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ABSTRACT

Carrier mediated nutrient import is vital for cell and tissue homeostasis.

Structural insights of carrier mediated transport, particularly the human glucose
transporter GLUTL, are essential for understanding the mechanisms of human metabolic
disease, and provide model systems for cellular processes as a whole.

GLUT1 function and expression is characterized by a complexity unexplained by
the current hypotheses for carrier-mediated sugar transport (9). It is possible that the
operational properties of GLUTL1 are determined by host cell environment. A glucose
transport-null strain of Saccharomyces cerevisiae (RE700A) was transfected with the
p426 GPD yeast expression vector containing DNA encoding the wild-type human
glucose transport protein (GLUT1) to characterize its functional properties. ldentical
protein sequences generated different kinetic parameters when expressed in RE700A
yeast, erythrocytes, and HEK?293 cells. These findings support the hypothesis that red cell
sugar transport complexity is host cell-specific.

Cytochalasin B (CB) and forskolin (FSK) inhibit GLUT1-mediated sugar
transport in red cells by binding at or close to the GLUT1 sugar export site.
Paradoxically, very low concentrations of these inhibitors produce a modest stimulation
of sugar transport (16) This result is consistent with the hypothesis that the glucose
transporter contains multiple, interacting, intracellular binding sites for el ligands CB and
FSK. The present study tests this hypothesis directly and, by screening a library of

cytochalasin and forskolin analogs, asks what structural features of exit site ligands



determine binding site affinity and cooperativity. Our findings are explained by a carrier
that presents at least two interacting endofacial binding sites for CB or FSK. We discuss
this result within the context of GLUT1 quaternary structure and evaluate the major
determinants of ligand binding affinity and cooperativity.

Cytochalasin B (CB) inhibits GLUT1 substrate transport at or near the endofacial
sugar binding site. N-bromosuccinamide analysis combined with *H-CB photolabeling
implicates the region between Trp388 and Trp412 in ligand binding. Although its
structure has been modeled(5), the specific residues comprising the sugar binding site are
unknown. A series of alanine point mutants were made, and mutant protein 2-deoxy
glucose transport was tested in the presence of increasing [CB]. Argl26Ala and
Cys421Ala GLUT1 mutations altered CB affinity but were determined not to be in the el
site. The Arg400Ala mutation decreased binding affinity for CB, and may comprise part
of the el binding site. Because point mutations were individually insufficient to abrogate
CB binding, Trp388 to Trp412 chimeras were made. GLUT1/GLUT4355.41,/GLUT1 and
GLUT1/GLUT53g3.412/GLUT1 chimeras showed moderately less sensitivity to CB
inhibition of transport; these amino acids likely comprise regions determinant of CB
binding affinity. Furthermore GLUT1/GLUT53sg5.412/GLUT1 shows enhancement of 2-
DG uptake at 50nM CB, but an overall dose response indistinguishable from WT
GLUTL1. A multisite fit of the data suggested GLUT1/GLUT5385.412/GLUT1 chimera
possesses strong first site affinity for CB but slight negative second-site cooperativity.
We conclude that point mutants were insufficient to abrogate CB binding and that the

Trp388 to Trp412 sequence is necessary for CB binding affinity but is not the sole



determinant of inhibition of 2 deoxyglucose uptake by CB. We discuss these results with
their implications for structure-function sequence localization of the CB binding site, and

by extension, the el sugar binding site.



INTRODUCTION

Glucose Transport Studies

Glucose is the preferred energy substrate for cellular metabolism; cellular demand
and glucose availability are of utmost importance to both unicellular and multicellular
organisms. Surrounded by an impermeant lipid bilayer, cells acquire glucose and other
nutrients by utilizing integral membrane proteins, making nutrient channels and carriers
fundamental to life. The work described here discusses the human erythrocyte sugar
transporter GLUTL1, the first characterized sugar porter(18). GLUTL is expressed in all
tissue types, is thought to be responsible for basal glucose homeostasis, and is the
primary vehicle for transport of sugar from blood into brain as well as across other blood
and tissue barriers. Defects in GLUT1 or its regulation may result in epileptic-like
seizures (19), growth defects, or embryonic inviability. Furthermore, GLUT1 is a
valuable model system for structural analysis of integral membrane proteins as well as
nutrient transport. Structural understanding of glucose transport will further our
knowledge of carrier mediated glucose homeostasis within cells and tissues, and may

lead to treatment of chronic metabolic disease.

Protein Mediated Nutrient Uptake

Cells are surrounded by an amphipathic lipid bilayer known as the plasma



Figure 1.1 Crystal Structures of Membrane Transport Proteins.

A. A top-down view of aquaporin, with the membrane side view of the monomer. (10)
B. Top and side view of KvaP, a mammalian potassium channel. (14)

C. An ABC transporter (normal to the plane of the bilayer), the crystallized catalytic
intermediate of the maltose transport protein complex. (15)

D. Cytoplasmic and side view of GIpT, a Major Facilitator Superfamily bacterial sugar

transporter. (17) Structures are shown in ribbon formats.
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membrane, whose primary function is to maintain cellular homeostasis (20). Without
protein-mediated nutrient uptake lipid bilayers are impermeant to large, polar, or charged
molecules including ions, cofactors, and glucose. Water, small hydrophobic molecules,
gases, and lipophillic drugs diffuse freely through the membrane into the cell. Large or
charged molecules may diffuse, but do so slowly. Cells overcome the problem of
excluding important metabolites and ions by utilizing integral membrane proteins which
include channels and carriers. Protein mediated transport is metabolite specific and is
often fine-tuned by regulation of transporter expression or activity to meet cellular
demands.

Channel proteins are membrane resident and stabilize a pore normal to the lipid
bilayer, which provides simultaneous access to both sides of the membrane. Channels
may be highly specific, facilitating movement of one ion, or nonspecific ‘porins’,
permitting free water and ion access across a lipid bilayer. Channel selectivity is thought
to be governed by pore diameter. The crystallized channel protein Kv1.2, a voltage gated
K* channel (Fig 1.1B) (14), has a pore diameter of approximately 1.5A (21), while the
aquaporin GIpF has a pore diameter of 3.4x3.8A at its narrowest (22). For Kv1.2, a tight
fit ensures dehydration of the K™ ion and subsequent transport, keeping out smaller-radius
ions like Na* (14, 21) Aquaporins like GIpF (Fig 1.1A) are predominantly expressed in
endothelial cell types requiring or mediating high rates of more permissive fluid transport
(22, 23). A tetrameric, integral membrane protein, aquaporin functions by permitting
water flow through a pore within each subunit lined with hydrophilic amino acids,

permitting single-file flux to the opposite side. Net water flow always proceeds in the



direction of [water]nigh to [water]iow.

Unlike porins, channels typically isomerize between closed, open, and
desensitized states. Channels transition between states in response to protein-protein
interactions, voltage across the lipid bilayer, changes in temperature, or ligand binding
(24).

Three classes of carrier proteins facilitate bidirectional transport of small molecules
across membranes: “Primary Active” carriers, facilitative carriers, and secondary active
carriers. “Primary Active” carriers, also known as active transporters or pumps, (see the
maltose transporter, Fig 1.1C) mediate transport against an electrochemical gradient by
coupling substrate transport to ATP hydrolysis (20). Secondary active carriers are
symporters or antiporters because net uphill transport of substrate is coupled to and
driven by the co-transport or antiport of a second species — typically a cation such as Na*
or H — down its electrochemical gradient (Fig 1.2)(20). Facilitative carriers like GLUT1
catalyze both unidirectional substrate uptake and export. Since the direction of net
substrate transport always proceeds down the electrochemical gradient, most often
without primary active carriers transmembrane electrochemical gradients are not
established. These gradients allow channels, secondary active carriers, and facilitative

carriers to do useful work.

Pathophysiology of Transport Proteins
When fundamental channel and carrier processes are perturbed, the resulting

disease states are chronic and debilitating. Almost 20% of sequenced human genome



Figure 1.2 Types of Secondary Active Carriers.

In all cases, facilitated carrier mediated transport utilizes existing substrate
concentration gradients. Uniporters transport a single solute (gray circles) down its
concentration gradient. Symporters utilize a common solute (yellow squares) to drive the
uptake of a rarer substrate (blue triangles) against its concentration gradient. Antiporters
use the high concentration of a common cellular substrate to facilitate the uptake of a low

concentration solute against its concentration gradient.
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proteins are integral membrane proteins; of these, 90% are considered viable therapeutic
drug targets for human disease (25). Moreover, the Transport Classification Database at
UCSD listed over thirty-seven human diseases affiliated with mutant channels or carriers
(26). Most of these debilitating diseases are genetic, and extant therapies only treat
symptoms. Understanding how to ameliorate mutant function reveals important insights
into the role of that protein within the body, and facilitates development of novel
treatments to increase patient quality of life. The following perturbations of integral-
membrane protein mediated cellular functions will be discussed in more detail: faulty
chloride channels and cystic fibrosis, the role of sugar porters and multidrug resistance
transporters in cancer and cancer therapies, diabetes states, both adult-onset and juvenile,
and lastly, GLUT1 Deficiency Syndrome and the effects of insufficient glucose transport

on cerebral function and development.

ANION TRANSPORT AND CYSTIC FIBROSIS

One of the most common inherited childhood diseases, cystic fibrosis is caused by
a mutation in a protein known as the cystic fibrosis transmembrane conductance regulator
(CTFR), a chloride ion channel. These channels are commonly found in tissues that
produce sweat, mucus, and other secretions. Anion transport aids in regulating the
osmotic balance across membranes of secretory tissues. Without chloride secretion,
water cannot flow to thin the mucus in the lung and other tissues, resulting in damage and
breathing difficulties (27). While afflicted children have a life expectancy of forty years
with surgical lung replacement, structural understanding of CTFR may lead to small

molecule activators of the channel to ameliorate deficient function. Mutations in CTFR
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are often retained within intracellular vesicles in a manner similar to wild type GLUT4
sequestration. Understanding the recruitment of GLUT4 and its homologous sibling

GLUTL1 to the cell surface may suggest further therapies for cystic fibrosis.

CANCER, SUGAR PORTERS & MULTIDRUG RESISTANCE TRANSPORTERS

Cancerous cells grow and multiply faster than normal cells, resulting in an acutely
increased demand for energy. Warburg first observed in 1956 (28) that tumors have high
rates of anaerobic glycolysis. The level of glycolysis, typified by the high expression of
lactate dehydrogenase, has been used as a benchmark for lymphomas, leukemias, and
colon cancer (29). A shift to lactate from pyruvate is thought to deprive the
mitochondria, reducing the TCA cycle and therefore ATP output. All of these factors
intensify the cancer cell’s need for glycolysis, and therefore, glucose (30).

The increased demand for glucose in cancerous cell lines as well as benign and
malignant tumors results in up-regulation of glucose transporter expression, especially
GLUTL1 (30). Tumor analysis has also shown glucose transporters to be up-regulated by
hypoxia resulting from poor perfusion (31). Similarly, tissue culture attendant hypoxia is
thought to be a primary determinant of GLUT1 upregulation in cultured cells (32).

Some breast cancers also increase sugar transporter-mediated uptake in response to
estrogen treatment, likely as a result of metabolic depletion (33). While it is unlikely that
increased sugar porter production is a cause or an effect of cancer, the sugar porters
themselves remain seductive drug targets to starve tumorigenic masses.

Multidrug Resistance (MDR) transporters are another class of integral membrane

proteins that directly affect human anticancer strategies. Efflux pumps such as ABCG2
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expressed in the calnilicular membranes of the human liver, microvascular endothelium
of the brain, and the apical surface of the small intestine epithelium drain small molecule
chemotherapeutic delivery by facilitating rapid drug clearance (34). It is unsurprising

that human MDR inhibitors are fiercely sought after anticancer agents.

DIABETES

Diabetes is a disease of metabolism in which glucose homeostasis is disrupted; it
has also been called the most quietly received epidemic in the US (35). The World
Health Organization reports that 5% of deaths worldwide are caused by type 2 diabetes;
in the absence of medical intervention that number is expected to increase 50% in the
next ten years (36).

GLUT4, the insulin-sensitive glucose transporter, is a passive yet critical element
in this disease. Upon food intake, pancreatic beta cells release the peptide hormone
insulin. When insulin interacts with cell surface insulin receptors in muscle and adipose,
a signaling cascade is triggered causing the cell surface recruitment of intracellular
GLUTA4. Consequently, this results in the reduction of blood glucose levels as well as
strongly increased cellular sugar transport capacity in skeletal muscle and adipose tissue
(37, 38). There are several steps in the signaling cascade that may be perturbed and it is
the locus of the disruption that determines what type of diabetes clinically presents.

Diabetes may be classified as two types; Type | (Juvenile) Diabetes is usually
genetic, involves the autoimmune destruction of insulin secreting beta cells, and begins at
infancy. Type Il diabetes, the ‘industrialized epidemic’ (35) may involve genetic

predisposition, but is a mature-onset disease state where skeletal muscle, adipose, and
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liver tissues become insulin resistant. This leads to systemically increased blood glucose
levels resulting in muscle and liver damage, adult blindness, and potential limb atrophy.
Ultimately, the pathophysiology of glucose homeostasis is an exponentially
increasing healthcare challenge to the developed world. Understanding glucose
transporter structure function may introduce alternative oral strategies for regulation of
serum glucose, obviating the need for insulin injections or other therapies for the insulin

resistant.

GLUT1 DEFICIENCY SYNDROME

The human glucose transporter 1 (GLUT1) was the first glucose transporter to be
cloned, purified, and characterized. (18, 39, 40). GLUT1 is ubiquitously expressed and is
the most thoroughly characterized human sugar porter. The dense expression of GLUT1
in the brain microvascular endothelial cells results in high capacity glucose transfer from
the circulatory system to the brain (41). Numerous deleterious point and missense
mutations in GLUT1 result in GLUT1 Deficiency Syndrome (GLUT1DS), an inheritable
disease characterized by retarded brain development, reduced cranial size, and epileptic-
like seizures. Diagnosed early, infants may be placed on a ketogenic diet (80% fat, 20%
carbohydrates and protein) to facilitate early cerebral development and control seizures.
On the ketogenic diet, the monocarboxylate transporters (MCTSs) provides the necessary
cellular fuel via the ketone body metabolism pathway in the brain. GLUTL1 Ds is
typically heterozygous in clinical study, while homozygous mutant GLUT1 is thought to
be embryonically lethal (42-44).

GLUTL1 plays a pivotal role in other neural conditions which interrupt the
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microvascular endothelium and perturb the brain’s fuel supply. Examples where glucose
transport may become rate limiting include ischemia (stroke), Alzheimer’s disease, other
forms of epilepsy, hypoxia, and brain trauma (41, 45). Research into GLUTL1 function
and regulation offer the potential of developing therapies for these debilitating conditions.
Ultimately, an understanding of GLUT1 structure and function may also facilitate
engineering small molecule delivery systems for transport into damaged areas of the

brain.

Structural Features of Major Facilitator Superfamily Proteins

Over 100 families of nutrient import proteins in microorganisms have been
classified, half of which fall into two *superfamilies’ of structurally related transporters.
These are the ATP Binding Cassette (ABC) superfamily, and the Major Facilitator
Superfamily (MFS). (46) ABC transporters are generally hetero-oligomeric in nature,
and are considered primary active carriers with transport coupled to ATP hydrolysis.
MEFS transporters do not require ATP, may function as monomers or homo-oligomers,
and may be passive or secondary active carriers.

The first, largest, and most extensively studied subfamily of the MFS is the sugar
porters. The typical sugar porter fold includes 12 putative or confirmed transmembrane-
spanning alpha helical regions and intracellular N and C termini (Fig 1.3). Sugar porters
are typically 400 to 800 amino acids in length, with the smaller peptides generally found
in prokaryotes. Under normal conditions, sugar porters function via solute uniport or Na+
or H+-driven symport (Fig 1.2). Given a high concentration of sugar within the cell,

however, sugar-sugar antiport is commonly observed (46).
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MFES Crystal Structures

Three crystal structures of bacterial MFS proteins have been reported; the lactose
permease LacY (3.3A resolution), glycerol-3-phosphate transporter GIpT(3.2A
resolution, Fig 1D), and the oxalate transporter OxIT(6.5A resolution (17, 47, 48)).

These structures contain alpha-helical transmembrane (TM) domains arranged in a
squared-off pyramid, connected by randomly coiled extramembranous loops. Perhaps the
most striking information from these MFS folds is that despite sequence dissimilarity, the
helices adopt a near identical packing arrangement. (Fig 1.3A,B) Each structure has
been crystallized in the el or cytoplasmic-facing configuration. Helices 3, 6, and 9 are
the shortest, and along with helix 12 are thought to be involved in structural support
within the membrane. The arrangement of the remaining helices suggest that they line a
funnel-shaped, 30 A hydrophilic cavity, with TM’s 2,5,8, and 11 on the periphery, and
1,4,7 and 10 in the core. A marked twofold axis of symmetry across the large
endofacial loop supports the suggestion of a gene duplication early in the genesis of these
proteins. While early studies modeled sugar translocation proceeding as through a water-
filled pore or channel (49) or by wholesale rotation of the transporter, Wang, et al utilized
kinetic evidence to support a valve-like rocking switch mechanism of sugar movement
with translocation (50). This is consistent with both Jardetzky’s (51) and Singer’s (52)

model of a fixed, two site carrier discussed later in this work.

Glucose Metabolism & the Human Glucose Transporter Family

The biochemical reactions used to obtain cellular energy (ATP) from glucose are
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Figure 1.3 Helix interactions in a MFS transporter.

A. GLUT1 sequence mapped onto a GIpT three dimensional scaffold, in the el
(endofacial) conformation. The structure is shown in ribbon format and is normal to the
plane of the bilayer. B. GLUTL helix packing arrangement as observed from the cytosol,
with the endofacial sugar vestibule facing the viewer. Helices 3,6,9, and 12 (green) are
the shortest and thought to provide structural stability. Helices 1,4,7, and 10 (magenta)

are thought to line the el, sugar binding cavity of the protein. Adapted from (4, 5).



Fig 1.3

Cytoso

18



19

well conserved from bacteria to humans. Glucose metabolism occurs via two pathways -
an anaerobic pathway and an oxidative or aerobic pathway. Anaerobic metabolism is a
cytosolic process which occurs primarily in tissues that need to generate energy quickly,
such as muscles. This process, known as glycolysis, breaks down glucose into smaller
monosaccharides, dihydroxyacetone and glyceraldehyde, generating ATP and pyruvate.
Anaerobic metabolism can meet sudden, stringent demands for energy, but is inefficient
and the thermodynamic payout (in ATP) per glucose is low. However, the buildup of
pyruvate may be funneled into the oxidative Krebs cycle later to replenish ATP as well as
generating amino acids and other cellular building blocks (53).

Aerobic or oxidative metabolism involves the Krebs cycle, pentose phosphate
shunt and use of mitochondria (53). Compartmentalization and time make possible a
greater amount of energy payout in the form of ATP and NADH per glucose entered into
the system; glycolysis yields two ATP equivalents per glucose, while the mitochondrial
path results in 38 (41, 53). Because oxidative metabolism is more ‘profitable’ in terms of
ATP synthesis, glucose and glucose transport remain vital throughout the human body.

Thirteen human glucose transporters (GLUT1-12, HMIT) have been
characterized, each with their own tissue-specific expression pattern (38). When
compared by sequence identity, the glucose transporters fall into three groups. Group 1
contains GLUT1-4, Group 2 contains GLUTs 5, 7, 9, and 11, and Group 3 comprises
GLUTs 6, 8, 10, 12, and the myo-inositol transporter HMIT. (Table 1.1)

Group 1 transporters are similar in that their primary function is high affinity
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Table 1.1
GLUT Group  Gene Name  Substrate® Expression” Oocyte Ky
GLUT1L 1 SCL2A1 Glucose Erythrocytes, 5SmM
Endothelial Barrier
Cells, Smooth
Muscle, Cardiac
Muscle
GluT?2 1 SCL2A2 Glucose, Liver, Pancreatic 11mM
Fructose Islets
GIuT3 1 SCL2A3 Glucose Brain, Neurons 1mM
GluT4 1 SCL2A4 Glucose Cardiac & Skeletal 5mM
Muscle, adipocytes
GluT5 2 SCL2A5 Fructose Intestine, Testis, 6mM
Kidney
GluT7 2 SCL2A7 ND Intestine 0.3mM
GIluT9 2 SCL2A9 Urate, Liver, Kidney 0.3mM
Glucose
GLUT11 2 SCL2A11 Glucose, Cardiac & Skeletal 0.2mM
Fructose Muscle
GluTé 3 SCL2A6 Glucose Spleen, Leukocytes,  High Kp,
Brain
GIuT8 3 SCL2A8 Glucose, Testis, Blastocyst, 2.4mM
Fructose Brain
GLUT10 3 SCL2A10 Glucose Liver, Pancreas 0.3mM
GLUT12 3 SCL2A12 Glucose Placenta, Testis, 4-5mM
Breast, possibly
Cardiac Muscle
HMIT 3 SCL2A13 Inositol, H+  Brain 0.1mM

Table 1.1 The Human Sugar Porter Family

Sugar porters are arranged according to groups based on sequence similarity, with the

porters in Group 1 discovered first(1-3). * Where two substrates are both transported, the

one with higher catalytic activity is listed first. ® Expression listed in order of most

concentration to least concentration within the tissue. © The listed Ky, is that for oocyte-

expressed transporter uptake of D-glucose (2).
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equilibrative transport of glucose. GLUTL is preferentially expressed in endothelial
barriers such as the blood-brain barrier, as well as the surface of erythrocytes and smooth
muscle cells, although it has low, ubiquitous expression in most tissues (38, 54).

GLUT2 is primarily expressed in hepatocytes, pancreatic beta cells, and absorptive
epithelial cells in the small intestine and kidney, and may transport glucose or fructose
(54, 55). GLUTS3 is the most prevalent sugar transporter in the brain and other nerve
tissues, although it has basal expression in kidney, placenta, and liver (38). GLUT4 is the
‘insulin-sensitive’ glucose transporter present in muscle and adipocytes. While GLUTSs
1, 2, and 3 may be regulated via altered expression or activity, insulin regulation of
GLUT4 results in GLUT4 redistribution between cell surface and intracellular
membranes(54).

Group 2 transporters (5,7,9,11) are not as well characterized as those in Group 1.
GLUTS5 is highly expressed at the apical membrane in the small intestine, and is the
major vehicle for dietary fructose uptake. It is also expressed in the brain endothelium, as
well as in muscle and fat cells (54). GLUTY7 is expressed in small intestine and possesses
high affinity for glucose and fructose in culture, though its physiological substrate is yet
unknown (56). GLUTY is a glucose transporter primarily expressed in the kidney and
liver; interestingly, mutations in GLUT9 result in defective uric acid metabolism and
increased sensitivity to gout (57-59). GLUT11 transports glucose and fructose, and is
expressed as three functionally similar alternative splicing variants (60). Unlike the
Group 1 transporters, Group 2 transporters are only weakly inhibited by the classic

GLUT1 inhibitor cytochalasin B.



