
has obtained lipo-amino acids from blood which he believed existed
**in vivo** and earlier Bla“s et al (1953) reported their presence
in human erythrocytes and Turner (1957) sheep erythrocytes.

These experiments involving the incubation of human erythrocytes
with DNFB succeeded in that some lipids were labelled irreversibly
and in quantities large enough for further analysis. Bound DNPB from
early radioactive peaks appeared to consist to a large extent of DNP-
ethanolamine, but if this is a DNP derivative of phosphatidyl
etlianolamine then the DNP has clearly accelerated both the elution
from the column and its rate of migration on thin layer plates. It
is possible that DNFB attaches to a moiety other than amino acid, but

this has not been determined.

Extracts of Erythrocytes Incubated with
Similar experiments to those described above were carried out
using ~C-NEM. It was hoped that this might prove more specific
than DNFB. Forty millilitre of packed cells (time expired) were

equilibrated with 76 mM glucose and then incubated with 8 mM NEM.
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Fig. 8.7.- Bxttsrn of elution of phospholipids and *
after extraction with butanol of human red cells
incub-i.ted v/ith 8 mM NI2M,

,80lid line % recovery of radioactivity per fraction.

Broken 1line line ”~ recovery of phosphorus pei“rnction.
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(Prom a stock solution containing 60 mg unlabelled NSM and 0.4- mg
in 22 ml alcohol, 8 ml. were used to give this concentration).

Samples of the incubation mixture were taken at various intervals
to determine the percentage of inhibition of glucose exit. The
cells were 92.570 inhibited at the end of one hour. They were washed
and 30 ml. packed cells extracted "dth 400 ml. butanol. The
majority of the radioactivity remained in the supernatant; only
7.4% remaining in the cells of which 1.3% was obtained in the butanol
extract. The lipids obtained were taken to near dryness and dis-
solved in 1.2 ml. chloroform:methanol 9:1 and separated or a silicic
acid column. The percentage of radioactivity obtained in the
eluents is shown in fig. 8,7.

Ini some ways the elution pattern of “C-NEM is similar to that
of DNPB, a large peak in the early fractions probably representing

free material and smaller quantities with the second and third eluting

solvents. The peak in the final solvent chloroform:methanol 4:1 found
with DNPB is, however, absent. The spectrum of the material from
fraction 3 was observed in ultra violet 1light. Surprisingly the

characteristic absorbtion maximum at 300 nyi was absent.

Material from 3, 4 and 3 was further separated using thin layer
chromatography. The material was applied in chloroform methanol 9:1
along a 7 cm band. Lipid standards and 10yil of the NSM stock sol-
ution were also applied. The plate was developed in chloroform:methanol:

water 80:30:3 as usual and the plate scanned. Free NEM was found to
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run to the solvent front. Radioactivity appeared at the solvent
front associated with lipids and also at a position of Rf 0.2 to O0,3-
Portions of silica between 0,13 and 0.33 and 0.8 and 1.0 were
removed leaving a thin strip of lipid which was stained with iodine
and nin“hydrin. The fraction was found to contain mainly fast
moving material and some with the Rf of cephalin, but ninhydrin
negative. Ninhydrin staining is of no great significance as NEM
may mask the amino group. The material was eluted from the
silica with chloroform: methanol 9:1 and hydrolysed. The hydrolysate
was found to contain small quantities of ninhydrin positive material,
but no amino acids could be separated in chloroform methanol:17%
ammonia 2:2:1.

Labelling of a lipid fraction with NEM is, therefore, possible
although little information as to the n-ature of the compound was

obtained in this series of experiments.

Extracts of Human Erythrocyte G-hosts Incubated with ~C-NEM.

Attention has already been drawn to the fact that only a small
portion of material with which NEM reacts is found in the membrane.
Quantities of labelling were, therefore, being lost, especially to
haemoglobin. For this reason it was decided to repeat the ex-
periments using erythrocyte ghosts. The ghosts” prepared by Miss
D.A. Harri” seemed satisfactory when viewed under the phase contrast

microscope. It was not known if the glucose transport mechanism was
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intact as the considerable reduction of haemoglobin prevented
glucose movements from being followed in the photoelectric

apparatus although this was attempted. Stein (1936) found that
ghosts prepared by gentle hypotonic haemolysis ha“e the ability %o
facilitate diffucion of glycerol and Ltffevre (196lc demonstrated
glucose transfer in the erythrocyte ghost. Many ithors agree that
the ghost, chemically at all events” is little changed from the
intact erythrocyte membrane.

Unfortunately after these experiments were performed,
notification was received from the Radio Chemical Centre, Amersham,
that ~~C-NSM had proved unstable and only about 20% of the original
material remained in their supply so that it was likely that de-
composition had occurred in the solution stored in this laboratory.
The results, however, are of some interest.

Incubation of 60 ml. ghosts was carried out for one hour at
33°C in 100 ml. glucose-saline containing 10 ml. alcoholic NSM
solution, as used in the previous experiment. The solid material
was spun off twice at 3,600 r.p.m. for half an hour. The first
supernatant was taken and spun at 10,000 r.p.m. for 10 minutes. The
13 ml. material obtained from the three spinnings were extracted with
1if O ml. butanol. Only 13% of the radioactivity added was recovered
in the butanol so that an acid extraction was performed on the
remaining material with no significant recovery of radioactivity.
After the butanol had been evaporated 300 mg material were recovered

which were disolved in 3 ml. chloroform :methanol 9:1. Of this solution
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T.L.C. of butanol extracts of red cell ghosts incubated with NEM.
Plates developed in usual way.

Fractions v/erc obtained as follov/s

I. Promfractions3 and 4 of silicic acid column no. 12.

la Fromfractionsl and 2 DEAE sepaiation of material used in 1.

To. From fraction 17 DS.lE separation of material as used in 1.

11, Promfractions 13, 14, and 15 of silicic acid column no. 12.

Ila. Fi'omfr'ctionsl and 2 of DEAF separation of material used in II.
IPs. Fromfractions1l5, 16 and 17 DSAS separation of material used in II.

Lipid markers - Pl-phosphatidyl inositol; Card-cardiolipin; Cereb-

cerebroside; K - cephalin; L - Lecithin.
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2.3 ml, were separated on a silicic acid column (12,3 g silicic
acid used). The quantities of radioactivity and phosphate
recovered in each fraction is recorded in fig, 8,8, The elution
pattern for ghosts is similar to that with erythrocytes, but the
phosphate containing component in chloroform methanl 9:1 is absent
and the material obtained in the early part of chloroform:methanol
4:1 indicated a drop in the phosphatidyl ethanolamine content.

An initial large peak of radioactivity was found, but in
contrast to the experiment using intact erythrocytes, a second
quantity was eluted in chloroform;methanol 4:1.

Fractions 3 and 4; 13, 14 and 13 from the silicic acid column
(no, 12) were pooled and further separated on DSAS cellulose as
described in Chapter III, In both groups the majority of the Re -
labelling was recovered in tubes 1 and 2, eluted in chloroform:
methanol 9:1. That material from 3 and 4 gave a second smll
quantity of radioactive labelling in tube 17 (chloroform:glacial:
acetic acid 3:1). The fractions containing R @ -labelling were
taken to dryness, dissolved in chloroform:methanol 4:1 and subjected
to thin layer chromatography as shown in fig, 8. 9 The fractions
are as indicated in the legend to fig.8,9.

Fraction I. as would be expected, contained chiefly neutral
lipids, especially cholesterol, although a slow running component
appeared in 1lb, II contained several lipids, but the chief of these
was phosphatidyl ethanolamine as may be judged from the Rf value of

the main ccmiponent and the positive reaction with ninhydrin, Much
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material was recovered in lia and 1llb. The greater quantity of
phosphatidyl ethanolamine appears in llbwhich also appeared to contain
quantities of lecithin and phosphatidyl inositol. Kouser et al.
found that phosphatidyl inositol appears chiefly in this fraction.
Radiocactivity in II was present at the solvent front, but that in
IT and lib appeared in spots with Rf values of 0.4

Thus it appears possible to obtain NSM labelled material which
is eluted in the same fractions as that labelled with DNFB. An
attempt was made to identify the labelled material using the alkaline
hydrolysis technique of Dawson.

The remaining material (that part of the extract not run on
silicic acid column no, 12) was apread across the full width of a
20 cm plate which was developed in chloroform: methanol .-water 80:30:3,
scanned and the radioactive portion eluted, leaving a strip which
was stained with iodine to confirm that lipids were present. Five
hundred yug of phosphatidyl inositol, synthetic cephalin and lecithin
were dissolved in 0.8 ml, methanol. To this were added 7.3 ml.
ethanol, 0. 63 ml, water and 0.2 ml. aqueous NaOH and the mixture
incubated for 20 minutes at 37®C. The pH, which must be alkaline,
was checked, 0.4 ml. ethyl, formate added to neutralise the excess
alkali and the whole incubated for another five minutes. The
hydrolysate was evaporated to dryness in vacuo and the residue par-
titioned by thorough shaking with 1 ml, of the upper phase and
2 ml, of the lov/er phase of a mixture obtained by shaking together

9 ml. water, 6 ml, isobutanol and 12 ml, chloroform. The
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emulsion was centrifuged at 3,000 r.p.m, for ten minutes and the
aqueous supernatant removed as thoroughly as possible. The
material eluted from the plate wastreated in the same way, but
double quantities of reagents were used.

The hydrolysates were run in phenol water (4:1:V/V); acetic
acid:methanol 100:10:12, The unknown gave a pink spot, RfO0,34
associated with some radioactivity, but which did not correspond
with ai%r of the standards nor freeNEM. Thus Rg-NEM attaches to
a moiety of the 1lipid molecule which may be removed by partial
hydrolysis, although the NEM-lipid bond would appear to be resistant
to mild hydrolysis. The NEM may affect the running of the phospho-
lipid hydrolystate and so make its identification difficult.

Unfortunately it was not possible to pursue this promising
lead as there was no further supply of a stable form of R-C NSM

available.
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Results of uptake and extraction studies using R¢-labelling,

CHAPTER 09,

Lipid extracts of erythrocytes incubated with phenolphthalein

and erythrocyte ghosts incubated with R¢-stilbeostrol,

Extracts of erythrocytes incubated v/ith phenolphthalein, I63

Extracts of erythrocyte ghosts incubated with l4c-stilboestrol 164
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Extracts of Erythrocytes and Erythrocyte “Uhosts” Incubated
“th Competitive Inhibitors.

Since experiments carried out in an attempt to isolate complexes
of lipid and non-competitive inhibitors were fairly successful, it
was thought that competitive inhibitors might also give stable

labelling of a membrane component.

Extracts of Erythrocytes Incubated with Phenolphthalein,

A column was first run of phenolphthalein alone when all the
material was recovered in fractions 3 and 4 eluted with chloroform:
methanol (9:1). The compound was detected by adding 0.1 ml.
sodium bicarbonate and 2.9 ml, distilled water to the fraction
eluted and shaking. After thirty minutes all the pink colour was
found in the aqueous layer and could be read on a spectrophotometer
at 555 myi. It was found that 0,25 mg phenolphthalein could be
satisfactorily detected in this way. It is likely, however, that
this is a greater quantity than would complex with lipid material.

For the extraction, 32.5 ml. time-expired cells, were shaken
with 8 ml 0.2 mM phenolphthalein (21 mg phenolphthalein in 0,8 ml,
absolute alcohol and 7.2 ml, saline buffer). After extraction with
325 ml. Butanol, 60 mg of material were obtained which were
fractionated on a silicic acid column. Nwirly all the phenol-
phthalein added could be accounted for in that material obtained in
fractions 3, 4, and 5. 'Hius it appears that no permanent complex

formed, although a small quantity may have gone undetected.
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Extracts of Erythrocyte Ghosts Incubated with R¢-Stilboestrol.
In the second series of experiments Rc- stilboestrol was used.

A 25 ml. stock solution was prepared containing 1l.8yumoles stilboestrol
with a total activity of 45 Two portions of 50 ml. of ghosts were
treated with 10 ml. of this solution. One portion was extracted
with 300 ml. ethyl acetate at room temperature for one hour and the

other with 300 ml. of butanol. The extraction flasks were shaken
for the first fifteen minutes and allowed to stand for the remaining
forty-five minutes. The material remaining after the ethyl acetate
extraction was re-extracted with chloroform and acid chloroform:
methanol.
Ghostg Treated with Ethyl Acetate. The total radio activity in the
10 ml. stock solution added was 2,400,000 counts/min so that the

recovery of material after extraction with ethyl acetate was as follows:

Solvent R.A. Cts/min Percent Recovered
Ethyl Acetate 545,650 22,7
Chloroform 961,020 40
Aqueoue layer separated 5,928 0.26

from chloroform
Acid chloroform methanol 95,280 4.0

Opper phase after acid 1,710 0,07
chloroform extraction

Solid material at 8,000 0.3
interface

If stilboestrol complexed with lipid soluble material it could

be present in the ethyl acetate, the chloroform or the acid chloroform
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Human Erythrocyte Ghosts Incubated wiLh "*C Slilboesliol

Extraction with Ethyl Acetate.
c:M 9:1 4:1 3:2 14

2. Extraction with Chloroform following Ethyl Acetate extraction.
c:m 9.1 4:1 3 2 14
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3. Extraction with Butanol.
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Chromatograms of lipids extracted from red cell ghosts incubated
with stilboestrol (cols, 36, 37, and 39)* Extractions were
carried out 7/ith 1) ethyl acetate followed by 2) chlorofarra & with, 3)
butanol alone. Column. 36 - 40 mg of extract (1) eluted from a column
of 4 g silicic acid and 2 g Hyflosupercel v/ith mixtures of chloroform:
methanol. Columns 37 a-nd 39 were each 100 mg extracts of 2) and 3)
respectively eluted from column of 10 g silicic acid and 5 g Hyflo-

supercel vvith mixtures of chloroform methanol.
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methanol as a complex of 20,000 cts. (8 nmoles) for as fev/ as 10,000
molecules per cell”assuming that the complex is not broken down.
This suggests that the activity in the acid chloroform:methanol is
of little or no interest.

Recovery of lipid in ethyl acetate was very low - some 40 mg
Separation was carried out on 4 6 silicic acid and 40 ml, of each
eluting solvent used (fig, 9,1.), The peaks of radioactivity
were obtained in tubes 2 to 6, 9 to 11 and 21 to 23. Fractions 2,
9 to 11 and 21 to 23 were chromatographed on thin layer as shown in
fig, 9*2, Fraction 2 contained fast moving lipids, 9, 10 and 11
saome fast running material and phosphatidyl serine, while 21 to 23
and 6 contained very 1little 1lipid. Free stilboestrol appeared
with a Rf value of 0,81, The radioactivity trailed slightly
on these plates, but the peaks were at 0.8, 0.8, 0.8 and 0.77 in
fractions 2, 6, 9 to 11 and 21 to 23 respectively indicating free
stilboestrol.

Separation of material from the chloroform extract gave the
elution pattern shown in figure 9.1. Besides the free stilboestrol
peak at fractions 3 and 4, two small peaks were found in fractions
9 and 10 and 13 to 13. The material from these fractions was pooled
and chi'omatographed on thin layers, but all the radio-activity
appeared mpftoftiied in the position of free stilboestrol except for
a single peak of Rf 0,64 in fractions 13,14 and 15.

A column run of the material obtained in acid chloroform methanol
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A.g. 9.2. - Thin layer chromatograms of lipids extracted with ethyl acetate

from human erythrocytes incubated with ~C-stilboestrol.
Plates developed in usual manner and stained with

a) iodine. b) ninhydrin.
Fractions from silicic acid column (no 36) run as indicated.
Lipid markers as shovm and P, - phosphatidyl serine,

P. 2.-Phosphatidyl ethanolamine.
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Pig. 9.3* - Thin layer chromatograms of lipids extracted with butanol
from human erythrocytes incubated with stilboestrol.

Plates developed in usual manner and stained with

a) iodine b) ninhydrin
Fractions from silicic acid column (no. 39) run as indicated.
Lipid markers as shown and P.E. - phosphatidyl ethanolmine

and P.S, phosphatidyl serine.
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yielded only free stilboestrol.

Ghosts Treated with Butanol. The recovery of radioactivity in the
butanol was 875,100 counts/ain representing 36.5JJ of the activity
added. Separation of the butanol extract on silicic acid column
gave a large early peak characteristic of free stilboestrol and

five 3:all peaks (fig. 9.1).

Peak Number. Fractions. R.A. cts/min.
1 7, 8 5,000
2 9,10, 11 2,500
3 13, 14, 15 2,300
4 22,23, 24 2,500
5 32~ 53, 34 2,000

The peaks were aaall and likely to represent material held
back by the extra lipids present in the butanol extract. Those of
2, 3, and 5 seem to have analogous phaks in the chloroform extract
but the shoulder at 1 and peak at 4 were much smaller in the chloroform
extract probably because of the proceeding ethyl acetate extraction.
Fig 9.3 gives an idea of the separation on thin layer plates.
Unfortunately the plates had to be overloaded for sufficient radio-
activity to be present for scanning. Ihile the majority of radio-
activity material in 1 and 2 ran with the Bf of free stilboestrol,
there was a spread of radioactivity in the remaining samples, probably
due in a significant part to streaking of the lipids. The radio-

activity as a whole, however, did not appear much earlier with a
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maximum at Rf 0.65 &s opposed to 0.78 to 0.8 for free stilboestrol,
and plateau extending from 0.45 to 0.5 in 3, and 0.45 to 0.65 in 4
and 5. Some of this radioactivity may have been in the complex
form.

The experiments were thus inconclusive. In view, however, of
the experiments indicating that the action of ostilboestrol may in
part be due to preferential solubility in the membrane, this material
may not be the most suitable with which to work. Polyphloretin
phosphate which does not penetrate the cell would perhaps prove more

useful.
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Results of Uptake and Extraction Studies using %-labelling.

CH.1FTKR 10.

Lipid extracts of human erythrocytes and human and sheep

er**hi'ocyte ghosts incubated with C-jlucosc.

ChroGis-tographic behaviour of free glucose. 174
The effect of DNFB on the uptake of glueose, 178
Uptake of 1l4c-1ji.belling by lipids obtained from er\"throcyte 190
ghosts.

Uptake of ~*-glucose in the presence of phloretin. 193
Extractions using butanol and acid butanol and other

solvents in 1”Hl-uptake experiments. 201
Effect of DNFB and 1~C-glucose on the uptake of ~40-

labeH i ng. 204
Uptake of “~“C-labelling by human and sheep erythrocyte ghosts. 209
Extractions using isopropanol., 217
Uptake of labelling by ghosts extracted before and after
treatment with ~C-glue ose. 221
Uptake of labelling by whole red cells incubated with ““C-glucose
and extracted v/ith isopropanol:chlorofonn 11:7. 225

Treatment of human erythrocytes v;ith sodium boronhydride. 226
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Fig. 10,1. (a) - Pattern of elution of *C-glucose from a

silicic acid column.



Fig.

40.

25.

- 173 -

Column of Lipid Standards and Glucose

200

100

50

LJ

FSACTIOS NUMSER

Pattern of elution of ““glucose (solid 1line)
from silic acid column in presence of 1lipids.
Slution pattern of phospholipids is indicated

by the phosphate content of fractions (broken

line).
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Extractions of Preparations Treated with -*-*-G-lucose.

Work on the fractionation of red cell lipids was continued with
the aim of isolating a possible glucose complex. This possibility
was encouraged by the findings of labelling from inhibitors amongst
the lipid fractions. Since most of the inhibitors used appear to
have been fairly nonspecific it was considered that the surest
method of isolating the component involved would be to obtain it
in a complex with glucose. This obviously presents many difficulties
as the complex is very labile, but the problem was approached in

several different ways as described beloiv.

Chromatographic behaviour of free glucose.

In order to determine the distribution of free glucose in the
systems used a column and thin layer plates were run using ~C - glueose
alone. From silicic acid columns the radioactivity was eluted mainly
in fractions 23 and 24, (early chloroform:methanol 3:2) witha small
degree of trailing through the remainder of this solvent and into the
next-chloroform:methanol 1:4. The radioactivity remained chiefly at
the origin and did not move more than 0.5 cm from it when applied to
thin layer plates which were developed in chloroform:methanol:
water 80:30:3.

To find if the chromatographic behaviour of glucose was affected
by 1lipids on the column a mixture of standard lipids and” C—glucose
was separated on a silicic acid column. This also enabled the

behaviour of lipids on the column to be checked, A mixture of
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?ig. 10,2, (a).

T.L.C. of lipid standards recovered from a silicic acid column
developed in the usuax way - stained v.dth iodine.

Fractions pooled as shovm.

Lipid markers - L - lecithin; PS - phosphatidyl ethanolanlne;
3 - sphingomyilIn; P3 - phosphatidyl serine; PI - phosphatidyl

inositol, LI- 3ysolecithin,
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pig. 10.2, (b) - plates as shown in fig. 10.2. (a) but stained

v/ith ninhydrin.
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Pig. 10 2. (c) - T.L.C. of lipid standards recovered from a silicic
acid column - developed in chloroform methanol water
80:30:3 stained vdth (i) Iodine and (ii) Ninhydrin.
Fractions pooled as shovm.

Lipid markers - see fig. 10.2. (a).
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lipids was prepared as follows: 50 mg cholesterol, 15 mg lecithin,
10 mg phosphatidyl ethanelamine, 10 mg phosphatidyl serine, 10 mg
sphingomyelin, 25 mg phosphatidyl inositol and 2.5 mg lysolecithin
in 2 ml. chloroform:methanol 9:1. To this was added 12.5 microcuries
A“C-glucose in 1 ml. chloroform:methanol 9:1. The material was
separated on a silicic acid column (10 g silicic acid) samples being
taken for phosphate determination and counting. Virtually the
same a;séribution of radiocactivity was obtained as for glucose alone ,
but there was a very low percentage present in virtually all the
tubes indicating that the lipids can carry along minute quantities of
glucose. It seems unlikely that glucose actually complexed with ary
of the 1lipids.

The separation obtained on the column was as expected. Choles-
terol was recovered chiefly in fractions 2 and 3. There were also

some fast running lipids present in these ear]y fractions which were

not found in the lipid markers and probably represented breakdown

products formed during separation and storage. The majority of
phosphatidyl ethanolamine was recovered in fractions 12-17. Phosphatidyl
inositol and phosphatidyl serine appeared in fractions 18-27. Lecithin

was eluted in fractions 22-27, lysolecithin in fractions 33 and 34 and
sphingomyelin in fractions 33-38.

The recovery of radioactivity and lipid was close to 1004

The effect of DNFB on the uptake of * C—glucose.

The purpose of these experiments which were run in conjunction
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with DNFB uptake and isolation and experiments described earlier
was to compare the uptake of glucose in the presence and absence of
DNFB. It was hoped that this would help to clarify the action of
DNFB and indicate whether it acted by superimposing itself upon the
glucose at the transport site or by displacing it. If it were in
fact superimposing itself on the glucose complex, the sugar would
be fixed as irreversibly as the DNFB and since the complex formed
would probably remain stable during extraction procedures, this
could be important to further work.

Time expired erythrocytes were used which had been washed
three times with phosphate buffer and tested for glucose exits.

In the first experiment with glucose alone, 4 ml. ~C-glucose
(5 micro curies/ml.; 176,000 counts/min), were added to ice cold
Cells, shaken for 20 seconds for extraction.

In. the second experiment using DNFB, 50 ml. red cells were
equilibrated with 76 mM non-radioactive glucose at 37°C for 30
minutes and 5 ml. glucose solution for 20 seconds and sufficient
alcoholic DNFB added to give a 10 mM solution. The cells were
shaken with DNPB for 60 seconds before being extracted with 500 ml.
cold n-butanol. It was hoped that the metabolic incorporation of
AMT'RA-glucose would again be minimized and that the high concentration
of DNFB would bring a degree of inhibition in this short time.
Before extraction a portion of cells was removed to measure the

time course of glucose exits. Inhibition was found to be of the
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order of 10%

The extracts were filtered and evaporated to near dryness
under nitrogen. The chloroform soluble lipids were obtained by
adding chloroform to the slightly wet extract, mixing gently and
spinning. The precipitate was extracted with chloroform .-methanol
1:1 and spun, after which there was still a small quantity of solid
material remaining which was suspended in carbon tetrachloride and
which dried to a white powder. The recovery of radioactivity
and lipids from red cells incubated with glucose in the presence

and absence of DNFB is shoivn below:-

Solvent used to DNFB Absent. DNFB Present.
disolve material. Dry Ht. $% Recovery Dry Wt. K Recovery
of RA. of RA.
a. Chloroform 215 mg 9.3 140 ng' 0.8

b. Chloroform:methanol

1:1 7 mg 1.0 135w 3.55
c. Insoluble material 7 mg 0.3 90mg 4.4
Total recovered 230 mg 10.6 365mg 7.5

The percentage recoveries in the two experiments were quite high
and although the recovery of radioactivity from each experiment was
not greatly different, the relative percentage of labelling in each
fraction was quite different. A quantity of radioactivity in the
insoluble material in experiment 2 probably represented free sugar,

as there was a large quantity initially present in this experiment.
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Table 10.1,

Glucose by Human Red Cells

Presence md absence of DIfEB.

Separation of butanol extracted lipids on silicic acid Hyflosupercel

columns, 8, 7 and

ine Solvent.

11:2

11:2

Chloroform soluble 1lipids

Fractions Eluted.

1 -3 (1)
6-10 (II)
11 - L'+ (III)
15 - 19 (IV)
21 - 26 (V)
27 - 30 (VI)
31 - 35 (VII)
36 - 42 (VIII)
k2 - LiU (IX)
45 - 49 (X)

BA cts/niin.

355

1,315

446

1,675

2,187

30,740

59,400

202,465

13,115

3,590

0.

13.

63.

- without DNFB.

>0 Cts.

11

.42

.12

.69

.73

77

.17

.12

20.

63.

38.

105.

190.

502.

396.

288

106.

826

Diy

34.

10.

16.

26.

le.

36.

T/E.
(mg')
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Eluting Solvent Fractions Eluted Ra.ots/min. X cts. ugP. Diy Wt.
Ciloroi'ona so..ubls lipids - with DNFB. M1
9:1 1-4 (1) 1,100 0.8 58.3  42.3
9:1 5-8 (ID) 945 1.9 222.5 14.4
9:1 & 11:2 9-12 (II1) 235 0.4 152.5 5.5
11:2 13 - 16 (IV) 1,035 2.1 65 4.0
11:2 & 4:1 17 - 20 (V) 900 2.2 112.6 1.5
4:1 21— 28 (VI) 3,610 5.4 168.8 5.1
3:2 21 - 31 (VII) 7,366 15.2 112.75 4.4
3:2 32 - 37 (VIII) 33,574 68.8 317.5 16.4
. 1:4 38-41 (DC) 560 1.1 330.0 11.6
1:4 62 - 46 (X) 301 0.6 317.55 10.5

Chloroform:methanol soluble lipids B with DNFB.

4:1 1 -6 (I) 305 0.5 43.75 1.0
4:1 7-11 (I1) 345 0.55 18.75 1.0
3:2 12 - 15 (III) 380 0.9 27.5 4.2
3:2 16 - 20 (IV) 24,900 40.9 47.5 17.7
1:4 21 - 24 (V) 32,450 53.2 50.4 25.0
1:4 25 - 29 (71) 620 2.8 37.5 5.8
1:9 30 - 35 (VII) 385 0.65 28.75 0.4

1:9 36 - 40 (VIII) 170 0.3 18.75 0.4
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Pig. 10.3.

Three column chromatograms of phospholipids extracted with butanol from

human red cells incubated with 1) glueose and subsequently in 2 and. 3 with

DNFB. Slating solvents as usual.

1. Column 8 - 210 mg lipids (chloroform soluble) separatedon 20g silicic
acid and10 g Hyflo—supercel.

2. Column 7 - 130 mg lipids (chloroform soluble) separatedon 15g silicic
acid and7.5 g Hyflo--3upercel.

3. Column 9 - 7.5 mg lipids (soluble in chloroform methanol 1:1) separated

on 13.5 g silicic acid and 6.8 g Hyflo-supercel.
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It is also possible that DNFB displaced some sugar. The increase
in weight in fractions b and c of experiment 2 was probably due to
a considerable extent to the presence of unlabelled glucose as there
were 0.75g in the original incubation mixture. The extracts were
analysed by distribution chromatography on silicic acid columns

as may be seen in fig. 10.3. Table 10.1. shows the detailed
results for each eluting solvent.

Chloroform:methanol 11:2 was used as the second solvent in (1)
and (2) to separate any polyphosphoglycerides present from cephalin.
Chloroform methanol 1:9 v/as used as a final solvent in 3 to elute
the more polar lipids.

There appears no reason for the extremely large recovery of
phosphate in the chloroform extract of experiment 1,

1. Column 8 - The fractions were pooled as indicated in Table
10.1. and small quantities of the material run on thin layer plates
with lipid standards. The radioactivity in sample VIII obtained
from the large peak of late chloroform methanol 3:2 remained near
the origin indicating free glucose, but much of that in VI and
VII obtained from the low wide peaks in late chloroform:methanol
4:1 and early 3:2 separated into several spots. The majority
of the material from VI, VII, VTH and IX were then run in wide
bands on thin layer plates and eluted as shown, overleaf.

Portions of Via, VTb, Vila, and VTIb were retained for
separation on plates. The remainder and material from fractions

VIII and IXvfere hydrolysed with 5N.HCL. Wlien the HCL had been



Fig. 10.4. - Two dimensional thin layer chromatograms of amino acids
obtained on hydrolysis of sample VU b derived from thin

liyer plate. Subfraction of column no. 3 as described in

the text.
Developing solvents.
1st, direction chloroforrarmethanol 17/J MHj, OH 2;2 |V/V,

2nd direction phenol:v/ater 75:25 V/AT stained v/ith ninhydrin,
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evaporated off the solution was tested for amino acid content.

Group Rf of aiution.

VI a) [ | 0.15.... 0.3
VI b) 0.5 ..... 0.75
VII a) 0.05..... 0.15
b) 0.35 ..... 0.55
VIII 0.05..... 0.3
IX 0.15..... 0.45

Strong positive ninhydrin reactions were given by VI and VII
although VIII and IX gave a weaker reaction. The hydrolysates
were run on a plate with five amino acids, alanine, aspartic acid,
lucine, serine, and threonine. Several amino acids were present,
some running with the markers. The samples where then run on
two-way chromatograms, that of VIIb is shown in fig 10.4 Those
amino acids present appeared to be leucine, valine, alanine,

AIA (KTot
threonine, glycine and possibly aspartic acid and glutuathicne.
No such clear separation of amino acids from VIII and IX could
be obtained. The significance of these quantities of amino

acids is not understood, but it would appear that a peptide chain

may be present.

2. Column 7.~ Fractions from the column were pooled as shown
in the table and further separated by thin layer chromatography.
The distribution of lipids was similar to that described in 1.

The radioactivity in fractions I, II and II eluted by chloroformmethanol
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9:1 and 11:2 was displaced slightly from the origin, associated
with spots giving a slight colour with iodine and pale yellow due
to the presence of DNP-derivatives, The cephalin was eluted over
a wider range than in 1, appearing in 11:2, 4:1 and 3:2. Radio-
activity from the large peak was similarly distributed to that in 1.
In Vn from the early part of the 3:2 peak the radioactivity appeared
at Rf 0.3 and 0.5 with a smaller quantity at Rf 0,85. A quantity
from the second half of the peak appeared with Rf 0.15 associated
with lipids which were possibly inositides. A faster running
fraction vms also present, Separate plates were run of VII, VUI
and IT and the material eluted as shown below was subjected to

hydrolysis with 5N HCL.

Group. Rf of Elution.
VII a) 0.15..... 0.35
b) 0.35..... 0.55
VUI a) 0.03..... 0.27
b) 0.55..... 0.67
II 0.55..... 0.95

(ITI represents the fraction from which DNP amino acids were isolated
in the earlier described experiment).

Separation of DNP amino acids from II in one direction seemed
to indicate the presence of DNP ethanolamine, DNP leucine and
possibly DNP alanine. They were further separated in two dimensions
using first toluene: pyridine :ethylene chlorohydrin:0.8N ammonium

hydroxide 100:30:60:60. The upper phase was used for development.
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the lower for pre-treatment of the plate. The second solvent
system was chloroform :tert. amyl alcohol:acetic acid 70;30:3. Five
yellow spots were obtained of which 3 were identified as dinitro-
phenol, DNP ethanolamine and DNP leucine.

No free amino acids were found in samples II, VTI and VIII
after hydrolysis.

3. Column 9.- Fractions were pooled as shown in fig.10,3 &nd
separated further on thin layer chromatograms. Peaks of radio-
activity were eluted in the chloroformmethanol 3:2 and 1:4. Cephalin
and lecithin were found in these fractions. On thin layer plates
the radioactivity was found partly near the origin and partly
associated with an earlier phospholipid spot at Rf 0.2. The lipids
of chloroform:methanol 1:4 were essentially lysophosphatides.

Fraction IV appeared to be the most interesting. The radioactive
portion was eulted from the plate and hydrolysed but no amino
acids were found.

These results show that glucose can become associated with
phospholipids of human red cells and that this association occurs
in the presence of DNFB. Glucose appeared to be associated with
lipids eluted late from the columns. The presence of DNFB increased
the uptake of “C-glucose to a level comparable with that in ice cold
incubation mixtures. There is little evidence of DNFB in association
with highly radioactive fractions but if it were present in quantities
compatible with complexed "“~C-glucose then it would probably not

not be detectable. DNFB did seem to affect the mobility of the
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?iS. 10. 5. _ rwo chromatograms of phospholipids extracted with 1) butanol

(column no, 14) and 2) acid butanol (column no. I5) from
human erythrocyte ghosts incubated with ~C-glucose. In
each case 100 mg material was separated on 10 g silicic acid
and 4 g Hyflo-supercel by elution with mixtures of chloroform:

methanol.

Solid line represents elution pattern of radioactivity, and

oroken line that of lipid ihosphate.

Note change of scale below 0.ly recovery of radioactivity and 1%

Cor lipid phosphate,
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cephalin fraction but the effect did not appear to be a simple
acceleration one.

In these extractions separation and other procedures were
hampered by the presence of haemoglobin. It was, therefore,
decided to use erythrocyte ghosts in the following experiments.
It was also possible that more of the reactive groups would be

exposed.

Uptake of labelling by lipids obtained from erythrocyte ghosts.
These experiments were performed to see if it were possible

to obtain labelling in lipids of erythrocyte ghosts after incubating
with ~*U-glucose. Ten millilitres of glucose solution were
prepared containing 0.07 mg glucose and total specific activity
50 ,uc. Sixty millilitres of ghosts were incubated with 9 ml. of
this solution and extracted with 450 ml. butanol and 100 ml. acid
butanol as described in Chapter 3.

Butanol extract - The total glucose added was 0.35 millimoles
of vhich 0.198 millimoles were recovered in the butanol fraction.
One hundi'ed and fifty milligrams of material were obtained and dis-
olved in chloroform .-methanol 9:1 in which all the material was
soluble. There seemed to be no advantage in separating the lipids
into two fractions according to solubility in chloroform. One
hundred milligrams of the material were separated on 10 g silicic
acid and eluted as shown in fig. 10.5. (note change in scale

above 0.1% recovery of radio activity). Elution of phosphate
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was essentially the same as that obtained v/ith ghosts incubated
with Prom each solvent those fractions containing

radioactivity were pooled.

Sample. Fractions. RA Counts/min. Nanomoles,
1 3, 4 2,000 0.159
2 13, Wf. 1,900 0.150
3 25 - 28 1,207,800 96.0
4 32 - 34 59,000 4.8

Further examination on thin layer chromatograms shov/ed that
AAC in sample 1 moved about the same amount as free glucose.
Pooled fractions - 2 gave a double peak. V/hen this material was
run again after elution and dilution with free glucose (to determine
the relative contribution of free glucose to the radioactivity) the
radioactivity was found to occur earlier and in smaller quantities.
In 3, run without glucose a large peak was found not dispL.”ced far
''ran the origin which was not i-educed when ~C-glucose was added.
The material in 4 samples 25 - 28 was divided into two portions
and 5 mg unlabelled glucose added to one. The material in each
portion was then further separated on DEAS cellulose columns using
the solvents already described. If any glucise lipid complex were
obtained in chloroform methanol 3:2 on the silicic acid column and
masked by the free glucose then this procedure might have served
to reveal it. The pattern of recovery of labelling was the same

in both columns. The radioactivity was chiefly recovered with
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chloroform methanol 7:3 some trailing into the methanol, k very
small proportion was found in chloroformmethanol 3:1 and chloroform:
gl.ci:1l acetic acid. The only difference between the two columns
v/as that there was i small reduction in the radioactivity recovered
from the second column - that rvm with material containing -*"0-
glucose.

From the first DEAB column fractions 3, 4, 5 and 6 obtained
with chloroform:methanol 9:1 and 7:3, fractions 13 and 14 (chloroform:
methanol 7:3) and fractions 21, 22 and 23 (chloroform acetic acid
3:1 + 0.05 M .) were pooled in those groups and re-ran on thin
layer platesin the presence and absence of free unlabelled glucose.
The same procedure v/as can*ied out with fractions 5 und 6, 8, 9,
and 10, 12, 13 and 14, 21, 22, 23 and 24 obtained with the same
solvents from the second DSAJS cellulose column.

The lipid components appeared to be mainly lecithin and a
small quantity of phosphatid;>*lethanolamine. The radioactivity
was obtained in the form of free glucose. The wide distribution
of radioactivity on the DEAJS column was due to the poor separation
of free glucose or to bound glucose being released on the column.

Acid butanol extract - The total recovery in the acid butanol
extract was 0.064 millimoles glucose, 0.037 millimoles being obtained
in fractions 2, 4, 5 and 6 and 0.18 millimoles in fractions 23-25j
after separation of material obtained from the extnact on a

silicic acid column. The butanol acid extract was interesting
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in that not only was free glucose present*in chloroform:methanol

3:2 but labelling occurred in the early peak associated with a
quantity of lipid phosphate. The fractions which constituted each
of the two radioactive peaks were pooled and run on thin layer
plates, the radiocactive parts eluted and re-run. The material from
fractions 23-25 appeared to be free glucose but that from the earlier
fractions appeared in a position 5.5 cm from the origin. The
material associated with radioactivity was eluted and hydrolysed with
6 N HCI1. The hydrolysate gave a positive ninhydrin reaction but when
chromatographed in two dimensions with chloroform:methanol:17°0
ammonia 2:2:1 and phenol:water 75:25, the amino acids could not

be identified and did not appear to be associated with radioactivity.
Thus it appears possible to obtain a small degree of “*"0-labelling
(from glucose) associated with lipids extracted by butanol and a

considerable quantity with those extracted by acid butanol

Uptake of -“*4c Mllucose in the Presence of Fhloretin.

The action of phloretin as a competitive inhibitor has already
been described. This compound would be expected to prevent glucose
from combining with the membrane component postulated to be involved.
It was, therefore, considered that a reduction in labelling of any
one fraction in the presence of phloretin could indicate the
involvement of this component in membrane transport.

A suspension of ghosts (40 ml.) were shaken with 10 ml. of

1:1,000 phloretin solution for 3 minutes and then 10 ml. of ~C-
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Column chromatosrams of phospholipids extracted v/ith butanol from human
erythrocyte shosts incubated ivith *“C-slucose in presence (column no. 18)
and absence of phloretin (column no. 20). Material eluted as usual.

Solid line represents elution pattern of radioactivity and broken line that
of phosphate.

Note change of scale below O0.1"i' on recover”” of radiocactivity and below 1
for phosphate recovery. Fractions were pooled for further separation on

thin layer plates as indicated below ABCD etc.
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réqd Butanol Extract of Ervthrocvte Ghosts Incubated with

rOJ Glucose.
Presence of Phloretin Column 19
C ClucoK
267 "
Phoiphorg
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IpM
Photphorut
.Pig 10.7. - Column chromatograms of phospholipids extracted with

acid butanol from human erythrocyte ghosts incubated
with ~*C-glucose in presence (colfjmm no. 19) and

absence (column no. 21) of phloretin.
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Thin layer chromatogram of butanol extract of red cell ghosts v/hioh had

been incubated with phloretin and then glucose.

Plates developed as usual and stained with a) iodine; and b) ninhydrin.
Fractions pooled as shown in fig 10. 6.

Idpid markers - L - lecithin; lysolL - lysolecithin; PI - phosphatidyl
inositol; Cer - cerebroside; K - cephalin.

Note - portions of B removed for fui’‘ther analysis.
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loose association.

Acid butanol extract - The radioactivity appears in the acid butanol
fraction from phloretin treated cells with almost identical distribution
to the control, but the high phosphate associated v/ith the early peak is
absent. These results are difficult to explain in terms of the
considered mode of action and could be better explained if it did not
affect glucose complexing directly.

None of the radioactivity” from the acid butanol ran as free glucose

on the plates, that in G and J running to the solvent front and that in

H and K running v/ith Rf 0. 6. The peak of radioactivity in H was found to
have an Rf of 0.42 and 0.6. Thus we seem to be dealing with the same
material in the corresponding fractions in the two columns. The material

eluted in column no™ UPl seemed of some interest and tests carried out by
Dr, D.A, Nixon, 3t. Mary*s Medical School, London, revealed the presence of
a small quantity of inositol.

These experiments while seeming to indicate that glucose is able to
complex with some substance to become lipid soluble show little evidence
of the action of phloretin.

Results of expci'iments extracting ghosts pre-treated with “de-glucose

may be summarised as follows

Extract. Glucose. Fhosahate. Fhos'\ha'
glucose
First Butanol (column I4) 0.1 33.6 juU 35é
Experiment
Acid butanol (column 15) 0.64 /iM &4.3/UM 1,320
Butanol (column 19) 0.049 /iM 20 *uM 400
Acid butanol (column 21) 0.046 jaMm 37.5 /AU 820
Control Butanol (column 18) 0,044 jaM 9.45 uM 215

Acid butanol (column 2.Q) 0. 045 juM 41 .0yuM 910



- 197 -

glucose solution (total activity 40)ic) for one minute. They were
extracted overnight with 250 ml. butanol and the residue extracted
with acid butanol. A control was prepared by shaking a further 40 ml.
ghosts with 10 ml. saline for three minutes adding 10 ml. -
glucose and extracting with butanol and acid butanol. Column
chromatography of the four extracts in choloroform;methanol 9:1

Save separation as shown in figs, 10,6 and 10,7.

Butanol extract - Of interest is the fact that radioactivity*~
appears in solvent 1:4 in the butanol extracts. This is not seen
in other controls. In this later peak in the control, the elution
of glucose appears to be ahead of the phosphate, raising the question
whether this could represent change in elution of lipids associated
with glucose.

Thin layer chromatograms shown in fig. 10.8 indicated that
samples from column 18 C.ipid extract treated with phloretin) con-
tained ra“ioactivty mainly in the form of free glucose. In samples
A, C and D radioactivity appeared with an Rf 0 - 0.05, that in B
appeared at the origin and with Rf, 0.51. and while in S it streaked
from 0.1 - 0.19. The material in B was eluted as shown and re-run
when a second spot appeared with Rf 0,65, Of the radioactivity in
? (column 20), as well as that appearing at the origin, there was
a snail quantity which appeared with an Rf of 0.24. labelling
obtained in chloroform .-methanol 1:4 could represent material

carried along indiscriminately with lecithin or glucose held in
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pyte ghosts incubated with “4c-giucose - eluted as usual
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If glucose were associated with a phospholipid a constant phosphate/
glucose ratio would be expected. Those for butanol and acid butanol
extracts are of the same order. Too much emphasis cannot be placed on
these results as only a small quantity of the lipid and glucose are

complexe!.

Extractions using Butanol and Acid Butanol and other Solvents in
Experiments.

In view of the inconclusive results obtained with phloretin a
further examination of extracts was made.

Butanol and acid butanol extracts were made of 65 ml. ghosts in-
cubated with #4C-glueose and also extracts with chloroform .-methanol 1:1
and acid chloroform:methanol. After extr'action with chlorofomi tv/o

phases separated out, a lower chloroform and an upper water methanol

layer.

Rocoveiy of labelling in the various fractions was as follows
Solvent. Volume obtained (ml). Counts. mjloles
Butanol 400 1,764,000 0.217
Acid butanol 100 1,100,000 0.135
Water-methanol 117 2,161,000 0.267
Chloroform 255 517,000 0.064
Acid chloroform 150 423,000 0.052

methanol

Separation of the components of the mixture was carried out on
silicic acid columns as shown in figs. 10.9 and 10.10. which also
shows samples used for thin layer chromatography. The pattern

obtained with butanol and acid butanol was simil“ir to earlier experiments.
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It is interesting to note that with acid chloroform mmethanol there is
a similar distribution of radioactivity to that obtained with butanol
extractions, the majority of radioactivity appearing in the fractions
where free glucose appears. There is no large early peak, but a
small quantity of radioactivity is eluted in all fractions which is not
found when glucose-alone is run.

The methanol water fraction contained only free glucose, presumably
any bound glucose would be removed by hydrolysis.

The fatty acids of Samples B (containing 0.35 mg glucose)
S (containing 4.5 lipid phosphorus) F and L were hydrolysed and
methylated using the following method. The material was dried and

refluxed for 90 minutes with 10 ml. methanoltbenzene:sulphuric acid

150:75:7:5. To this were added 10 ml. distilled water and 10 ml.
ether. The ether and water fractions were allowed to separate and
both retained. All the radio activity appeared in the water fraction.

The methyl esters of the fatty acids were separated by Drs. C. Hitchcock and
B.W, Nichols (Unilever Research Laboratory, Colworth House, Sharnbrook,
Bedford) wusing gas liquid chromatography. Unfortunately the material
was not present in large or pure enough quantities for positive
identification, but the fatty acids of F and L were similar, but present
in different ratios. B was different again.

Samples A, C and K were run on thin layer plates using chloroform:
methanol;water 80:30:3 as a developer.' The radioactive areas Rf
0.d - 0.5 -nd 0.55 - 0.6'3 and 0.5 - 0.6 respectively were eluted and

the plate stained. The radioactivity appeared to be associated with



- 200 ~

lipids and in sample K the ninhydrin reaction was especially pronounced.
The material was obtained rather early from the column to be phos-

phatidyl ethanolamine, although the Rf value was similar to that obtained

with ethanolamine. The material eluted was dried and taken up in
ether. Five millilitres of ether solution were then shaken with 5 dl.
water. The ““g-iotielling was recovered entirely in the water phase.

Both water and ether fractions were taken to dromess and the material
from the ether extractions of K and A was dissolved in chloroform:
methanol 4:1. Material from C was divided into two portions, one
part was taken up in chloroform:methanol 4:1 and the other in 4 vols

chloroform and 1 vol methanol containing 93 mg"j DNFB to determine whether

the material obtained would react with DFNB. The ether soluble material
was rechromatographed on thin layer plates. Very little lipid was
recovered. There 'was lipid staining material which appeared with

Rf 0.55 in K (the cephalin standard appeared as two spots Rf 0.55 -
0,65) and there was some ninhydrin positive material in A 7 cm from the
origin. Tlie DHFB ran chiefly as the free mateidal.

The water extracts were taken to dryness and run on boric acid
plates as described in Chapter 3 with glucose standards (10/-*, 20/XL,
and 3()~L of 0,23% solution of glucose). The radioactivity travelled
to a distance of 3 cm from the origin whereas free glucose travelled
2.5 cm - 3 cm. It is possible that this could represent differences
in Rf due to irregularities of the silica film, but it seemed that the

glucose was combining fairly irreversibly with some group to give a



complex, which while soluble in lipid solvents possesses greater
solubility in aqueous solvents. G-lucosamine-glucose-l-phosphate and
glueose-6-phosphate were also run on these plates, but did not correspond
with radioactive spots. Uptake of labelling was unlikely to represent
incorporation as there are few enzymes in the ghost and the experiments
were initially carried out at O”C. In these experiments it was
possible to find labelling in a fraction where free glucose did not
appear. The glucose seemed to have reacted in some way with material
iosolated from the membrane. When material bearing “C-labelling was
taken up in ether and shaken with water, the labelling appeared in the
water but did not behave quite like free glucose on thin layer
chromatography.

It was still not clear which quantity of labelling, if any, was
of significane in glucose transport. Therefore, the following series

of experiments were performed.

Effect of DNFB and 12GLglucose on the uptake of 1jC—labelling.

DNFB could possibly be expected to reduce the uptake of
labelling by aiy fraction involved in glucose transfer across the
membrane and an excess of unlabelled glucose would almost certainly
be expected to do so. Therefore, a series of experiments were set
up as follows

1) 5-0 ml. of glucose (from a stock containing 5%c in 25 ml.)
were added to 40 ml. loosely pacxed ghosts and shaken for one minute

and extracted with 300 ml. butanol at 47“C overnight.



Table 10.2.

Effect of DNFB and ~“C-glucose in the uptake of labelling.
Experiment % recovery in [ recovery in
butanol extr-ct acid outanol extract
of radioactivity of radioactivity
added. added.
1 - Control 37.3 23.6
Cells + 0%4 ~»
12c_giucose 44.0 20.9
Cells + 94 mg
1~C-glucose 35.3 31.1
4 - Cells incubated
7/ith DNFB 38.0 23.5
13 .
Uptake of 'C-labelling by human and sheep erythrocyte ghosts.
Experiment. recovery in % recover}” in
butanol extract acid butanol extract
of radioictivity o? ridioactivity
added. added.
1 - Human control 31.2 17.4
2 - Human cells +
0.94 mg l2c—glucose 33.9 21.5
3 - Human cells +
94 mg 1~C-gluGose 38.5 23.0
4 - Sheep ghosts 23.5 15.8
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2) 0.05 ml. ~rC-gliicose (18.9 mg/ml. ) 4.95 ml. saline and 5.0 ml.
“l'~*C-glucose were added to 40 ml. packed ghosts, were shaken together
for one minute and then extracted with 300 ml. butanol at 4°C overnight.
3) 5.0 ml, :lucose and 5.0 ml. 1l%c-“lucose were added to 40
ml. packed ghosts, shaken for one minute and extracted with 300 ml.
butanol at 470 overnight.
4) 50 ml, ghosts were treated with 5 ml. DNF3 solution” containing
107 mg in 1 ml. absolute alcohol and 4 ml. saline” for 15 minutes at
2170. The cells were then chilled and shaken with 50 ml. “4C-glueose
solution for one minute and extracted with 300 ml. butanol at 4°C overnight.

The butanol from each extraction was decanted and the resiaue
extracted vfith acid butanol. The recoveries of “C-labelling are
shoivn in Table 10.2. The recoveiy was the same in all 4 experiments -
about 64/u, Silicic acid columns were run, the pattern of elution being
identical with that in earlier experiments.

The recovery of radioactivity in the acid butanol peak in experiment 1
was 147,326 Gpm or 7.366 nanomoles glucose, in experiment 2 it was 97,700 cpm
so that 6.3 nanomoles were present and in experiment 3, 127,090 cpm
equivalent to 6.3 nanomoles. The peak recovery with DNFB was 115,560 cpm
i.e. 5.75 nanomoles glucose, which represents a 2J/% decrease on that
obtained in experiment 1, The results of experiment 3, however, could
indicate that the peak material is of no great importance as it ?;as not
reduced despite the excess of ~“C-glucose present.

The components of fraction 6 from the first 3 columns were further
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separated by thin layer chromatography. The only material present
in ary quantity was lipid material positive to ninhydrin with Rf 0,5 - 0.6,,
similar to that of the cephalin marker. The radioactive material from

fraction 6, experiment 3, was eluted, dried down, taken up in 7 ml.

ether and shaken with 5 ml. water. All the radioactivity was obtained
in the water phase. The ether soluble material was re-run and one 1lipid
spot, positive to ninhydrin was obtained near the solvent front. The

water soluble material was run on boric acid plates v/ith 20 ug

and 40 jug glucose, the spots were stained with aniline phthalate and

scanned. Radioactivity was found 6 cm from the origin, well ahead of

of free glucose. Similar results were obtained with fraction 6

from experiments 1 and 2, and fractions 8, 9, and 10 experiment (1).

Fraction 6, experiment 1 was re-run in chloroform :metharol;water 80:3C:3

and the radioactivity still ran to the same position. All fractions

contained a reddish pigment thought to be haematin, so after running on

plates the material from 8, 9 Qud 10 was eluted and its absorption

spectrum in the ultra violet region examined. Maxima were obtaimd

at 240, 402, 489 and 600 * - those of haematin axe at about 542 mu ind 579 mu
Half of the material from 8, 9, and 10 was used for ether water

partition experiments and the remainder hydrolysed and tested for free

phosphate, but none was found to be present. If radioactivity in

these fractions were indeed associated with phospholipid about 0.09 yumoles

of inorganic phosphorus should h“ve been present. Haemoglobin derivatives

were present in these fractions, therefore it v/as possible that
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glucose might have reacted to form sorbitol or gluconic acid.
Separation of- these subtstancos on thin layer plates seemed to rule
out this possibility. Radioactivity in fraction 5 column27, experiment 1,
was eluted from a thin layer plate v/hich had been 1lain in chloroform:
methanol .-water 80:30:3 and taken up in ether, which was divided into
three portions and shaken with ether distilled water. N/1,000 HGL
(pH 4.5) or N/10 NH"OH (pH 9) and the aqueous material re-run on thin
Layer plates. All the radioactive material was recovered in the
aqueous layer and when run on boric acid plates, travelled with an Rf
of 0,4 - 0.5, so the material did not seem to be affected by pH

Methyl esters of fatty acids from fr*.ctions 5, 7, 13 and 15,16 and 17
pooled (e]gt. 1)> were examined using gas chromatography. They
were first examined for lipids, being chromatographed in
chloroform :methanol .-acetic acid..-water 35:15:10:4 and the plates
sc.xnned. 5 gave a single peak of radioactivity of about Rf 0.5,
7 gave two peales, a major one with the same Rf and a minor one
having Rf slightly higlier. The major spot Go—chromatographed with
phosphalidyl ethanolamine, but when sprayed with concentrated suplhuric
acid and charred did not exhibit the same colour characteristics.
The esters were prepared in the following way:- half of each sample
was talcen to dryness and refluxed in 10 ml. 10ya methanolic NaOH
for 90 minutes, concentrated”acidifed and extracted with ether. The
concentrated ethereal solution was treated vfith fresh diazomethane

for 10 minutes and the volume reduced to approximately 1OOul.
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The fatty acid content 7/as as follows:-

Chain length 14 16 18;0 18:1 1s:n 18:2

Percentage Fraction 5 8 49 13 24

in

Fraction Fraction 7 8 52 12 24
Fractions 14, 1 31 19 4
15 and 16
Fraction 31 2 33 17 22 14

In a further attenpt to see if the complex involved in glucose
transport could oe found, the following series of experiments v/ere
performed. Sheep red cells were used as glucose transport is much
slower than in human red cells and experiments with human red cells

using large quantities of unlahelled glucose were repeated.

Uptake of Labelling by Human and Sheep Erq/throcyte Ihosts.
ij Control - 50 ml. human erythrocyte ghosts were incub ted >\dth
5 ml. ice cold saline and 5 ml glucose for 60 seconds and then

extracted with 300 ml. butanol at 4°C overnight.

2~; - 60 ml. of human er*”/throc*de ghosts were incubated with 0.05 ml.

cold glucose (1.89%), 4.95 ml. saline and then 5 ml. -glucose for
60 seconds and then extracted with 300 ml. butanol overnight.

3)-- 50 ml. human erythrocyte ghosts were incubu.ted with 5 ml.
glucose 1.89% and then 5 ml. “4c glucose for 60 seconds and extracted
v/ith 300 ml. butanol at 4**0 overnight.

4) 25 ml. of sheep erythrocyte ghosts were incubated with 5 ml.
cold saline 5 ml. ice cold saline 5 ml. glucose for 60 seconds and

then extracted with 150 ml. butanol at 4“C overnight.

ice

ice



- 21C -

The percentage of radioactivity recovered is shown in Table 10,2. (page
It increases with increased glucose probably because a smaller proportion
of labelling was lost as free glucose. The quantity of radioactivity
recovered in sheep cells was dov/n in both fractions as compared with
the human red cells, but it must be remembered that only half quantities
of cells were used.

Acid Butanol Extracts- The material recovered in acid butanol was
separated on silicic acid columns, the results being identical with those
in earlier experiments with acid butanol.

Taking the half saturation constant for glucose as 0.3 mM at the
temperature used, the fraction of carriers saturated in experiment 1 is
0.0135, in experiment 2, 0.3 and in exi)eriment 3, 0.98. There was,
however, 13 times as much glucose in the peak of 3 &s compared with that
in 2. Thus experiment 3 substantially excludes the material eluted
early as a complex of biological significance unless it could have been
shovn to be inhomogenous on thin layer chromatograms or unless the
product was favourably made in acid butanol.

It is interesting to note that more labelling appeared in the
early than in the late peak in experiment 4 where sheep red cell ghosts
were used than experiments using human red cell ghosts.

Fractions 7 from experiments 3 and 4 and fraction 24 of experiment 4
were chromatographed. The radioactivity in fraction 24 was obtained
in the position of free glucose, just displaced from the origin, that
in fraction 7, experiment 4, had an Rf of 0.5 and that in 7 experiment 3
an Rf of 0.55. Radioactivity was confined to one main peak.

The possibility that the material obtained in acid butanol fractions

was produced during extraction had, therefore, to be seriously entertained.

205,)
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extract after incubation with 1) Sheep erythrocyte
ghosts (column 33) and 2) Human erythrocyte ghosts

(column 34).



Methyl alchol was first shown to react with glucose, in the presence
of undissociated HCl to give methyl glucose by Fischer in 1893. The
treatment afforded to the extract was not as vigorous as that used in
the preparation of methyl glycoside but it was still possible that the
butyl#derivative was formed. Therefore, 25 ml. acid butanol were
incubated with 1 ml. “4c-glueose solution (27 nanomoles) at 45~C for
three hours and then evaporated to dr*-ness. When the material was
run on a plate a radiocactive spot with Rf 0,6 was found. Thus it
appears that the glucose complex obtained in acid butanol extracts is
in part at least a product of the extraction procedure.

Butanol Extracts - The process of column chromatography was applied
to the butanol soluble material from experiment 1 as shown in fig 10.11.
The majority of radioactivity was eluted in chloroform mmethanol 3:2
where free glucose appears but significant quantities were also found
in fractions eluted with chloroform methanol 4:1 and 1:4. Fractions
15 and 16 (pooled) and 13 and 32 were further separated by thin layer

chromatography which seemed to indicate that the radiocactivity in 18

and 32 was due to free glucose. A double peak was obtained in fractions
15 and 16 with Rf 0.15 and 0.25. Radioactive containing material
was eluted from the plates and re-run. When the plates were scanned,

the distribution of radiocactivity seemed to indicate that free glucose
was present in all the fractions. It is possible that if glucose
were complexe! with lipid it would become dissociated during the
running of the plate.

A further test of whether any of the labelling recovered were

complexe! would be to partition the labelling between a lipid solvent



T /Jle 10. 3.

Distribution between ether and dimethyl formamide

of radioactivity associated with lipid fractions.

Sample. Total Counts. Counts f! Counts Final Ether/
Initial-ly in 3M%er, yormamiGe
in gther. Ratio.
Column 34
T2,500 8,450 67.5 0,22

Fractions 17-19

Column 34
14>:,000 12,465 8.7 0 .0005

Fraction 25
Column 34

21,120 17,965 84.5 0.04
Fractions 33, 34
Column 35

4,500 4,350 97 0,09
Fractions 14, 15

& 16

Column 35

16,080 550 3.1 0.0005
Fraction 25
Column 35

7,651 230 3.02 0.007

Fractions 31, 32
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and one in which glucose was pi-efei’ontially soluble but which would
not, as water, tend to dissociate the complex. Prelimilnapy experiments
seemed to indicate that dimethyl formamide rould be suitable for this
purpose. Free glucose passes almost entirely into the dimethyl formamide
layer when shaken with petrolcuia ether i.rd Giuuethyl foimiamide.

Samples from the column were dried dovm, taken up in 5 ml
petroleum ether and filtered into a sntill conical tube when 0.2 ml. of
the solution was taken for counting. To the residue were added 2 ml.
dimethyl formamide. The solution was filtered through the same funnel
to extract any residue and 0,2 ml. taken for counts. The two extracts
were shaken together, the volumes measured and further samples of 0.2 ml.
taken for counting. The results are shown in Table 10.3. It v/ould
seem that some radioactivity is bound to lipid in fractions 17 -nd 19
since the ether/dimethyl formamide ratio is conslderabJy Lu'ger (0.22),
than in the other fractions, it being 0.009 in fractions 25, where
radioactivity exists almost entirely as free glucose, and 0.04 in
fractions 33 and 34. Of com-se the possibility that some lipid sugar
complex passes into the dimethyl formamide cannot be entirely excluded.

The butanol extract in experiment 4 (sheep ei”'-throcyte ghosts)
was separated on a silicic acid column. Distribution of radioactivity
was similar to that in experiment 1, suggesting that the material in 14
and 15 experiment 1, is not of great interest. However, it could be
that the mechanism for glucose transfer is present in the sheep erythrocyte,
but not functional, so that complexes could be formed.

Ether .-dimethyl formamide partition experiments were carried out

with fractions 14, 15 and Xb (pooled) 25 and 31 and 32 (pooled) from
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experiment 4, the results being shown in Table 10.3.The ether :formamide
ratio is low in all fractions; that in 14, 15 and 16 being higher than

in the other two. Thus it :.-.ppamws that very little, if any of the glucose
was fimily complexed with lipid material.

Before passing on to further extraction methods, it would be
useful to summarise the main points obtained for butanol extractions.
With the butanol extract, peak activity seemed always to be found in
fraction 25 where free glucose is found. Of the acid butanol columns
only 1 in 12 had the peak at 25, in 11 it was 24 or earlier . This
discrepancy is a little surprising and v/ould not be expected of free
glucose. In the five columns - 14, 18, '20, 24 and 34 - all of butanol

extracts, radioactivity was found in fraction 14, a higher percentage

being found in some. The recoveries were as follows:-
Column 14 Fractions 13 and 14 1,900 counts per min.
18 > 13 and 14 7,000 ” «
20 14 and 15 440 7 oo
24 13 and 14 840 = "
34 * 13 and 1 3,100 * oo

Tl:ie further examinations made of these fractions seemed to indicate that
the glucose obtained here is present in some form of complex.

Activity in fraction 32 eluted after the main radioactive peak is
consistently present, but from the column run with free glucose it appears
that this could be partly due to trailing.

A small and varying, but persistent recovery of radioactivity was
obtained in fractions 2 -8, peaks being in fractions 4, 8, 5, 5 *d 6

in the columns mentioned above. This could be but”?iglycoside, but
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could also represent a complex.

Extractions u Isopropanol,

Contrary to earlier experiments which seemed to suggest that butanol
would be a useful solvent, those described above indicate that no satisfactory
separation of a glucose aipid complex could be obtained using this solvent.

Rose and Oklander (1963) recommended isopropanol:chloroform as a
suitable solvent system for the extraction of erythrocytes. Therefore
further extraction of ghosts incubated with “""C-glueose vras performed
using isopropanol:chloroform and isopropanol; ethyl acetate.

'Hwvo quantities of 80 ml. of human erythrocyte chosts were treated
:nth 9.43 mg glucose and then 29 -A-A-glucose, total ctivity
20 j&c. To each v/as added 493 ml. ice cold isopropanol After one
hour 313 ml. chloroform was added to one flask and 313 ml eth;/1 acetate
to the other. detraction was allowed to continue for a further period
of one hour and then the solid material was filtered off and stored
under acetone. Further investigation of this material showed it to be
of little interest. Approximately 300 mg lipid v/as obtained in each
isopropanol extraction of which half was separated on silicic acid columns
(fig 10.1%). The distribution of radioactivity was as follows

Experiment A.- Isopropanol:Chloroform Experiment 3 - Isopropanol Ethyl:

Ac "'tate
Fraction “pmoles glue ase Fraction yimoles .glucose
21 - 23 0.322 13 « 21 o 0.923
28 - 33 6.138 23 - 28 6.2°%
36 - 38 1,296 32 - 5U 0.577

Of these the early ana late peaks reoresent 1.618 iumoles in

/
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10.13r- Thin layer chromatograms of lipids extracted wvwdth

a) isopropanol:chloroform and b) isopropanol ethyl acetate
after incubation with -*-''"C-glucose,

Plates devel mod in usual way and stained with iodine
Fractions run as shown. G - free glucose. Lipid markers:
PE phosphatidyl ethanolamine. PS phosphatidyl serine, 3p &
3 sphingomyelin, C & Cer oerebroside, L lecithin, PI

phosphatidyl inositol.
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experiment A and 1,502 in experiment B - very similar figures and
suggestive of the fact that the two peaks contain essentially the
same material but in a slightly different form and hence running
differently. Radioactive elution appears to be displaced five
fractions to the right i.e. towards the eluent of greater polarity
in the isopropanoltetliyl acetate extract. This, however, is not
seen in the phosphate.

Samples from the three main peaks of each experiment were.run
on thin layer plates. They were 20 and 21 (pooled) 31 and 38 from
the isopropanol:chloroform extract (experiment A) and 13, 25 and 33
from the isopropanol: ethyl acetate extraction (experiment B-). The
results are shown in fig. 10.I3. 1In both, the early peak seems to
be associated with the fraction containing mainly phosphatidyl
ethanolamine, and the latter peak with slow running ninhydrin positive
lipids, On]y a small quantity of lipid was obtained from the peak
with very high activity. That from experiment A seemed to contain
chiefly phosphatidyl ethanolamine, and that in experiment B chiefly
lecithin (C, and C2 represents quantities of «glucose evaporated
dovni v.dth the tv/o solvents to see if the possibility of reaction
with the solvents could be eliminated.) The radiocactive material
from experiment B appeared to run chiefly as free glucose, but in
fractions 20 and 21 ran slightly faster than free glucose and a double

peak was obtained with fractions 31 and 38 at 0.5 and 2.5 cm and 0,5

~

a
and 2 cm respectively from the origin.
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Sther dimethyl formamide distribution was as follows

Sbcperiment. Fraction Counts. Ether Nanamoles % Soluble Bther/

Number, Soluble, in Ether, in Ether. D, M. P.
Counts.

1. A 22-24 12,050 12,300 240 100 0.075
2. A 29 27.765 5,875 117 17.5 0.002
3, A 57 40,145 37,900 758 94 0.01

4. B 19-20 23,040 18,350 367 78 0.063
5. B 25 35,000 3,825 76 8.6 0.027
6. B 32.34 33,760 22,450 W9 67 0.010

It appears that if a complex exists in groups 3 and 6 it is quite
easily broken down. The higher ether :dimethyl formamide ratio in 1
and 4 suggests the presence of a more stable complex. It is possible
that the same results would be obtained v/ith water but a less polar
solvent is required.

It appears that material of some interest can be obtained with
isopropanol:chloroform. To determine whether material obtained is of
physiological interest or simply formed during extraction and concentration,
the next series of experiments were carried out.

Uptake of Labelling by Ghosts extracted before and after treatment with
AAC-*Glucose.

Sixty millilitre of ghosts were treated with 10 ml. glucose solution
containing 20 total radioactivity and then treated with 330 ml. ice
cold propanol for one hour and 210 ml. chloroform for a further hour

before being filtered. If any complex were formed, the material should
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be extracted in this way.

In the second experiment the glucose was not added until after
treatment with isoproponol.Any complex formed in handling the material
should appear in this experiment.

Columns run vrith this material gave promising results in that
the early radioactive peak in chloroform-.methanol 4:1 and the late
peak in chloroform:methanol 1:4 already mentioned were obtained from
material incubated with ~*“C-glucose before extraction and absent from
material when ~C-glucose was added after, (see fig 10.1%).

As it seemed possible that any complex might be broken dovm by
the water in the solvent system used in developing the thin layer plates,
several solvent systems were investigated. Dimethyl formamide alone
seemed the most useful and thin layer separations using this solvent
seemed to indicate that while the radioactive material in fraction 36
existed as free glucose, some of that in fractions 20 and 26 was bound,
fractions 19, 22 and 23 were pooled and run in D.M.F, The radioactive
material was eluted and shaken vdth ether and water when 60* of the
counts were recovered in the ether, '“en run on plates, the chief
material seemed to be lysophosphatidyl ethanolamine.

The remainder of the red cell extract oxtrae% of experiment 1,
which had been stored at 47C in an atmosphere of nitrogen was fractionated
on a silicic acid column no. 42 giving elution curves ver®- similar
to those already described. Fractions 18 and 33, from the early and
late radioactive peaks were run on plates.

It seems that glucose incubated with human erythrocytes is able
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to combine vdth some component in the ghost. This association is
sufficiently stable in isopropanol:chloroform for it to be extracted
in this solvent. It could also be recovered from a silicic acid column.
The suggestion that glucose was bound was to some extent confirmed by
thin layer chromatography and solvent partition experiments.
Uptake of labelling by V/hole Red Cells incubated with ~C~Glucose and
Extracted with Isopropanol:Chloroform 11:7,
It seemed that a type of lipid glucose complex could be extracted
from human erythrocyte ghosts using isopropanol .-chloroform. It was,
therefore, decided to repeat the experiments using intact erythrocytes
to see if a similar complex could be obtained from unhaemolysed cells.
Extraction was also pei"formed with cells treated with DNPB as an indication
of whether the material v/as implicated in glucoseItransfer. In experiment
A 100 ml. packed red cells were incubated with 7 ml. -*"“-glucose solution -
total activity 14 yuc, and then extracted with 415 ml, ice cold propanol
and after one hour ivith 265 ml. chloroform. In experiment B 150 ml.
cells were incubated for one hour in 1 litre saline buffer containing
5 mM DNEB and 100 ml, of inhibited cells were treated with 7 ml. *%0-
glucose solution and extracted as in A. Experiment C was again similar
to experiment A but the glucose was added after extraction vfith
isopropanol as in the previous experiment using ghosts. The solvent
in each case were decanted one hour after the chloroform had been added
and the remaining material dried and re-extracted with warm solvents,
but no further significant quantity of radioactivity was obtained.
Unfortunately column chromatography failed to reveal the two

smaller radioactive peaks on either side of the free glucose peak
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seen in the columns run of the isupropoanol:chloroform extraction

of erythrocyte ghosts. The radioactivity in the three peaks from the
three experiments performed v.dth whole cells run as free glucose on a
plate developed with DMF.

The failure to obtain radioactive peaks other than that of free
glucose was unlikely to be the result of variations in the technique
used, but could result from exposure of reactive site during the
preparation of ghosts. Extraction of ghosts containing ~C-glucose
was later repeated in this laboratory using exactly the same method
and the material obtained was divided into two fractions, that soluble
in chloroform and that in DM?. The two small radioactive peaks
seemed to be associated with the DMP soluble material.

Treatment of Human Erythrocytes with Sodium Boronhyiride.

'#iile there was evidence of glucose lipid complexes in the
extraction carried out above, only limited treatment was possible owing
to the apparent instability of such complexes. As a more stable
glucose complex would materially assist in the extraction procedures,
attempts were made to see if this could be obtained. More stable binding
of glucose was not obtained by the use of DNEB so that experiments were
carried out to see if the glucose complex could be affected by reagents
capable of stabilizing temporary chemical structure, such as Schiff*s
bases. Sodium boronhydride has been used to stabilized osomethine
linkages and Fischer et al, (1933, 19b2) applied to this reagent to
a phosphopyridoxal protein system and in 1964 used it in experiments on
binding of vitamin 36 co-enzymes and further labelling of the active

site of enzymes
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Human red cells, equilibrated v.dth 76 mM g'lucose, were incubated
with sodium boronhydride in the range of concentrations 0,025 - 0,25M
for periods of time varying from 5 mins - 6 hours. The cells were then
spun off and glucose exits and entries tested at 2770, 2270 and 16”“C.
Some clumping of the cells was found and after incubation for longer
periods with concentrations of sodium boronhydride above 0.1 M haemolysis
was found to occur. Little effect on glucose exit or entry was found
as would be expected if the reagent were mailing the link between the
membrane component permanent. The red cells were further incubated
with sodium boronhydride and exits into 21 ml, saline containing 0,5 mg
sodium boronhydride at pH 3-4, 5.7, 6,0, 7.0, and 8,0 were followed in
the presence of var“ring concentrations of glucose. Entries were also
followed. Again no significant change could been seen.

Urea, since it is able to break hydrogen bonds could facilitate
the action of sodium boronliydride and, therefore, the effect of sodium
boronhydride was examined after the cells had been treated with 0,5 M
urea, again with negative results. Treatment of red cells vfith lithium
boronliydride in the presence of glucose also proved to have no effect on

the Id.netics of transfer.
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CHAPTER 11.
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Transport problems are occupying the attention of physiologists
in many fields at the present time. A full understanding of
permeability, so essential for an insight into numerous mechanisms,
from the action of hormones at one ¢xtreme to the generation of
potentials in nerve and muscle at the other,has not yet been achieved.
As described in Chapter I, a considerable amount of work has been
done on the nature of the plasma membrane, a knowledge of which is
basic to any understanding of permeability, but as yet no entirely
satisfactory picture seems to have been produced. There seems to
have been a tendancy to regard the plasma membrane as a rather rigid
structure which may have introduced difficulties into the consideration
o .any membrane phenomena,

Recent work on the passage of water through artificial phospho-
lipid membranes, however, assumes the lipid interior to be in a
liquid state (Hanai and Haydon”1966), as does the work of Luzzati
et al, (1966) ,

In considering the penetration of both electrolytes and certain
non-electrolytes such as sugars into a wide variety of tissues, the
mechanism adopted by most authors as' a result of a strong body of
experimental evidence (see for example Henderson 1964) is that of
carrier transport. For this process (described in many review
articles e.g. Wilbrandt” 1961; Widdas I963) a first essential step
is a reaction between the substrate and a component of the cell
membrane. The nature of this component is unknown but for sugars it

is considered to be mobile within the membrane (widdas 1962
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Rosenberg and Wilbrandt 1957). The nature of the reaction is also
unknown, but the kinetics allow that the complex could be formed
either with or without the mediation of an enzyme. In either case
both the association and dissociation must be very rapid since the
movement of the complex across the membrane is thought to be the
rate limiting step.

The experiments described in this thesis were aimed to attack
the problem on several fronts by following the uptake of inhibitors,
and by studying their effect on the parameters of glucose transfer,
and their possible binding to red cell 1lipids. The possibility
of the binding of glucose to these lipids was also studied and

extraction techniques developed to this end.

Kinetic Section,

Of the approaches used, those involving kinetic techniques
yielded some interesting information. The extraction and isolation
experiments failed to give any very conclusive results. A bio-
chemical description of the processes involved in facilitated
diffusion has for some time been seen to be very elusive.

Studies on competitive inhibitors involved only the use of
diphenols, Rilorrhizin is known to exert i.n inhibiting effect on
glucose transfer in a wide variery of tissues, kidney, intestine,
erythrocyte and rat heart muscle. It was originally believed
that this compound has the same action in all these tissues, but

the observation by Wilbrandt that the aglucone phloretin is many
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times more potent in the erythrocyte casts doubt on this assumption.
Laris et (1961) found that phloretir and phlorrhizin are inhibitors,
of stromal ATjase but concluded that the ATThse activity is not
essential for sugar permeability. le.?evre (1959b) has studied

the action of many derivatives of phloretin and found that derivatives
in which the hydroxyl group had been methylated were relatively
ineffective and that there was an increase in potency with an increase
in the size of the aliphatic side chain. He also found that break-
down products of phloretin were relatively inert. The chief

compounds used in the present studies were phloretin, stilboestrol

and phenolphthalein, whose structures, may be seen in table 11:1, In
phloretin which differs from the other two compounds in that one
benzene ring bears three hydroxyl groups, the rotation of the two rings
relative to one another is not restricted, and the two terminal
hydroxyl groups can approach quite close to one another. The
structure of stilboestrol and phenophthalein is more rigid. In
stilboestrol,where the aliphatic chains are present, full extension

is maintained between the two hydroxyl groups. Studies with the two
latter compounds revealed that they were true competitive inhibitors
and that their action was not dependent on pH.

Phloretin appeared to be the most potent inhibitor. The
concentration of this inhibitor required to double the uninhibited
exit time (half saturation constant for the inhibitor) at 37®G was
found to be 1.3 % 10”M. Stilboestrol was nearly as effective

2.5 X 10" being required for 50% inhibition at 37@C. This is the
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reverse order to that found by LePevre. ;In explanation for this
may be found in the fact that different cell concentrations were used,
and due to a high cell-water partition the resulting water concen-
trations are reduced, Phenolphthalein was some twelve times less
effective than phloretin, a concentration of between 20 and 25 x 10”
being required to produce 50 inhibition. This still represents
a very low concentration of inhibitor and phenolphthalein may be
regarded as quite an effective inhibitor of glucose transfer.
With all these inhibitors it was found that, as for glucose

(Sen and Widdas 1962a) the dissociation eauilibtrium was a continuous
function of temperature between 10 and 40”C and it would appear
that the breakdovm of complexes formed with the membrane component
envisaged as mediating in the transfer process requires more energy
than that for their formation. The differences in these two
energies appeared to be greater for phloretin and phenolphthalein
than for glucose and presumably this is one reason why these inhibitors
are effective at such low concentrations. The slope of the Arrhenius
plot of 01 for stil boestrol is wver>" shallow, 4,600 cal/mole maximum
as opposed to 10,000 cal/mole for glucose. The reason for this
is not apparent and in this case a meaningful correlation between
chemical structure and activity is difficult to maIce. There are
several reactions to be taken into account including competition with glucose,

The experiments with phenolphthalein which have been briefly
reported (Forsling & Widdas, 19'65a,see Appendix ii) and

(Forsling & Widdas, 1965b)were of special interest
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since this reagent had not been used previously as an inhibitor of glucose
transfer. Subsequently Sandford and Smyth (I966)investigated the
effect” on intestinal transport of glucose, of several polyphenolic
compounds including phenolphthalein and phenol red. They found that
phenolphthalein v/as nearly as effective as phlorrhizin in inhibiting
transfer, although the effect was less specific, while phenol red in
concentration of 10 M had little effect. They suggested that this
difference in activity could be due to the fact that at the pH used,
7.4 ,phenolphthalein was mainly undissociated while phenol red
was largely dissociated. This inhibition of glucose transfer by
phenolphthalein may be related to its action as a cathartic. Love,
Mitchell and Phillips (1963) have found that phenolphthalein amongst -
other cathartics is effective in inhibiting sodium transfer across
frog skin and in the small intestine of rabbit. The classical view
of the action of phenolphthalein is that it stimulates the smooth
muscle of the intestine directly casuing increased motility of the
muscle. In the light of these observations it seems that this may
not be the case. It is possible that phenolphthalein by affecting
solute movement also affects the reabsorption of water and acts in
this way.

Amongst those compounds found to be competitive inhibitors of
glucose, those most widely studied have been mercuric salts,
organic mercurials and the protein reagents 1 - fluoro-2, 4-%*iinitro-
benzene (dNFB) and Pf-cthylmalemide (NSM). The mercuric compounds

give an inhibition which can be reversed by adding €XCeSS of a
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compound containing a thiol group, for example cysteine but DNFB
and NEM are irreversible inhibitors since they react to form
covalent bonds. The action of the related compounds 1, 5-difluoro-
2, 4-dinitrobenzene (FDHFB) and N-phepyl maldroide (NPM) were studied
here to see if they could provide more specific inhibitors than
those hitherto used. The kinetics of inhibition of DN7B had been
previously studied by Bowyer and Widdas (1936, 1938) and those of
NSM by Dawson and Widdas (I963), The action of both compounds
was found to be very dependent on temperature. The inhibition was
found to be rapid at first and then to slow down until approximately
31% inhibition had been achieved, but did not correspond to a
first order reaction. Dawson and Widdas found that the reaction
could be quite fairly described using the two first order equations,
one about six times faster than the other. They also found it
necessary to assume that for NSM a small proportion of the sites
was un-reactive. The pattern of development of inhibition of
fDNFB and NPM was found to be essentially the same as that described
for DNPB and NSM and the mechanism of action of the two foimier
compounds seemed to be rather similar. The two inhibitors studied
did not appear to be in ary way superior to those previously used.
Berg et al (1963) have described the action of FDNFB. They
were not able to follow the movement of non-electrolytes as they
found the membrane structure became too rigid. In the present studies

glucose movement was conveniently follov/ed in the photo-electric

apparatus. It was only after five hours that no volume change
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could be observed, presumably as a result internal links being
formed in the membrane. It was, however, still possible to obtain
haemolysis by placing the cells in distilled water. Studies with

confirmed that glucose could penetrate cells treated with
FDNFB. One interesting point arising from studies with this inhibitor
was that the slope of the Arrhenius plot of the half saturation
constant for glucose was reduced in cells where transport was 90)Z or
more inhibited. This suggests that the mechanism of residual
permeability might differ from that normally in action

?DN?B treated cells proved to be useful material for the study

of exchange diffusion as exit times were considerably increased.
Movement of labelling from inhibited cells loaded with “C-glucose
into a saline medium containing 76 mM glucose, which occured as a
result of exchange of complexed labelled glucose for unlabelled
glucose in the external solution was found to occur at a faster
rate than the movement of glucose from loaded cells into saline.
These results were taken to confirm the work of Britton (I964), and
Isawe and Hempliag (I965), who showed that bound carrier has a higher
rate of migration than the free carrier. This observation would
tend to discount the possibility that glucose passing across the
membrane exchanges with a sugar moiety of some membrane component.
Some degree of uncertainity was introduced, as to the time for glucose
to leave the cells, since four minutes was required to spin down the

cells. It was proposed to overcome this by separating the cells
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from the plasma by ultra-filtration. Unfortunately time did not
permit these experiments to be carried out.

The brief studies with dexoxyribose also demonstrated that
there are methods other than carrier transport for sugar penetration.
The results from experiments using sodium free media served to re-
affirm that sugar transport in human exyihrocytes is independent of
sodium and likely to be independent of energy sources. This was
shown to be the case with time expired cells. Glucose transfer
was found to be little impaired in these cells which are virtually
depleted of energy sources.

In addition to studying the action of non-competitive inhibitors,

attempts were made to correlate the uptake of inhibitor with the

development of inhibition. ~“C-labelled NSM and DNFB were used to
this end. Those experiments using DNFB were more successful than
those carried out with NEM. The relationship between inhibition

and uptake was found, for DNFB“to be independent of temperature.
For both compounds a sigmoid relation was found between uptake and
degree of inhibition. Over one part of the curve a large increase
in percentage inhibition was found for a relatively small uptake of
material. From this steep part of the curve a figure was derived
of the maximum inhibitor uptake necessary to give 100% inhibition.
This was 1 x 10” molecules per cell for NSM and 4 x 10* for DNFB.
This method of determining the maximum possible sites available was

quite valuable as kinetic studies alone give very little information
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on this point since they donotdistinguish between a large number

of components acting slowly and a few components witha very fast

glucose turnover. The assumption that DNFB is reacting with a

site involved specifically in glucose transfer and has not a non-

specific manner such as stiffening the membrane seems justified in

the light of observations made with malonamide in DNFB treated cells.
The figure obtained of 4 $ 10" molecules per cell to give 100%

inhibition is obviously an overestimate as there are numerous other

sites not concerned with transport in the cell with which DNFB is

free to react. Morell etel (I964) and Weed et al. (1962, 1966), have

shown that the majority of tnese reagents would be taken up by the

haemoglobin. LeF*vre et al (1939) found an uptake of phloretin of
30 X 106 molecules per cell for30% inhibition. Again much of this
represented non specific uptake. Weed, Van Stevenick and Rothstein

(1964) using mercurial compounds found that glucose transfer was
inhibited when 1.2% of the membrane 3H groups had reacted with
parachloromercuribenzoale (1111CB) and from this they calculated that the
maximum number of transport sites in the red cell would be 700,000
and that this number of glucose molecules would cover about 1% of the
red cell surface.

LeFevre, however, in 19614) “sing a method of incubating ghost
suspension in low concentrations of glucose and spinning them
calculated that*the number of sites concerned in glucose transfer

could not be greater than 300,000 per cell and assumed that the
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results for the intact red cell would be similar. This figure seems
rather low and it may be that such results obtained with ghosts
cannot be directly applied to whole red cells.

As regards the uptake of competitive inhibitors, it was not
possible to demonstrate any relation between concentration of glucose
present and uptake of inhibitor. (Uptake experiments of the type
used for non-competitive inhibitors were not possible.) This
was shown to be a result of partitioning of the inhibitor stilboestrol
between the cells and the medium in the ration of 115:1, This wvalue
was obtained on the assumption that stilboestrol penetrates the
cells. Lepsvre et al. (1959) found that they could not say if this
was actually the case. If stilboestrol passed into the membrane
only, a distribution ratio up to many thousands could exist. It
would be interesting to see the partition ratio of stilboestrol
between a lipid extract and a solution of haemoglobin,

LePevre et al. working on gross uptake of inhibitors found
similar results for several competitive inhibitors, quoting a
distribution ratio of 50 or more. These authors found a parallel
between the effect of pH on gross attachment and its effect on
transport inhibition. They also found no evidence of saturation of
uptake even at the highest concentrations attainable, although the
inhibitory kinetics would imply saturation of the sugar transport
sites at much lower levels. In view of this non-specific uptake

they suggested than an overestimate of the half saturation constant
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for some of the more potent inhibitors could have been made. The
reverse, in fact, could be the case. If stilboestrol was concentrated
in the membrane, and was an effective competitor in that phase, the
actual concentration reacting with the membrane sites may, in fact,

be comparable to that for glucose.

Biochemical Section,

Little evidence is available as to the particular biochemical
nature of the component involved in transport although the 1list
of requirements grows increasingly 1long. On the whole 1lipids were
thought to fulfil these better than other group of compounds,
Fhosopholipds, as relatively small molecules with a variety of active
"head* groups are suitable candidates. That combination with a
non-protein molecule facilitates the passage of glucose across the
membrane has been shown by Rosenberg and Wilbrandt who found that
whereas glucose could not penetrate cattle erythrocytes glucose
benzoate could. The experiments of Hillman et al. (I964) lend
support to the hypothesis of a lipid substance as a controlling factor.
They found that an increase in tl-e length of the side chain in the
substrate sugar molecule from methyl to butyl led to an increase in the
rate of equilibration of sugar between extracellular and intracellular
water. In the nineteenth century it was thought that a definite
family of compounds was formed by the reaction of sugars with

phosopholipds. They were called "jecorines". Recently the
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suggestion of such a complex came from P*rk. He reported in I96I
that Reinwein had been able to solubilize glucose in chloroform
with a small quantity of lipid extracted from the erythrocyte ghost.
It was shown that this was not due to the trapping of water by
molecules. LePevre et al. (1964) made 1lipid extracts of red cells
and ghosts in the presence of glucose and found that by
extracting with hot methanol-ether they were able to obtain an
extract 7/ith up to 5 x 10” molecules of glucose per ghost. The
glucose could be recovered by shaking with water. Further support
that lipid or lipid soluble complexes are involved in the facilitated
transfer mechanism comes from the work of Reiser and Reiser (I964)
insulin stimulation of sugar transport in red cells treated with
chymotrypsin. They found the effect could be abolished by phospho-
lipase C suggesting that lecithin was implicated in insulin facilitated
transfer. There is, however, a growing body of evidence in favour
of protein if not enzyme involvement. For example a very recent
paper by Kennedy et al. proposes a convincing transport system for
lactose in E. Coli involving a protein carrier.

In the field of electrolyte transfer there is again considerable
evidence of lipids participating as carriers. The work of Hokin and
Hokin (1964) seems to favour phosphatidic acid and that of Dawson and
his colleagues triphosphoinositide. Phospholipids are an obvious
choice for this role as their polar groups normally reside on the
outside of the membrane and could attract charged ions. Solomon

et al. (1956) studied various phosphatidyl fractions and found that
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the fraction containing phosphalidyl serine had the greatest ability
to distinguish between Ma'* and Phosphatidyl serine was actually
suggested as a possible Na'® carrier by Kirschner in 1958 as a result
of work on the cation content of phospholipids from swine erythrocytes.
Watkins considering the pharmacologlical receptors and transport,
discussed the possibility of a permeating molecule exchanging with
a moiety of a membrane component in the course of crossing the
membrane. It is tempting to suggest that glucose could enter by
exchanging vdth the sugar group of some membrane component although
results from extraction and uptake experiments do not tend to confirm
this.

When the present work on the extraction of phospholipids from
red cells began, the literature was not so copious or informative
as it is now so that much of the work was concerned with the develop-
ment of techniques applicable to the problem in hand. Early
experiments seemed to indicate that butanol was a more efficient
solvent than the conventional chloroform:methanol since it
yielded good recoveries of both radio active labelling from glucose
and lipid. It is able to release lipid from association with
protein as described by Maddy (I964). A single phase system was
also more desirable than one such as chloroform:methaml where it was
felt that much material of interest, might be tending to accumulate
at the interface between chloroform and the aqueous phase and be
difficult to separate. Subsequent v/ork on the attempted isolation of
@ glucose-lipid complex using butanol to extract the erythrocyte
ghosts failed to give any very significant results so that other

solvents were used. Of these isopropanol: chloroform seemod to give
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quite promising results.

It was hoped originally that sufficient information would be
provided by studies on inhibitor binding so that lengthy p 9rsuance
of the question of lipid binding of glucose would not be necessary.
The use of ““C-glucose in this connection presents several obvious
problems and involves the introduction of certain assumptions.
Glucose is to a some extent soluble in phospholipids so that many
controls are necessary. Fundamental to the concept of transport is
the proposition that the action leading to the formation of the
hypothetical complex is easily reversible, so that the complex is of
necessity unstable. The first factor makes it difficult to distinguish
between the appearance of -labelling in a fraction as the result
of solubilization and as a result of true complexing of glucose with
carrier. The second makes treatment of complexed material hazardous
and renders questionable the use of standard techniques of lipid
chemistry. Another danger - metabolic incoi-poration. of glucose
was reduced by using short incubation times, low temperatures and in
some cases erythrocyte ghosts. This last method, however, introduces
a further small degree of uncertainity in that the transfer mechanism
may not be entirely functional in ghosts. There is, however,
considerable evidence that the mechanism is intact and little
evidence to the contrary.

In spite of these difficulties it v/as felt that this study was
useful and at the present time seemed to present one of the few
approaches that had not been extensively studied and could yield

valuable inforimition. It should be emphasised that the primary

aim of these experiments involving solubilization and separation of
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membrane components was to determine if “C-labclling from any of

the compounds used, either inhibitors or sugar, could be incorporated
into any lipid fraction of the membrane material. It was hoped,
however, that some indication of the nature of the fraction would

be obtained from its chromatographic behaviour.

A protein material which separated from the lipid extract was
found in many cases to be associated with -labelling. Unfortunately
time permitted only scant examination of this material. There was
also the difficulty of working with the material since only the
labelling with protein reagents could be expected to remain attached
to any protein moiety treated with aqueous solvents.

The biochemical aspect of transport has proved and is still

proving to be a difficult problem. Therefore the several lines of
attack which presented themselves were followed. The first and most
obvious opening to a solution of the problem seemed to come from stable
marking of the membrane component involved with a radioactively
labelled non-competitive inhibitor. The results of uptake experiments
using Nem and “*-4c-DNFB led to their use in experiments in which
marking of red cell lipids was attempted.

It was found possible to incorporate ~C.labelling from DNPB
into lipids of the red cell extracted with butanol. Of the labelling
added 1% could be detected in butanol soluble lipids. This material
when subjected to column chromatography exhibited different behaviour
from free DNPB. Of the ~C-DNPB recovered in the lipid fractions

2% was obtained in the fractions where phosphatidyl ethanolamine



- 24,5 -

was eluted. This compound is not necessarily involved since
DNi'B*by blocking the reactive hesui group” probably reduces adsorption
of the lipid on the silicic acid.

If results from experiments with sheep erythrocytes are compared
with those in which human erythrocytes were used it is found that the
label in this fraction in lipid from human erythrocytes exceeds that
in sheep erythrocytes by a figure which is 10% of the total counts
and represents one million molecules of DNFB per red cell. This
exceeds the possible estimate for the number of sites. This
combined with the fact that DNP ethanolamine could be recovered from
hydrolysates of lipid associated with label is suggestive that
this compound could in some way be involved in transport. Other
molecular groups found to bear DNP labelling were lysine and possibly
leucine and glycine. Berg et al. (1965) claim to have found that the
group with which DNFB reacts in the membrane is the 6 amino grouf
of lysine. Other v/orkers” who have used DNFB to determine which
membrane component is Involved in transfer are Lepsvre et al. (I964)
and Stein (I964). LeFivre et al. found that their recovery of glucose
in lipids extracted from red cells with hot methanol-ether was
reduced by two thirds if the cells were incubated with DNFB before the
glucose was added. Stein claimed to have isolated a protein
component from the membrane which could be involved in transport.
DNFB at high concentrations reacts with the membrane in a fashion
dependent on the square of the concentration. Using different
concentrations of DNFB labelled with and 35, he attempted to

separate the component which reacts in the membrane.
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DNFB will attack not only thiol groups but also amino groups
and other hydroxyls such as phenolic hydroxyls. One might think that
NEM could be more specific so that the effect of -NEM was investigated
along the same lines as DNFB. Even with this inhibitor labelling was
found in the butanol soluble lipids obtained from human erythrocytes
and human erythrocyte ghosts. The experiments carilecd out gave
little indication of the chemical compounds carrying NEM label
and unfortunately the lack of supply of stable “C-NEM prevented
further investigation.

The competitive inhibitors such as phloretir” phenophthalein
and stilboestrol are very effective in low concentrations so that
the use of these compounds might result in a more specific labelling
of material participating in glucose transfer. Experiments with -
phenolphthalein and “C-stilboestrol were performed to this end.
Labelling from “C-stilboestrol did appear in several 1lipid fractions
separated from a silicic acid column and when these fractions were run ¢
on thin layer plates the radioactivity wa.. found to be distributed
differently from free stilboestrol. The quantities recovered,
however, were not sufficiently large to warrant extension of studies
using this material and in view of the high distribution ratio of
stilboestrol between cell and medium, this may not be the best
material with which to work, Polyphloretin phosphate which does not
penetrate the cell and would be expected”as a result of the phosphate

groups” to have a reduced lipid solubility might give stable marking
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of the glucose binding component in the erythrocyte membrane. If
polyphloretin phosphate becomes available”“isotopically labelled”
experiments with this material on lines similar to those with
stilboestrol might prove quite profitable.

It was found possible to obtain a quantity of elabelled
glucose associated with lipids extracted with butanol. This material

was felt to be of some significance in that it was consistently

obtained. It represents only a small percentage of the total
radioactivity present” some 6 - I8j2, but would be sufficient to
account for labelling of sites of glucose binding. There is

good reason to believe that this glucose was bound since it
chromatographed differently from glucose, coming off the column
in chloroform:methanol 4:1 and 1:4 when free glucose appears in
chloroform:methanol 3:2. On thin layer plates developed in chloroform
methanol:water 80:30:3, this radioactivity was associated with
lipid spots of Rf approximately 0.3 and 0.6. Free glucose remained
at the origin. fhrt of the radiocactivity appearing in chloroform:
methanol 4:1 could be due to trailing of glucose in the presence of
lipids. It is not possible to say with which 1lipid or 1lipids the
radiocactivity was associated, but it appeared in fractions where
phosphatidyl ethanolamine, sphiigomyelin and lyso-lecithin are eluted.
The material of the acid butanol extraction eluted with

chloroform:methanol 9:1 from silicic acid columns seemed at first

to oce of some interest, but successive experiments using increasing
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concentrations of glucose, DNFB and phloretin treated ghosts”*

and sheep erythrocyte ghosts, all of which failed to affect the
quantity of this material recovered indicated that this material

was not of biological interest. It does, however, indicate that
glucose readily reacts with compounds which render it lipid soluble.
The material formed behaved in the manner of a lipid on chromatography
and can be compared with the experiments of Rosenberg and 1l“ilbrandt
who found that the formation of glucose benzoate from glucose
resulted in the glucose acting as a lipid soluble molecule. The
compound formed in these experiments thought to be butyl glycoside,
was stable so that -Labelling was not freed during chromatography
as described by Lefevre (1963). Thus the developing solvent chloro-
form: methanol: water 80:30:3 used for thin layer chromatography in
experiments involving labelled inhibitors seemed satisfactory.
Other non-dqueous solvent systems had, however, to be examined for
use with extractr, containing ““h>glucose, obtained with such solvent
systems as isopropanol:chloroform.

A small but constant amount of radioactive glucose was eluted,
in association with 1lipids, from silicic acid columns in chloroform;
methanol 4:1' “nd 1:4 in experiments where erythrocyte ghosts .were
incubated with “~~C-glucose before extraction with isopropanol. This was not
found in extracts where glucose was added after extraction, so it
cannot be a product of the preparative procedures. Further tests

indicated that glucose was in fact bound to material which rendered

it soluble in many lipid solvents. On thin layer chromatograms
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developea with DMF the radioactivity stayed with the 1lipids. The
distribution of labelling between ether and DMP was found to be
0.075 for fractions eluted from the column in chloroform:methanol 4:1»
?ree glucose distributed itself almost entirely in DIli?. Unfortunately
it was not founa possible to obtain this material from wvdiole cells.
Extraction of ghosts containing “C-glucose v;as later repeated using
the same method and the material obtained was divided into two
fractions, that soluble in chloroform and that in DWr T):ie two
small radioactive peaks,obtained in chloroform:methanol 4:1 and 1:4,
seemed to be associated with the DM? soluble material.

As a more stable glucose complex would materially assist in
the extraction procedure, experiments were carried out in an attempt
to render the assumed link more stable. If DN?B were acting by
super-imposing itself on glucose, as has been suggested, treatment
with this reagent could lead to a more permanent binding of glucose.
This v/as not found to be possible. Attempts were also made to see
if the glucose complex could be affected by reagents capable of
stabilising temporary chemical structures such as Schiff*s bases.
Treatment of red cells in the presence of glucose by sodium boron-
hydride and lithium boronhydride proved, however, to have no effect

on the kinetics of transfer.

Conclusion and Points for future work.
Although the biochemicJL experiments yielded relatively little

information as to the possible natiu'e of the postulated carrier.
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they covered quite a wide ground and laid a reasonable foundation
for further work. It seems likely that extraction and separation
carried out on lines similar to those described with perhaps wvariations
in solvents and adsorbents would give valuable results. Other
possible lines of approach include selective removal of components
from the membrane as described by Parpart and Bellentine (1932) and
Van Dennen and De G-ier (I964) for red cells and Dikstein and Selman
(1965) for frog rectus abdominus muscle and a simultaneous study of the
resulting permeability changes, assuming they were not too gross.
Experiments of possible interest could be the study of glucose
permeability of artificial membranes, such as used by Hanai and
Taylor and Huang and Thompson, or sphcrulites as described by
Bangham et al. (19%3) and Weissman et al. (I963). A systematic
study of changes in composition and permeability could prove
interesting. However, since the carrier molecule is assumed to be
present in relatively small amounts it might be that all these
approaches are rather like trying a delicate dissection with a
large knife.

Finally, although interest in this work has centred on lipids
the possibility of protein involvement has to be considered. While
this script was in preparation work has been published by Bobinski and
Stein (1966), and Bonsall and Hunt (I966) implicating proteins.
Their criterion for glucose binding, as has been to a large extent
in this thesis, is altered chromatographic behaviour, although

they used a novel system - columns pre-loaded with membrane extract.
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Isolated components were used so that there can be no certainty

that the material holding glucose back on the column is involved in
transport. As they used whole cells and extracts prepared with
Triton X100, the possibility of lipid participation is not entirely

excluded.
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1. A brief history is- given of the development of the concept of
a plasma membrane, with special reference to the erythrocyte
membrane. The methods available for studying membranes are
discussed and the current ideas regarding membrane structure
are presented.

2. The present position with respect to glucose transfer across
the erythrocyte membrane is reviewed and several approaches
to the problem proposed.

3. The action of competitive inhibitors on glucose transfer was
studied. Hienolphthalien is shown to be an inhibitor of
glucose transfer. Its action is competitive and the slope
of the Arrhenius plot (log against 1/T) is found to be 19,000
cal/mole. That for phloretin was 20,000 cal/mole indicating
that for both compounds there is a greater difference between
the energy required for formation and dissociation of complexes
than for glucose. An attempt wvras made to relite the results
to the structure of inhibitors.

4. Stilboestrol was also shoi/n to be a competitive inhibitor.

The shallow slope of the Arrenhius plot 4,600 cal/mole is
suggestive that lipid solubility or conformational changes with
temperature are occurring.

3. The action of N)phenyl raaleimide and dinitrodifluorobenzene (FDNPB)

was investigated and the course of inhibition found to be similar
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to that for N-ethyl maleinide (NSM) and dinitrofluorobenzene (DNFB).
FDNFB treated cells were used to follow exchange diffusion with
results which are consistent with the view that the rate of
movement of the hound carrier is greater than that of the

free carrier.

Studies using galactose indicate that the galactose carrier
complex dissociates more readily than the glucose carrier

complex, and studies with 2-deoxyr'ibose suggest that penetration
of this compound is by a different system from that of glucose.
Experiments, using modified suspension media, indicated that
alterations of Na+ concentration do not affect glucose transfer

in the erythrocyte.

The uptakes of -“-labelled inhibitors were studied. Stilbeostrol
distributes between cells and medium with a ratio of 115:1.

Uptakes of NEM and DNEB by red cells were measured and calculated
to be 1x10”* and 4x10” mol*“%r red cell respectively to give

full inhibition of transfer. This is assumed to be an overestimate
of the number of carrier sites in the membrane.

A description 1is given of the methods evolved for extraction

and separation of phospholipids from erythroc”des after incubations
with isotopically labelled inhibitors and isotopically labelled
glucose.

Experiments involving isolation of lipids from cells incubated

mth competitive inhibitors yielded little information of
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interest, but with the irreversible inhibitor DNFB Labelling
could be detected in butanol soluble lipids. A considerable
part of the labelling was attached to phosphatidyl ethanelamine.
Caution must be exercised in interpreting results obtained from
isolating radioactive-labelled cellular components owing to the
fact that the kinetics of reaction of DNE3 are complex and
other lipids were labelled.

It was found possible to obt.”in “G-glucose in certain 1lipid
fractions from cells extracted with butanol, but attempts to
eliminate this using inhibitors were unsuccessful.
Such labelling was also obtained in lipid extracts from sheep
cells.

Labelling present In the acid butanol fractions were shown to
be at least in part an artefact of the extracture procedures.
Using isopropanol:chloroform it was possible to recover ~C-
glucose, apparently complexed to erythrocyte 1lipids but further
work is needed before it can be said that this is pertinent

to the transfer process,

The results are discussed in relation to the present state of

permeability and pointers to further work are considered.
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A' ocendix. i»

Correction to half-saturation for inhibitors.
The simplifying assumption is made that the inhibitor operates on
the outside of the membrane and that the low glucose concentration is
there in competition such that the transfer rate is modified by the
f ctor (1/1+4x+y) where x = * and y = C1, C and Ct are the concentrations
of glucose and inhibitor in” the external solution and\jd‘rnd joj are the
hal: ' saturation constants for glucose and inhibitor,
*Vhen this factor is half the uninhibited value (1/1+x) it follows

that y = 1 + X and hence

nd

& = *'1 50?7 4 &

Since 0# varies wdth temperature the correction factor in brackets
vd.1ll also vary with temperature. In spite of the small value of
Cg (0.1nM) the correction may be important when 0% is also small.
Thus using values of 0” from Sen and Widdas (1962a) the corrections

can be calculated at 372C and 187C as follows

at 37° 4 Or= ————A———, = (C£fc0.834

and 18°C 1.1 0j

v 1.31 /
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\From the Proceedings of the Physiological Society, 4 Jnne 1964
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Uptake of dinitrofluorobenzene by human erythrocytes

By M™Mary L. Forsting, JENNIFER C.BEMFrRY and W.F. Wippas.
Department of Physiology and Biochemistry, Bedford College, London

It was shown by Bowyer & Widdas (1956) that I-fluoro-2-4-dinitro-
benzene (DNFB) was an irreversible inhibitor of facilitated glucose transfer
in erythrocytes. When red cells were incubated with DNFB (1*4 mm) at
21° C, inhibition developed rapidly at first but took up to 4 hr to reach
99 % inhibition.

In the present experiments, the uptake of inlfibitor has been measured
using i*C-labelled DNFB and parallel determinations of the inlfibition of
glucose transfer have been made. The uptake ofradioactivity had a rapid
initial phase followed by a more gradual rise, reaching about 2x10"
molecules per erythrocyte when glucose transfer was 99 % inhibited.

By incubating with 1*4mM DNFB at temperatures between 15° and
33° C, the time course for development of inhibition varied sixfold and the
time course for uptake of radioactive DNFB was similarly affected. The
relationsliip between inlfibition and uptake was thus almost independent
ofthe temperature ofincubation. From the steepest part ofthe inhibition-
uptake curve, it can be estimated that full inhibition would require a
minimum uptake of 4 x 10® molecules per cell.

When butanol extracts of inhibited cells were fractionated it was found
that labelling was present in some lipid fractions, but this represented less
than 1% of the DNFB taken up by the cells. That these fipids might
ordinarily be capable of complexing with glucose is suggested by the
observations of LeFevre, Habich, Hess & Hudson (1964) that the phospho-
lipids of cells inhibited by DNFB are less able to promote the solubilization
of glucose into hexane. The labelling appeared in fractions which were
eluted from a silicic acid column by chloroform-methanol mixtures (9:1)
and (1:4). The concentration of these compounds was ofthe order 4 x 10®
molecules per cell and 3x10® molecules per cell respectively.

Stein (1964) has recently made a study of the peptides in erythrocyte
ghosts which take up labelling when the erythrocytes are treated with
radioactive DNFB at pH 6 and in 10 % alcohol. Peptide labelling in his
experiments was of the order of 2 x 10® molecules per red cell ghost.

M.L.F. and J.C.R. are holders of Medical Research Council Scholarships. A grant from
the M.R.C. for apparatus is also gratefully aclmowledged.
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[From the Proceedings of the Physiological Society, 16 January 1965]
Journal of Physiology, 178, 12-13P

Inhibition of the facilitated transfer of glucose in human erythro-
cytes by phenolphthalein

ByMary L. Forsling* and W. F. Widdas. Department of Physiology and
Biochemistry, Bedford College, Regent's Park, London, N. W. 1

LeFevre (1959) showed that a number of synthetic oestrogens which had
a diphenolic structure were potent inhibitors of glucose transfer across the
erythrocyte membrane. As phenolphthalein has a diphenolic structure,
its effect was tested by Dawson and Widdas (unpublished observations)
who found glucose inhibition in foetal guinea-pig red cells. The inhibition
has been further investigated on human erythrocytes, using the technique
of Sen & Widdas (1962).

It has been confirmed that phenolphthalein is a competitive inhibitor of
the facilitated transfer of glucose in human erythrocytes. Its potency lies
intermediate between that of phloretin and phlorrhizin—a concentration
of 20-25 X 10“®M produces 50 % inhibition at 37° C. There is no important
change in inhibitory potency in the pH range 6-8*4.

The concentration which produces 50 % inhibition is reduced to 5x 10~@&M
if the temperature is lowered to 18° C. The Arrhenius plot is steeper than
the corresponding plot for the half-saturation of glucose, suggesting that,
with the inhibitor, there is a greater difference in the activation energies
for complex formation and complex dissociation.
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