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Summarz

The insulin sensitive hexose transport system of the isolated
rat adipocyte has been studied. 3-0O-methyl-D-glucose, D-allose and

D-xylose are all transported by the hexose transport system.

By studying the inhibition of‘D—allose transport by a range of
hexose analogues the hydrogen bonding and spatial requirements of the
transporter have been investigated. The transporter accepts the hexose
molecule in a pyranose ring.form. The results indicate that the important
hydrogen bonding positions are the ring oxygen, C-1 and C-3. There may be
a weaker hydrogen bond to C-6. Sugar hydroxyls in non-glucose configurations
may sterically hinder transport. The inhibition by alkyl substituted
hexoses indicates that the hexose transporter requires a specific orient-
ation of the hexose molecule as it approaches the external binding site.
C-1 .faces the transporter whilst C-4 facés the external solution. When
the hexose molecule is bound to the hexose transpérter there is little
space around C-1 and C-2. There is more space around C-3, C-4 and C-6

with the possibility of a hydrophobic region adjacent to €-6.

4,6-0-ethylidene-D-glucose and alkyl-B-D-glucosides enter the

. adipocyte independently of the hexose transport system. The results

indicate that 4,6-0O-ethylidene-D-glucose is a good side specific analogue

with a high affinity for the external site. In contrast alkyl-g-D-gluco-
on the inside

sides are good side specific inhibitorsAof the hexose transport system.

Both 4,6-0-ethylidene-D-glucose and n'-propyl-B-D-glucoside are compétiéive

inhibitors of the hexose transport system.

Treatment of basal adipocytes with 10nM insulin can lead to a
50-fold stimulation of hexose transport. The hydrogen bonding and spatial

requirements of the hexose transporter are unchanged by insulin.



D-glucose and 2-deoxy-D-glucose showed reduced inhibition of
D-allose transport when the intracellular ATP levels were depleted by
cyanide poisoning. There was no effect of cyanide on the inhibition of
transport by 3-O-methyl-D-glucose. This result suggests a possible-effect

of hexose metabolites on the hexose transporter.

A range of purine and pyrimidine nucleosides, nucleotides and
cyclic nucleotides were tested for possible effects on hexose transport
when added exogenously to adipocyte suspensions. Adenosine (10uM) and
inosine (0.1mM) were found to give small stimulations of hexose transport
in basal adipocytes. Xanthine stimulated hexose transport in basal adi-

. . -~ mul@:\'t& ’
pocytes and inhibited transport in inswlin cells. Exogenous ATP inhibited

hexose transport in insulin-stimulated cells. Cyclic nucleotides did not

affect the rate of hexose transport in adipocytes.
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Abbreviations
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Introduction

The membrane surrounding a cell provides a barrier separating
the cell contents from the external environment allowing the cell to
maintain a constant internal environment. This barrier cannot be
totally impermeable and arrangements must be made to allow for the
controlled passage of substrates and waste products.through the

membrane.

The structure of biological membranes

The study of the composition of biological membranes from a
wide variety of sources show membranes to contain approximately 40%
of their dry weight as lipid and 60Z as protein. There is also a
small percentage of carbohydrate present. In addition, native membranes
contain approximately 20% of their total weight as water which is

tightly bound and essential for the maintenance of membrane structure.

Phospholipids isolated from biological membranes are polar
lipids with a hydrophobic tail group and a hydrophilic head group.
Most models for membrane structure incorporate a lipid bilayer arrange-
ment where the aliphatic chains are sequestered within the interior
of the membrane and the hydrophilic heads face the aqueous solution.
This structure is maintained by entropic factors rather than specific

hydrophobic interactions.

In addition to glycerol based phospholipids, sphingamine
derivatives and sterol derivatives are also present. The properties
of the membrane, for example the fluidity of the hydrophobic core,

are determined by the ratio of these components in the membrane.
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Current views on the structure of biological membranes are
based on the fluid mosaic model of Singer & Nicolson (1972). 1In this
quel globular proteins are embedded in a lipid bilayer. Some of
these proteins are able to span the membrane and are aécessible at
both faces. 1In this model the hydrophilic portions of both lipids
and proteins are in contact with the aqueous surroundings whilst the
non polar portions are sequestered in the interior of the membrane
away from water. A schematic representation of the fluid mosaic model

is shown in Fig. 1.

In addition to the closely associated intrinsic protein
moleéules, which are embedded in the membrane and interact with hydro-
phobic regions, other protein molecules are believed to be associated
with the polar head groups of the lipid bilayer. It is believed that
these extrinsic proteins are attached to the membrane by electrostatic
interactions. Thus some membrane proteins can be removed by increases
in ionic strength or enzymic removal of polar head groups, but a large
proportion of the membrane proteins are intimately associated with the
membrane and can only be removed by complete disruption of the membrane

by detergents.

At physiological temperatures the hydrocarbon chains of the
lipids are mobile within the bilayer, whereas at lower temperatures the
hydrocarbon chains form semi crystalline regions which give the membrane
gel-like properties. Thus,at physiological temperaturesyintrinsic
proteins are free to move in the plane of the membrane. The lateral

diffusion coefficient of intrinsic membrane proteins has been estimated

as 2 x 10_'10 cm2 sec_1 which is slower than that of phospholipids -

(2 x 10_.8 cm2 sec_l) (Harrison & Lunt, 1975). ‘There is, however, considerable



Fig. 1. The Singer Nicolson fluid mosaic model for the structure

of biological membranes

.

N

A schematic representation of a section through a biological

membrane to illustrate the main features:-

(1)
(2)
(3)
(4)

(5)

Phospholipid molecules forming bilayer

Intrinsic membraﬁe proteins spanning bilayer

Intrinsic protein molecule which is accessible from one face only.
Extrinsic membrane proteins associated with both phospholipids and
intrinsic proteins.

Carbohydrate residues on an intrinsic membrane protein. These

residues are usually found on the outer face of the membrane.
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variation in the rate of lateral diffusion of different proteins within
a membrane, an important factor being association with other -proteins
in the membrane. There is, for example, evidence that the intrinsic
band III glycoprbtein of the érythrocyte membrane‘ié associated with
the extrinsic protein spectrin. In some cell types it is important
thaﬁ'the lateral diffusiop of protein molecules is controlled;
intestinal cells, for example, segregate two different hexose transport

activities at opposite ends of the cell.

Facilitated diffusion

The passage of a solute through the cell membrane requires it
to enter the hydrophobic lipid region of the membrane and pass through
it in order to enter the solution on the opposite side. Observations
of biological transport processes indicate that specific substrates
are‘transported in a manner markedly different from simple diffusion
through the lipid bilayer. Danielli (1954) named this process for the

energy independent transport of selected compounds 'facilitated

diffusion'.

Facilitated diffusion systems for the transport of a range of
substrates are present in most mammalian cell types. All facilitated
diffusion systems utilise an existing electrochemical gradient bringing
about transfer of solute from regions of high concentration to low.
Facilitated diffusion systems, including the adipocyte and erythrocyte
hexose transport systems, show the following features:-

(1) The penetration rate of specific substrates into cells
containing a facilitated diffusion system is considerably faster
than the rate calculated on the basis of the number of hydrogen

bonding groups present on the substrate molecule. For example,



(2)

(3)
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D-glucose penetrates human and rabbit erythrocytes considerably
faster than would be expected for penetration by simple diffusion
(Laris, 1958). This rate is also faster than that calculated for
diffusion through non specific aqueous channels in the membrane
(Sha'afi et al., 1971).

Facilitated diffusion systems are stereospecific for their sub-
strates. For example'L—glucose penetrates the erythroéyte mem-—
brane very slowly when compared to D-glucose. Simple diffusion
systems would be expected to be unable to distinguish between
stereoisomers, giving similar rates for both isomers.

The rate of penetration of a substrate through a facilitated
diffusion system is not directly proportional to the concentration
as predicted by Ficks law of diffusion (Fick, 1855). Instead the
rate reaches a limiting rate as the substrate concentration is
raised (Le Fevre, 1954, and Widdas, 1954). This observation
suggests that the substrate interacts with a limited number of
membrane sites responsible for transport. Simple kinetic analysis
of the erythrocyte hexose transport system and other facilitated
diffusion systems show the flux (u) to be given by an equation of

the form:

u = S .Vmax (1)
Km + S
Where S is the substrate concentration, Vmax and Km are constants
unique to any transporter/substrate combination, Vmax is the
maximal velocity of transfer and Km the substrate concentration
at which half maximal velocity is achieved. Both Km and Vmax
are analagous to the Michaelis Menten constants for an enzymic

reaction.
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(4) The rate of facilitated diffusion is competitively inhibited by
molecules which possess a similar structure to the substrate.
Competitive inhibition of hexose transport in the erythrocyte
was first established by Le Fevre & Davies (1951).

(5) Non-competitive inhibition of penetration has also been observed
with molecules which interact irreversibly with the membrane.
Mercuric chloride irreversibly inhibits hexose tranéport in
erythrocytes under conditions where no gross morphological
change in the membrane is caused (VanSteveﬁind;et al., 1965).

(6) Under certain.circumstances it is possible to link the movement
of one substrate down its electrochemical- gradient with the move-
ment of a structurally similar molecule which is driven up its
electrochemical gradient. This process of counterflow was first
described by Rosenberg & Wilbrandt (1957) for the uphill transport
of D-glucose in the presence of a gradient of D-mannose or un-
labelled D-glucose across the érythrocyte membrane. This experiment
indicates the presence of sugar binding sites at both surfaces of
the transport system; either one facing inward with the other
facing outward, or a single site which is alternately available

at the inner and outer surfaces.
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Kinetic measurements of facilitated diffusion

A number of different experimental protocols are available
to study the kinetics of facilitated diffusion. Eilam & Stein (1973)
described a nomenclature for such protocols. The transport of a
substrate from one face of the membrane (cis) to the opposite face of
the membrane (trans) is followed. The most commonly used method of
measuring transport rates is to follow the flux of a radiolabelled
substrate into (entry) or out of the cell (exit). In order to measure
unidirectional flux it is necessary to measure initial rates of trans-—
port; The initial rate of transport can be determined either by the
use of very short uptake periods or by the use of integrated rate
equations which compensate for the backflux that occurs with longer

uptakes.

Zero trans experiments. In these experiments the initial rate of flux

of substrate is measured when there is no substrate at the opposite

face of the membrane. These experiments give the Km and Vmax for influx

and efflux.

Equilibrium exchange. 1In these experiments the initial rates of uni-

directional flux of substrate are measured when the substrate concentration is
same on both sides of the membrane. Under these conditions there is no
net transfer of substrate and the rates of entry and exit are therefore
equal for a non-accumulating system. These experiments give the Km and

Vmax for equilibrium exchange.

Infinite cis experiments. In these experiments the net flux is measured

when the substrate concentration on the cis face of the membrane (outside
for infinite cis entry, inside for infinite cis exit) is at a saturating

concentration, which is at least 10 times the zero trans Km. Infinite cis
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experiments measure the Km.for the trans site. Sen & Widdas (1960a)
described a method for performing infinite cis exit experiments in -
erythrocytes using an osmotic swelling method. . Cells were loaded with
a high concentration of sugar and the rate of efflux into solutions
containing low concentrations of sugar was followed. With this method

the substrate concentration which gives half maximal inhibition of

efflux is equivalent to the Km for backflux using the external site.

Infinite trans experiments. In these experiments the substrate con-

centration at the trans face of the membrane (inside for infinite trans
entry, outside for infinite trans exit) is at a saturating concentratiom.
The rate of net flux from the cis faée is then measureéd. This protocol
is equivalent to counterflow experiments and measures the Km at the cis

face of the membrane.

Hexose transport

A facilitated diffusion system for the transport of hexoses is
present in the plasma membrane of most mammalian cell types. In addition
to facilitated diffusion processes the intestine and kidney also show
the phenomenon of active transport. In these tissues D-glucose is

transported against its concentration gradient.

The measurément of hexose transport is complicated by the
difficuity of preparing isolated homogeneous cell populations and by
the rapid metabolism of D*glucose when it enters the cell. These
technical difficulties have been overcome in some tissues by the
development of isolated cell techniques and the use of non-metabolised

D-glucose analogues.
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Hexose transport in the rat adipocyte

The technical difficulties associated with the study of
hexose transport in the rat adipocyte have only recently been overcome.
Many of the earlier characterisations of hexose transport in adipose
tissue have relied on indirect measurements of sugar uptake such as the
rate of glucose oxidation. Crofford & Renold (1965) first reported the

presence of a facilitated diffusion system in whole adipose tissue.

Rodbell (1961) has described a method for the preparation of
isolated adipocytes, in which the collagen network surrounding the cells
was broken down by the action of a bacterial collagenase preparation.
This method releases viable cells which respond to hormonal stimulation
in a similar manner to intact tissue (Gliemann, 1967). The adipocyte
contains a large lipid droplet within the cell which gives adipocytes
a low density compared to other cell types. . This difference in den-
sitigs allows adipocytes to be prepared as a homogeneous population free

from contamination by other cell types.

Since D-gluccse entering the adipocyte is rapidly metabolised
it is impossible to directly study the transport of D-glucose. Since
the transport of D-glucose is rate limiting for metabolism when the
external D-glucose concentration is below 1-2mM (Gliemann, 1968)
transport can be followed by indirect methods such as the rate of
D-glucose oxidation. The movemént of molecules through the membrane
transport system can be studied independently of metabolism by the use

of D-glucose analogues which are transported but not metabolised.

The D-glucose epimer, D-allose, has been shown by Loten et al.
(1976) to be transported by adipocytes but not metabolised. The trans-
port of D-allose is much slower than D-glucose due to the high Km of

D-allose (> 150mM). Loten et al. showed D-allose transport to be com-
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petitively inhibited by D-glucose and also demonstrated counterflow
in the presence‘of a D-glucose gradient. They also showed that the

rate of D-allose transport was increased in the presence of insulin.

Foley et al. (1978) studied the transport of L-arabinose in
the adipocyte. L-arabinose is a D-galactose analogue lacking the C-5
hydroxymethyl group and is therefore non-metabolised. Their results
showed that L-arabinose was transported by the hexose transport system
and, like D-allose, L-arabinose is transported slowly due to its high Km
(> 50mM). Foley et al. also showed L-arabinose transport to be insulin

sensitive and competitively inhibited by D-glucose.

C-3 hydroxymethylation of D-glucose to give 3-0O-methyl-D-glucose
does not affect the transport of the molecule by the hexose transport
system but does prevent phosphorylation by hexokinase. When whole cells
are incubated with 3-O-methyl-D-glucose there is little or no conversion
to other compounds (Csdky & Wilson, 1956). Olefsky (1978) has shown that
at equilibrium 3-0O-methyl-D-glucose is in free solution within the cell
water and in equilibrium with the suspending buffer. The high ratio of
surface area to cytoplasmic volume in adipocytes relative to other
cell types (Angel & Farkas, 1970) leads to a rapid equilibration of
3-0-methyl-D-glucose between the suspending medium and cytoplasm. This
leads to very rapid rates of uptake which have hindered study of transport.
Recently Whitesell & Gliemann (1979) developed a new procedure for
measuring the uptake of 3-O-methyl-D-glucose. They used the hexose
transport inhibitor phloretin to block transport after short time inter-
vals, followed by separation of the cells from the bulk medium by rapid
centrifugation through light oil (Gliemann et al., 1972). The results

of Whitesell & Gliemann were similar to those of Taylor & Holman (1981)
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shown in Table 1. From this kinetic analysis it can be seen that the
transport of 3-O-methyl-D-glucose is symmetrical with equal kinetic
parameters for all the experimental protocols used. The rate of
3-0-methyl-D-glucose transport is markedly increased in the bresence of
insulin and a number of investigators have feported that this change is
due to an increase in the Vmax rather than a change in the Km (Czech
(1976a); Olefsky (1978) ;Whitesell & Gliemann (1979); Siegel & Olefsky

(1980) and Taylor & Holman (1981)).

The transported D-glucose analogue 2-deoxy-D-glucose is a
substrate for hexokinase (Olefsky, 1978).and on entering the cell is
rapidly phosphorylated to form 2-deoxy-D-glucose-6-phosphate. The
phosphorylated sugar is not furthermetabolised and, since it cannot pass
through the membrane is trapped within the cell. Thus 2-deoxy-D-glucose
has been widely used as a means of measuring net uptake. Caution must
however be used when interpreting the effects of these experiments as
long incubations lead to depletion of the intracellular ATP with the
result that the transport rate exceeds the rate of phosphorylation.

This allows backflux of 2-deoxy-D-glucose to occur. Foley et al. (1980b)
have shown that the phosphorylation of 2-deoxy-D-glucose may become
the rate limiting step for uptake under some circumstances. Thus the

total uptake of 2-deoxy-D-glucose may not give a true indication of the

transport rate.

A detailed study of the specificity of the adipocyte hexose
transport system has not been previously performed. One of the aims of
the study presented in this thesis is to examine the specificity of the
adipocyte hexose transporter and to relate the results of this study to
the hydrogen bonding and spatial requirements for binding to the hexose

transport system. Also presented in this thesis is a study of the
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spatial requirements for the binding of hexoses to the hexose trans-

porter of the adipocyte.

Hexose transport in the adipocyte is markedly stimulated by
insulin and a number of other compounds. The proposed mechanisms for
the regulation of hexose transport in the adipocyte will be discussed

later (see p. 55).

Hexose transport in erythrocytes

The fetal: erythrocytes of many mammals possess a facilitated
diffusion syétem for monosaccharides but in many species this activity
declines rapidly after birth (Widdas, 1955, 1980; Aubby and Widdas,
1980). In primates, however, the transport activity of erythrocytes
is not lost after birth. Human erythrocytes are easily prepared.in
large quantities, and since the.rate of D-glucose metabolism is low

these cells provide an ideal system for the study of transport.

Kinetic studies of hexose transport in human erythrocytes
have been carried out over many years using a full range of experimental
methods. A summary of the results of kinetic analyéis of D-glucose
transport in erythrocytes is presented in Table 1. A similar pattern
of kinetic parameters is shown with other transported hexoses, for
example D-galactose (Ginsberg & Stein, 1975). The important features
of kinetic analysis of human erythrocyte hexose transport are that
zero trans experiments show asymmetric rates of transport. Thus zero-
trans entry has a4 low Km and low Vmax whilst zero trans exit has a
high Km and Vmax. The rate of equilibrium exchange is rapid with a
high Km and Vmax. In contrast the infinite trans and infinite cis

experiments both show symmetrical low Km values for both sides of the

membrane.
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The temperature dependence of sugar transport in human
erythrocytes was studied by Sen & Widdas (1960b and 1962a) and by
Lacko et al. (1972). These results show the interaction of hexoses with
the transporter to have a high activation energy atypical 6f free
solution diffusion (Lieb & Stein, 1972). This is consistent with the
formation of several hydrogen bonds between the sugar and the trans-
porter. Zala et al. (1974) measured the enthalpy of the specific inter-
action of D-glucose with the erythrocyte membrane and concluded that

interactions other than D-glucose binding were involved. From their

results Zala et al. inferred that a conformational change in the membrane
occurred- during hexose binding. Lacko et al. (1972) also showed that the
change in activation energy for equilibrium exchange and infinite trans
experiments was approximately half that for net entry. The temperature
coefficient for net exit (Sen & Widdas 1962a)was much less than that

for net influx (lacko et al. 1972).and these differences indicate that
exchange is a different process from net flux. As the temperature is
lowered the asymmetry of hexose transport in the human erythrocyte

increases.

Additional evidence for exchange being a different process comes
from the observation of'changes in the pH dependence of transport.
Bloch (1974) showed that the pH dependence of net flux differs from that
for infinite trans flux. Le Fevre (1963) showed that there is no rapid
exchange of low affinity sugars such as D-ribose or L-sorbose and, this
suggests that high affinity sugars induce changes within the membrane

which are not induced by low affinity sugars.
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The substrate specificity of the human erythrocyte hexose transport system

Le Fevre & Marshall (1958) first studied the substrate
specificity of the hexose transport system of the human erythrocyte.
Their results showed that the transport system accepted hexoses in the

C1 ring conformation. Hexoses in the ¥C4 conformation had greatly
reduced affinity for the transport system and Le Fevre & Marshall
reported decreasing affinity as the relative stability of the 4C1

conformation was reduced.

The hydrogen bonding requirements for the interaction of
D-glucose with the human erythrocyte hexose transporter were investi-
gated by Kahlenberg & Dolansky (1972) who studied the inhibition of
D-glucose uptake by D-glucose analogues. Kahlenberg & Dolansky also
studied the inhibition of D-glucose binding to erythrocyte membranes
by D-glucose analogues. In a similar study Barnett et al. (1973a)
measured the inhibition constants of D-glucose analogues by the
inhibition of L-sorbose entry into human erythrocytes. Both groups pro-
posed that hydrogen bonds were directed towards the hydroxyls at C-1 and
C-3. Barnett et al. observed that fluorine substituted hexoses showed a
higher affinity than the corresponding deoxy sugars anc proposed that
since the fluorine accepted a hydrogen bond in a similar way to the
oxygen of the hydroxyl, hydrogen bonds were directed towards the oxygen
of the hydroxyl. Kahlenberg & Dolansky alsc proposed that hydrogen
bonds were directed towards the ring oxygen and the C-4 hydroxyl. The

results of Barnett et al. indicated that the hydrogen bond to the C-4

hydroxyl could also interact with the C-6 hydroxyl. Overall these
results show that when D-glucose interacts with the hexose transport
system of the human erythrocyte, hydrogen bonds are at some stage during

transport directed towards the ring oxygen C-1, C-3, C-4 and C-6.but
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that none of these hydrcgen bonds is essential for transport.

Lacko & Burger (1962) studied the interaction of disaccharides with
the human erythrocyte hexose transport system. They observed that
’non;reducing disaccharides did not inhibit the transport of hexoses.
In contrast the reducing disaccharides maltose and cellobiose
inhibited hexose transport but were not transported into the cell.
Lacko & Burger also reported tﬁat methyl glucoside did not inhibit
hexose transport and concluded that the interactibnvof hexoses with

the transport system occurred via the reducing residue of the disaccharide.

Baker & Widdas (1973a) reported that the glucése analogue
4,6-0-ethylidene D-glucose was an inhibitor of the erythrocyte hexose
transport system. The rate of 4,6-0O-ethylidene-D-glucose entry was much
slower than would have been expected from its inhibitioq constant and
their results suggested that 4,6-0O-ethylidene-D-glucose entered the cell
by a nonjﬁediated route. Baker & Widdas (1973b) found that 4;6-0O-ethylidene~
D-glucose was much less effective as an inhibitor inside the cell than it
was outside. Thus purified 4,6-0O-ethylidene-D-glucose has an asymmetry
of affinities as high as 60-fold (Baker et al., 1978). 4,6-0O-ethylidene-
D-glucose is also an asymmetric inhibitor of hexose transport in the

erythrocytes of fetal and new born guinea pigs (Aubby & Widdas, 1980).

Barnett et al. (1973b, 1975) showed that alkyl derivatives of
D-glucose also entered the cell by a non-mediated route. 6-0-alkyl
derivatives were found to be inhibitors at the outside of the cell
whereas n'-propyl-f-D-glucoside was a more effective inhibitor inside the
cell than outside. From their results Barnett et al. (1973b, 1975)
proposed that a glucose molecule approaching from the outside was
bound to the active site of the transporter by the C-1 end of the

molecule. The transporter was then proposed to undergo a conformational
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change and the glucose molecule is transferred to the inner site with

C-1 facing the internal solution (see Fig. 2).

Evidence for two spatially different sites is consistent with
the data of Kahlenberg & Dolansky (1972) who showed that methyl gluco-
sides inhibited glucose binding to erythrocyte membrane fragments,
although these compounds did not inhibit glucose transport in whole cells.
Kahlenberg & Dolansky also showed phenyl-B-D-glucoside to be a non-
competitive inhibitor of D-glucose uptake, an observation consistent

with the ability of C-1 modified hexoses to bind to the inside site.

In contrast to these results Novak & Le Fevre (1974) reported
that hexoses with alkyl substitutions at - both ends of the molecule were
inhibitors of hexose transport. On the basis of the results of
Barnett et al. (1973b, 1975) these compounds would not be expected to
bind to either site. Baker et al. (1978) reported that 1,2-isopropylidene-
D—glucose was an asymmetric inhibitor of héxose trarsport in the
erythrocyte with a higher affinity for the outside site (Ki 59mM)
compared to the inside site (Ki 74mM). It has also been suggested
(Widdas, 1980) that methyl-2-3-di-O-methyl-o-D-glucopyranoside may also

have a higher affinity for the external site.

In addition to gltucose analoguesy, a number of structurally
unrelated compounds also show asymmetric competitive inhibition of glucose
transport., The fungal metabolite cytochalasin B was shown to be a good
inhibitér of glucose transport in the erythrocyte by Taverna & Langdon
(1973) and Bloch (1973). Jung & Rampal (1975, 1977) reported that
cytochalasin B was a competitive inhibitor of D-glucose exchange. When
the inhibition by cytochalasin B of infinite cis exit (Sen & Widdas
experiment) was studied (Taverna & Langdon, 1973; Bloch, 1973 and

Basketter & Widdas, 1977, 1978) the results showed no increase in the
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Fig. 2. Possible model for sugar transport in the human erythrocyte
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6—-0-propyl-D-glucose (R = C3H7; R = H) can bind to the

transport system in conformation A, but is not transported for steric
1

reasons. Similarly, propyl-B-D-glucoside (R = H; R = C3H7) can bind to
conformation B but cannot be transported. D-glucose can bind to both
conformations and as the transport site changes from conformation A to

conformation B is effectively transported from outside tc inside. Only

some of the probable hydrogen bonds are shown.
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infinite cis Km. These results were interpreted by Basketter &

Widdas (1977) as cytochalasin B binding to the internal site only.
Basketter & Widdas (1978) also studied the inhibitor phloretin and con-
cluded that phloretin could react with both inner and éuter sugar

binding sites.

Studies with the irreversible inhibitor 1-fluoro-2-4-dinitro-
benzene (FDNB) by Bowyer & Widdas (1958) revealed that inhibition of
exit developed more rapidly than inhibition of entry. Further studies
by Barnett et al. (1975) revealed that non-transported inhibitors modi-
fied at C-4 and C-6 protected agaiﬂst FDNB inactivation whereas those
modified at C-1 enhanced FDNB inactivation of the transpoft system.

From this information Barnett et al. proposed that FDNB reacted with the

inward facing form of the transporter.

The transport of hexoses in the hepatocyte

Hexoses have been shown to be taken up rapidly by the perfused
liver (Williams et al. 1968). The uptake is stereospecific with D-glucose
being transported more rapidly than L-glucose. The uptake of D-glucose

was inhibited by phloretin.

The use of an isolated hepatocyte preparation (Baur & Heldt,
1977) has allowed kinetic studies of.hexose transport to be performed
without major assumptions. The isolated hepatocyte preparation is not
an homogeneous cell preparation but contains several different types of
cell. Baur & Heldt (1977) showed that hexoses were transported into the
cell at a rate exceeding that of metabolic conversion. The rate of
hexose transport was shown to decrease in the order D-glucose %
3-O-methyl-D-glucose > D-galactose > 2-deoxy-D-glucose > D-fructose >>

L-glucose. In the presence of metabolic inhibitors, transport of
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D-glucose continued until equilibrium was reached, and this result
suggested that there was no active accumulation of hexoses. Hexose
transport in the hepatocyte was shown to be sodium independent but was

inhibited by cytochalasin B, phloretin and phloridzin.

Craik & Elliot (1979) studied the kinetics of 3-0O-methyl-D-
glucose transport in hepatocytes and showed that 3-0-methyl-D-glucose
is transported symmetrically (see Table 1). D-fructose and D~galactose
are also transported symmetrically ( Craik & Elliot, 1980) but are
transported more slowly due to their higher Km value. 3-O-methyl-D-
glucose is a competitive inhibitor of D-fructose and D-galactose transport
indicating that all these sugars are transported by the same transport

system (Craik & Elliot, 1980).

A variety of hormones have been shown to exert effects on
hepatic metabolisg. Short term changes in glucose production or con-
sumption can usually be correlated with changes in the rate of glycogen
degradation or synthesis (Hems & Whitton, 1980). Baur & Heldt (1977)
found no effect of insulin on glucose transport in isolated hepatocytes.
In the intact perfused liver Mondon et al. (1975) reported a small
reduction in D-glucose output in the presence of insulin. This result.
appears to be due to changes in glycogen metabolism rather than direct

effects on the hexose transport system.
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Hexose transport in the thymocyte

The thymus-is a primary lymphoid organ which supports
extensive division of stem cells which go on to form T-lymphocytes.
Thymocyte populations can be prepared from the th&mus of rats by
gentle mechanical disruption (Whitesell et al., 1977). The population
of cells produced consists of active cells which equilibrate 3-0-methyl-
D-glucose rapidly (minute. range) and quiescent cells which équilibrate

3-0-methyl-D-glucose slowly (hours).

Whitesell et al. (1977) studied the kinetics of 3-O-methyl-
D-glucose transport in active rat thymocytes and showed that the rate
of equilibrium exchange was faster than that of zero trans entry. The
presence of 3-0O-methyl-D-glucose on the trans face of the membrane
(inside the cell) lead to an acceleration of the rate of unidirectional
influx. The results of Whitesell et al's experiments are présented in

Table 1.

Whitesell & Regen (1978) studied hexose transport in quiescent
rat thymocytes and showed the zero trans entry Km to be approximately
25mM and the Vmax to be 0.l4uMol/min/ml packed cells. As with active
cells quiescent thymocytes showed trans stimulation of the transport

rate and also showed accelerated exchange.

Transport in quiescent thymocytes can be stimulated by the
addition of a number of compounds such as the calcium ionophore, tetra-
caine, phenazine methosulphate and arsenate. The stimulation of transport
is rapid and does not require protein synthesis (Reves, 1977)
indicating that the quiescent cell has a full complement of transport
systems. In the thymocyte a stimulation of transport occurs with

changes in both the Km and Vmax for transport (Whitesell & Regen, 1978).
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Hexose transport in muscle

The hexose transport system of muscle has been shown to have
many of the features of a facilitated diffusion process. Norman et al.
(1959) Narahara et al. (1960) and Chaudry & Gould (1969) showed satur-
ation kinetics in skeletal muscle. Morgan & Neely (1972) showed the
system to be stereospecific and also Morgan et al. (1964) demonstrated
counterflow. One of the major difficulties in studying muscle preparations
is the preparation of a sample sufficiently thin to allow rapid
equilibration of oxygen and substrates between the sample of muscle and
the incubation medium. Due to these difficulties detailed kinetic

analysis of the transport system has not been performed.

There is no: detailed specificity data available for the
muscle hexose transport system. D-galactose (Fis her & Lindsay, 1956),
D-arabinose, L-arabinose, L-xylose (Carlin & Hechter, 1961), D-xylose
(Kipnis & Cori, 1957), D-fructose (Nakada, 1956) and D-glucosamine
(Nakada et al., 1955) have all been shown to be transported into muscle
by an insulin sensitive route. Since D-glucose is rapidly metabolised
by muscle preparations the glucose analogues 3-O-methyl-D-glucose and
2-deoxy-D-glucose have also been used (Morgan et al., 1964 and Narahara

and azand, 1963).

The muscle hexose transport system is regulated by a number of
hormones and physiological states. Kohn & Clausen (1971) showed that
insulin rapidly stimulates hexose transport in muscle. Ruderman et al.
(1971) reported up to 15-fold increases in the rate of hexose transport
in muscle with insulin. They also showed that this effect was not
coupled to phosphorylation of D-glucose inside the cell. Under basal
conditions the concentration of free D-glucose in the cytoplasm is close

to zero (Chaudry & Gould, 1969) indicating that the transport of D-
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glucose is the rate limiting step in its metabolism.

Stimulation of the hexose transport system in muséle is also
. bfought about by.contractile activity (Kohn & Clausen, 1971) though the
effect is somewhat smaller and later in onset than that of insulin.
Kohn.& Clausen also reported that anoxia and metabolic poisons

stimulated the rate of hexose transport.

Hexose transport in the small intestine

The epithelial cells of the small intesting actively transport
D-glucose from the gut lumen into the bloodstream. Thus D-glucose is
transported against its concentration gradient. D-glucose is first
transported across the brush border of the epithelial cell by an active
transﬁort system coupled to the flux of sodium ions down their concen-
tration gradient. The sodium ion gradient is generated by a separate
sodium potassium ATPase. The glucose molecules accumulated in the
epithelial cell then diffuse out of the cell by a sodium:aependent
facilitative diffusion system present in the basal lateral membrane.
The sodium dependent and sodium independent hexose transport systems
are located at different ends of the cell and can be separated by sub-

cellular fractionation of epithelial cells (Murer et al., 1974).

Active hexose transport in the small intestine

Murer & Kinne (1976) studied the transport of D-glucose by
brush border vesicles isolated from rat small intestinal epithelium.
The transport of D-glucose was increased two-féld when sodium ions
were added under non—gradient conditions compared to a similar concen-

tration of potassium ions. In the presence of a sodium isothiocyanate
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gradient the rate of D-glucose transport was increased four-fold and
there was a transient accumulation of D-glucose within the vesicles.
There is also a transsient accumulation of sodium in the vesicles

when glucose transport occurs.- When a non-penetrating anion such as
sulphate was used the rate of glucose transport was considerably
reduced. These results are interpreted as electrogenic coupling of the
flux of D-glucose to the flux of sodium ions. The rate of transport is
then dependent on both the magnitude of the sodium ion gradient and the

membrane potential.

A study of the specificity of active transport in the hamster
intestine was performed by Wilson & Crane (1958) and Wilson & Landau
(1960). The results of these experiments (reviewed by Crane 1960)
indicated that a pyranose ring structure with a gluco configuration
hydroxyllat C~-2 was required for active t*ansport. Crane (1960) also

suggested that hexoses in the 4C1 conformation had a higher affinity

for the transport system.

Barnett et al. (1968, 1969, 1970) also studied the active
transport of hexases in the hamster small intestine. Their results
-confirmed those of Cranc et sl. and in addition they proposed hydrogen
bonds to the C-1, C-3, C-4 and C-6 hydroxyls. Barnett et al. also
reported that 5-thio-D-glucose had a high affinity for the transporter,
and from this observation they concluded that there is no hydrogen
bond to the ring oxygen. None of the hydrogen bonds to C-1, C-3, C-4
or C-6 were essential, since analogues in which these hydroxyls were
epimerised or removed were still transported,but with reduced affinity.
- Barnett et al. also studied the transport of halo-substituted sugars.
Both chloro and fluoro sugars were transported well,and from this

observation Barnett et al. proposed that hydrogen bonds were directed
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towards the oxygen of the hydroxyl at C-1, C-3, C-4 and C-6. Chloro
or fluoro substitution at C-2 however prevented sodium dependent
transport, and Barnett et al. proposed that a covalent bond was -

formed between the transporter and the C-=2 hydroxyl.

The sodium dependent hexose transport system also transports
methyl-a-D-glucoside whereas sugars alkylated at C-3 are poorly trans-
ported. Muflih & Widdas (1976) showed that 4,6-0-ethylidene-D-glucose

was an inhibitor of sodium dependent hexose transport in the rat intestine.

‘Sodium independent hexose transport in the small intestine

Bihler & Cybulsky (1973) studied the sodium independent hexose
transport system by perfusing the gut lumen with a solution of mercuric
chloride before preparing isolated cells. This allowed the study of
transport in the uninhibited basal lateral membranes. These results
together with those of Kimmich & Randles (1975, 1976) showed that sodium
independent transport of 2-deoxy-D-glucose and 3-O-methyl-D-glucose
occurred via a facilitative diffusion system. The Km for sodium
independent D-glucose transport in purified basal lateral membrane
vesicles was estimated to be 44mM (Wright et al., 1980). The sodium
independent hexose transport systeﬁ is more sensitive to inhibition

by phloretin than phloridzin.

Wright et al. (1980) studied the substrate specificity of the
sodium independent hexose transport system in purified basal lateral
membranes. They measured the inhibition of D-glucose transport by
D-glucose analogues and concluded that there is no requirement for an equatoria
hydroxyl except at C-1. Their results showed no requirement for a
gluco-configuration C-2 hydroxyl, since D-mannose and 2~deoxy-D-glucose

both inhibited D-glucose transport. A study of the spatial requirements
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for binding by Wright et al., showed that the sodium independent
system is unable to transport methyl-a-D-glucoside unlike the sodium
dependent system which transports this analogue. N-acetyl-glucosamine
shows a 1owvaffinity for the soaium_independent transporter indicating
the possibility of steric hindrance at C-2. Wright et al. show no
evidence for steric hindrance at C-3 and C-4 but 6-O-methylation leads
to a reduction in affinity. Wright et al. concluded that the sodium
independent hexose transport system of the basal lateral membrane is
similar in its substrate specificity to the hexose transport system of

the human erythrocyte reported by Barnett et al. (1973a).

Regulation of intestinal transport

Studies on the regulation of active transport of D-glucose in
the small intestine are difficult to interpret due to possible changes in
intestinal function or metabolism (Crane 1960). Some of the changes
observed are due to effects on fast growing tissue, with an individual
cell having a useful life span of two or three days. Thus for example |
the reduction in glucose uptake observed on long term starvation may be
related to a loss of cells from the intestine. Crane (1960) observed
no effects on hexose transport when insulin was added to intestinal

preparations in vitro.

‘Hexose.transport in the kidney

Investigations on renal sugar transport have indicated that the
proximal tubule is the main site of sugar reabsorbtion (Walker et al.,
1941). Studies by Silverman (1976) and Knight et al. (1977) indicate
that several sugar transport pathways with overlapping specificities

may be present along the nephron. Kleinzeller et al. (1980) have suggested
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that only one of these systems is responsible for the active transport
'

of D-glucose and D-galactose.

fhe epithelial cells of the proximal tubule actively transport
sugars from the interstitial fluid into the cell and then transfer the
sugar back into the bloodstream. The mechanism of action of these
cells is very similar to that of the epithelial cells of the small
intestine (see p.23 ). As with intestinal cells the active transport
of sugars through the brush border is coupled to the flux of sodium
ions down their concentration gradient (Crane, 1962). Tranéport of
hexoses across the basal lateral membranes into the bloodstream is by
sodium independent facilitated diffusion. Kinne et al. (1975) described
the separation of the two activities by means of subcellular fraction-
ation procedures which yield purified brush border and basal lateral .

membranes.

Sodium dépendent sugar transport in the kidney

Kinne et al. (1975) observed a similar sodium dependent
accumulation of D-glucose in brush border vesicles isolated from the rat

kidney to that observed in brush border vesicles from the intestine.

Silverman et al. (1970) and Silverman (1974) studied renal
hexose transport in the whole dog kidney using a multiple indicator
dilution technique. In this method material is injected into a tubule
and the rate of removal is measured. Their results showed the following
sugars to be reabsorbed in order of decreasing affinity. D-glucose >
methyl-a-D-glucoside = methyl-B-D-glucoside > D-galactose > 2-deoxy-D-
glucose > D-fructose > myoinositol. The-affinity of 2-deoxy-D-glucose is
low and was estimated to be 2-3 ordersof magnitude less than that of D-

. glucose. Whilst the methyl o and B D-glucosides were absorbed from the
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tubule, reabsorbtion into the blood was negligible.

Since the methyl a and B D-glucopyranoses are only trans-
ported by the sodium dependent hexose transport'sysfem of the brush
border Kleinzeller et al. (1980) studied the inhibition of methyl-g-
D-galactoside uptake into rabbié renal cortex using a range of sugar
analogues. Their results showed a closed ring structure to be
required for sugar transport since 1~deoxy-D-glﬁcose and l-deoxy-
fluoro-D-glucose, which are in a fused ring form are inhibitors of
transport. This study also suggested thgt hydrogen bonds were directed
towards C-1, C-2 and C-4 oxygens. Theré is also a hydrogen bond
directed towards the ring oxygen, since 5~thio D-glucose is a poor
inhibitor (Whistler & Lake, 1972, Kleinzeller et al., 1980, and
Silverman, 1980). The requirement for a C-6 hydroxyl does not seem to
be as important as those at other ring positions for binding to the
transporter since 6-deoxy-D-glucose inhibited methyl-a-D-glucoside trans-—
port. The C-6 hydroxyl is however required for transport as 6-deoxy-
D-glucose is not transported. 6-deoxy-6-fluoro-D-glucose did not
inhibit methyl-a-D-glucoside transport indicating that this analogue
does not interact with the transporter. 2-deoxy-2-fluro-D-glucose is a
poor inhibitor of methyl-a-D-glucoside transport in the kidney (as
opposed to showing no inhibition in the intestine (Barnett et al. 1970)
which suggests hydrogen bonding rather than the formation of a covalent
bond to the C-2 hydroxyl. 4,6-0-ethylidene-D-glucose was also shown to

interact with the transporter but was not actively transported.
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Sodium independent hexose transport in the kidney

The studies of Kinne et al. (1975) showed a stereospecific
D-glucose transport system in the_basal lateral membranes of rat kidney.
This transpori was not dependent on the presence of sodium ions and
was relatively insensitive to inhibition by phloridzin but strongly in-
hibited by phloretin. The substrate specificity of this system in the
dog kidney has been studied by Silverman et al. (1970) and Silverman
(1974, 1980) by studying the removal of material injected via the
renal arhts, On the basis of thejr results Silverman et al. proposed
that the hydroxyls at C-1 and C-2 and the ring oxygen were important
for the binding of D-glucose to the transporter, and they proposed that

hydrogen bonds were directed towards these positions.

Hexose transport in the brain

The mammalian brain depends under normal conditions almost
exclusively on glucose as 1its source of energy,and it accounts for about
25% of the total body glucose consumption (Bachelard & McIlwain, 1969).
The existence of a selective permeability barrier between blood and
brain is well established,and it has been proposed that the capillary
endothelial cells limit the movement of solutes into the brain. Glucose
transport into the brain through this barrier exhibits the character-
istics of a facilitated diffusion system. Buschiazzo et al. (1970)
studied 3-O-methyl-D-glucose transport into the whole brain. The trans-
port of 3-O-methyl-D-glucose exhibits saturation kinetics with a Km of
approximately 7mM. Buschiazzo et al. also demonstrated counterflow of
3-0-methyl-D-glucose and D-glucose in the whole brain. Glucose trans-
port in the brain is inhibited by phloretin and phloridzin (Betz et al.,

1975) and cytochalasin B (Drewes et al., 1977).




























































































































































































































































































































































































































































































































































































































































