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ABBREVIATIONS AND DENOTATIONS 

ATP adenosine triphosphate 
C12E8 octaethylene glycol n-dodecyl ether 
CB cytochalasin B 
CMC critical micelle concentration 
dCB dihydrocytochalasin B 
EYP egg yolk phospholipid 
GLUT1 The type-1 facilitative glucose transporter, here the 

human red blood cell glucose transporter unless
otherwise stated. 

IAM immobilized artificial membrane 
IBAC immobilized biomembrane affinity chromatography 
ILC immobilized liposome chromatography 
OG octyl glucoside 
PC phosphatidylcholine 
PS phosphatidylserine 
RBC red blood cell 
SGLT sodium-dependent glucose transporter 
SEC size exclusion chromatography 



1

PREFACE

Functions of the human red blood cell glucose transporter GLUT1 are the 
main topics of this thesis. The affinity of GLUT1 for inhibitors and glucose, 
and the glucose-, tyrosine- and tryptophan permeabilities of membranes 
containing GLUT1 have been studied. The GLUT1 protein is located in the 
cell membrane and transports glucose, an energy-producing metabolite, into 
the cells. The protein is also abundant in the blood-brain barrier and supplies 
the brain with glucose. GLUT4, a GLUT1-relative, found in the hart, in 
muscle cells and in adipose tissue is translocated upon stimulation by insulin 
and is therefore interesting in the diabetic research field. The structure and 
details of the mechanism of most membrane proteins, including the GLUTs, 
are unknown, since they are extremely difficult to crystallize. When the 
structure is unknown one needs to use other means to examine the function 
of a membrane protein, and in this thesis effort has been devoted, for 
example, to solubilization and reconstitution by use of a detergent that might 
be interesting for crystallization attempts, to devise ways to find out whether 
the protein works as a monomer or an oligomer, to develop a new method 
for transport determinations and to study the effects of solvents on the 
protein. In addition, partitioning of pharmaceutical drugs and a GLUT1 
inhibitor into the red blood cell (RBC) membrane or biomembrane models 
has been investigated. 
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INTRODUCTION

The bricks of life 
Just as a house can be built of bricks, the human body and other living 
organisms are built up of cells of various kinds. The cells have different 
properties but have similar over-all compositions. Most bacterial cells are 
about 1-2 m in diameter, whereas most cells of higher organisms are 
around 10 m. There are exceptions, for example, the cells in the nervous 
system can be over 1 m long. The eukaryotic cell contains several organelles 
such as the cell nucleus, the Golgi apparatus, the endoplasmatic reticulum 
and the mitochondria. The organelles and the cell itself are surrounded by a 
membrane. The main structural element of a eukaryotic membrane is a lipid 
bilayer composed of phospholipids and cholesterol. The phospholipids are 
composed of a polar head group and two hydrocarbon chains. The head 
groups face the aqueous surroundings and give the organelle or cell a polar 
shield, whereas the bilayer core is hydrophobic (Fig. 1A, below). The 
hydrophilic head groups and the hydrophobic core hinder passage of solutes 
through the membrane and make it an efficient barrier. However, the 
membrane is not only a barrier, but contains highly specific gates composed 
of membrane-spanning proteins to allow passage of particular molecules 
(Fig 1C). Proteins within a membrane can also be targets for signal 
substances or relay signals to the immunological system. 

There are different types of membrane proteins: those which are only 
attached onto the bilayer are called peripheral membrane proteins and those 
which span the membrane one or several times are called integral membrane 
proteins. Integral membrane proteins that transport substances through the 
membrane can be divided into active- and passive transporters, according to 
the source of the transport energy. 

The cells of the human body are, despite their similarities in composition, 
highly specialized with regard to function. The cells of the nervous system 
send signals to the brain, the muscle cells cooperate to move parts of the 
body and the skin cells give us an efficient barrier. There is one cell type that 
is highly specialized for its purpose while lacks most of the cell components 
described above; namely the oxygen-transporting red blood cell (RBC). 
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The red blood cell 
The structure of the mature RBC differs from the structure of a general cell, 
since the RBC contains mainly the oxygen-transporting protein hemoglobin. 
All of the organelles have been extruded from the precursor cells at an early 
stage of the development and the RBC thereby has only one membrane, the 
one enclosing the cell. It is composed of 49% proteins, 43% phospholipids 
and other small amphiphiles and 8% oligosaccarides, all measured by weight 
(Guidotti 1972). There are about 30 different membrane proteins in the RBC 
membrane (Anstee 1990), and the cell surface is highly negatively charged 
due to sialic acid groups attached mainly to the protein, glycophorin. The 
lipids are asymmetrically distributed between the halves of the bilayer. 
Phosphatidylcholine (PC) and sphingomyelin are mainly located in the outer 
half, whereas phosphatidylserine (PS) and phosphatidylethanolamine are 
mainly situated in the inner half (Devaux 1993). The lifetime of a RBC is 
only 120 days and the production of new RBCs is thus intensive. The RBC is 
a biconcave disc of approx. 8 m diameter. Its shape is stabilized by a 
cytoskeleton made up by a network of proteins inside the cells that interacts 
with transmembrane proteins (Shen et al. 1986, Goodman et al. 1988, 
Bennett 1990). The shape and the flexibility of the RBCs allow the cells to 
pass narrow capillaries to provide oxygen to all parts of the body (Fischer et
al. 1978), and the surface-area to cell-volume ratio is optimized for gas 
transport. The cytoskeleton network requires energy in the form of adenosine 
triphosphate (ATP) to keep the biconcave shape of the cell and this energy is 
produced by D-glucose metabolism. The D-glucose is transported into the 
RBC by the integral transport protein GLUT1, the glucose transporter of 
type 1 (Mueckler et al. 1985). 

Transport systems of the red blood cell membrane 
The mature RBC is equipped with several membrane transport systems. For 
some of these the purpose is unknown, but they are thought to persist from 
the non-mature cell that has higher metabolic and biosynthetic requirements. 
Many of the transport systems have been well characterized and some have 
been identified at the molecular level. Some solutes have multiple transport 
pathways. For example, at least four discrete and well-characterized K+

transport mechanisms are known: the Na+/K+-pump, the NaKCl2 co-
transporter, the KCl co-transporter and the Ca2+-activated K+-channel
(Bernhardt et al. 1991). The monovalent anion, lactate, crosses the 
membrane via at least three pathways: the band 3 anion transporter, a 
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monocarboxylate carrier and also by simple diffusion of the protonated acid 
(Deuticke et al. 1982, Poole & Halestrap 1993). 

The glucose transporters present in the RBC membrane support the cell’s 
energy production needed to keep the cytoskeleton intact. One of these 
transporters, GLUT1, is the main topic of this thesis and the glucose 
transporters are described more thoroughly in the sections below. 

Why do we need glucose transporters? 
Glucose is an important metabolic substrate because it is the major energy 
source for many cells. Disaccharides and polysaccharides in our food are 
hydrolyzed in the small intestine to obtain glucose, which is also synthesized 
in the liver from other sources. Glucose has to pass the cell membrane to 
gain access to the cells. Glucose also passes the particularly selective blood-
brain barrier to enter the brain and is the sole energy source for the brain 
under normal conditions. The brain consumes about 120 g of glucose each 
day (Stryer 1989). 

After a meal, the glucose concentration in the blood rises and the 
secretion of insulin from the beta cells of the pancreas is stimulated, while 
the glucagon concentration is lowered. This triggers glucose uptake by 
GLUT4 into, for example, the liver, where the glucose polymer, glycogen, is 
produced. As a result, the glucose concentration in the blood is lowered and 
the beta cells stop secreting insulin. If the insulin production in the pancreas 
is too low or if the response of the insulin receptor to insulin is impaired, 
diabetes mellitus becomes a fact. The chain of reactions described above will 
not occur, and the person will lose the glucose in the urine. The cells will 
lack nutrients, since the glucose cannot be reutilized for resynthesis of amino 
acids and fatty acids, and ketone bodies will be formed which lower the 
blood pH and activate decarboxylation of acetoacetate to acetone. At this 
stage the diabetic person might turn unconscious. 

The proteins that transport glucose through membranes are of two main 
types, the active Na+-dependent transporters and the facilitative Na+-
independent transporters. Such transporters are located in different tissues 
and have different kinetic properties and substrate specificities. 

Sodium-dependent glucose transporters 
Glucose transporters that require a Na+-gradient provided by the Na+-K+

ATPase pump are called sodium dependent glucose transporters (SGLTs). 
The different types of SGLTs are mainly found in the small intestine and can 
transport glucose against a concentration gradient. Polysaccharides, 
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composed of glucose and other sugars, are degraded in the intestine and 
glucose is then transported by the SGLTs into the epithelial brush border 
cells, from which GLUT2 forwards the sugar to blood vessels where the 
glucose concentration is approximately 5 mM. 

Facilitative glucose transporters 
Facilitative glucose transporters require a glucose concentration gradient to 
transport glucose to the low concentration side. The transporters will 
exchange glucose molecules even at glucose equilibrium. GLUT1 was first 
cloned in 1985 by Mueckler et al. from a HepG2 cell line. Within the next 
five years GLUT2-5 (Fukumoto et al. 1988, Kayano et al. 1988, Fukumoto 
et al. 1989, Kayano et al. 1990) were identified. In 1990, GLUT6 was 
identified as a pseudogene (Kayano et al. 1990), whereas GLUT7 (Waddell 
et al. 1992) turned out to be a sequencing artifact (Burchell 1998). During 
recent years, eight further members of the GLUT family have been identified 
and GLUT6 and 7 have got new identities (Joost & Thorens 2001). Table 1 
in Wood and Trayhurn (2003) gives a good overview of the facilitative 
glucose transporters including their main tissue distribution, functional 
characteristics as well as their primary references. All members of the GLUT 
family have a polypeptide molecular weight of approx. 55 000, are predicted 
to have 12 membrane-spanning -helices with internal N- and C-termini, 
and the amino acid sequence identities vary from 28 to 65% (Wood & 
Trayhurn 2003). GLUT1-4 seem to be closely related in structure to each 
other (Joost & Thorens 2001), and GLUT2 has turned out to be a high-
affinity glucosamine transporter (Uldry et al. 2002). GLUT1, GLUT2 and 
GLUT5 are present in human RBCs (Concha et al. 1997). GLUT4 is 
stimulated by the presence of insulin and can be translocated from 
intracellular vesicular storage to the plasma membranes. 

The human red cell glucose transporter GLUT1 
GLUT1 is composed of 492 amino acids, has a molecular weight of 54 117 
and displays a heterogeneous oligosaccaride attached to Asn 45 on the 
outside of the cell (Mueckler et al. 1985) which increases the molecular 
weight to 61 000, on the average (Haneskog et al. 1996). Three different 
structural models have been proposed (Mueckler et al. 1985, Fischbarg et al.
1993, Ducarme et al. 1996), among which the 12 -helical model is the most 
generally accepted model (Mueckler et al. 1985). A detailed three-
dimensional variant of this model has been constructed, including a 
suggestion of two transport channels per monomer (Zuniga et al. 2001). 
Further support for this three-dimensional model has been presented 
(Iserovich et al. 2002). 
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GLUT1 is stereospecific for D-glucose, but can also transport 
dehydroascorbic acid (Vera et al. 1993), whereas nicotinamide transport 
(Sofue et al. 1992) has been disproved (Reyes et al. 2002). There are several 
inhibitors of GLUT1. Cytochalasin B (CB), used for most of the work in this 
thesis, is a fungal metabolite that inhibits GLUT1 by binding to the internal 
part of GLUT1 through both hydrogen bonding and hydrophobic interactions 
(Griffin et al. 1982). Another inhibitor, forskolin (a diterpene used in Paper 
II), is thought to inhibit GLUT1 at the same site as CB, since CB and 
forskolin competitively inhibit the binding of each another (Sergeant & Kim 
1985).

GLUT1 is expressed in many tissues and is abundant in the blood-brain 
barrier, the placenta and the RBCs. RBCs are a good source for purification 
of GLUT1, since they contain only a single membrane and human RBCs are 
available from blood banks. There are about 510 000 copies of GLUT1 per 
RBC (Gottschalk et al. 2000), which corresponds to 12 3% (w/w) of all 
membrane proteins in membrane vesicles from RBCs (Paper V). 

Kasahara & Hinkle first purified GLUT1 in a functional form by treating 
RBC ghosts with the detergent Triton X-100, using an anion exchanger to 
remove essentially all other proteins and finally reinserting (reconstituting) 
the protein into a lipid bilayer to regain transport activity (Kasahara & 
Hinkle 1977). The protein was identified (Baldwin & Lienhard 1980) on a 
electrophoresis gel by antibodies to the purified CB binding component 
(Baldwin et al. 1979). Wheeler & Hinkle reported that GLUT1 reconstituted 
into liposomes showed kinetics for glucose transport similar to GLUT1 in 
RBCs (Wheeler & Hinkle 1981). 

GLUT1 transports glucose by facilitative diffusion, but the mechanism is 
not clear. A single-site model was proposed in 1970-ties (Geck 1971, Barnett 
et al. 1975) and has later been elaborated (Wheeler 1986, Wheeler & 
Whelan 1988). In this model, called the alternating-conformation model, the 
substrate can bind either on the internal site or on the external site, but not on 
both sites simultaneously. The binding is followed by a conformational 
change in the protein, allowing release of the substrate on the opposite side 
of the membrane. This model arose from, and is compatible with, saturable 
glucose transport according to Michaelis-Menten kinetics, reported by 
Widdas already in 1952. A two-site model, the fixed-site carrier model, has 
been proposed (Carruthers 1986, Helgerson & Carruthers 1987, 1989, 
Naftalin 1988, Carruthers 1991, Carruthers & Helgerson 1991, Naftalin & 
Rist 1994), whereby the substrate can bind both on the internal- and the 
external site at the same time, and where one molecule of the inhibitor CB 
can inhibit two GLUT1 molecules at the same time. GLUT1 is, in this 
model, supposed to be a dimer of dimers. Anyhow, it is generally accepted 
that the glucose transporter undergoes conformational changes (Lienhard et
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al. 1992), and Widdas & Baker suggested in 1991 that the surface energy of 
water can supply the energy required for these changes. According to their 
model, the GLUT1 pore in a near-vacuum state is first filled with water by 
evaporation and condensation and at this stage solutes can diffuse into the 
pore. Then, the surface energy of the water starts to close the pore, which 
opens at the opposite side of the membrane (Widdas & Baker 1991, Widdas 
1993). See further the section: The functional state of GLUT1 (Paper V). 

Defects in the glucose transport by GLUT1 into the brain cause persistent 
hypoglycorrhachia (low concentration of glucose in the cerebrospinal fluid), 
seizures at young age, delayed development and acquired microencephaly 
(De Vivo et al. 1991). The disease is called GLUT1 deficiency syndrome 
and is due to heterozygous mutations in the GLUT1 gene (Seidner et al.
1998). People suffering from this disease can have an abnormally low brain 
glucose concentration, whereas the blood glucose level can be normal 
(Willemsen et al. 2003). One treatment can be a ketogenic diet, since 
ketones enter the brain without using GLUT1 and serve as an alternative fuel 
to the brain. For the patients who require anticonvulsant drugs or do not 
tolerate the ketogenic diet, the choice of the drugs carbamazepine or 
phenytoin to control the seizures has been suggested because the small effect 
of these drugs on the residual GLUT1 (Klepper et al. 2003). 

Tumor cells utilize a high amount of glucose to support their need of 
glycolytic energy. The increased need for glucose is solved by 
transcriptional activation of the GLUT1 gene, resulting in an increased level 
of GLUT1 mRNA and protein (Birnbaum et al. 1987, Flier et al. 1987). Aft 
et al. have used this to exploit nutrient deprivation as anti-cancer therapy. 
They used the non-metabolized GLUT1 substrate 2-deoxy-D-glucose to 
inhibit glucose metabolism in breast cancer cells in vitro and saw indications 
of death of the tumor cells (Aft et al. 2002). 

Amino acid transporters 
Amino acids are transported into RBCs via a variety of different membrane 
proteins (see, for example, Table 1 in Mann et al. 2003) with overlapping 
specificities. For example, at least five different pathways contribute to the 
flux of glycine across the RBC membrane (Ellory et al. 1981). Many of 
these transporters have not been identified, but have been characterized to 
some extent. There are both Na+-dependent and Na+-independent 
transporters for neutral amino acids. The Na+-dependent ‘System A’ serves 
for the uptake of amino acids with short-, polar- or linear side chains. System 
L is a Na+-independent transporter that is most active with branched-chain 
and aromatic amino acids, and System T is a Na+-independent transporter, 
found mainly in RBCs, that transports aromatic amino acids. There are also 
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cationic amino acid transporters, such as System y+, that recognizes 
positively charged amino acids, and anionic amino acid transporters, like 
System x–

A found in fetal hepatocytes, that transports amino acids with short 
anionic side-chains. Collarini & Oxender (1987) presented a useful overview 
of the above-mentioned amino acid transporters, and a more recent review 
(Mann et al. 2003) thoroughly describes amino acid (as well as glucose) 
regulation.

Biomembrane models for membrane protein analyses 
A liposome, or lipid vesicle, is, in the simplest case, a lipid bilayer enclosing 
a water-filled compartment. Such artificial biomembrane structures were 
first described by Bangham and Horne in 1964. If a membrane protein is 
inserted into the bilayer of a liposome, a proteoliposome is formed and the 
protein is said to be reconstituted (Racker 1979, 1985). Proteoliposomes can 
be used to study purified membrane proteins instead of characterizing them 
in their natural membrane in the cells. It can be difficult to study a specific 
protein in the cell membrane, since so many different proteins are present, 
and if transport is determined metabolism in the cell can cause detection 
problems. On the other hand, the activities of reconstituted proteins should 
be comparable to the native properties of the proteins. 

Liposomes have been used as carriers of enzymes or drugs (Gregoriadis 
& Ryman 1972, Kirby & Gregoriadis 1984) both for pharmaceutical 
purposes and research studies. In Fig. 1, proteoliposomes and liposomes, as 
well as RBCs and RBC vesicles, which have also been used for the studies in 
this thesis, are schematically illustrated. 



9

Figure 1. Schematic illustration of the membranes used in the studies for this thesis. 
Panel A: The liposome bilayer of phospholipid molecules. Panel B: The 
proteoliposome membrane with a reconstituted purified membrane protein. Panel C: 
The membrane of a RBC membrane vesicle where the cytoskeleton is removed. 
Cholesterol is illustrated by small black molecules. Panel D: The RBC membrane 
with phospholipids, membrane proteins and the cytoskeleton attached. 

Definitions of affinity, partitioning and permeability 
Affinity
Affinity may be defined as the specific binding of a solute (ligand), L, to a 
particular site on a biopolymer, A, for example, a membrane protein. The 
main characteristic of such an affinity is saturability; the number of bound 
solute molecules cannot exceed the number of sites. However, in the 
literature, ‘affinity’ is sometimes extended to include also nonspecific 
partitioning, and some caution concerning the meaning of affinity is thus 
necessary. A basic binding function, r, is defined by 

tot

tot

A
LL

r    (1) 

with [Ltot], the total concentration of the binding solute; [L], the 
concentration of the non-bound binding solute; and [Atot], the total 
concentration of biopolymer (the acceptor) (Winzor & Sawyer 1995). 
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Partitioning
Partitioning is defined as the ratio between the concentrations of a solute 
equilibrated between two phases. The partitioning is nonspecific and, as a 
first approximation, independent of the solute concentration. For example, 
orally administered pharmaceutical drugs partition between the semifluid 
content of the small intestine, which for simplicity may be regarded as an 
aqueous phase and the lipid bilayer of the brush border membrane. By 
convention, the partition coefficient, K, is defined as the ratio between the 
solute concentration in the non-polar hydrocarbon phase, Chc, and that in the 
aqueous phase, Caq:

aq

hc

C
CK     (2) 

At equilibrium, the ratio between the solute concentrations in the two phases 
balances the energy change as the solute crosses the boundary between the 
phases.

aqhc GGG    (3) 

K can be expressed in terms of the free energy change, – G:

RT
G

eK     (4) 

with R, the general gas constant and T, the temperature. G is composed of a 
hydrophobic-effect term and electrostatic terms. 

In the partitioning of an ionic compound across a membrane the 
transmembrane potential causes an additional effect. For example, a ten-fold 
increase in the concentration ratio of a univalent ion balances a 59 mV 
potential difference and a 100-fold ratio corresponds to twice that potential 
difference (Stein 1990). 

Permeability of biomembranes 
The diffusional flux, J, (mol s–1), of molecules from a region of high 
concentration toward regions of lower concentration can be expressed by 
Fick’s first law of diffusion, 
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dx
dcDJ     (5) 

with D, the diffusion coefficient (cm2 s–1); and dc/dx, the concentration 
gradient, that is, the derivative of the solute concentration with regard to the 
distance across the membrane. In the case of diffusion across a membrane 
forming a hydrophobic barrier, Equation 5 can be written 

d
CDA

J mm    (6) 

with A, the area (cm2) of the membrane; d, the thickness of the hydrophobic 
region (cm); Dm the diffusion coefficient (cm2 s–1) of the solute in the 
hydrophobic region; and Cm, the concentration difference (mol cm-3) of the 
solute across the hydrophobic region. 

In the partition-diffusion model, K and Dm determine the rate of solute 
migration across a membrane. The permeability coefficient, Ps (cm s–1), for 
the solute S is given by 

d
KD

P m
s    (7) 

and the permeability, Ps A, equals the flux J (mol s–1) of S divided by the 
concentration difference (mol cm–3).
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THE PRESENT WORK 

Overview
Chromatography – partitioning between a stationary and a mobile phase – 
includes efficient methods to investigate biomembrane affinities and 
membrane protein functions and can be applied in various modes. I have 
used, and also refined, different chromatographic approaches to learn more 
about the fascinating world of lipids and membrane proteins. 

Paper I: GLUT1 was reconstituted from two different detergents by size-
exclusion chromatography (SEC) on two different gel matrices. The effects 
on GLUT1 of the choice of detergent were analyzed by both immobilized 
biomembrane affinity chromatography (IBAC) and transport measurements. 
Traces of residual detergents in proteoliposomes can cause problems, and the 
effect of remaining detergent on the CB binding was determined. 

Paper II: The effects of pH on the affinities of GLUT1 for D-glucose and 
the inhibitors CB and forskolin were determined. Possible effects of freeze-
thawing for immobilization were determined with proteoliposomes 
immobilized by hydrophobic ligands. 

Paper III: Immobilized liposome chromatography (ILC) was used for 
prediction of drug uptake by analyzing the partitioning of drugs into lipid 
bilayers of different compositions. The drug partitioning into liposomes, 
membrane vesicles and RBCs was characterized. 

Paper IV: This paper reviews different approaches for chromatography of 
liposomes, proteoliposomes and membrane vesicles. A variant of the 
Hummel and Dreyer method (1962) was developed for determination of 
membrane protein interaction with solutes. The use of Sephacryl S-1000 for 
fractionation of proteoliposomes of different diameters was studied. The 
conclusion that small proteoliposomes should be discarded if transport 
should be measured was presented based on that they would not contribute 
to the uptake values in proportion to their protein amount. 

Paper V: The CB binding of GLUT1 was analyzed for several types of 
GLUT1 preparations and the possible conversion between two CB binding 
states of GLUT1 was discussed. One state was described as a dimer state 
where one CB molecule inhibits two GLUT1 monomers, and another state 
was described as a state where each GLUT1 monomer binds one CB 
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molecule. The article also contains data on the GLUT1 content in membrane 
vesicles.

Papers VI and VII: These papers are review articles. The first describes 
GLUT1 properties both as regards CB-binding and GLUT1 transport 
activities, and the second review describes and compares glucose and lactose 
transporters in different aspects. 

Paper VIII: Chromatographic measurements of the transport of glucose, 
tyrosine and tryptophan were refined to avoid mechanical stress on GLUT1 
proteoliposomes in an injector. The determinations provided permeability 
coefficients for the substrates. It was suggested that GLUT1 does not 
transport aromatic amino acids, although such transport had been proposed 
by others. The permeabilities of the aromatic amino acids were compared to 
the permeability of glucose and a new inhibitor, dihydrocytochalasin B 
(dCB), of aromatic amino acid transport was presented. 

Paper IX: The effect of ethanol on the CB- and glucose-GLUT1 
interaction was examined. Ethanol interacted with GLUT1 and thereby 
lowered the protein’s affinity for substrates. This can be important, since 
additional solvents are usually required when high concentrations of 
hydrophobic molecules such as CB and dCB are used. 

Preparative methods 

Preparation of membrane vesicles 
RBC membrane vesicles were prepared from RBC concentrate bought at the 
Blood Bank of the University hospital in Uppsala. The cells were lysed in 
hypotonic buffer and were then separated from cytosolic proteins by SEC on 
Sepharose CL-4B. Cytoskeleton proteins were removed by the Sepharose 
CL-6B SEC combined with centrifugal washes at pH 12. The material was 
frozen in liquid nitrogen after adjusting the pH and protein concentration and 
was then stored at -70 C. For details of the vesicle preparation, see Lundahl 
et al., 1986. 

Purification and reconstitution of GLUT1 
GLUT1 was solubilized using the nonionic detergents octaethylene glycol n-
dodecyl ether (C12E8) or octyl glucoside (OG). The non-solubilized material 
was removed by ultracentrifugation and GLUT1 was purified from the 
supernatant by adsorption of essentially all other proteins on a DEAE-
cellulose column at pH 7.4, since the isoelectric point of GLUT1 (approx. 
8.0, Englund et al. 1995) is higher than that of most other RBC membrane 
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proteins. The purified GLUT1 could then be reconstituted by removal of the 
detergent by SEC and additional solubilized lipids were added before 
reconstitution if desired. The proteoliposomes were concentrated and freeze-
thawed twice to increase the internal volume and were stored at -70 C.
When (proteo)liposomes are created by detergent removal by SEC, small 
unilamellar (proteo)liposomes are formed. The detergent concentration is 
lowered, since monomers and small micelles are retarded on the column 
compared to the larger colloids. Consequently the detergent concentration in 
the mixed micelles and the detergent-protein complexes is lowered due to 
release of detergent molecules. The detergent concentration will thus 
decrease below the critical micelle concentration (CMC), causing extensive 
release of monomers. The (proteo)liposomes are formed and can be collected 
in the void volume. For easy removal of the detergent one should choose a 
detergent with a high CMC and a low aggregation number. (See also 
discussion of this problem in the section: Detergent effects on 
solubilization/reconstitution and on CB affinity to GLUT1 (Paper I).) 

Preparation of liposomes 
Liposomes were prepared by SEC in the same way as the proteoliposomes 
described above or by rehydration of a lipid film. A lipid film is obtained by 
rotary evaporation of the solvent in a lipid-diethyl ether (or another solvent 
like chloroform) mixture. If buffer then is added shaking produces large 
multilamellar liposomes. 

Immobilization of biomembranes in gel beads 
RBCs, membrane vesicles and (proteo)liposomes were immobilized in gel 
beads by different methods. I mainly used freeze-thawing entrapment of 
(proteo)liposomes (Papers I-III, V, VIII and IX), but immobilization by use 
of hydrophobic ligands has been applied (Paper II) as well as immobilization 
of red cells and ghosts by use of electrostatic interaction (Paper III), biotin-
streptavidin binding (Paper V) and wheat germ lectin-mediated binding 
(Paper IX). 

Entrapment by freeze-thawing 
If a (proteo)liposome suspension of high concentration is freeze-thawed the 
bilayers first break and then fuse to form larger compartments (Kasahara & 
Hinkle 1977, Pick 1981, Oku & MacDonald 1983, Mayer et al. 1985). This 
can be used to entrap membrane material in gel beads, as first shown by 
Yang & Lundahl in 1994. Dried gel beads were mixed with a biomembrane 
suspension, the gel became rehydrated and the material was thereby sucked 
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into the gel beads and became entrapped in the microcavities mainly due to 
coalescence of the vesicle/proteoliposome size within the beads by several 
rounds of freezing in an ethanol/CO2(s) bath at -70 C and thawing in a 
+25 C water bath. This method was applied for proteoliposomes with 
reconstituted purified or non-purified GLUT1 and cytoskeleton-depleted red 
blood cell membrane vesicles. To determine the amount of immobilized 
material phosphorus determinations (Bartlett 1959) and amino acid analyses 
can be used. In my experiments, the dextran-grafted agarose network of 
Superdex 200 prep grade gel beads (approx. 34 m diameter) was used. 

Immobilization by use of hydrophobic ligands 
The hydrophobic interior of the lipid bilayer forming a (proteo)liposome can 
be used as a target for immobilization. Alkyl ligands grafted on and in gel 
beads interact with the interior of the phospholipid bilayer and thereby 
immobilize the material (Sandberg et al. 1987, Yang et al. 1988, Lundahl & 
Yang 1991, Lundahl et al. 1993). This method was used in Paper II to 
compare with sterically immobilized material for detection of possible 
effects of freeze-thawing. Immobilization by use of hydrophobic ligands can 
be the method of choice if unilamellar liposomes are examined. 

Immobilization of red blood cells 

Electrostatic immobilization 
The RBC surface is negatively charged, which can be utilized for 
immobilization of cells on positively charged particles as in Paper III. The 
particles were formed by first dissolving piperazine diacrylamide, 
methacrylamide, ammonium sulfate and N-allyldimethylamine (which 
carries a positive charge) in phosphate buffer. The suspension polymerized 
upon addition of ammoniumpersulfate and TEMED, and was then crushed 
with a glass rod. Upon mixing RBCs with the particles the cells became 
adsorbed and the material was then packed into a column, whereby some of 
the cells lysed and became red cell ghosts. 

Biotin-streptavidin immobilization 
RBCs can be immobilized by use of biotin-streptavidin binding, as in Paper 
V. In brief, RBCs are incubated for 45 minutes with sulfosuccinimidyl-6-
(biotinamido)hexanoate, the excess of the reagent is washed away and the 
suspension is applied on a column containing streptavidin-agarose beads. 
The gel bed could be used for 2 days.  
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Lectin-mediated immobilization 
The mild interaction between wheat germ lectin and N-acetylglucosamine or 
N-acetylneuraminic acid (for example, on glycophorin A) has been used for 
immobilization of RBCs, first in Gottschalk et al. 2000, and later in 
Gottschalk et al. 2003 and Paper IX. A CNBr-activated superporous agarose 
gel with a particle diameter of 106–180 m and with an average superpore 
size of 30 m was used. Wheat germ agglutinin was coupled to the gel and 
then RBCs were applied on the column. 

Analytical methods 
Chromatographic methods for analyzing interactions with biomembranes 
and the permeability and transport over the membranes were applied as well 
as centrifugal separation in some cases. 

Immobilized biomembrane affinity chromatography 

History: water-soluble proteins 
Quantitative affinity chromatography was first introduced by Andrews et al.
in 1973. They quantitated biospecific acceptor-ligand interactions in a zonal 
mode. Later, the frontal mode was introduced (Nichol et al. 1974, Kasai & 
Ishii 1975, Winzor 1985, Kasai et al. 1986, Winzor & Jackson 1993). In the 
zonal mode the sample is applied in a narrow zone that migrates through the 
column and is retarded on an interactant immobilized in the column. The 
retardation is dependent on the solute concentration, the number of binding 
sites and the strength of the interaction. In the frontal mode a large sample 
volume is applied to allow the establishment of equilibrium between bound 
and free ligand. The plateau concentration is then the same as the 
concentration of the applied solute. Since the solute concentration is known, 
the affinity constants for solute–protein and competitor–protein interactions 
and the amount of active and available binding sites can be calculated by 
linear or non-linear regression analysis. The expected retardation based on 
the affinity and the amount of immobilized binding sites can be estimated by 
the equation 

soluteK
PV

d

    (8) 
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from Kasai & Ishii (1975), where V is the specific elution volume, P is the 
amount of active immobilized binding sites and Kd is the dissociation 
constant for the solute–protein interaction. 

Recent development: membrane proteins 
The above methods, developed for water-soluble proteins, were in our 
laboratory further developed for application to membrane proteins. It was 
first applied to the interaction between GLUT1 and the inhibitor CB (Yang 
& Lundahl 1995, Brekkan et al. 1996), and has later been used for several 
studies of GLUT1 and also for studies of the nucleoside transporter 
(Haneskog et al. 1998 a, b). For a description of the experimental set-up see 
Fig. 2. The method has also been applied by use of immobilized artificial 
membranes (IAM) (Pidgeon & Venkataram 1989) using silica beads as 
immobilization support to the nicotinic choline receptor (Zhang et al. 1998) 
and P-glycoprotein (Lu et al. 2001). 

Figure 2. The experimental set-up for frontal IBAC. The analytical column is 
generally between 0.5-1.5 ml and the sample applicator has a volume of 50 ml. 
Reprinted from Materials Science and Engineering, C 4, A. Lundqvist, E. Brekkan, 
C. Lagerquist, L. Haneskog & P. Lundahl, Frontal affinity chromatographic analysis 
of membrane protein reconstitution, 221–226, (1997) with permission from Elsevier. 

Hummel and Dreyer size-exclusion chromatography 
The Hummel and Dreyer SEC method (Hummel & Dreyer 1962) has been 
used for determination of interactions between small molecules and water-
soluble proteins, as reviewed in Sebille et al. (1990). Recently, we used the 
method for membrane protein-solute interaction (Paper V), as described in 
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Paper IV. To analyze GLUT1 binding to CB a SEC column was equilibrated 
with liposomes to avoid adsorption of material to the gel, and with CB at the 
same concentration as in the sample. The membranes were incubated with 
radioactively labeled CB and then applied on the SEC column to separate the 
membranes from the incubation media. The membranes eluted in the void 
volume and a positive peak of radioactively-labeled CB appeared 
corresponding to the amount of bound CB. At the total volume a negative 
peak appeared also corresponding to the amount of bound radioactively 
labeled CB, since the negative peak represents the deficit of CB in the 
incubation mixture (Fig. 9 in Paper IV shows an elution profile). The latter 
peak was used for the calculations, since the reproducibility was better than 
for the positive peak, probably because some of the membrane material 
bound to the chromatography gel. This procedure was repeated for a series 
of CB concentrations. To determine the amount of non-specifically adsorbed 
CB a high concentration of D-glucose was added to the sample to suppress 
specific binding of CB. The obtained value was then subtracted from values 
determined by the runs without D-glucose.

Immobilized-liposome chromatography 
In contrast to the affinity analyses in IBAC, the nonspecific partitioning of a 
solute into lipid bilayers can be determined if liposomes or similar 
membrane models are immobilized in a gel bed. This method, ILC, was 
introduced in 1994 at a meeting in Nancy, France (Beigi et al. 1995). The 
method has been used to measure the partitioning of pharmaceutical drugs 
and drug candidates into lipid bilayers (Lundahl & Beigi 1997, Beigi & 
Lundahl 1999, Paper III, Lagerquist et al. 2001), which is essential for the 
uptake of the drugs over membranes. Liposomes as well as other membrane 
structures, such as proteoliposomes and membrane vesicles, can be 
immobilized, and the experimental set-up is shown in Fig. 3. Other methods 
to mimic, study or determine the drug–lipid interactions have also been 
published, such as the partitioning between octanol and water phases (Leo et 
al. 1971, Smith et al. 1975, Betageri & Rogers 1987) where only 
hydrophobic and no electrostatic interactions can be determined; and 
interactions with covalently coupled lipid monolayers, IAMs (Alvarez et al.
1993, Ong et al. 1995, Liu et al. 1995, Pidgeon et al. 1995, Ong et al. 1996). 
With IAMs, the movement of the lipids is hindered and only a monolayer is 
present. The membrane permeability for drugs has been analyzed by use of 
cultured monolayers of cancer colon cells, Caco-2 cells, (Artursson 1990, 
Artursson & Karlsson 1991, Artursson et al. 1996), although uptake of orally 
administered drugs occurs mostly through the brush border membranes in 
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the small intestine. Reproducibility among different laboratories is a problem 
in the use of Caco-2 cells, together with the fact that the cells grow slowly. 

Figure 3. The experimental set-up for ILC, the column diameter is 0.5 cm, the length 
varies between 1-4 cm and the sample volume is 20 l.

Transport measurements and permeability determinations 
Chromatographic separation was used in Papers I, IV and VIII to measure 
the glucose transport by GLUT1 over the phospholipid bilayer. A 
proteoliposome suspension was mixed with radioactively-labeled substrate 
and applied on a gel bed containing medium-sized Sephadex G-50 gel beads 
that separates the proteoliposomes with internalized substrate from the non-
transported substrate. The gel bed had been presaturated with liposomes. The 
outlet was connected on-line with a flow scintillation counter, and by 
integration of the obtained peaks the amount of transported substrate was 
calculated. When measuring the uptake of D-glucose the leakage of glucose 
was subtracted by use of the non-transported L-glucose. 

When measuring transport over the RBC membrane, centrifugal 
separation in the precence of an inhibitor is efficient, since the density of the 
RBC enables fast separation. Radioactively-labeled substrate was added. A 
substrate of a type that does not become metabolized was chosen for this 
purpose. After a specific time interval an excess of cold inhibitor was added 
and the cells were spun down. After repeated washings the cells were lysed, 
all proteins were denatured and precipitated by addition of perchloric acid 
and the radioactivity of the supernatant was measured. 
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RESULTS AND DISCUSSION 

Detergent effects on reconstitution, glucose transport 
and cytochalasin B affinity to GLUT1 (Paper I) 
Reconstitution
GLUT1 is solubilized effectively by use of the nonionic high-CMC 
detergent OG, but the formed GLUT1 complexes are not homogeneously 
monomeric and self-associate fairly rapidly (Baldwin et al. 1982, Mascher & 
Lundahl 1988, Lundahl et al. 1991, Haneskog et al. 1996), which is 
disadvantageous for crystallization attempts. Another detergent, 
decylmaltoside, has been reported (Boulter & Wang 2001) to efficiently 
extract GLUT1 from RBC membranes and to keep the protein in a 
monodisperse state. C12E8 also provides monomeric GLUT1 after 
solubilization (Haneskog et al. 1996), but the CMC is low and the micellar 
size large (Tanford et al. 1977, Rosen et al. 1982), which makes the removal 
of the detergent during reconstitution difficult. Our approach to solve the 
detergent-removal problem was to mix the C12E8-solubilized protein with a 
high concentration of lipids solubilized in cholate (an anionic detergent with 
a high CMC but a small micelle size (Carey & Small 1972)), and thereby 
obtain mixed C12E8/cholate/lipid micelles from which detergent depletion 
during SEC is easier. Two different gel matrices were tested for the removal 
of the detergent mixture of cholate and C12E8, Sephadex G-50 (which works 
well with OG depletion) and Superdex 75. 

Transport and affinity 
The reconstitution effects were tested for both variation in transport and 
inhibitor-binding data. The transport rate of glucose into GLUT1 
proteoliposomes prepared from C12E8 was lower than for proteoliposomes 
prepared from OG, as reported earlier by Haneskog et al. in 1996. 
Reconstitution on Superdex 75 of C12E8-solubilized GLUT1 gave essentially 
the same results for CB binding to GLUT1, as analyzed by frontal IBAC, as 
did the Sephadex-OG combination (see Fig. 5). After centrifugal washes to 
remove loosely immobilized proteoliposomes or vesicles, GLUT1 has been 
shown to be stable at room temperature with regard to immobilization and 
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solute-binding activity for at least three months (Brekkan et al. 1996, Paper 
I). Reconstitution with Sephadex G-50 for C12E8-solubilized material was 
less efficient than with Superdex 75, probably because some C12E8 was still 
present and functioned as an interactant inhibiting the binding. This was also 
tested by including C12E8 in the eluent when measuring CB affinity and the 
affinity was lowered by 50% at 15 M C12E8. Residual C12E8 in the 
proteoliposomes could be slowly washed away in the chromatography 
system, since both the CB-binding sites and the ratio between CB-binding 
sites and GLUT1 monomers increased during the first 10 to 15 days 
(triangles in Fig. 4A, B). 

Figure 4. CB binding to GLUT1 solubilized from C12E8 or OG on Sephadex G 50 or 
Superdex 75, the combinations were OG/Sephadex (filled circle), C12E8 (22 mg ml-

1)/Superdex 75 (open circle), C12E8 (22 mg ml-1)/Sephadex (triangle) and C12E8 (11 
mg ml–1)/Sephadex (square). Panel A: Amount of CB binding sites depending on the 
time passed from the immobilization. Panel B: The ratio between the numbers of 
operative CB binding sites and the number of immobilized GLUT1 monomers 
versus time after immobilization. Reprinted from Materials Science and 
Engineering, C 4, A. Lundqvist, E. Brekkan, C. Lagerquist, L. Haneskog & P. 
Lundahl, Frontal affinity chromatographic analysis of membrane protein 
reconstitution, 221–226, (1997) with permission from Elsevier. 

Stability of GLUT1 at different pH values (Paper II) 
IBAC was used to study the effects of pH on the affinity of CB, D-glucose
and forskolin to GLUT1 in RBCs (partly ghosts), in membrane vesicles and 
in proteoliposomes. The affinities for glucose and the inhibitors decreased 
with increasing pH (5–8.7) in all of the tested materials, probably due to 
changes in the net charge of GLUT1. The isoelectric point of GLUT1 is 8.0 
according to isoelectric focusing (Englund et al. 1995) and at pH values 
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above that the protein is negatively charged. Below pH 5 the protein became 
inactivated and above pH 9 the affinities were too low to be measured 
accurately. 

The effect of purification of the protein on ligand binding to GLUT1 was 
measured, and the affinities became weaker the more pure GLUT1 became 
(see Table 1 in Paper II). To rule out that the freezing and thawing for 
immobilization had an effect on the protein, small proteoliposomes with 
protein that had never been frozen were immobilized by hydrophobic 
ligands. The glucose-GLUT1 affinity turned out to be essentially unaffected. 

Prediction of drug partitioning and transport by ILC, 
validation of the normalizing Ks value (Paper III) 
When using ILC for the prediction of drug uptake or drug partitioning into 
lipid bilayer a normalized value, Ks, is used to allow comparisons of values 
from different columns with varying amount of immobilized lipids. The lipid 
amount is determined by phosphorus analyses according to Bartlett (1959). 
The validity of the Ks value was verified by showing that neither the column 
size nor the amount of lipids immobilized in the column affected the logKs
value. No effects of different flow rates or drug concentrations in the tested 
range were seen. 

To investigate whether the charges on the lipid head groups contributed to 
the retention of drugs by electrostatic interactions, columns with different 
proportions of the lipid PC, with zero net charge, and the negatively charged 
PS were prepared. The retention of positively charged drugs increased with 
increasing amount of PS in the column and, consistently, the retention 
decreased with increasing ionic strength. 

The drug retention on different biomembrane material was compared. The 
rectilinear correlations between logKs values for beta-blockers, 
phenothiazines and bensodiazepines on egg yolk phospholipid (EYP) 
liposomes and PC liposomes were 0.79, for EYP and RBC membrane lipid 
liposomes, 0.96, for EYP and RBC vesicles, 0.96 and for EYP and RBC 
ghosts, 0.86. A heterogeneous bilayer mimicking a natural membrane is, 
presumably, a good biomembrane model for drug-partitioning analyses. 

The functional state of GLUT1 (Paper V) 
A substantial amount of work has been spent to determine whether GLUT1 
is a functional monomer, dimer or oligomer and how the transport is 
accomplished. In the alternating-conformation model, each GLUT1 
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molecule is envisaged to have a translocation pathway that switches between 
the extra- and the intra-cellular conformation, described, for example, in 
reviews by Baldwin (1993), Gould and Seatter (1997), Walmsley et al.
(1998) and Barrett et al. (1999). In the fixed-site carrier model (Carruthers 
1986, Sultzman & Carruthers 1999, Hamill et al. 1999), GLUT1 is supposed 
to be a tetramer (a ‘dimer of dimers’), showing two import and two export 
sites for glucose. The binding of one CB molecule is supposed to inhibit 
both a site exposed on the internal side and a site exposed on the external 
side of the membrane. The binding of two CB molecules to a GLUT1 
tetramer would then inhibit the whole tetramer. 

The approach applied in our research group to find out more about the 
functional state of GLUT1 has been to measure the number of CB-binding 
sites per GLUT1 molecule by use of IBAC for immobilized material and by 
use of Hummel and Dreyer analyses for free membrane vesicles and 
proteoliposomes. We compared this ratio in RBCs, membrane vesicles and 
in GLUT1 proteoliposomes, to see whether the ratio changes upon 
modifications in the GLUT1 surrounding. 

Two different states for the CB-GLUT1 binding were found in the work 
of Paper V: in state 1 one CB molecule was bound per two GLUT1 
molecules, and in state 2 one CB molecule was bound per each GLUT1 
molecule. State 1 was found in red cells (together with state 2), in free and 
immobilized proteoliposomes and immobilized membrane vesicles, whereas 
state 2 was found in non-immobilized membrane vesicles. All are 
schematically illustrated in Fig. 5. 
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Figure 5. Schematic illustration of when the two different states of GLUT1 appear. 
CB is illustrated with a star. (A) GLUT1 in biotinylated human RBCs on 
streptavidin-gel beads showed one CB-binding state per two GLUT1 monomers, 
possibly in equilibrium with GLUT1 in a monomeric state. (B) Upon the removal of 
the cytoskeleton at high pH GLUT1 attained state 2. (C) Solubilized GLUT1 in 
monomeric form. (D) Purification and reconstitution reconverted GLUT1 into state 
1 again. (E) Upon entrapment both proteoliposomes and membrane vesicles showed 
state 1. Reprinted from European Journal of Biochemistry, 267. I. Gottschalk, A. 
Lundqvist, C.-M. Zeng, C. Lagerquist Hägglund, S.-S. Zuo, E. Brekkan, D. Eaker & 
P. Lundahl, Conversion between two cytochalasin B-binding states of the human 
GLUT1 glucose transporter, 6875–6882, (2000) with permission from Blackwell 
Publishing Ltd. 

For RBCs the immobilization procedure partly determined whether 
GLUT1 was in state 1 or 2. In state 1, GLUT1 works as a dimer, which 
supports the fixed-site carrier model (Carruthers 1986), whereas in state 2 



25

the alternating conformation model (Geck 1971), supported by for example 
Lowe and Walmsley (Lowe & Walmsley 1986, Walmsley & Lowe 1987, 
Walmsley 1988), can be applied. The ratio between the numbers of CB-
binding sites and GLUT1 molecules for immobilized cells was between 0.5 
and 1 (0.68 0.11), which suggested that states 1 and 2 may co-exist in 
biotinylated cells. When RBCs were immobilized on wheat germ lectin-gel 
beads the ratio was 0.47 0.16, whereas lectin-adsorbed cells coated with 
polylysine had an ratio of 0.99 0.27. Later analyses on RBCs immobilized 
on superporous gel beads, which offered higher RBC stability, (Gottschalk et
al. 2003) indicated a ratio close to 0.5 for both plain RBCs and RBCs treated 
with different poly-amino acids. 

Discussion of the different conformation models 
The original single-site alternating conformation model allows different rates 
for inward and outward transport and different dissociation constants for 
glucose binding at the two sides of the membrane, which has been measured. 
Other kinetic parameters predicted by this model are inconsistent with those 
measured, and that led to the presentation of more complex models like the 
fixed-site carrier model (Carruthers 1986), but some of these discrepancies 
might as well come from technical difficulties in measuring transport 
(Baldwin 1993). Helgerson and Carruthers presented in 1987 evidence for 
the fixed-site carrier model based on, for example, sugar-displaceable CB 
binding and negative cooperativity when a nontransported substrate is 
bound. Cloherty et al. discusses the two models based on sugar transport 
rates and on analysis of the effect of intra- and extracellular sugars on CB 
binding to the sugar export site and conclude that the data is incompatible 
with the available carrier models (Cloherty et al. 1996). However, 
researchers in this field have not come to an agreement about which model 
that is most likely, and the real transport behavior will probably be a secret 
until the protein has been crystallized. 

Determining the ratio between the amount of CB-binding sites and RBC 
GLUT1 molecules includes an estimation of the GLUT1 content in the 
analytical column. This determination was based on the amount of 
hemoglobin and was determined in a lysate from the column by automated 
amino acid analyses. From that, the number of RBCs were calculated, and 
the number of cells were multiplied by 5.1 105, which is the number of 
GLUT1 molecules in a single RBC ((5.1 2.1) 105), as calculated by 
Gottschalk et al. (2000). The large error limit of the amount of GLUT1 
molecules per RBC makes the ratio uncertain together with the problem with 
leakage of hemoglobin from the column during analyses, which led to 
underestimation of the amount of cells. However, the used number of 
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GLUT1 molecules per RBC is supported by two different reports; Allard & 
Lienhard (1985) and Mascher & Lundahl (1988) who reported values of 
5 105 and 5.3 105 GLUT1 molecules per RBC, respectively. The ratio 
between CB binding sites and GLUT1 molecules has been determined in 
other membrane material such as membrane vesicles and proteoliposomes. 
For these ratios the amount of protein are easier to determine, since the 
membrane proteins themselves are used in the amino acid analyses. But one 
should be aware of the fact that these ratios are also based on determinations 
of the GLUT1 amount in vesicles and the assumption that the GLUT1 purity 
in proteoliposomes is 90%. Another cause for carefulness when interpreting 
the results is the question of the functionality of the GLUT1 molecules. 
GLUT1 in membrane vesicles have been separated from other membrane 
components by high pH, and GLUT1 in proteoliposomes have further been 
purified in a solubilized state and the material were then stored at low 
temperature. This might have inactivated some of the GLUT1 molecules, but 
they still show up in the amino acid analysis. Interestingly, an alternative to 
the two conformation models has recently been suggested (Zuo & Lundahl, 
unpublished). A mixture of GLUT1 monomers, dimers and oligomers may 
be present in the membrane, as judged from results of sulfhydryl-affinity 
chromatography of GLUT1 prepared without reductant, and the results may 
further more depend on selective solubilization of the different components. 

Analysing tyrosine and tryptophan transport (Paper 
VIII)
Does GLUT1 transport aromatic amino acids? 
I will present some of the efforts made on the road to come up with the 
results presented in Paper VIII, which has been my main project during these 
years. J. Fischbarg and J.C. Vera obtained in 1996 preliminary results from 
oocytes over-expressing GLUT1 and from human myeloid leukemia cells 
indicating that GLUT1 was the responsible tyrosine transport protein 
(personal communication). They asked us to investigate this in our 
proteoliposome system with purified GLUT1. However, already in 1989 a 
relationship between GLUT1 and the transporter of tyrosine and tryptophan 
in RBCs was suggested (Widmer et al. 1989).

Tyrosine entered our GLUT1 proteoliposomes readily, but CB had no 
effect on the tyrosine uptake and the search for other inhibitors started. 
Several compounds were tested, together with inhibition by the use of low 
temperature. At low temperature the efficiency of GLUT1 decreases, but 
unfortunately the stability of the (proteo)liposomes also decreases, see Fig. 
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6, which increases the leakage. This can be due to increased fragility of the 
liposomes when temperatures near the transition temperature for the lipids 
are used. 

Figure 6. Graph showing the temperature dependence of the leakage of tryptophan 
into EYP liposomes (square) and the influence on the peak width (circle) of the 
liposome fraction after SEC on Sephadex G 50 to separate free and in liposome 
internalized tryptophan. Double determinations at each temperature. (C. Lagerquist 
Hägglund, unpublished data.) 

In a further series of experiments RBCs were used instead of GLUT1 
proteoliposomes to find an efficient amino acid transport inhibitor in a 
system where the transport protein definitely was present. Fischbarg 
suggested dCB as an inhibitor, since it showed promising inhibitory effects 
on the tyrosine transport in the oocyte system. I also tried to inhibit the 
amino acid transport by use of high D-glucose concentrations, and, the other 
way around, to inhibit the transport of D-glucose at low concentration with 
tyrosine at a higher concentration, although the solubility of tyrosine is very 
low. D-glucose did not inhibit tyrosine uptake and no effect of the presence 
of tyrosine was seen on the D-glucose uptake; dCB, on the other hand, 
inhibited the tyrosine and tryptophan uptakes efficiently but had no effect on 
the glucose uptake. 
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Attempts at technical improvements for transport measurements 
Returning to GLUT1 proteoliposomes, the time passing between the addition 
of the tested inhibitor to the incubation mixture and the application of the 
sample on the chromatographic column had to be minimized to get as little 
background leakage as possible. This was done by performing the incubation 
in the injector loop and including the inhibitor in the running buffer, but the 
leakage was still high and no inhibitor was efficient. 

To judge from the RBC results it seemed clear that the aromatic amino 
acid transporting protein was not identical to GLUT1. When Kim et al.
(2001) published the sequence of the aromatic amino acid transporter TAT1 
from rat intestine, I compared the GLUT1 and TAT1 sequences to look for 
similarities and to see whether TAT1 possibly could be co-purified with 
GLUT1 to be present in my proteoliposomes, since tyrosine and tryptophan 
did enter the proteoliposomes. Alignment of the sequences according to 
Myers and Miller (1988) showed approx. 20% identity, and the isoelectric 
point of TAT1 turned out to be approximately 6.2, which should not allow 
significant co-purification with GLUT1. However, the TAT1 sequence was 
from rat intestine and the isoelectric point might therefore be different for a 
human RBC protein. 

The proteoliposome transport measurements were refined again to 
decrease the leakage, this time to avoid the stress in the injector. 
Proteoliposomes might break and reseal in the injector, since the loop 
diameter is small, causing a higher speed and turbulence, and some passages 
might be in the same range as the largest proteoliposome diameters. A 
system where the sample is layered on the top of the bed by a pipette and the 
peristaltic pump driving the running buffer is placed after the column was 
therefore designed. In this way no injector was used and the stress on the 
proteoliposomes should be minimal, see Fig. 7. However, the results 
remained the same: uptake of the amino acids and no inhibition, not even 
with dCB. In fact, dCB actually increased the uptake, which was explained 
by its 10-fold larger partitioning into the bilayers compared to CB, which 
probably made the proteoliposomes more fragile and increased the leakage, 
see the section Comparison between CB and dCB. My deepest concern was 
that a large uptake was seen even at a short incubation time. The uptake 
increased with time, but extrapolation showed a large uptake already at the 
incubation time zero (see Fig. 8C, D). Upon comparison with glucose results 
I saw that this was the case for glucose as well (Fig. 8A), but that this high 
uptake previously had been hidden because leakage was subtracted by use of 
L-glucose, for example, as in Andersson & Lundahl (1990) and in Fig. 8B. In 
an earlier publication this uptake was mentioned as a blank value (Fröman et
al. 1980). 
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Figure 7. The experimental set-up for transport and permeability determinations. 
The gel bed dimensions were 1  25 cm. 

The leakage visible already at incubation time zero is due to leakage on the 
separation column. The free substrate concentration outside proteoliposomes 
is high in the beginning of the separation and the substrate leaks into the 
proteoliposomes, but during the chromatography the outward concentration 
is lowered and substrate starts to leak out from the proteoliposomes. The 
switch-point for the leakage during chromatography is dependent on the 
inside- and outside substrate concentration as well as the column length. 
This is probably also the reason to the apparent inhibition of D-glucose 
transport by dCB at long incubation times (Fig 8B), since D-glucose 
transport is so fast that the high concentration inside the proteoliposomes 
changed the switch-point and a lot of the internalized D-glucose leaked out. 
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Figure 8. Time dependency on the uptake of glucose, tryptophan and tyrosine into 
proteoliposomes without inhibitor or in the presence of CB or dCB. Panel A: D-
Glucose (filled square) and L-glucose (open square) uptake, the line to the left of 0 s 
represents the diffusion of both D- and L- glucose during the sample application. 
Panel B: Specific D-glucose uptake, the influx by non-facilitated diffusion was 
subtracted by use of L-glucose influx values. Uptake without inhibitor (filled circle) 
or in the presence of CB (open circle) or dCB (triangle). Panel C: Tryptophan uptake 
and panel D tyrosine uptake, in C and D (filled circle) corresponds to determinations 
with or without CB and (triangle) in the presence of dCB. The figure was reprinted 
from Journal of Biochemical and Biophysical Methods, 55. C. Lagerquist Hägglund 
& P. Lundahl, Centrifugal and chromatographic analyses of tryptophan and tyrosine 
uptake by red blood cells and GLUT1 proteoliposomes with permeability estimates 
and observations on dihydrocytochalasin B, 127–140, (2003), with permission from 
Elsevier.

Finally, after years of work, the story was summarized in Paper VIII. A 
new inhibitor, dCB, of amino acid transport was presented. I could not 
definitely exclude that GLUT1 is the transporter of tyrosine, as seen from 
Table 1, where the permeability ratio between GLUT1 proteoliposomes and 
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liposomes for tyrosine is slightly higher than for L-glucose, although it is 
much lower than for D-glucose. This indicated either that both of the amino 
acids entered the GLUT1 proteoliposomes by diffusion as L-glucose did, or 
that tryptophan diffused whereas tyrosine was transported slowly by a 
membrane protein in the GLUT1 proteoliposomes, possibly GLUT1 itself. 

Table 1 

Permeability coefficients (10–9cm s–1) of GLUT1/EYP proteoliposomes 
(with 3 GLUT1 monomers per 105 phospholipid molecules) and EYP 
liposomes for D- and L-glucose, tyrosine and tryptophan, and the ratios 
between the permeability coefficients for the proteoliposomes and 
liposomes. 

 GLUT1 proteoliposomes liposomes Ratio 
D-glucose 4.63 0.19 0.31 0.06 15 3
L-glucose 1.04 0.10 0.31 0.06a 3.3 0.9 
L-tyrosine 1.42 0.07 0.28 0.03 5.1 0.8 
L-tryptophan 2.06 0.09 1.00 0.17 2.1 0.4 

The permeability coefficients were calculated by use of Eqs. (1) and (2) in Paper 
VIII and the slopes shown in Fig. 8 or obtained in corresponding experiments with 
liposomes (not illustrated). The error limits of the permeability coefficients are twice 
the standard deviations ( –1) of the slopes obtained by excluding a single uptake 
determination at a time. 
aThe D-glucose value: We assumed the bilayer to be equally permeable to D- and L-
glucose. 
Reprinted from Journal of Biochemical and Biophysical Methods, 55. C. Lagerquist 
Hägglund & P. Lundahl, Centrifugal and chromatographic analyses of tryptophan 
and tyrosine uptake by red blood cells and GLUT1 proteoliposomes with 
permeability estimates and observations on dihydrocytochalasin B, 127–140, (2003) 
with small modifications and permission from Elsevier. 

Comparison between CB and dCB 
The difference between CB and dCB is that dCB lacks a double bond 
between C21 and C22 (see Fig. 9), and is therefore less rigid than CB. The 
substrate uptake into proteoliposomes seemed to increase in the presence of 
dCB, and to test the hypothesis that this was due to dCB interactions with the 
bilayer the effect of dCB and CB on an ILC column were compared. The 
retardation of dCB was 10-fold larger than that of CB, suggesting that the 
proteoliposomes treated with dCB are more fragile and that ruptures cause 
increased uptake during the chromatography. 
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Figure 9. Panel A: The structure of CB. Panel B: The double bond (C21-C22) in CB 
arranges the large loop, and Panel C: The more compact structure of dCB. The 
conformations of CB and dCB differ considerably, depending on that the double 
bond between carbons 21-22 is split up in dCB binding two extra hydrogens. Panel 
B and C are reprinted with permission from (Goto et al. 1998). Copyright 1998 
American Chemical Society. 
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Ethanol weakens the cytochalasin B-GLUT1 binding 
(Paper IX) 
Widmer et al. (1990-1991) have reported that CB inhibits tyrosine and 
tryptophan transport into RBCs. They observed inhibition of aromatic amino 
acid transport in the CB concentration range 0.1-2 mM, although the 
solubility of CB in water is only 46 M (Baldwin & Lienhard 1989). I 
presume that their high concentrations of CB were accomplished by addition 
of ethanol or dimethylsulfoxide. I had seen ethanol effects on IBAC analyses 
before and decided that this needed to be examined more thoroughly. 

To increase the solubility of hydrophobic molecules in water small 
amounts of ethanol may be added. Measured by volume, 0.5-1% is usually 
enough to get a reasonably high concentration of a hydrophobic compound. 
One might think that concentrations in that range would be too small to have 
an impact on the affinity measurements, but 1% corresponds to 172 mM 
ethanol and, as presented in Paper IX, ethanol in the above concentration 
range affects both the specific CB-GLUT1 interaction and the non-specific 
CB-phospholipid interaction. 

Ethanol decreases the specific CB retention on GLUT1 in RBCs, 
membrane vesicles and proteoliposomes. At 2% ethanol the CB retention on 
vesicles and proteoliposomes had decreased to half of the initial elution 
volume (Fig. 10A), and, accordingly, the Kd values for CB increase at higher 
ethanol concentrations (Fig. 10B). The ethanol effect on the interaction 
between drugs, including CB, and phospholipid bilayers was also determined 
and the retention on an ILC column decreased for all of the tested drugs 
(positively-, negatively- and noncharged), but not to the same extent as CB 
decreased on material including GLUT1. Other alcohols were also tested and 
the effect on the CB-GLUT1 interaction increased with longer carbon chains 
(Fig. 10C, D). 
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Figure 10. The effect of ethanol and other alcohols on CB and D-glucose binding to 
GLUT1 in membrane vesicles and proteoliposomes. Panel A: Shows how the 
specific CB retention on a membrane vesicle ( ) or proteoliposome ( ) column 
decreases with the ethanol concentration. Panel B: The variation in the Kd values for 
CB ( ) and D-glucose ( ) on a membrane vesicle column. Panel C: The effect of 
different alcohols (methanol , ethanol , propanol and butanol  on the 
CB binding to GLUT1 proteoliposomes. The ethanol values are the same as those 
presented in panel A. The apparent negative value for butanol at the highest 
concentration is due to underestimation of the interaction with the lipid bilayers, 
since the value for ethanol interaction was used for all alcohols. Panel D: The 
logarithm of the slopes in panel C plotted against the carbon chain length. Reprinted 
from Paper IX submitted to Journal of Chromatography A, C. Lagerquist Hägglund, 
I. Gottschalk & P. Lundahl. Ethanol weakens cytochalasin B binding to the GLUT1 
glucose transporter and drug partitioning into lipid bilayers, with permission from 
Elsevier.
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FUTURE APPLICATIONS OF THE 
METHODS

The methods used in this thesis show potential to be used for other purposes 
than those described above. The affinity measurements by IBAC might in 
the future be used in screening for potential pharmaceutical drugs aimed at 
immobilized membrane proteins that cause a disease or are involved in the 
mechanism of a disease. The column may then be used for high-throughput 
screening of molecules to find substances with high affinity binding, 
similarly as proposed by Moaddel and Wainer (2003). 

The pharmaceutical industry’s interest in determinations of the 
partitioning of drugs into bilayers will probably increase the more natural the 
membranes that can be used. Immobilized and long-time stable brush border 
membranes of the small intestine would allow screening for potential drugs 
with a high possibility to pass the membrane. Engvall and Lundahl 
(unpublished) have immobilized porcine brush border membrane vesicles, 
but the stability is still low. 

The method for transport measurements by SEC may be applied to 
determine the permeability of lipid bilayers to drug candidates, as 
exemplified with tyrosine and tryptophan in Paper VIII. The drugs have to 
be radioactively labeled and have a rather low permeability to be used under 
the conditions described in this thesis, but the method may serve as a starting 
point for technical improvements to extend to drugs with faster diffusion 
rates, and to detect non-labeled substrates. Since the detection of the drugs in 
lipid mixtures is a major methodological problem, fluorescent versions of 
drug analogues may offer new options. Another way of measuring 
permeability would be to use RBCs, incubate them with substrate, and 
measure the uptake (or depletion in the surrounding media) after specific 
time intervals, similarly as the determinations of tyrosine and tryptophan 
uptake into RBCs in Paper VIII. 
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SAMMANFATTNING PÅ SVENSKA 
(SUMMARY IN SWEDISH) 

Membranproteinerna - cellernas portvakter 
Hela vår kropp är uppbyggd av biljontals små byggstenar – cellerna. Dessa 
celler skiljer sig beroende på var de finns och vilken funktion de har, men 
har även många likheter i fråga om uppbyggnad och struktur. Alla celler 
innesluts av ett cellmembran som håller isär cellens inre från omgivningen. 
De flesta cellerna har en cellkärna där vår arvsmassa lagras i form av 
kromosomer. Cellkärnan och andra organeller, som t.ex. mitokondrierna där 
all energi som cellerna använder sig av tillverkas eller ribosomerna där nya 
proteiner skapas, omges av ett membran på samma sätt som cellen som 
helhet. Membranen är uppbyggda av ett dubbelt lipidlager. Ett lipidlager 
består av en fettlöslig del och en vattenlöslig del, ett dubbelt lipidlager har de 
vattenlösliga delarna utåt och de fettlösliga delarna mot varandra i mitten. På 
så sätt bildas en enhet som vattenlösliga ämnen inte kan passera. I detta 
fettlager finns det proteiner som delvis trivs i fettlagret men som även har 
delar som sticker ut i omgivningarna på båda sidorna av membranet. Dessa 
membranproteiner är cellernas kontakt med omgivningen. T.ex. kan 
hormoner binda membranproteiner och därigenom signalera till cellen att 
något skall ske, eller så kan membranproteiner bilda porer som vattenlösliga 
molekyler kan passera igenom för att komma in i eller ut ur cellen. Det finns 
olika membranproteiner som har specifika uppgifter för att reglera cellernas 
utbyte med sin omgivning. Transportmembranproteiner kan kräva energi för 
transporten (aktiv transport) eller så kan de underlätta diffusionen av en 
molekyl för att utjämna en koncentrationsskillnad mellan det omgivande 
mediet och cellens inre (passiv transport). Transporten är oftast mycket 
specifik, endast vissa molekyler tillåts passera. 

Celler konsumerar energi för att kunna genomföra sina uppgifter. Den 
vanligaste energikällan är sockret glukos som omvandlas till andra former av 
energi efter att ha transporterats in i cellerna. Ett glukostransporterande 
membranprotein är GLUT1 (Mueckler et al. 1985). GLUT1 finns i 
membranen i olika typer av celler, t.ex. röda blodkroppar och cellerna i blod-
hjärnbarriären (avgränsar blodkärlen i hjärnan från nervcellerna). GLUT1 
transporterar glukos genom passiv diffusion, men kan även transportera 
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andra liknande molekyler som dehydroaskorbinsyra (förstadiet till C-
vitamin) (Vera et al. 1993). För att studera GLUT1 kan man använda röda 
blodkroppar då dessa går att köpa för forskningssyften på sjukhusens 
blodcentraler. I varje röd blodkropp finns det ca 510 000 GLUT1-kopior 
(artikel V). Det finns även en mängd andra membranproteiner med olika 
antal kopior. GLUT1 kan studeras direkt i röda blodkroppar eller renas fram 
och sättas in i en konstgjord modell av ett biologiskt membran som då bildar 
en så kallad proteoliposom. Studier av proteoliposomer kan vara att föredra 
om man är osäker på om det verkligen är GLUT1 som transporterar en 
molekyl, då det i röda blodkroppar finns flera andra transportörer. GLUT1 
har karakteriserats för dess transporthastigheter, substratspecificitet och 
hämmare men den tredimensionella strukturen är än så länge okänd. En 
tredimensionell modell baserad på 12 transmembrana segment (Mueckler et
al. 1985) har utarbetats genom att jämföra med ett laktostransporterande 
protein (Zuniga et al. 2001) 

Min forskning 

Metoder
Jag har främst använt mig av kromatografi för att undersöka hur GLUT1 
fungerar. Kromatografi är en separationsmetod där molekyler kan separeras 
med avseende på storlek, laddning eller andra egenskaper, t.ex. affinitet till 
något ämne som finns i en kolonn. Molekylerna fördelar sig mellan en 
stationär fas och en rörlig fas, i mitt fall vatten som pumpas genom 
kolonnen. Jag har bland annat använt gelfiltrering, som separerar med 
avseende på molekylstorlek, med Sephadex G50 (porösa kulor av en 
sockerpolymer), för att separera GLUT1 proteoliposomer från substrat till 
GLUT1. Om man vill mäta hur snabbt ett substrat transporteras av ett 
membranprotein kan man blanda proteoliposomer (innehållande det aktuella 
proteinet) med radioaktivt märkt substrat under en viss tidsperiod och 
därefter tillsätta en hämmare som stoppar transporten och separera bort den 
del av substratet som inte kommit in i proteoliposomen genom kromatografi. 
Mängden radioaktivitet i proteoliposomerna och i det som ej transporterats 
in bestäms och transporthastigheten beräknas. Kromatografi kan även 
användas för att mäta affiniteter genom att sätta fast det protein man vill 
undersöka, i mitt fall GLUT1 i stationära gelkulor, och sedan applicera en 
molekyl som binder till proteinet och mäta tiden det tar för molekylen att 
komma ut från den kromatografiska kolonnen. Genom att applicera olika 
koncentrationer av interaktanten kan bindningsstyrkan till proteinet 
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beräknas. Denna metod kallas affinitetskromatografi på immobiliserade 
biomembran (förkortat IBAC enligt den engelska benämningen). En annan 
variant av denna metod är kromatografi på immobiliserade liposomer (ILC). 
Liposomer (ett konstgjort membran, som proteoliposomer utan proteiner) 
sätts fast och man kan mäta hur olika läkemedel interagerar med membraner 
och fördelas in i lipidskikten, vilket är viktigt då oralt administrerade 
läkemedel måste passera tunntarmens membran för att tas upp i blodet och 
transporteras vidare ut i kroppen. 

Resultat
Hur membranproteinet GLUT1 fungerar och hur GLUT1 kan karakteriseras 
har varit huvudintresset för denna avhandling. Hur man kan rena fram 
GLUT1 med hjälp av en detergent med låg kritisk micellkoncentration, och 
även hur detergenten inhiberar ligandbindning till proteinet studerades i 
artikel I. Det går att rena fram GLUT1 med den undersökta detergenten om 
rekonstitueringen sker med Superdex 75 i stället för med Sephadex G50, 
som tidigare framgångsrikt använts för detergent med högre kritisk micell-
koncentration. Proteoliposomer från den undersökta detergenten uppvisade 
lägre transporthastighet, men om de immobiliserades kunde kvarvarande 
detergent tvättas bort och samma bindningskapacitet för hämmaren 
cytochalasin B (CB) som om proteinet hade solubiliserats och rekonstituerats 
med en detergent med hög kritisk micellkoncentration uppnåddes. 

I artikel II beskrivs hur GLUT1-bindningen till CB, en annan hämmare, 
forskolin, och till substratet D-glukos påverkades av olika pH. Det visade sig 
att affiniteten till GLUT1 minskade med ökat pH (5-8,7), troligen på grund 
av förändringar av nettoladdningen då GLUT1 har en isoelektrisk punkt vid 
8,0 (Englund et al. 1995). Under pH 5 inaktiverades proteinet och över pH 9 
var affiniteten för låg för att kunna mätas. 

Artikel III handlar om hur ILC-metodens resultat påverkas av olika 
förhållanden, vilket kan vara intressant för den farmaceutiska industrin. Den 
erhållna normaliserings faktorn, Ks, är inte beroende av flödeshastigheten, 
mängden lipid i kolonnen eller drogkoncentrationen. Vi testade även 
kolonner med olika typer av lipider i, för att se om laddningarna på 
lipidernas huvudgrupper kunde bidra till retentionen. Ju mer negativt 
laddade lipider som fanns i kolonnen, desto längre blev retentionen för 
positivt laddade droger och av samma anledning minskade retentionen med 
ökande jonstyrka. Vi jämförde även retentionen för beta-blockerare, 
fentiazinderivat och bensodiazepiner på olika typer av immobiliserat 
material med retentionen på liposomer gjorda av lipider från äggula, bäst 
korrelation (r2= 0.96) blev det med lipider från röda blodkroppsmembran 
och med vesiklar från röda blodkroppar. 
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Artikel IV, VI och VII är översikter av arbeten från många olika 
forskningsgrupper. Artikel IV behandlar kromatografi på olika biomembran-
strukturer, bland annat så beskrivs hur vi har applicerat Hummel och Dreyers 
(1962) metod på membranproteiner. Artikel VI beskriver GLUT1s CB-
bindnings- och transportegenskaper. Artikel VII jämför och beskriver de två 
sockertransportörerna GLUT1 och laktospermeas. 

Artikel V försöker reda ut om GLUT1 har en monomer eller oligomer 
som funktionell enhet genom att mäta antalet CB-bindningsställen jämfört 
med antalet GLUT1 molekyler i kolonnen. Två olika tillstånd för GLUT1 
hittades där det ena hade ett CB bindningställe per två GLUT1 molekyler, 
och det andra hade ett bindningställe per GLUT1 molekyl. När man mätte på 
hela röda blodkroppar så verkade båda tillstånden finnas (delvis beroende på 
vilket immobiliseringssätt som användes), i vesiklar var det ett CB 
bindningställe per GLUT1 så länge de ej var immobiliserade, vid 
immobilisering gick de dock över till att binda en CB per två GLUT1, 
medan proteoliposomer alltid hade en CB bunden till två GLUT1. Man bör 
dock ha i åtanke att för röda blodkroppar är bestämningen av antalet celler 
och antalet GLUT1 per cell avgörande för kvoten. 

I artikel VIII utreder jag om GLUT1 kan transportera de aromatiska 
aminosyrorna tryptofan och tyrosin, vilket tidigare föreslagits (Widmer et al.
1989). Jämförelse av permeabiliteten genom GLUT1 proteoliposomer och 
liposomer visade att det inte är GLUT1 som är huvudansvararig för 
transporten. Permeabilitetsförhållandet mellan proteoliposomer och 
liposomer för tryptofan (2,1 0,4) och tyrosin (5,1 0,8) var i samma storleks-
ordning som för den icke transporterade glukos enantiomeren L-glukos
(3,3 0,9), medan D-glukos hade ett betydligt högre förhållande (15 3). 
Tyrosinvärdet ger dock utrymme för viss långsam transport genom GLUT1. 
En besläktad molekyl till CB, dihydrocytochalasin B, som dock inte hämmar 
GLUT1, presenterades som en ny hämmare till tryptofan- och tyrosin-
transport. Dessutom presenterades en mild transportmätningsmetod, där 
ingen injektor används för att minska läckaget genom proteoliposomerna, då 
läckage försvårar resultattolkningen. 

Artikel IX behandlar hur etanol påverkar GLUT1s bindning till glukos 
och cytochalsin B. Etanol används ofta för att öka lösligheten hos molekyler, 
och vi visar att även relativt låga koncentrationer (mätt i volym%, vilket 
dock blir höga koncentrationer uttryckt i molar) har en inhiberande effekt på 
GLUT1 bindningen. Som exempel kan nämnas att 2% etanol minskade den 
specifika CB-bindningen till hälften. Detta måste tas i beaktning när man 
använder etanol för att öka lösligheten. Vi jämförde etanol med andra 
alkoholer och fann att effekten var större ju längre kolkedjan var. Vi 
studerade även hur etanol påverkar drogers interaktion med lipidbilager och 
även här minskade interaktionen. 
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