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Abstract.

Km values were measured for zero-trans entry of 2-deoxy-D-glucose and
B-D-fructose into Xenopus oocytes heterologously expressing GLUT2. GLUT2
transports 2-deoxy-D-glucose with a Ky, of 11 mM and D-fructose with a Ky, of
67 mM. K; values for D-glucose, maltose, D-fructose and cytochalasin B
inhibition of 2-deoxy-D-glucose transport by GLUT2 were measured.
Inhibition of 2-deoxy-D-glucose transport by D-glucose, maltose and D-fructose
was competitive, with K; values of 6.5 mM, 125 mM and 200 mM, respectively.
Inhibition by cytochalasin B was non-competitive, with a Kj of 6.9 uM. In
addition, K; values were measured for D-glucose, maltose, and cytochalasin B
inhibition of D-fructose transport by GLUT2. D-glucose and maltose were
competitive inhibitors displaying K; values of 15.3 mM and 116 mM,
respectively. Inhibition by cytochalasin B was non-competitive, with a K;
value of 6.1 uM.

The inhibitory effects of L-sorbose and 2,5-anhydro-D-mannitol, B-D-
fructopyranose and B-D-fructofuranose analogues, respectively, on 2-deoxy-D-
glucose transport into Xenopus oocytes by heterologously expressed GLUT2,
were investigated. L-sorbose and 2,5-anhydro-D-mannitol both competitively
inhibited 2-deoxy-D-glucose transport with K;j values of 170 mM and 26 mM,
respectively, suggesting that B-D-fructose is likely to interact with GLUT2 in
the furanose ring form.

The structural basis of sugar binding to GLUT2 has been investigated
using a range of hexoses, halogeno- and deoxy-D-glucose analogues to inhibit
the transport of 2-deoxy-D-glucose by GLUT2 expressed heterologously in
Xenopus oocytes. Results indicate that hydrogen bonding is important at the
C-1, C-3, and to a lesser extent at the C-4 and C-6 hydroxyls of D-glucose, and

that hydrophobic interactions at the C-6 position may also prove important.
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The results obtained for GLUT2 have been compared with those published for
GLUT1 and GLUT4, and with GLUT3 in oocytes, and the binding patterns of
the transporters were found to be broadly similar but this varied subtley
between isoforms. A model has been produced to show the interactions of D-
glucose and D-fructose with the exofacial binding site of GLUT2.

Site-directed mutagenesis and recombinant polymerase chain reaction
(PCR) technology have been used to construct a series of nineteen mutant
GLUT3 cDNAs. These contain single codon changes such that each cDNA
encodes a protein with a single transmembrane helix 8 residue substituted
with alanine. These transporter cDNAs have been used as a template for in
vitro synthesis of mRNA which has been injected into Xenopus oocytes. Each
of these mutants has been found to transport 2-deoxy-D-glucose at levels
between 40-200% of that measured with wild-type GLUT3, but expression

levels have not yet been determined.
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CHAPTER 1.

Introduction.




1.1 General Background.

The utilisation of glucose as an energy source by mammalian cells has
been a subject of great interest for many years. One important aspect of
glucose metabolism relates to the transport of glucose across the cellular
plasma membrane. There are three methods by which this event can occur
(reviewed in Carruthers, 1990). The first is simple, bidirectional diffusion
which, due to the polar nature of the glucose molecule, is predicted to be
much too slow to meet the energy requirements of cells. Therefore, a protein-
mediated method of uptake was thought to be responsible for the bulk of
sugar uptake. The second method of uptake is rapid, bidirectional, protein-
mediated facilitated diffusion; and the third is rapid, active protein-mediated
transport. Facilitated transport does not require a coupled energy-providing
reaction such as ATP hydrolysis, or cotransport of an ion. Although
facilitated transport is bidirectional, net transport always occurs down the
sugar's concentration gradient, i.e. from high to low concentration.

Both types of protein-mediated transport have been observed in
mammalian cells, but although almost all cells exhibit sugar uptake by
facilitated diffusion, only those of the absorptive epithelia of the gut and
reabsorptive epithelia of the kidney possess the ability to actively transport
glucose, which is coupled to the cotransport of sodium. Active transporters
are not required elsewhere since blood glucose levels are kept roughly
constant at the relatively high concentration of 5-10 mM, thus enabling
passive uptake by cells as glucose can be transported down its concentration
gradient.

The observations of saturation of sugar transport by erythrocytes at
high sugar concentrations (Widdas, 1952) and competition between different
sugars (reviewed in LeFevre, 1961) for transport, suggested that transporters
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follow simple Michaelis-Menten saturation kinetics and behave like
enzymes, with D-glucose as the substrate on one side of a membrane and the
product on the other. The kinetics of D-glucose uptake were also found to
vary subtley between tissues, predicting the existence of more than one
facilitative transporter.

The existence of a protein moiety responsible for the uptake of glucose,
was demonstrated by Jung who showed that the transport capacity of the
erythrocyte was retained by erythrocyte ghosts but not by erythrocyte lipids
alone (Jung, 1971). This finding was reinforced by the observation that very
low concentrations of two compounds, cytochalasin B and phloretin, are
capable of inhibiting transport very efficiently with Kj values of 140 nM and
200 nM, respectively (Bloch, 1973; Zoccoli et al., 1978; LeFevre & Marshall,
1959).

Although protein-mediated uptake of sugar had been detected in many
tissue types, all the early kinetic studies were performed on human
erythrocytes, since they could be obtained easily and in great quantity. They
also provided a simple experimental system which could be easily
manipulated. The transporter protein content of human erythrocytes has
since been determined to be 5% of the total membrane protein (Allard &
Lienhard, 1985). Studies were performed by several groups in the early 1970s,
investigating the nature of the transporter's sugar binding site, which was
predicted to utilise hydrogen bonding to reversibly bind glucose (Barnett et al.,
1973; Kahlenberg & Dolansky, 1972). These studies are reviewed in Chapter 4.

The functional purification of the erythrocyte transporter was achieved
independently by two groups. The first group based their purification on the
ability of reconstituted fractionated erythrocyte membrane proteins to
transport glucose (Kasahara & Hinkle, 1977). The second group used the
specific binding of the transport inhibitor cytochalasin B as a basis for the
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purification procedure (Baldwin et al., 1979; Baldwin et al., 1981). Both studies
revealed a heterogensously glycosylated integral membrane protein which
migrated on SDS-polyacrylamide gels as a broad band with an approximate
molecular mass of 55 kDa, which was reduced to a mass of 46 kDa upon
treatment with Endoglycosidase H. When this protein was reconstituted into
phospholipid vesicles it behaved in an identical fashion kinetically to native
protein (Wheeler & Hinkle, 1981). Additionally, when present in vesicles this
protein binds cytochalasin B at a stoichiometric ratio of 1: 1 (Baldwin &
Lienhard, 1989). The purification of the erythrocyte transporter led to the
production of antibody probes (Sogin & Hinkle, 1978) and its partial protein
sequencing. This in turn led to cloning and sequencing of the transporter
from human hepatoma G2 (HepG2) cells (Mueckler et al., 1985). This glucose
transporter has been named GLUT1 (Fukumoto et al., 1989). Other members
of the facilitative glucose transporter family have been named GLUTs 2-7, in

the chronological order of the isolation of cDNAs.

1.2 Tissue-specific Distribution of the Facilitative Glucose Transporter

Family.
1.2.1 General.

The unique requirements of different mammalian tissues for glucose,
and the varying needs of each tissue for glucose at distinct stages of
development, suggests the necessity fo- one or more regulatory mechanisms.
A family of glucose transporters had been suspected to exist for many years,
reinforced by the observation that different tissues display unique kinetics for
D-glucose uptake. This family comprises six members to date (GLUTs 1-7, of

4



which GLUTS6 is a pseudo-gene sequence) which are structurally very similar
and distinct from the mammalian active sodium-linked transporters of the

intestinal and kidney absorptive epithelia.

1.2.2 GLUTL

GLUT1 is the most extensively studied member of the family to date
and is the only member of the family to be purified in a functional form
(Kasahara & Hinkle, 1977). GLUT1 is otherwise referred to as the
erythrocyte/brain or HepG2 transporter since clones encoding it were first
isolated from rat brain and HepG2 cDNA libraries using antibodies raised
against purified GLUT1 (Birnbaum et al., 1986; Mueckler et al., 1985). These
cDNAs were found to encode 492-residue proteins, which are more than 97%
identical in sequence, and were predicted to span the membrane bilayer 12
times by hydropathy analysis (Mueckler et al., 1985). Since then GLUT1 has
been cloned from mice (Kaestner et al., 1989), rabbits (Asano et al., 1988) and
pigs (Weiler Guttler et al., 1989). All cDNAs encode a 492-residue protein
with 97% sequence identity to human GLUT1.

The isolation of a human GLUT1 ¢cDNA clone led to the production of
oligonucleotides which enabled the screening of tissues for the presence of
GLUT1 mRNA. This paralleled studies performed with anti-GLUTI
antibodies looking at the relative protein levels in the various tissue types.
Highest levels of GLUT1 protein in human adults were found in erythrocytes
(Allard & Lienhard, 1985). It was also abundant in blood-tissue barriers
(reviewed in Takata et al., 1990) such as the blood-brain barrier, the blood-
nerve barrier, the placenta syncytiotrophoblast and various blood-eye barriers,
although it was found in almost every tissue. Only very low levels were
found in the liver. High concentrations were found in all foetal tissues,
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including heart, liver and brown fat which possess very little GLUT1 in adults
(Asano et al., 1988; Santalucia et al., 1992). Cultured cell lines also have
elevated levels of GLUT1 protein (reviewed in Gould & Holman, 1993).

Since GLUT1 is expressed at some level in most tissues it has been
proposed to be a basal transporter, not responsible for the post-prandial
insulin-stimulated uptake of sugar by adipose tissue and skeletal muscle,
although it is also expressed at lower levels in these tissues. The Ky, for zero-
trans entry of D-glucose into cells at 370C by GLUT1 is 7 mM (Lowe &
Walmsley, 1986). This allows GLUTI to efficiently transport glucose in its
physiological concentration range. However the reason for its high
expression levels in erythrocytes, where it constitutes 5% of the total
membrane protein, is unclear (Allard & Lienhard, 1985).

The abundance of GLUTI in blood-tissue barriers suggests that a
primary role of this protein is the transepithelial énd transendothelial
transport of D-glucose.

GLUT1 is found universally at high levels in all foetal tissues (Asano et
al., 1988), including adipose tissue and muscle, where no GLUT4 has been
found. It established that mammalian foetal erythrocytes have a high capacity
for transport and that this ability is lost soon after birth (Widdas, 1955). It has
been suggested that this high capacity erythrocyte transporter facilitates the
transfer of glucose across the placenta into the intracellular space of the foetal
erythrocyte, and that this occurs to a lesser extent across the blood-tissue
barriers in adult primates (Jacquez, 1984).

The reason for the existence of elevated levels of GLUT1 protein in
transformed cells and all cultured cell lines is unknown. However, it has
been shown that many mitogens stimulate the transcription of the GLUT1

gene (reviewed in Merrall et al., 1993), as does glucose starvation (reviewed in



Gould & Holman, 1993). Cultured cells are continually subjected to these

conditions.

1.2.3 GLUT2.

Since the quantities of GLUT1 detected in liver were very low, and
because this tissue displays notably different kinetics for D-glucose uptake
from GLUT], it was likely that this tissue was host to a related transporter.
Hepatocyte cDNA libraries were screened by low stringency hybridisation
using GLUT1 cDNA as a probe. This led to the isolation of GLUT2 clones
from human (Fukumoto et al., 1988), rat (Thorens et al., 1988) and mouse
(Suzue et al., 1989) cDNA libraries. These encode proteins of 522, 523 and 524
residues, respectively, and share 80% identity. Human GLUT2 has 55%
sequence identity with human GLUTI, and both proteins have virtually
superimposable hydropathy plots. Most diversity occurs in the large
extracellular loop and at the extreme C-terminus (Figure 1.1).

Screening of tissue types by immunocytochemical techniques showed
high GLUT2 protein levels in the B-cells of the Islets of Langerhans in the
pancreas (Thorens et al., 1988; Orci et al., 1989), in the transepithelial cells of
the intestine and the kidney (Thorens et al., 1990), as well as the hepatocytes of
the liver itself. Here its expression was found to be restricted to the sinusoidal
plasma membrane of hepatocytes, where it was expressed at high levels in the
periportal area, with a steady decrease in numbers toward the perivenous area
(Thorens et al., 1990; Hacker et al., 1991). GLUT2 protein has also been found
expressed at very low levels in all brain regions (Brant et al., 1993).

In the liver, GLUT2 is required for the influx of postprandial glucose,
and under fasting conditions, for the release of glucose produced from
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glycogenolysis and gluconeogenesis into the bloodstream. The high
concentration of GLUT2 in the plasma membranes of hepatocytes, coupled
with the transporter's high K, values for D-glucose entry and exit (reviewed
in Elliot & Craik, 1982), allows for a rapid, non-saturable translocation of D-
glucose in either direction in times of stress.

The presence of GLUT2 in the Islets of Langerhans is strictly limited to
the 3-cells, which release insulin- there is no expression in the a- or y- cells
(Thorens et al., 1988; Orci et al., 1989). This specific distribution of expression,
coupled with the high K, value of GLUT2 led to the speculation that this
isoform might allow glucokinase, which is the rate-limiting step in liver
glucose metabolism (Vischer et al., 1987), to act as a blood glucose level sensor
(Thorens et al., 1988; Orci et al., 1989) over the range of blood sugar levels
which stimulate insulin secretion (5- 15 mM). Presumably the high Kn
would ensure that the uptake of glucose into the B-cell would be linear over a
large range of concentrations rather than saturating at low levels like GLUT1.
This would allow the production of an intracellular metabolite of D-glucose
to be a rate-limiting step in an unidentified pathway leading to the release of
insulin. Simulations of the transport of D-glucose by cells possessing glucose
transporters with a range of Ky, values and similar capacities for glucose
transport suggest that those with high Kp values are less efficient at
producing rapid equilibration of D-glucose between interstitial and cytosolic
water (Herbert & Carruthers, 1991). Therefore it is likely to be the high
capacity (Vmax) of GLUT2-expressing B-cells for D-glucose that enables them to
act as a glucose sensor, not the low affinity property (high Kn,) of GLUT2 .
Results obtained from studies with two insulinoma cell lines, one of which
expresses GLUT1 in addition to GLUT2, show that only the cell line which
expressed GLUT2 alone secreted insulin in response to elevated glucose levels
(Miyazaki et al., 1990). Both cell lines produced insulin mRNA, so this would
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suggest that the defect in the GLUT1-containing cell-line occurs due to the
presence of that isoform, which may lead to non-linear influxes of sugar.
However, there might also be some other undefined defect in the GLUT1-
expressing cell line which leads to this phenotype.

GLUT2 is also found in the basolateral surfaces of the transepithelial
cells of the intestine and of the proximal tubule of the kidney (Thorens et al.,
1990). In the intestine, it is proposed to work in conjuncti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>