How Does ATP Regulate Erythrocyte Glucose Transport?

A Dissertation Presented

By

Jeffry M Leitch

Submitted to the Faculty of the

University of Massachusetts
i Graduate School of Biomedical Sciences , Worcester

in partial fulfiliment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

June 5th, 2007

Biochemistry and Molecular Pharmacology




HOW DOES ATP REGULATE ERYTHROCYTE GLUCOSE TRANSPORT?

A Dissertation Presented
By
Jeffry M. Leitch

Approved as to style and content by:

Dr. William Royer, Chair of Committee

Dr. Osman Bilsel, Member of Committee

Dr. William Kobertz, Member of Committee

Dr. Paul Pilch, Member of Committee

Dr. Ann Rittenhouse, Member of Committee

Dr. Anthony Carruthers, Thesis Advisor

Dr. Anthony Carruthers
Dean of the Graduate School of Biomedical Sciences

Department of Biochemistry & Molecular Pharmacology

June 5th, 2007



X

Jl

Y SR NNV g

111

COPYRIGHT NOTICE

Parts of this dissertation have appeared in:

Leitch, J. M. and Carruthers, A. (2007) ATP-dependent sugar transport complexity in
human erythrocytes. Am J Physiol Cell Physiol. 292, C974-C986. |

Leitch, J. M. and Carruthers A. (2007) Preferential transport of &- or B-sugar anomrs
does not account for GLUT1 mediated, ATP induced sugar exchange complexities
in human erythrocytes. J Gen Physiol. submitted.

Leitch, J. M. and Carruthers A. (2007) Using counterflow transport to probe ATP induced

complexities in human erythrocyte sugar transport. J Gen Physiol. submitted.




f.:«”\‘,u.iﬂ

r-;as . '“EMMIL‘ ,x““,‘Ai,.‘-..wL. 2

v

ABSTRACT

Human erythrocyte glucose sugar transport displays a complexity that is not ex-
plained by available models. Sugar transport was examined in resealed red cell ghosts
under equilibrium exchange conditions (intracellular [sugar] = extracellular [sugar]). Ex-
change 3-O-methylglucose (3MG) import and export are monophasic in the absence of
cytoplasmic ATP but are biphasic when ATP is present. Biphasic exchange is observed as
the rapid filling of a large compartment (66% cell volume) followed by the slow filling of
the remaining cytoplasmic space. Two models for biphasic sugar transport are presented
m which 3MG must overcome a sugar-specific, physical (diffusional) or chemical
(anomerization) barrier to equilibrate with cell water. The anomerization model was re-
jected through several lines of direct experimental investigation. 1) The sizes of the fast
and slow phases of sugar transport do not correlate with the equilibrium anomer distribu-
tions of all GLUT1 sugar substrates. 2) Increasing the rate of anomerization by addition
of exogenous intracellular mutarotase has no effect on biphasic transport kinetics. 3) Di-
rect measurement of initial rates of sugar uptake or exchange demonstrates that GLUT]
shows no anomer preference. The physical barrier model was further refined by the use of
the counterflow condi.tion (intracellular [sugar] >> extracellular [sugar]). The presence of
a physical barrier alone was unable to explain the complex counterflow time courses ob-
served. As a result, the model was modified to include the action of a specific sugar ex-
port that is compartmentalized from rapidly equilibrating, GLUT l-mediated uptake and

exit.
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CHAPTER ]

LITERATURE REVIEW OF HUMAN ERYTHROCYTE SUGAR TRANSPORT

Why study carrier mediated trans-phospholipid bilayer diffusion?

All cells are enveloped by a hydrophobic phospholipid bilayer which permits non-
stokesian diffusion of small hydrophobic molecules and prevents the free diffusion of hy-
drophilic metabolites and ions. As a result, cells require specific mechanisms to facilitate
the import or export of selected molecules (1). Cells accomplish solute transport by uéing
amphiphilic bilayer-spanning integral membrane proteins. These proteins are categorized
in three main classes based on structure, function, and selectivity (Figure 1.1) (2). The
first and least selective class comprises the pores which form a hydrophilic membrane-
spanning hole allowing sufficiently small molecules to transit; the only selectivity being
conferred by the size of the hydrophilic passage (3). The second class of proteins com-
prises the channels. These proteins are mainly involved in the selective movement of spe-
cific ions down an electrochemical concentration gradient into or out of the cell. Chan-
nels are usually gated so that they are not open at all times (4, 5). The channel mechanism
allows for a high transmembrane flux of ions upon channel opening. The third and most
substrate diverse class of transport proteins is the carriers. The carriers are mainly respon-
sible »for the specific diffusion of metabolites, including carbohydrates, nucleosides and

nucleotides, amino acids, cations, anions, amines, and other molecules (2). As these carri-
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Figure 1.1. Mechanisms of Transbilayer Diffusion.

Shown left to right: A. Protein independent, Non-Stokesian diffusion - Small hydrophobic
molecules partition into the non-polar environment of the lipid bilayer and freely diffuse
into and out of cells or cellular compartments. B. Pore Facilitated Diffusion - Proteina-
tious membrane pores in the lipid bilayer form an aqueous pathway that allows the stoke-
sian diffusion of water soluble molecules. Selectivity is based solely on size, which may
be regulated. Pore cavities can range in size from several A (alphatoxin) to tens of
nanometers (nuclear pore complex). C. Channel Facilitated Diffusion - Channels are simi-
lar to pores in that they form an aqueous cavity within the membrane, but are much more
selective and usually only allow the diffusion of one ion type. Gating (opening and clos-
ing of the channel) is normally regulated. D. Carrier Mediated Diffusion - Carriers usually
present one binding site at either the one or the other membrane surface. Interconversion
between the two conformations results in solute diffusion. E. Carriers can catalyze pas-
sive diffusion or can transfer solutes against a concentration gradient by coupling solute
transfer to the energetically downhill transfer of a second transported species or to ATP

hydrolysis.
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ers provide the cellular metabolic machinery with essential substrates, it is easy to see
why carriers are necessary for life.

The carriers are proposed to exist in at least two distinct conformations and un-
dergo reversible conformational change upon substrate binding that leads to substrate
movement across the lipid bilayer (6, 7). While coupling transport to a significant protein
conformational change is energetically costly and thus decreases the next flux of solutes,
such a mechanism allows for greater specificity. This unique feature of carriers not only
facilitates the transfer of substrates down a concentration gradient (passive diffusion), but
also permits net solute transfer against a concentration gradient (active transport) by cou-
pling solute transport to a second favorable substrate gradient (symport and antiport) or to
ATP hydrolysis (8, 9).

It is estimated that there are nearly 800 genes in the human genome encoding pro-
teins responsible for the movement of molecules across cell membranes (10). Abnormali-
ties in membrane diffusion processes or regulation of those processes are associated with
many diseases, including diabetes (11), cystic fibrosis (12), long QT syndrome (13, 14),
Menkes (15).and Wilsons (16-18) diseases, depression, and bacterial antibiotic resistance
(19, 20). Understanding the mechanism of carrier function may lead to the deve]oprﬁent
of novel therapies for treating human diseases. Mutations in the erythrocyte, and endothe-
lial glucose transport protein, GLUT1, result in GLUT1 deficiency syndrome which i1s
charaéterized by infantile seizure, development delays, microcephaly, and if untreated,

early death (21, 22). As GLUT1 is responsible for the movement of sugar across the
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blood-brain barrier, a decrease in the transport efficiency of GLUTI results in normal
physiological blood sugar concentrations, but low cerebrospinal fluid glucose which is

incompatible with normal rates of neuronal glucose utilization.

Sugar metabolism and homeostasis

Glucose is the preferred substrate for ATP production in most cells. However, glu-
cose is highly polar and does not readily diffuse across cell membranes. Specific glucose
transporters have evolved in order to ensure intracellular glucose availability for energy
consumption. In humans, equilibrative sugar transport is catalyzed by a family of integral
membrane proteins called glucose transporters (GLUTs) (23). There are 13 accepted
members which are expressed in a tissue specific manner and catalyze the diffusion of a
variety of sugar substrates (24).

Class I members (GLUT1-4) are primarily responsible for the transbilayer facili-
tated diffusion of glucose. GLUT]1 is found in most tissues where it functions as a basal
glucose transporter, but is highly expressed in the endothelial and cardiovascular systems
where it functions to deliver glucose across blood-tissue barriers (25). GLUT2 is ex-
pressed in liver and pancreatic B-cells (25) and GLUT2 polymorphism may contribute t0
Type 11 diabetes susceptibility (26-28). GLUT2 may also function as a high affinity glu-
cosamine transporter (29). GLUT3 is found in brain tissue, but appears to be restricted to
neuronél cells and is not found in the blood-brain barrier (30-32). GLUT4 is the insulin

responsive glucose transporter and is found in adipose and skeletal muscle tissue (25, 33).
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Class II (GLUT 5, 7, 9, 11) function as fructose transporters. GLUTS was first
described in the small intestine where it is responsible for the uptake of dietary fructose
(34). It is also found in other tissues including erythrocytes where it may function as a
general basal fructose ;ransporter (35). While most GLUTs are found at the plasma mem-
brane, GLUT?7 is found in the endoplasmic reticulum and is responsible for transport of
sugar into the lumen (36). GLUT9 is a fructose transporter found in liver and kidney (37).
GLUT11 is found predominately in skeletal muscle and heart (38, 39).

Class III members (GLUT 6, 8, 10, 12 and the H*/myoinositol transporter) have
just recently been described. GLUTS, found in blastocysts, is responsible for sugar up-
take before implantation and is necessary for embryo development (40). GLUT10 is a
high-affinity glucose transporter and is perhaps involved in type-1I (insulin insensitive)
diabetes as it is expressed at high levels in pancreas and liver (41, 42). GLUT12 is found

in insulin sensitive tissues and cancer cells (43).

GLUT1 is 2a member of the major facilitator superfamily

The human glucose transporters belong to a large family of permeases. The major
facilitator superfamily (MFS) proteins comprise transporters capable of uniport, symport,
and antiport and are found in all organisms including bacteria and higher eukaryotes (44).
MFS members are responsible for the diffusion of a diverse set of substrates including
but not limited to simple sugars, oligosaccharides, inositols, drugs, amino acids, nucleo-

sides, organophosphate esters, Krebs cycle metabolites, and a large variety of organic and




inorganic anions and cations (45). Gene sequencing and hydropathy analysis suggests
that MFS proteins share a common topology, tertiary structure, and translocation mecha-
nism (46, 47). MFS proteins are characteristically 400 to 600 amino acid residues in

length and contain twelve to fourteen hydrophobic putative transmembrane O-helices

with cytosolic N- and C-termi.

Recently, the crystal structures of several bacterial MFS proteins have been solved
by X-ray diffraction (48, 49) or by electron diffraction (50-52). The structures of the lac-
tose permease (LacY), glycerol-3-phosphate transporter (GlpT), and oxalic acid trans-
porter(OxIT) represent the inward facing carrier conformation. These proteins adopt a
heart shape with the N-terminal and C-terminal halves forming the two lobes (Figure
1.2). These structures have twelve transmembrane helices arranged around a hydrophilic
cavity (47). Helices 1-6 are pseudosymmetrically related to helices 7-12 with a large cy-
toplasmic loop connecting the two halves. It appears that helices 3, 6, 9, and 12 form an-
chor points within the membrane, while helices 2, 5, 8, 11 line the cavity. Helices 1, 4, 7,
and 10 are the least perpendicular to the membrane and form the >substrate cavity. Move-
ments of these four helices may be involved in the translocation pathway by generating
the periplasm facing conformation (53, 54). The structure of a MFS closely related trans-
porter, the melibiose symporter, shows a very similar tertiary shape, however the resolu-
tion is too poor to accurately determine helical arrangement (52). The apparent pseudo-
symmetry in primary structure and tertiary shape suggesting that alternative helical pack-

ing may occur and that more MFS transporter structures must be solved before arriving at
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Figure 1.2. Structure of MFS Transporters.

A. X-ray crystal structure of the E. coli lactose permease. B. X-ray crystal structure of the
E. coli glycerol-3-phosphate transporter. C. View of the helical arrangement of E. coli
oxylate transporter from the cytoplasm. D. View of the helical arrangement of the oxylate
transporter as seen parallel to the membrane with the cyoplasmic surface on top. The
“mirror” in both C and D illustrate the 2-fold pseudosymmetry. In all four representa-
tions, transmembrane helices 1, 4, 7, and 10 are pink, helices 2, 5, 8, and 11 are yellow,
and helices 3, 6, 9, and 12 are green. Figure panels C and D are reproduced with kind

permission from S. Subramaniam (50).
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a consensus structure.

All human glucose transporters belong to the MFS and display a similar putative
topography to that of LacY, GlpT, and OxIT (see Figure 1.7 for sequence alighments of
human GLUT]I, »LacY and GlpT). Figure 1.3 shows t};e probable topology of GLUTI,
which is consistent with other MFS proteins, as obtained through hydrbpathy analysis
(55), asparagine-linked scanning glycosylation (56), cysteine scanning mutagenesis (57-
63), and limited protein digestion (64). GLUT1 has 12 transmembrane alpha helices, an
asparagine-linked glycosylation site at N-45, a large cytoplasmic loop between heli;es 6
and 7, and cytosolic N- and C-termini. Cysteine scanning mutagenesis has ascertained
that regions of transmembrane helices 1 (65), 2 (66), 5 (63), 7 (58, 66), 8 (67), 10 (68), 11
(62) are accessible to water soluble pCMBS, while no regions of transmembrane helix 3
(61) 1s accessible. Helix 4 (60) and Helix 12 (59) demonstrate pCMBS accessibility in-

consistencies with the MFS structural paradigm.

GLUT]1 and the simple carrier transport mechanism and Kinetics

The MFS members, including the human GLUTs are thought to have a similar
translocation mechanism. Widdas first proposed a mechanism for the passive, facilitated
diffusion of molecules across a lipid bilayer described as the simple carrier (1) which was
further and mathematically described by Lieb and Stein (6). They proposed that carriers
functibn by displaying one of two dynamically interconverting conformations, one which

displays a substrate binding site at one side of the membrane and the other displaying a




~ - et [0 w L
> = € 8B g =
o)) % Z Q ES - m/
~ - = —
< L 53
g = = & -
§= @ 8 B <
= g 2 = g -
[5] [=} — 1751 © -
o= = o 5] — ~—
s 8 2= 8 o =
W >~ 1] < - <
= & & V-
L m = O . 151
e -
o] 2 o =] =]
g o 5 & B
9 2 - B
80 R £ g
2 E © 3B @ g
=3 ; = -
5 =z £ B £ %
S % 2 o= % %
< = = m o
: - g :
o
= £ £ ¢ £ %
s E & 8§ £ g
Q 4 ) 7] Q _—
= 0 =] 5] 9 )
. v C L] 7)) =
= 72} @ m =
et - g = 139 < el
= = s = = =
2 ot < =] B > &
1 w o
O & =z g £ g
St = o O %2 —
s & 2 3 W H B
@ 6 ®~®e~© « 3]
%@ omo exo wne B3 2 2 B B
®o e B 8 § =z 8
_— 2 [=% - ~
© > 8 o =
@@ @@ 2 E 3} 2 2 > =
exa e @ oo@ ) = .= .m 2 -
@ 5 ) (=¥ 5] %) o oo
e 6o & g = =2 = 2 g @
@k@@ @@@@0 2 = i 2 = = .
GO@ X s w = Q o 8 o
= L5 o 121
@0@0@@%@0@9@@@ g O g MJ o @
oee 560 . g = I3 O = L
! g 2 &8 = =
v m s & o g 2
E £ B = 3 £ w
o 2 £ 3 2 E £ &
= & & 8§ 8 & £ &

R e O SRR RS BTN, MRS e

P e e i S
S adia S SR




O RS 0

X e ) RN

10

binding site on the opposite side. This model allows for the independent movement of
substrate from one side of the membrane to the other. For example, with pores or chan-
nels, if the concentration of substrate was saturating on one side (side 1) of the mem-
brane, unidirectional movement of substrate in the opposite direction (fr.om side 2 to side
1 of the membrane) is inhibited. This occurs because channels and pores have binding
sites that are simultaneously accessible to both sides of the membrane and the transport
pathway is too narrow to permit solutes to pass in opposite directions. However, this be-
havior is not observed for many carrier-mediated systems. In fact for some systems the
presence of saturating substrate at one side of the membrane can increase the flux of sub-
strate in the opposite direction (2). This indicates either that the translocation pathway
only has access to one side of the membrane at a time or that the bound substrates can be
transported simultaneously in opposite directions. Figure 1.4 shows the proposed mecha-
nism and King-Altman diagram for a simple carrier. The simple carrier kinetic model can

be solved and simplified to the form:

. KS,+S,S,
? KR, +KR,,S,+KR, S, +KR_S,S,

Eq. 1.1

where vi2 is the unidirectional rate of diffusion from side 1 to side 2, K is the intrinsic
dissociation constant under the hypothetical situation when there is no substrate at either
side of the membrane, and the R terms are the reciprocal of Vmax where 1/R12 is Vmax for
transport from side 1 to side 2, 1/Rz; is the Viax for the reverse reaction, 1/Ree is the Vimax
when substrate is present at equal concentrations at both sides, and 1/Rgo is the maximal

rate of interconversion of the non-substrate bound carrier (relaxation in Figure 1.4) (2).




K R e R i

s [ T LT TR 1 P R Nt T e v eme e

11
A Eo ESo ESi Ei B
binding/ Translocation  binding/
dissociation dissociation k,
- Er
k, \
1,5, b,
g2 \
— ES;

81

Figure 1.4. The Simple Carrier Mechanism.

A. Schematic diagram of the simple carrier translocation mechanism. The carrier displays
one binding site which alternates between the two sides of the membrane. Substrate bind-
ing and a subsequent conformational change to the alternative binding site moves the sub-
strate across the membrane. Regeneration of the first binding site in the absence of sub-
strate is necessary for a second round of transport to occur. B. King-Altman diagram of
the simple carrier mechanism with associated binding and rate constants. From equation
1.1; Riz= 1/ka + 1/g1; Ra1 = 1/k1 + 1/g2; Ree = 1/g1+ 1/g2; Roo = 1/k1 + 1/kz2; and K = bako/

fa.
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The model allows that the measured K, and Vmax under different transport conditions -
zero-trans (where the substrate concentration on one side of the membrane is zero), equi-
librium exchange (where the concentration is identical on both sides of the membrane
and unidirectional transport is measured), infinite-cis (saturating concentration on one
side, varied concentration on the other, and net transport is measured), or infinite-trans
(saturating concentration of substrate on one side, varied on the other, and unidirectional
transport against the gradient is measured) - as long as the same values for basic observ-
able parameters are found. This is indeed the case for many carrier systems including the
human equilibrative nucleoside transporter (ENT1) found in human erythrocytes (69-72),
and the human hydrophobic amino acid transporter (73, 74).

Human GLUT1, arguably the most extensively studied transport system, does not
behave as a simple carrier. Transport complexity is especially obvious in zero-trans exit
and infinite-cis entry conditions (75). In the zero-trans exit condition, cells are loaded
with various starting sugar concentrations and the initial rate of exit is measured (76, 77)
or the complete time course of exit is analyzed by using an integfated Michaelis-Menten
equation (76, .78—80). Initial rate measurements (76, 77) routinely provide estimates of
Kim(app) for sugar exit that are 2- to 3-times lower than those obtained by analysis of the
complete time-course of sugar exit (76, 78-80). In the infinite-cis sugar uptake experi-
ment, the external sugar level is saturating and the concentration of intracellular sugar
that reduces net sugar uptake by one-half is measured. Kmapp) for infinite-cis entry is rou-

tinely 5- to 10-fold lower than the value predicted by the simple carrier model for sugar
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transport (79, 81-83). Not all glucose transporters show kinetic discrepancies with the
simple carrier model however. Human GLUT4, the insulin sensitive glucose transporter

in adipocytes and skeletal muscle, behaves as a simple carrier (84).

GLUT1 oligomeric structure and implications on transport kinetics

Since the simple carrier is inadequate to explain the transport anomalies seen with
human erythrocyte glucose transport, alternative models must be considered. Several
structural and ligand binding studies suggest that the human erythrocyte transporter
(GLUTY) is a tetramer or higher-order oligomer. The cholic acid solubilized carrier exists
in two forms which are consistent with a homodimer and homotetramer (85). Cryoelec-
tron microscopy of detergent solubilized GLUT1 and freeze fracture microscopy of
GLUT!1 proteoliposomes are also consistent with tetramer formation (86). The homodi-
mer is produced when GLUT1 is purified in the presence of the reducing agent dithi-
otheritol (DTT) while the homotetramer is produced in the absence of reductant. DTT
reduces two specific cysteines (C347 and C421) which are not thought to form an inter-
molecular disulfide, but may form an intramolecular disulfide, mixed disulfides, or other
oxidized species (87). Recent work by Kara Levine shows that the last three transmem-
brane helices and perhaps only transmembrane helix 9 is sufficient for GLUT3-GLUT1
chimera proteins to associate with GLUT1 (unpublished results). The oxidation of these
cysteihes is not the only determinate of oligomerization as GLUT1-GLUT4 chimeras

which contain the first 199 amino acids of GLUT1 are able to associate with wt-GLUT1
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to form hetero-oligomers (88) and alanine mutation at position 338 may disrupt oligo-
merization and transport (89). Other detergents appear to promote either dimer or tetra-

mer formation in the absence of reductant (86, 90). The non-ionic detergent n-octyl-8-D-

glucoside especially stabilizes the tetramer while the related detergent, n-dodecyl--D-
maltoside, is destabilizing.

It 1s interesting to note that inhibitor binding stoichiometry is also dependent on
the oligomeric state. In the absence of DTT, purified GLUT1 binds 0.5 moles of cytocha-
lasin B (CCB) per mole of GLUT]I, but following reduction, the GLUT1:CCB binding
stoichiometry becomes 1:1 (91). Stopped-flow and equilibrium analysis of cytochalasin B
binding to purified GLUT]1 proteoliposomes indicate that there are cooperative interac-
tions between inhibitors that bind on the inside exit site and substrates that bind at the
outside sugar uptake sites (92-94). Other ligand binding studies show that human GLUT1
displays multiple exit sites as cytochalasin B binding shows positive cooperativity where
the binding of one inhibitor increases the apparent affinity for a second inhibitor (90), and
GLUTI disp]ays multiple sugar uptake sites as low concentrations of extracellular im-
permeable inhibitors accelerate zero-trans sugar uptake (95).

These observations support the hypothesis that GLUTI1 operates as a fixed- or
two-site carrier (Figure 1.5) as first proposed by Baker and Widdas (96-98). Here, the
carrier simultaneously presents substrate binding sites on both sides of the membrane and
exchange transport is mediated by two substrates moving through the translocation path-

way in opposite directions. Because the two substrates may pass by each other in the
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Figure 1.5. The Fixed-Site Carrier Mechanism.

A. Two-site carrier first envisioned by Baker and Widdas where a single carrier displays
binding sites on both sides of the membrane simultaneously. B. Carrier as in A mediat-
ing exchange transport which allows substrates to bypass one another in the transloca-
tion pathway. C. Two-site carrier described by Carruthers depicting exchange transport.
Here the carrier is a homotetramer with each subunit forming a translocation pathway
and allosteric interactions between subunits require that two subunits display an exofa-

cial binding site and the other two subunits display endofacial binding sites.
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translocation pathway, the mechanism still allows for movement through the carrier that
is opposite of net transport and therefore meets the requirement for a carrier mediated
mechanism (vide supra). Interestingly, assuming that a fixed-site carrier is an oligomer of
identical simple carriers whose substrate binding sites are arranged in an antiparalllel
fashion and where the isomerization of one subunit promotes the isomeﬁzation of the
others, further relaxes restraints imposed by the simple carrier. This model allows for de-
viation from Michalis-Menten kinetics at low substrate concentrations under equilibrium
exchange conditions (99).

GLUTI1-mediated glucose transport in rat and rabbit erythrocytes seems to be
compatible with a fixed-site carrier model (100-102). Sequence homology between hu-
man and rat GLUT1 is 98.4% identity (55, 103, 104). Six common residues in rabbit and
rat GLUT1 diverge from human GLUT1 sequence but all six substitutions show positive
scores on the point accepted mutation similarity scale (105). However, glucose transport

in human erythrocytes is incompatible with the fixed-site carrier (79, 99, 106).

Unstirred layer effects on human erythrocyte glucose transport

If sequence divergence does not explain the failure of the fixed-site carrier model
to explain human erythrocyte glucose transport while the fixed-site carrier is adequate for
rat erythrocyte glucose transport, then human red cell transport complexity must come
from »factors extrinsic to the GLUT1 translocation pathway. The sugar transport capacity

of human red cells 1s 220- to 10,000-fold greater than that of rat basal adipocytes (84), rat
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red cells (100) and avian erythrocytes (107). Naftalin and Holman (97) have discussed
several ways by which this could give rise to transport complexity.

Transport measurements in human red cells are technically challenging even at
low temperaturcs owing to the very high GLUT1 density of human red cells and the high
catalytic turnover of GLUTI (77). Significant backflux of imported sugar during the
course of a transport determination would lead to underestimation of net import. How-
ever, complex kinetics are still observed using rapid measurement devices where little
backflux would occur (108, 109).

If net cellular sugar import were comprised of two steps - transport followed by
intracellular diffusion/distribution - the diffusional step could become rate-limiting if the
transport step were sufficiently rapid. Evidence for non-uniform intracellular distribution
of sugars has been obtained in both human and rat erythrocytes (79, 100, 110-112).

According to the diffusional barrier hypothesis, human red cell net sugar import
comprises rapid transport (owing to high cellular GLUT1 content) and slow intracellular
diffusion/distribution. The overall result is one where net sugar ihpon 1s rate-limited by
intracellular diffusion/distribution not by transport. Measurements of sugar uptake in rat
or rabbit erythrocytes, however, largely reflect low capacity GLUT1-mediated transport
and thus provide a more accurate description of the intrinsic properties of GLUT1. With
the addition of an unstirred layer, the discrepancies between predicted and experimental
Kimappy for infinte-cis sugar uptake and the difference between Kinepp) for zero-trans exit

integrated rate and initial rate analyses may be resolved. The unstirred layer causes an
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underestimation of net sugar import as the concentration of intracellular sugar available
to the transporter is underestimated. A more detailed analysis of red cell 3—O-methylglu-
cose uptake reveals that net influx is a biexponential process characterized by rapid fill-
ing of a smatl compartmént and slow filling of a larger compartment and 1s scen as direct
evidence for a diffusion barrier (113).

Naftalin and Holman first proposed that the diffusional barrier may result from
high-capacity sugar binding by bulk hemoglobin (97). Hemoglobin is known to be modi-
fied by non-specific (114-116) and by specific glycation reactions (117, 118). There is
also evidence that glycation is highly reversible and may occur on a time scale compati-
ble with an apparent unstirred layer effect (119, 120). Much of the glucose transport
complexity 1s lost when human red cells are ghosted (hypotonically lysed) and resealed
with an artificial cytosol. However hemoglobin is not the only cytosolic factor removed
by ghosting and artificial cytosol containing low molecular weight (under 10KD) red cell

cytoplasmic factors mimics transport in intact red cells (80).

Nucleotide regulation of human GLUT1

Several studies have shown that human GLUT1 is a nucleotide binding protein,
and ATP binding changes GLUT1-mediated sugar transport properties. ATP depleted red
cell cytosol, when resealed into human erythrocyte ghosts, is unable to retain transport
comp_léxity (121, 122). GLUT1 binding of ATP directly affects substrate and inhibitor

binding. GLUT1 intrinsic tryptophan fluorescence is quenched by D-glucose, with two
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apparent Kq’s (high and low affinity), by cytochalisin B, and by ATP (123-125). ATP
binding alters Kqgpp) for all glucose induced quenching, lowering the high affinity sugar
Kq and increasing the low affinity sugar Ka. ATP binding is cooperative as measured by
fluorescence quenching (90, 126). AMP and ADP bind to the transporter, but with less
affinity, and only ATP affects transport properties (127). There is some controversy re-
garding GLUTI regulation by ATP (128, 129), but the overwhelming evidence suggest
that ATP does regulate GLUT].

The nucleotide binding domain of GLUT1 has yet to be fully characterized.
GLUT]1 contains a Walker A ATP binding motif 11 (residues 225-229) and motif 111 (resi-
dues 421-423) (130). Alanine scanning mutagenesis determined that mutations in both
these domains alter transport, but the effect on ATP regulation remains unknown (131).
GLUT]1 also contains a consensus Walker B ATP binding motif between residues 326-344
(132). Alanine mutagenesis at positions 338-344 disrupts transport but seems to have lit-
tle effect on ATP photo-label incorporation (89) and alanine mutagenesis of residues
Glu329 and/or Arg333/344 results in doubled ATP photo-label ihcorporation but loss of
ATP regulatién of transport (89, 133). GLUT!1 residues 301-364 form one element re-
sponsible for ATP binding as identified by N-terminal sequencing of azido-ATP photo-
labeled GLUT] proteolytic fragments (134).

Other data show that ATP binding induces structural changes in GLUT1. GLUT1-
ATP -iﬁteractions disrupt C-terminal antibody (C Ab) binding to GLUT1 (135, DeZutter,

unpublished results). Several cytosolic lysine residues in the C-terminus (K477) and in




20

loop 6 (K256 and K257) are specifically protected by ATP from trypsin cleavage and
covalent modification (Blodgett, unpublished results). Resealing of C-Ab into ghosts
abolishes ATP regulation of sugar transport suggesting that movement of the C-terminus
is necessary for the ATP effect (Levine, unpublished results). GLUT1 is a high-affinity
(uM) sugar binding protein capable of binding two moles of sugar per mole of GLUT1 in
the presence of ATP (112).

These data suggest the following model for ATP regulation of GLUTI mediated
sugar transport in human erythrocytes (Figure 1.6). The GLUT]1 tetramer is able to bind
at least two molecules of ATP (the exact stoichiometry is unknown) which alters GLUT1
catalytic function. The large cytosolic loop between helices 6 and 7 and the C-terminus
are hypothesized to interact with each other after ATP binding to form a high-affinity
sugar binding site. After formation of the high-affinity binding site, recently transported
sugar first binds to the site before slowly diffusing into bulk cell water. This produces the
biexponential uptake kinetics seen at limiting substrate concentrations (vide supra). As
human red cell GLUT1 concentration is ~20 pM, sugar bindin»g to GLUT]1 easily ex-
plains the obéerved 30 uM sugar binding sites (113). This model accounts for the kinetics
first described by an unstirred layer, and for the increased sugar binding capacity of
GLUTT1 after ATP binding. In the absence of ATP, the sugar binding site does not form
and sugar is able to freely diffuse between the exit site and cytosol. Low intracellular pH
elimiﬂates the putative salt bridge between E329 and R333/334 and alleviates ATP regu-

lation while increasing ATP binding capacity.




Figure 1.6. Proposed Mechanism of ATP Regulation of GLUT1.

A. Diagrammatic representation of the ATP cage hypothesis. In the absence of cytosolic
ATP (right) the GLUT]1 tetramer is able to freely exchange sugar with interstitium and
cytosol. Upon ATP binding (left), a conformational change in the cytoplasmic C-terminus
and loop 6 create an additional high affinity sugar binding/occlusion site. Uptake pro-
ceeds as transport through GLUTI into the occlusion site where sugar binds. Bound
sugar then dissociates and either slowly diffuses into bulk cytosol or rebinds to the exit
site. B. GLUT1 homology models based on LacY and GlpT. Cytosolic loop 6 is found in
two energy minimized structures, one where the loop is extended away from the exit site

(blue) and one where it is doubled back and partially blocking the exit site (red).
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Molecular modeling of GLUT1 sequence onto the structures of other MFS pro-
teins may give us insights into the proposed structural rearrangements. Multiple align-
ments of GLUT1 to GlpT and LacY were generated using PDB-Blast, 3D-Jigsaw (136),
EsyPred3D (;37), GRDB, FFASO03 (138, 139), Sam-T99 (140), SUPERFAMILY (141),
INBGU, FUGUE?2 (142), 3D-PSSM (136), mGenTHREADER (143, 144); psipred (145,
146), profsec (147), and 3D-Jury using the Polish Bioinformatics Meta Server. The
alignments generated by FFAS03 contain minimal gaps and predicted transmembrane
helices are in sync (Figure 1.7). After submission to Swiss-Model (148), predicted
GLUT]1 structures were obtained. These structures are of a monomeric GLUT1 carrier as
the LacY and GlpT structures are monomeric. However, residues involved in substrate
binding, some GLUT1 deficiency mutations, and cytochalasin B photolabeling map to
the structural cavity suggesting that the structure model may be representative of a single
GLUT1 subunit. It is interesting to note that GLUT1 has an extension in the cytoplasmic
loop 6 compared to both GlpT and LacY and that the loop is not fully resolved in GIpT.
As such, the GLUT]1 loop 6 is modeled in using energy minimi.zation. The LacY based
structure depicts the loop extended away from the transporter while in GlpT based struc-
ture the loop is folded up and into the exit site. Is is interesting to speculate that these two

structural states relate to the ATP free and bound states (Figure 1.6).
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GLUT1l ----—-———===——~- MEPSSKKLTGRLMLAVGGAVLGSLQFGYNTGVINAPQKVIEE
GLPT GSIFKPAPHLARLPA-AEIDPTYRRLRWQIFLGIFFGYAAYYLVRKNFALAMPYLVE
LACY MYYLKNTN--—-———==———=———=—————-— FWMFGLFFFFYFFIMGAYFPFFPIWLH

GLUT1 FYNQTWVHRYGESILPTTLTTLWS
GLPT Q------========= GFSRGDLG
LACY D-=--—=---==—= INHISKSDTG

VNRFGRRNSMLMM
SDRSNPRVFLPAG:
SDKLGLRKYLLWI:

GLUT1 NLLAFVSAVLMGFSKIG-KSFEM-LILGRFIIGVYCGLTTGFVPMYVGEVSPTAFR-
GLPT LILAAAVMLFMGFVPWATSSIAV-MFVLLFLCGWFQGMGWPPCGRTMVHWWSQKER-
LACY ITGMLVMFAPFFIFIEG-PLLQYNILVGSIVGGIYLGFCFNAGAPAVEAFIEKVSRR

GNKDLWPLLLSITFIPALLQCIVLPFCPE
WFN-DWHAALYMPAFCATLVALFAFAMMR
-TINNQEVFWLGSGCALILAVLLEFAKT

GLUT1 SPRFLLINRNEENRAKSVLKKLRGTADVTHDLQEMKEESRQMMREKKVTILELFRSP
GLPT DTPQSCGLPPIEEYKNDy--—-—-—--==-—===—-—-———-— pddynekaegetTAKQIFMQY
LACY DA---—-———————=—————————— oo PSSATVANAVGANHSAFSLKLALELFRQP

GLUT1 AYRQPILIAVVLQLSQQLSGINAVFYYSTSIFE---KAGVQQPVIE
GLPT VLPNKLLWYIAIANVFVYLLRYGILDWSPTYLKEVLHFALDKSS
LACY KLWFLSLYVIGVSCTYDVF-DQQFANFFTSFFA---TGEQGTRV

GLUT1 EQLPWMSYLSIVAIFGF
GLPT -NPAGNPTVDMICMIV
LACY --—--TSALEVVILKTL

VAFFEVGPGPIPWFIVAELFSQG
IGFLIYGPVMLIGLHALELAPKK

Figure 1.7. Sequence Alignments of GLUT1, GIpT, and LacY.

The sequence alignment of GLUT]1 to the two crystalized MFS proteins is shown. Pre-
dicted transmembrane helices for GLUT1 and actual transmembrane helices for GlpT and
LacY are shown in colored boxes. Helices 1, 4, 7, and 10 are pink, 2, 5, 8, and 11 are

[I3R2]

blue, and 3, 6, 9, and 12 are green. Gaps are indicated by and amino acids not re-

solved in the crystal structure (GlpT) are shown in lower case.
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Physiological significance of human GLUT]1 regulation

What advantage is obtained from glucose transport regulation in erythrocytes
where transport capacity vastly exceeds metabolic demand? Perhaps the benefit is not
realized by the transporting cell but rather, by cells to which glucose is subsequently
transferred.

Skeletal muscle plasma water space 1s relatively small (1.8% of total muscle wa-
ter (149)). As a result, efficient extraction of plasma water glucose is necessary to meet
the metabolic demand. Demand for serum glucose is increased during exercise- or
insulin-stimulation of skeletal muscle glucose transport and metabolism which lower
plasma glucose levels even further (150). The capillary endothelium of muscle is exten-
sively fenestrated which facilitates the rapid depletion of serum nutrients by diffusion
from blood to skeletal muscle plasma water (151). When serum glucose levels fall due to
net transfer to muscle plasma water and muscle cells, red cell cytoplasmic glucose (45%
of total blood glucose) becomes a significant additional source of glucose. The very high
GLUT]1 content of higher primate and odontocete erythrocytes may contribute to total
glucose transfer from blood to other tissues (152). Human erythrocytes are capable of
achieving 50% equilibration with serum glucose within 1.2 sec at 37 °C and thus can ex-
change upwards of 82 to 98% of intracellular glucose with blood serum in the 2 to 4 sec-
onds required for an erythrocyte to transit the muscle capillary bed (153, 154). Regulation
of erythrocyte glucose transport therefore permits controlled expansion/contraction of the

blood glucose available for exchange with the interstitium of glycolytically active tissues.
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Remaining questions

 While the ATP cage hypothesis addresses most of the kinetic anomalies and struc-
tural data known on GLUT]I; several key questions remain. How is it that human erythro-
cyte sugar transport displays kinetic discrepancies with a two-site carrier in the presence
of ATP when rat GLUT1 does not? While it has not been studied, it seems unlikely that
rat and rabbit GLUT1 would not bind and be regulated by ATP when there is such high
sequence identity. It is equally unlikely that rat and rabbit erythrocytes are ATP depleted
under the conditions analyzed. Parental (hamster) and exogenous (human) GLUTI-
mediated sugar transport are insensitive to cellular ATP-depletion in CHO cells (126,
133) while ATP-sensitive, human GLUT]1-mediated sugar transport is observed in trans-
fected HEK cells (126, 133) and in Clone 9 cells (155). This suggests that cellular
environment influences GLUT1 phenotype.

The ATP cage hypothesis is also unclear on the mechanism for peripheral tissue
glucose homeostasis. If a role of erythrocytes is to increase or decrease the amount of
blood glucose available to metabolizing tissue as signaled by intracellular ATP, then how
does red cell intracellular ATP concentrations respond to peripheral tissue metabolic de-
mands? The cage hypothesis suggests that the ATP-replete state would demonstrate slow
glucose exchange between erythrocyte cytosol and blood plasma while the ATP-depleted
state would exhibit fast glucose exchange. Erythrocyte intracellular ATP levels will rise
or loWer depending on the metabolic demand of the red cell, but how would erythrocyte

ATP levels be sensitive to the metabolic demand of the peripheral tissue?
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Is human red cell sugar transport complexity an artifact of measurement? Human
red cell membrane GLUT]1 content approaches 10% total protein by mass (112) resulting
in extremely rapid sugar transport rates at all temperatures studied (109). Measurements
of transport are, therefore, complicated by the necessity for ;apid sampling procedures
(77, 109) but may be simplified by use of the equilibrium exchange condition (156).

The thesis presented here attempts to ascertain if the red cell sugar transport com-
plexity is real, and if so, how does ATP regulate glucose exchange in human erythro-

cytes?
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CHAPTER 11
ATP-DEPENDENT SUGAR TRANSPORT COMPLEXITY IN

HUMAN ERYTHROCYTES

Abstract

Human erythrocyte glucose sugar transport was examined in resealed red cell
ghosts under equilibrium exchange conditions (intracellular [sugar] = extracellular
[sugar]). Exchange 3-O-methylglucose (3MG) import and export are monophasic in the
absence of cytoplasmic ATP but are biphasic when ATP is present. Biphasic exchange is
observed as the rapid filling of a large compartment (66% cell volume) followed by the
slow filling of the remaining cytoplasmic space. Biphasic exchange at 20 mM 3MG
climinates the possibility that the rapid exchange phase represents ATP-dependent 3MG
binding to the glucose transport protein (GLUTTI; cellular [GLUT1] < 20 uM). Immuno-
fluorescence activated cell sorting analysis shows that biphasic éxchange does not result
from heterogeneity in cell size or GLUTI1 content. Nucleoside transporter mediated
uridine exchange proceeds as rapidly as 3MG exchange but is monoexponential regard-
less of cytoplasmic ATP concentrations (157). This eliminates cellular heterogeneity or an
ATP-dependent, nonspecific intracellular diffusion barrier as causes of biphasic ex-
change. Red cell ghost 3MG and uridine equilibrium volumes (130 fL) are unaffected by

ATP. GLUT!] intrinsic activity is unchanged during rapid and slow phases of 3MG ex-
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change. Two models for biphasic sugar transport are presented n which 3MG must over-
come a sugar-specific, physical (diffusional) or chemical (isomerization) barrier to
“equilibrate with cell water. These results suggest that biphasic 3MG transport results from
ATP-dependent, differential transport of 3MG anomers, 3-3MG is preferred 19-fold over

o-3MG.

Introduction

A family of integral membrane proteins called glucose transporters (GLUTSs) (23)
mediates equilibrative sugar transport in mammalian cells. The glucose transport protein,
GLUT]1, catalyzes sugar transport in cells of the reticulo-endothelial system (55, 103) and
presents an interesting experimental puzzle. The steady-state kinetics of GLUTI-
mediated sugar transport in rabbit (102), rat (100, 110) and avian (158, 159) erythrocytes
and in basal (insulin-starved) rat adipocytes (84) are consistent with classical models for
carrier-mediated solute transport (6, 96). GLUT1-mediated sugar transport in human red
cells, however, displays a kinetic complexity that has proven difficult to reconcile with
models for carrier mediated transport (76, 77, 79, 81, 106, 160).

Transport complexity is especially obvious in zero-trans exit and infinite-cis entry
conditions (75). In the zero-trans exit condition, cells are loaded with various starting
sugar concentrations and the initial rate of exit is measured (76, 77) or the complete time
course of exit is analyzed by using an integrated Michaelis-Menten equation (76, 78-80).

Initial rate measurements (76, 77) routinely provide estimates of Kmpp) for sugar exit that
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are 2- to 3-times lower than those obtained by ranalysis of the complete time course of
sugar exit (76, 78-80). In the infinite-cis sugar uptake experiment, the external sugar level
is saturating and the concentration of intracellular sugar that reduces net sugar uptake by
one-half is measured. Kmeppy for infinite-cis entry is routinely 5- to 10-fold lower than the
value predicted by classical carrier models for sugar transport (79, 81-83).

Why is it that human red cell sugar transport displays kinetic complexity while
GLUTI-mediated sugar transport in rabbit, rat and avian erythrocytes and in rat adipo-
cytes is consistent with sugar transport models? Human, rat and rabbit GLUTI1 share
98.4% identity (55, 103, 104). Six common residues in rabbit and rat GLUT1 diverge
from human GLUTI sequence but all six substitutions show positive scores on the point
accepted mutation similarity scale (105), suggesting that each substitution is unlikely to
affect structure or function. If sequence divergence is not the cause of transport complex-
ity, GLUT1 phenotypic variation must result from differences in cellular environment,
GLUT]1 expression levels or artifacts of measurement.

~ The sugar transport capacity of human red cells is 220- to»10,000—fold greater than
that of rat baéal adipocytes (84), rat red cells (100) and avian erythrocytes (107). Naftalin
and Holman (97) have discussed several ways by which this could give rise to transport
complexity. 1) Transport measurements in human red cells are technically challenging,
even at low temperatures, owing to the very high GLUT1 density of human red cells and
the high catalytic turnover of GLUT1 (77). Significant backflux of imported sugar during

the course of a transport determination would lead to underestimation of net import. 2) If
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net cellular sugar import were comprised of two steps - transport followed by intracellu-
lar diffusion/distribution - the diffusional step could become rate-limiting if the transport
step were sufficiently rapid. Evidence for non-uniform intracellular distribution of sugars
has been obtained in both human and rat erythrocytes (79, 100, 110-112).

According to the diffusional barrier hypothesis, human red cell net sugar import is
comprised of rapid transport (owing to high cellular GLUT]I content) and slow intracellu-
lar diffusion/distribution. The overall result is one where net sugar import is rate-limited
by intracellular diffusion/distribution and not by transport. Measurements of sugar uptake
in rat or rabbit erythrocytes, however, largely reflect low capacity GLUTI1-mediated
transport and thus may provide a more accurate description of the intrinsic properties of
GLUTI.

This hypothesis infers that GLUT1-mediated sugar transport is inherently simple
but that operational complexity is caused by factors extrinsic to the transport system.
Transport complexity is lost in cytosol-depleted human red cell ghosis (80, 121, 161,
162) but is preserved if ATP is included in artificial cytosol during;Y red cell resealing (121,
124). Does t}ﬁs mean that human GLUT1 is uniquely ATP-sensitive? Human GLUT1 1s
an ATP-binding protein (126, 127) and contains three sequence motifs that form the ATP-
binding pocket of human adenylate kinase (132). One of these domains (GLUT]1 residues
332-338) has been identified by peptide mapping, by micro-sequencing of proteolyzed,
azidoATP-photolabelled human GLUTI (134) and by scanning alanine mutagenesis

(133) as a domain critically involved in nucleotide-GLUT]1 interaction. This domain is
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unchanged in rabbit and rat GLUT1 sequence where there 1s no a priori reason to assume
that it does not serve a similar function. It is not known, however, whether rabbit or rat
red cell sugar transport are modulated by altered intracellular ATP. Parental (hamster) and
exogenous (human) GLUTI-mediated sugar transport are insensitive to cellular ATP-
depletion in CHO cells (126, 133) while ATP-sensitive, human GLUTl-rﬁediated sugar
transport is observed in transfected HEK cells (126, 133) and in Clone 9 cells (155). This
suggests that cellular environment influences GLUT1 phenotype.

These observations stimulate two questions. 1) Is human red cell sugar transport
complexity an artifact of measurement? 2) If complexity is real, do human erythrocytes,
Clone 9 and HEK cells uniquely express cellular factors that partner in ATP-modulation
of sugar transport? We address the former question in the present study. Human red cell
membrane GLUT1 content approaches 10% total protein by mass (112) resulting in ex-
tremely rapid sugar transport rates at all temperatures studied (109). Measurements of
transport are, therefore, complicated by the necessity for rapid sampling procedures (77,
109) but may be simplified by use of the equilibrium exchange c>ondition (163). In equi-
librium exchange, intracellular [sugar] = extracellular [sugar], no net transport occurs and
unidirectional sugar fluxes are measured by addition of radio-tracer sugar either to the
external or internal media. In principle, radio-tracer fluxes under these conditions are first
order and thus mono-exponential in a uniform population of cells. The use of this condi-

tion will allow investigation of whether sugar transport in red cells reflects the properties
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of transmembrane sugar flux alone or whether steps subsequent to transmembrane flux

also contribute to overall transport behavior.

Materials and Methods

Materials: 3H-3-O-methylglucose, *C-3-O-methylglucose, *H-uridine, and C-
uridine were purchased from Sigma Chemicals. Rabbit antisera raised against a synthetic
carboxyl—terminal peptide of GLUT1 (C-Ab) were obtained from East Acres Biologicals.

Sheep antisera raised against tetrameric GLUT1 (d-Ab) were prepared as described pre-

viously (164). Fluorescein-conjugated goat anti-rabbit Ab was purchased from Molecular
Probes. Fluorescein-conjugated goat anti-sheep Ab was purchased from Calbiochem.
Human blood was purchased from Biological Specialties Cooperation. Other reagents
were purchased from Sigma Chemicals.

Solutions: Kaline consisted of 150 mM KCl, 5 mM MgClz, 5 mM EGTA, 5mM
HEPES, pH 7.4. Lysis buffer contained 10 mM Tris-HCl, 2mM EDTA, pH 8.0. Stripping
solution contained 2 mM EDTA, 15.4 mM NaOH, pH 12. Sugar-stop solution consisted
of ice-cold Kaline containing 20 pM CCB and 200 pM phloretin. Uridine-stop solution
consisted of ice-cold Kaline containing 50 pM S-nitrothioinosine.

Red Cells: Red cells were isolated by washing whole human blood in 4 or more
volumes of ice-cold Kaline and centrifuging at 10,000 x g for 15 minutes at 4 *C. Serum
and bﬁffy coat were removed by aspiration and the wash, centrifugation, aspiration cycle

repeated until the buffy coat was no longer visible. Cells were resuspended in 4 volumes




33

of sugar free or sugar containing Kaline and incubated for 1 hour at 37 °C to deplete or
load intracellular sugar.

Red Cell Ghosts: Ghosts were hypotonically lysed by re-suspending washed red
cells in 10 volumes of ice-cold lysis buffer for 10 minutes. Membranes were harvested by
centrifugation at 27,000 x g for 20 minutes. Ghosts were repeatedly washed with lysis
buffer and centrifuged until the membranes appeared light pink (about 3 cycles). Ghosts
were then washed with 10 volumes ice-cold Kaline and collected by centrifugation at
27,000 x g. Harvested membranes were resealed by incubation in 4 volumes of Kaline +
4 mM ATP (37 °C) for 1 hour and collected by centrifugation at 27,000 x g for 15 min-
utes at 4 °C. Resealed ghosts were stored on ice until used.

Net 3-O-methylglucose uptake: Sugar-depleted cells or ghosts were incubated in
20 volumes of ice-cold Kaline containing 100 uM unlabeled 3MG and 0.5 pCi/mL la-
beled 3MG. Uptake was allowed to proceed for intervals as short at 6 seconds to interva]g
as long as 3 hours. Uptake was arrested by addition of ice-cold stop buffer and ghosts
were centrifuged at 14,000 x g for 1 minute. The supematant was removed by aspiration
and ghosts wéfe washed with 20 volumes of sugar stop buffer, re-centrifuged and super-
natant aspirated. The ghost pellet was extracted with 500 pL of 3% perchloric acid, cen-
trifuged, and samples of the clear supernatant were counted in duplicate. Zero time points
were collected by the addition of sugar stop solution to ghosts followed by uptake media.
Samples were then immediately processed. Radioactivity associated with cells at zero

time was subtracted from all non-zero time points. Equilibrium time points were col-
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lected using an overnight incubation. All time points were normalized to the equilibrium
time point. All solutions and tubes used in the assay were pre-incubated on ice for 30
minutes prior to the start of the experiment. Triplicate samples were processed for each
time point.

Initial rate, zero-trans 3-O-methyl-glucose uptake - time dependence: Sugar-
depleted cells or ghosts were allowed to rest in 20 volumes of ice-cold Kaline for inter-
vals as short as 30 seconds or as long as 3 hours. Thirty seconds prior to the end of the
rest interval, a small volume of 3MG and 0.5 pCi/mL tracer 3MG were added to the sus-
pension to a final [3MG] of 100 uM. Uptake was stopped by addition of sugar stop solu-
tion and cells or ghosts were processed as above. A zero time point was obtained as de-
scribed above. An equilibrium time point was obtained by allowing ghosts to uptake un-
labeled and labeled 3MG overnight at 4 °C. Uptake rates were expressed as pmol/(min.L
cell water) by subtracting the zero time point and normalizing to the equilibrium time
point.

3-O-methylglucose equilibrium exchange, uptake and exit: Ghosts were re-
sealed in the.presence of 0.1, 2.5, 10 or 20 mM unlabeled 3MG and trace amount (0.5
uCi/mL) of C-3MG, centrifuged, and the supernatant was aspirated. Ghosts were then
incubated in 20 volumes of ice-cold Kaline containing the same concentration of 3MG
and 0.5 uCi/mL 3H-3MG. Exchange was allowed to proceed for time intervals as short as
6 secénds to intervals as long as 10 hours. Exchange was then stopped by the addition of

ice-cold sugar stop and ghosts were treated as above with zero-trans uptake.
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Uridine equilibrium exchange, uptake and exit: Experiments were performed
as with 3MG equilibrium exchange except that the transport substrate was uridine and
uridine stop was used to stop the reaction and to wash the ghosts.

| GLUT1 Immunofluorescence microscopy and FACS analysis: For C-Ab im-
munofluorecence staining, 50 pL of non-fixed unsealed ghosts were washed once in ice-
cold Kaline, centrifuged at 4 °C, and the supernatant aspirated. 1:500 dilution of C-Ab
was added to the pellet and the suspension was incubated at 4 °C for 2 hours, centrifuged
and supernatant aspirated. Ghosts were washed with ice-cold Kaline. Secondary antibody
(1:500 dilution) was added to the pellet and the suspension was mcubated at 4 °C for 1
hour, centrifuged and supernatant removed by aspiration. Ghosts were washed 5 times

with ice-cold Kaline and brought to a final volume of 500 pL. For -Ab staining, re-

sealed ghosts are incubated with a 1:500 dilution of d-Ab at 37 °C-for 1 hour, and then
processed as above. For microscopy, 10 pL of the suspension was added to a poly-lysine
coated cover slip and adhered by low speed centrifugation. Cover slips were washed 5 |
times with 10 mL of ice-cold Kaline. Fluorescence microscopky was performed on an
Olympus BX-51 fluorescence microscope. For FACS analysis, 50 pL of the immunofluo-
rescence stained ghosts were mixed with ~1 mL of FACS buffer in a FACS sample tube.
FACS analysis was performed using a Becton Dickinson FACS Scan sampled for 10,000
counts and analyzed with Cell Quest 3.3.

Ghost accessible volumes: Ghosts were prepared and resealed with and without

intracellular ATP. After resealing, 2.5 mM 3MG or uridine and tracer *H-3MG or 3H-
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uridine and '#C-sucrose were added to the ghosts and the radio-tracers were allowed to
equilibrate with cell water. The samples were centrifuged at 14000 x g for 1 minute and
known volumes of supernatant and pellet were sampled and counted for both isotopes.
Ghosts were counteci on a hemocytometer. Tracer accessible volume (Vacc) was calculated

as:

14 3
C,\’H,V,
“C,) °H, Eq. 2.1

Cell Number

acc

where 1C and 3H refer to the respective dpms, V is the sample volume, and S and P refer
to supernatant and pellet. In this manner, the extracellular volume of the pellet is sub-
tracted by measuring the sucrose space. Alternatively, ghosts were resealed with 2.5 mM
3MG and 2.5 mM uridine plus 3H-3MG and '“C-uridine or '“C-3MG and *H-uridine
radio-tracers. At 0 and 15 hours post resealing, ghosts were sedimented by centrifugation
and the supernatant was sampled. The ghost pellets were washed twice with 20 uM CCB,
200 pM phloretin, and 50 pM S-nitrothioinosine in ice-cold Kaline. Known volumes of
supernatant and pellet were counted for 3MG and uridine and peliet to supernatant ratios
were computéd.

Red cell and ghost electron microscopy: Scanning Electron Microscopy (SEM)
of red cells and ghosts was carried out as previously described (165)(166). Red blood
cells and ghosted cells were fixed by immersion in 2.5% (v/v) glutaraldehyde in 0.5 M
sodium phosphate buffer (pH 7.2) for 1 hr at room temperature. Fixed samples were then

washed three times in the same buffer. Following the third wash the cells were post fixed
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for 1 hr in 1% osmium tetroxide (w/v) in the phosphate buffer, washed 3X in buffer and
left overnight at 4° C. The next morning, the samples were dehydrated through a graded
series of ethanol to 100% and then the bottoms of the tubes were excised, placed in po-
rous sample holders and Critical Poir;t Dried in liquid CO». After drying, tubes were emp-
tied onto aluminum SEM stubs coated with adhesive carbon tape. The edges were then
painted with silver conductive paste and the SEM stubs were sputter coated with Au/Pd
(80/20). The specimens were then examined using an ETEC autoscan scanning electron
microscope at 20 kV accelerating voltage.

Curve fitting procedures: Where appropriate, data sets were analyzed by nonlin-
ear regression using the software packages KaleidaGraphTM 4.0 (Synergy Software,

Reading, PA) or Igor-Pro (version 5, Wavemetrics, Lake Oswego, OR).

Results

The effect of ATP on 3-O-methylglucose equilibrium exchange transport: The
effect of intracellular ATP on equilibrium exchange 3MG transport at 4 °C was monitored
over the course of five hours by measuring the simultancous uptake of tracer 3H-3MG
and exit of *C-3MG (Figure 2.1). Resealed ghosts lacking intracellular ATP show an ex-
change time course that follows a single, simple exponential rise or decay for uptake and
exit respectively. This 1s expected for a passive transport process characterized by a sin-
gle rate limiting step and occurring in a uniform population of cells. When ghosts are re-

sealed with 4 mM intracellular ATP, however, the time course changes, becoming
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Figure 2.1. Time Course of 3-O-methylglucose Equilibrium Exchange Uptake and
Exit in Red Cell Ghosts Containing or Lacking Intracellular ATP.
Ordinate: fractional equilibration; Abscissa: time in minutes (note log scale). A. Ex-

change of 2.5 mM 3MG in red cell ghosts resealed without intracellular ATP. Uptake (o)

follows a single exponential rise and exit (©) follows a single exponential decay. Curves
drawn through the points are computed by nonlinear regression and take the forms: (1-e
k) for uptake and e for exit where k is the observed rate constant. The measured means
+ SEM are: A (0 ATP) - uptake, k = 0.079 + 0.004 min’!; exit, k = 0.071 & .004 min’'. B.
Exchange of 2.5 mM 3MG in red cell ghosts resealed with 4 mM intracellular ATP. Up-
take (®) and exit (©) follow biexponential kinetics. Curves drawn through the points are
computed by nonlinear regression of the form: A(1-e*)+(1-A)(1-e") for uptake and
A(e*)+H(1-A)(e™*yY) for exit where ki is the observed rate constant for the fast phase, k is
the slow phase rate constant, and A is the fractional component of total uptake or exit de-

scribed by the fast phase. Values of k, A, ki, and k2 are shown in Table 2. 1.
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biphasic for both unidirectional uptake and exit. The early phase of transport is acceler-
ated 4-fold in the presence of ATP. After 10 minutes when one-half to two-thirds of unidi-
rectional exchange is complete, the rate of transport declines by more than 10-fold to a
rate approaching 2-fold slower than transport in the absence of ATP. Table 2.1 sumr;la-
rizes fit parameters for ghosts lacking and containing ATP. Equilibrium éxchange time
courses have been studied previously by this laboratory but biphasic transport was ob-
served only at the lowest [3MG] employed (0.1 mM 3MG (113)) where biphasic ex-
change may be related to GLUT1 sugar binding. Those studies did not monitor transport
beyond 5 minutes which explains why biphasic equilibrium exchange transport at higher
[3MG] was not observed.

One explanation for biphasic transport in the presence of ATP is that a significant
sub-population of ghosts spontaneously reseal before ATP is introduced so that the meas-
urements sample a mixed population of ATP containing (fast) and ATP lacking (slow)
ghosts. This simple hypothesis is refuted by the observation that the slow phase of 3MG
transport in ATP-containing ghosts is more than twice as slow as transport in ATP-free
ghosts.

Red cell ghosts present a relatively uniform population of cell sizes and
GLUT1 contents: A mixed population of ghost cell sizes or GLUTI content could ac-
count for biphasic 3MG exchange transport. As cell size decreases, the surface area : vol-
ume ratio increases thereby increasing the rate of GLUTI1-mediated equilibration of

radio-tracer sugar. Altered GLUT1 content (or activity) at the membrane surface also de-
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Table 2.1. Effect of Substrate Concentration and ATP on Rate Constants and. -

Components of 3MG Equilibrium Exchange L

- ATP + ATP
Kobs? fast kobs? slow Kobs? fast component
[3MG] .
sizeb
Uptake Exit Uptake Exit Uptake Exit Uptake Exit
100 0.168 0.132 0.357 0.671 0.012 0.040 0.722 0.575
+ + + + + + + +
uM
0.010 0.010 0.043 0.070 0.004 0.005 0.039 0.032
5 s 0.090 0.100 0.372 0.392 0.015 0.018 0.651 0.819
- + + + + + + =+ +
mM
0.004 0.004 0.019 0.007 0.002 0.005 0.018 0.005
0.104 0.109 0.320 0.287 0.012 0.026 0.681 0.768
10 mM + + + + + + + +
0.004 .004 0.013 .007 0.001 0.001 0.014 0.005
0.098 0.122 0.386 0.167 0.025 0.009 0.468 .708
20 mM + + + + + + + +
0.008 0.006 0.050 0.012 0.003 0.001 0.038 0.026

2All rate constants are first order and have units of min’ and are shown as mean + SEM.
®Fast component size represents the size (fraction of total 3MG accessible space) of the

exchange transport component described by the fast rate constant and is shown as mean
+ SEM. The size of the component described by the slow rate cohstant is 1 - fast frac-

tional size.
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termines the rate constant for radio-tracer equilibration.

GLUT]1 content was assayed by immunofluorescence microscopy of fixed or liv-
ing cells and by fluorescence activated cell sorting (FACS). Figures 2.2A-C show fluo-
rescence micrographs of ghosts stained with antibodics directed to cytoplasmic (Figure
2.2A) or extracellular (Figure 2.2B, C) GLUT]1 epitopes. The use of cytoplasmic-epitope
directed antibodies (C-Ab) necessitates cell fixation/permeabilization. FACS analysis of

GLUT!1 staining by exofacial antibodies (d-Ab) suggests a uniform population of cells +

ATP (Figure 2.2E). C-Ab staining of unsealed ghosts + ATP produces similar results (data
not shown). Cell size was quantified by FACS analysis of single cell light scattering.
Ghosts show a single population of scattering intensities as detected at either low (data
not shown) or high angles (Figure 2.2D) and scattering is independent of cytoplasmic
ATP content (157).

The effect of ATP on ENT1 mediated uridine exchange transport: Previous
models have rationalized sugar transport complexity by hypothesizing an unstirred layer
beneath the red cell membrane (79, 97, 110). While predicted Aeviations from simple
Michaelis—Ménten kinetics at low [3MG] are observed for sugar exit in human and rat red
cells (100, 112), direct evidence for this unstirred layer is not available.

ENT1-mediated uridine transport was examined in order to determine whether the
putative unstirred layer is sugar transport specific. Figure 2.3 shows the time course of

2.5 mM uridine exchange in ghosts + ATP. Although there are 100-fold fewer nucleoside




43

D
>
2
S
g
[N
C-Ab Fixed Red Cells
10" 102 103 10% 105
Intensity
E
d-Ab -ATP Ghosts
P
2
3
g
ate R AP
0-Ab +ATP Ghosts

10" 102 103 10* 10°
Intensity

Figure 2.2. Effect of Intracellular ATP on Ghost Size and GLUT1 Content.

A. Immunofluorescence labeling and microscopy of fixed and permeabilized red blood
cells stained with C-Ab. B. Living, non-fixed ghosts resealed without ATP and stained
with 8-Ab. C. Living non-fixed ghosts resealed with 4 mM ATP stained with d-Ab. D.
FACS analysis (large angle light scattering) was used to assay ghost size in cells lack-
ing (blue) or containing (red) intracellular ATP. E. GLUT1 content was measured by

FACS analysis of 8-Ab staining. For D and E; Ordinate: number of cells; Abscissa: In-

tensity of signal (note log scale).
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Figure 2.3. Time Course of Uridine Equilibrium Exchange Uptake and Exit With
and Without Intracellular ATP.

Ordinate: fractional equilibration; Abscissa: time in minutes (note log scale). A. Ex-
change of 2.5 mM Urd in red cell ghosts resealed without intracellular ATP. B. Exchange

of 2.5 mM 3MG in red cell ghosts resealed with 4 mM intracellular ATP. Uptake (e) fol-

lows a single exponential rise and exit (0) follows a single exponential decay. Curves
drawn through the points are computed by nonlinear regression and take the forms: (1-¢
k) for uptake and e’ for exit where k is the observed rate constant. The measured means
+ SEM are: A. (0 ATP) - uptake, k = 0.079 + 0.004 min’'; exit, k = 0.071 = .004 min’!; B.

(4 mM ATP) - uptake, k = 0.076 + 0.005 min‘!; exit, k = 0.065 + 0.005 min™!.
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transporters per red cell than there are glucose transporters, Ky for uridine transport is
approximately 100-times lower than Kiepp) for GLUT1-mediated 3MG transport (167).
The apparent rate-constant for transport of any species, k, is proportional to the ratio
V max/Kmapp) (2), hence sugar and uridine transport proceed at similar rates. Uridine uptake
and exit are monoexponential in ghosts regardless of cellular ATP content (Figure 2.3). If
an intracellular unstirred layer/diffusional barrier does exist, it must be selective for
GLUT]1 substrates. Monophasic uridine exchange transport in ghosts lacking and contain-
ing ATP also argues against multiple cell sizes in resealed ghosts.

Effect of intracellular ATP on accessible sugar and uridine volumes: Table 2.2
summarizes two experiments in which the intracellular 3MG and uridine spaces of red
cell ghosts were measured in the absence and presence of 4 mM intracellular ATP. 3MG
and uridine spaces are identical and are unaffected by inclusion of 4 mM ATP during re-
sealing. Differences between experiments may result from cell counting errors caused by
low contrast of red cell ghosts in the hemocytometer. As transport experiments span sev-
eral hours, the time-dependence of cell volumes was also invesﬁgated. The normalized
internal to eﬁtemal ratios of [3MG] and {uridine] + ATP at 0 and 15 hours are shown in
Figure 2.4. There is no change in the accessible volume over that time.

Effect of preincubation time on initial rates and time courses of transport:
ATP levels are reduced by approximately 50% during the 5 hours of an exchange time
course experiment (data not shown). While AMP and ADP do not directly affect trans-

port, they serve as competitive inhibitors of ATP binding to GLUT1 (127). It is possible,




Table 2.2. Effect of ATP on Substrate Accessible Internal Volume?
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Substrate 0 ATP + ATP
3-O-methylglucose 134 + 8, 100 + 8¢ 129 + 5b, 81 + 6¢
Uridine 133 + 13 98 + 9¢ 133+ 7%, 77 + 4¢

2 Volume measured in fL and shown as mean + SEM.
b Experiment 1

¢ Experiment 2
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Figure 2.4. Accessible Internal Ghost Volumes.

Effect of time on accessible 3-O-methylglucose (¥) and uridine (R) volumes of ghosts
lacking or containing 4 mM ATP. Ordinate: accessible volume normalized to uridine; Ab-
scissa: key indicating the time of measurement after resealing and cellular ATP content.

Results are shown as mean = SEM of triplicate measurements.
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therefore, that nucleotide dependenﬁ changes in GLUT1 intrinsic activity occur during the
time course of our measurements. To examine this possibility, both the time course of net
3MG uptake and the instantaneous rate of 3MG uptake were measured in ATP-free and
ATP-conta;ning ghosts before and after 5 hours of mock (sugar free) transport. Figure
2.5A shows that ATP-modulation of zero-trans uptake persists after 5 hours. No change in
the instantaneous (initial) rate of zero-trans 3MG uptake is observed following 5 hours
(Figure 2.5B). Biphasic exchange transport persists in ghosts that have previously ex-
changed 3MG for 15 hours prior to being assayed for radio-tracer exchange (Figure
2.5C). These data indicate that time-dependent changes in the intrinsic act?vity of GLUTI
do not account for biphasic sugar transport.

ATP modulation of red cell ghost morphology: Red cells and ghosts containing
or lacking ATP were examined by scanning electron microscopy. Figure 2.6 shows the
morphological changes induced by ATP depletion. Red cell membranes become spherical
and highly crenated following ghosting in the absence of ATP. Ghost resealing in the

presence of Mg-ATP reverses this effect.

Discussion

Human erythrocyte sugar transport displays a kinetic complexity that is not ex-
plained by available models for carrier-mediated facilitated diffusion (77, 79, 81, 106,
160, 168). In contrast, rat, rabbit and pigeon erythrocyte sugar transport are compatible

with available transport models (100, 102, 110, 159). Sequence identity between rat or
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Figure 2.5. Effect of Time on Initial Rate and Time Course of Transport.
A. Zero-trans uptake of 100 pM 3MG in red cell ghosts resealed with (®) and without (©)

intracellular ATP and permitted to rest in 29 volumes of ice-cold Kaline for 5 hours. Or-
dinate: fractional equilibration; Abscissa: time in minutes. Curves drawn through the
points were computed by nonlinear regression to assuming the biexponentiél form: A(1-e
kN+-(1-A)(1-e2) where ki and ko are the observed rate constants for phase 1 and 2 re-
spectively and A is the fractional component of total uptake described by phase 1. In the
absence of ATP, A= 0.12 £ 0.03, k; = 2.6 £ 1.5 min ! and k2> = 0.06 = 0.01 min'. In the
presence of ATP, A = 0.43 + 0.03, k; = 2.2 + 0.3 min"! and k2 = 0.10 = 0.01 min"'. B. Time
dependence of initial rates of zero-trans uptake plus (U) and minus (& ) ATP. Ghosts were
allowed to rest in Kaline for the specified time following which a small volume of 3MG
to make a final concentration of 100 pM was added and the initial rate of transport was
measured over a 30 second interval. Ordinate: uptake rate in mmol .min"’.(L cell water)-!;
Abscissa: Time of pre-incubation prior to measurement of uptake rate. C. Time course of
2.5 mM 3MG equilibrium exchange in the presence of 4 mM int;acellular ATP measured

immediately after resealing () or following 12 hours of unlabeled 3MG equilibrium ex-

change (®). Curves were drawn by nonlinear regression assuming exchange is described
as above. The results are: Control, A =0.72 £ 0.03, k; = 0 .372 £ 0.054 min’!, and k2 =
0.017 £ 0.007 min'; 12 hours post control, A = 0.59 = 0.07, k1 =0 .411 + 0.116 min"!, and

k2 =0.032 £ 0.013 min-'.
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Figure 2.6. Effect of Intracellular ATP on Ghost Morphology.

Scanning electron microscopy of A. red blood cells, B. resealed ghosts lacking ATP, and
C. resealed ghosts containing 4 mM intracellular ATP. The white bar in each frame is 5

pm.
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rabbit GLUTI and human GLUT1 is extremely high (> 98.9%) suggesting that transport
complexity in human red cells is not caused by specific, human GLUTI sequence
changes. Using cellular sugar transport and cytochalasin B binding capacities as a point
of comparison, rat, rabbit and pigeon red blood cells contain 500- to 10,00})—fold fewer
copies of GLUT]1 than their human counterparts (100, 102, 159). It has been proposed,
therefore, that human red cell sugar transport asymmetry is associated with very high cel-
lular GLUT1 content and may, in fact, be an artifact resulting from the technical chal-
lenge of measuring extremely rapid sugar fluxes (79, 97, 99). Reversible red blood cell
lysis (“ghosting”) to remove non-membrane associated factors modifies the steady-state
kinetics of human red blood cell sugar transport resulting in the loss of transport com-
plexity (80, 121, 123, 124). Thus, cytosolic factors also play an important role in regulat-
ing transport function.

Naftalin and Holman (97) proposed that an unstirred layer at the cytosolic surface
of the membrane would increase Kmapp) for sugar exit because the concentration of sugar
beneath the membrane falls more rapidly than total intracellular>sugar. Naftalin initially
proposed thaf nonspecific sugar association with hemoglobin accounted for this “un-
stirred layer” effect (79). However, the presence or absence of bulk hemoglobin has no
affect on transport (121, 169). Rather, cytosolic ATP modulates red cell sugar transport
symmetry (121). Evidence for an unstirred layer is available from three sources. Net
3IMG ﬁptake in human red blood cells display biphasic kinetics suggesting rapid equili-

bration with an unstirred layer and slower equilibration with bulk cytosol (113). Steady-
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state sugar exit experiments in human red cells display a specific deviation from
Michaelis-Menten kinetics at low intracellular [sugar] that is characteristic of an intracel-
lular unstirred layer (6, 112). Counterflow experiments in rat red cells (radiolabeled sugar
net uptake by cells in which cytoplasmic [sugar] > extracellular [sugar]) suggest a non-
uniform distribution of unlabeled and labeled sugars within the cell (100, 1v1 0).

The unstirred layer hypothesis was later modified following the discovery of an
ATP-dependent, GLUTI1 high-affinity non-catalytic sugar binding site (112). GLUTI
sugar binding and occlusion (slow release of sugar from the GLUT1-sugar complex) were
proposed to be responsible for biphasic sugar transport. At sub-saturating sugar concen-
trations (50 pM) where biphasic uptake is observed, the fast phase of transport was hy-
pothesized to represent sugar movement through the GLUT1 translocation pathway plus
its ensuing interaction with the high affinity site. Subsequent release of translocated sugar
into cytosol is rate-limited by a diffusional barrier or cage formed by the GLUTI1 C-
terminus interacting with cytoplasmic loop-6. While delayed within the cage, the prob-
ability of sugar re-association with the exit site and trans]ocatioﬁ back to interstitium is
high. The netr effect is reduced net sugar import. This model predicts that the size of the
fast component of transport in any cell is dependent on [GLUT1]. Transport complexity,
however, should be independent of cellular [GLUT1] because both phenotypes are con-
sequences of the intrinsic properties of GLUT1. The nominal “absence” of transport

complexity in rat, rabbit and avian red cells refutes this hypothesis. Furthermore, sugar
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translocation through the transport pore 1s now known to occur on the time-scale of milli-
seconds rather than seconds (109).

To eliminate complexities inherent to zero-trans experiments, measurements of
transport under equilibrium exchange conditions where no net change in [sugar] occurs
are employed. Two previous studies have examined GLUT1-mediated sugér equilibrium
exchange in detail. Weiser, Razin and Stein measured exchange uptake and exit in both
cold-stored and fresh human red cells (163). They concluded that exchange kinetics were
mono-phasic, but used early time points (< 30 sec) in their analysis and thereby missed
the second slower phase. They also observed that cold-storage of red cells raises the Km
for transport by nearly two-fold. Previous studies by this laboratory demonstrate biphasic
sugar exchange transport in intact red cells, but only at the lowest [3MG] tested (< 1 mM)
(113). This led to the conclusion that biphasic transport was due to sugar binding m the
cell. We now know that detection and analysis of the slower phase of transport at 4 °C
requires measurements beyond 5 minutes and this prompted us to extend our analysis of
equilibrium exchange transport to later time points.

When .red cell ghosts are ATP-depleted, radio-tracer 3MG equilibrium exchange
follows simple monophasic kinetics. Exchange in ATP loaded red cell ghosts shows
biphasic exchange kinetics at all [3SMG] tested. Neither fast nor slow phases of exchange
transport can be attributed to sugar complexation by GLUT1 as [GLUT1] is 20 pM while
[3MG] ranges from 0.1 to 20 mM. ATP-dependent deviation from monophasic exchange

kinetics is not due to heterogeneity in ghost size, cellular GLUT1 content or GLUT1 ac-
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tivity. Monophasic ENT1-mediated uridine exchange kinetics ih the presence of intra-
cellular ATP. also argue against ATP dependent ghost heterogeneity.

Monophasic uridine exchange kinetics imply that biphasic 3MG exchange kinet-
ics are either GLUT! specific, sugar specific, or specific to both transporter and substrate.
If a sugar-specific compartment exists in ATP loaded cells, then the 3MG space of ATP
loaded cells should be greater than the uridine space. ATP removal should be without ef-
fect on the 3MG space but will increase the uridine space. This was not observed. If a
specific sugar-binding compartment explains the ATP-dependent slow phase of exchange
transport, then the 3MG space of ATP loaded cells should be greater than the uridine
space while ATP depletion will reduce the 3MG space of the cell to that of the uridine
space which remains unchanged. The observation that ATP has no affect on 3MG or
uridine space refutes both hypotheses.

The possibility of a time-dependent change in the intrinsic kinetics of transport
over the 5 hours of measurement is refuted by two observations: 1) instantaneous 3MG
transport rates do not change with time and, 2) biphasic exchange»of radiolabeled 3MG is
recapitulated 'following 12 hours of exchange of unlabeled sugar. In sum, these results
suggest two serial barriers to 3MG transport. The first barrier is translocation through
GLUT]1 while the nature of the second barrier is unknown. Two possibilities exist - the
barrier is a physical barrier (e.g. permeability barrier or unstirred layer) or the barrier is a

chemical barrier (e.g. sugar is reversibly converted to a second species).
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The physical barrier hypothesis: A physical barrier model for ATP dependent,
GLUT1-mediated biphasic 3MG equilibrium exchange is illustrated in Figure 2.7. In
normal red cell discocytes, GLUT1 is anisotropically distributed in the plasma mem-
brane. The cytosol, however, contains two diffusionally isolated compartments (e.g. see
(170)). Cytosol adjacent to GLUT-enriched membrane rafts (compartment 1) is accessi-
ble to newly imported sugars. Cytosol adjacent to GLUT1-depleted membrane (com-
partment 2) is inaccessible to newly imported sugars. Thus sugar transport rapidly fills
compartment 1 while equilibration of compartment 2 requires diffusion across the barrier
separating compartments 1 and 2. The uridine transporter ENT1, by contrast, is uniformly
distributed across the membrane such that both 3MG compartments are accessible to im-
ported uridine. Upon Mg?*ATP depletion-induced echinocytosis (171), red cell GLUTI
becomes uniformly distributed in the plasma membrane and/or the diffusion barrier be-
tween cytoplasmic compartments is lost making the entire cellular space directly accessi-
ble to transported 3MG.

Several predictions follow from this model: 1) artiﬁcikal, non-ATP depleting
spheroechinocyte formation will induce monophasic 3MG exchange kinetics, 2) high
resolution GLUT1 membrane localization will be different from ENT1 localization, 3)
slowing transport by use of inhibitors will inhibit the fast component of transport but not
the slow phase.

The chemical barrier hypothesis: A chemical barrier describes sugar conversion

to a second molecular species within the cell (Figure 2.8). A sugar could, for example, be
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Figure 2.7. The Physical Barrier.

With sufficiently high intracellular [Mg2*] and [ATP], red cells and ghosts are biconcave
and GLUT] is restricted to specific areas of the membrane. Cytoplasmic space that is
adjacent to GLUT1-depleted plasma membrane is diffusionally isolated from cytoplas-
mic space adjacent to GLUT 1-enriched membrane. ENT1/2 is isotropically distributed in
the membrane so that Urd is transported into both cytoplasmic compartments simultane-
ously. ATP and/or Mg?* depletion results in phosphatidylserine redistribution and
echinocyte formation. GLUT1 surface distribution in spheroechinocytes is isotropic and/
or diffusional isolation of cytoplasmic spaces is lost resulting in monophasic 3MG ex-

change.
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Figure 2.8. The Chemical Barrier.

Sugars undergo spontaneous anomerization between &- and B-forms in aqueous solution.
Both - and B-sugars are transported but B-sugar is transported with 27-fold higher ca-
pacity in the presence of cytoplasmic ATP. &- and B-sugars compete for uptake and exit.
B-sugars equilibrate most rapidly across the membrane but mutarotation to - sugar en-

sures that both &- and B-sugars are available in the cytoplasm.
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metabolized, undergo anomerization, or become complexed to a binding partner. If me-
tabolized, the transformed species must remain a substrate for bidirectional transport (by
either GLUT]1 or other transporters) otherwise the cytoplasmic distribution space avail-
able to sugar plus its metabolite would exceed the cell water volume. 3MG is, however, a
nonmetabolizable sugar which is neither transformed following transport into or out of
the cell (172, 173). We therefore reject the metabolism hypothesis. If transported sugar
complexes with an intracellular binding partner, the cytoplasmic distribution space avail-
able to free and bound sugar would exceed the cell water volume. Since this is not ob-
served, this permits rejection of the binding partner hypothesis.

Differential transport of sugar anomers could explain biphasic sugar transport. D-
Glucose and 3MG anomerize slowly in aqueous solution between &- and B-anomers (%
= 10 min at 37 °C; equilibrium ratio of o- : B-anomer = 33:66; (174)). In &-D-glucose
and ®-3MG, the hydroxyl-group at carbon 1 is axial and oriented below the glucopyra-
nose ring, while for the B-anomers, the OH-group is equatorial. Could the orientation of
this hydroxyl group affect transporter affinity or capacity for substrate? Epimers of D-
glucose (analogs in which the position of the hydroxyl group at specific locations around
the glucopyranose ring is reversed) show strikingly different affinities for the red cell
sugar transporter. Studies with D-galactose (a C-4 epimer of D-glucose), D-allose (C-3)
or D-mannose (C-2)) indicate that that opposite hydroxyl configurations cause a 12-, in-
finite or 3-fold (respectively) increase in Kispp (relative to D-glucose) for inhibition of

sorbose uptake by red cells (175). Where it has been studied (e.g. D-galactose), this 12-
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fold reduction in affinity is without effect on Vmax for sugar transport (176). It would not

be surprising, therefore, if &- or B-3MG were preferentially transported by GLUT]I.

The equilibrium ratio of B-3MG to a-3MG at 4 - 20°C is 66:33 which is very
close to the relative sizes of fast and slow 3MG compartments observed in ATP-loaded
red cell ghosts (see Table 2.1). The consequences on transport include: undefestimation of
Km(app) and Vmax for net sugar uptake; overestimation of Kmpp) for sugar exit; underesti-
mation of Km(app) €Xit into saturating sugar solutions.

If biphasic sugar transport is explained by differential transport of ®- and B-
anomers, several predictions follow: 1) B-3MG is the preferred GLUT1 substrate in the
presence of ATP (ratio of fast to slow transport rates = 19:1; see Table 2.1). In the absence
of ATP both anomers are transported efficiently, 2) equilibrium compartment sizes in
ATP-containing cells are proportional to equilibrium anomer distributions, 3) acceleration
of mutarotation to a rate several-fold faster than the slow rate of transport eliminates the
slow phase of transport, 4) slowing transport by use of inhibitors vyill inhibit both the fast
and slow phases of transport because both phases are carrier-mediated.

Tests of the barrier hypotheses: The physical and chemical barrier hypotheses
predict mutually exclusive outcomes for test 4 - the impact of partial transport inhibition
on the kinetics of biphasic sugar transport. The physical barrier hypothesis predicts that
only the rapid phase of transport is inhibited by transport inhibitors because the slow
phase is a GLUT1-independent event (diffusion). The chemical barrier hypothesis pre-

dicts inhibition of both phases because each represents GLUT1-mediated transport of
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substrate. Previous results have shown that maltose and cytochalasin B are capable of in-
hibiting both phases under zero-traﬁs net uptake experiments (109). It is therefore con-
cluded that the the physical barrier hypothesis is untenable.

Refining the anomer (chemical barrier) hypothesis: The rate constant for
subsaturating 3MG exchange transport is proportional t0 Vimax/Kmapp) (99). Reduced
transport of &®-3MG could thus be explained by reduced Vmax, increased Kmppy 0or by a
combination of both effects. Figure 2.9 illustrates a simulated exchange uptake of o- and
B-3MG in which the available experimental data is fit. B-3MG is transported more rap-
idly than ®-3MG but the sum of both processes describes total cellular exchange uptake.

Exchange transport is assumed to follow simple Michaelis-Menton kinetics and uptake of

radio-trace 3MG is described by:

uptake = v + V;i -ve vil;’ Eq.2.2
where
v:’: _ V., 0Q,
K1 S, + S.A + Q,p +aQ,
a Kﬁ Kﬂ
oi VﬁﬁQo
Vg =
Kﬂ 1+ S.B + S, + Q°a)+ BQ,
B a Ka
viO = Vaan
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- V,BQ,
Vﬁ=
S Sa Qa
K, |1+ 25 4 22 =2 |4 BQ,
UK, K, Ka) PQ

where Vgi and V;i are unidirectional uptake of radiolabeled &- and B-3MG (Q),

io io

vV, and Vg are unidirectional exit of radiolabeled &- and B-3MG, Vg is Vmax and
Kp is Km for exchange transport of B-3MG, Va and Ka are Vimax and K for 6-3MG ex-
change, S; and S, are the intracellular and extracellular concentrations of total unlabeled
3MG, Qi and Qo are the intracellular and extracellular concentrations of total radiolabeled
3MG. « is the fraction of S or Q that exists as &-3MG, and 3 is the fraction of S or Q that
exists as B-3MG. Total (radiolabeled &- and B-3MG) exchange uptake data at 2.5 mM
3MG and 10 pM 3H-3MG were simulated by fourth-order Runge-Kutta numerical inte-
gration. Vmax and Kmpp) parameters for &- and B-3MG were varied by an interactive
least-squares procedure until the deviation between observed and predicted uptake reach
a minimum. The result suggests that $-3MG (Vmax = 1.48 mmol min-! L cell water! and
Kmepp) = 4.7 mM) is a more efficient substrate for exchange transbort than 0-3MG (Vimax
= 0.53 mmol fnin'] L cell water! and Kmpp) = 37.1 mM). Figure 2.9 also shows the ob-
served kinetics of ®-3MG mutarotation at 4°C as measured by circular dichroism. 3MG
mutarotation is significantly slower than exchange uptake of X-3MG as required by the
anomer (chemical-barrier) model for sugar transport. The complete 3MG exchange data

set (Table 2.1) has been reanalyzed by this procedure and the results are summarized in

Table 2.3. Vg, Kp, Va, and K« are independent of 3MG concentration and direction of
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Figure 2.9. Simulated Time Course of &- and -3MG Equilibrium Exchange Trans-
port.

A. Simulated time course of 2.5 mM 3MG exchange uptake in the presence of 4 mM
ATP. Ordinate: fractional equilibration; abscissa: time in minutes (note log scale). Meas-
ured exchange uptake (©) is simulated using Eq. 2.2. B-3MG uptake (=) seen the pres-
ence of competing &-3MG uptake (=), and total 3MG (- + B-3MG) (=) as the observ-
able 3MG uptake and have the following paramaters; Kmpp) = 37 mM and Vmax = 0.53
mmol min! L cell water! for ®x-3MG, and Km(app) = 4.7 mM and Vimax = 1.48 mmol min-!
L cell water! for f-3MG. B. Simulated time course of 2.5 mM 3MG exchange uptake in
the absence ATP. Measured exchange uptake (©) is simulated using Eq. 2.2. B-3MG up-
take (=) seen the presence of competing &-3MG uptake (=), and total 3MG (- + B-
3MG) (==) as the observable 3MG uptake and have the following paramaters; Km(app) = |
35 mM and Vmax = 3.35 mmol min'! L cell water! for both ®-3MG and B-3MG. From
this analysis, Eq. 2.2 and be reduced to Eq. 2.3. C. The time course of ®-3MG anomeri-
zation at 20 °C (©) and at 4 °C (e). Ordinate: CD at 193 nm (mdeg); abscissa: time in
minutes (note log scale) The curves drawn through the points are single exponentials

computed by non-linear regression and are characterized by first order rate constants of

0.058 + 0.002 min! and 0.0019 =+ 0.0000 for 20 °C and 4 °C respectively.
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_and 6 3 MGT ransport .
Parameter Condition
Exchange Zero-trans inhibition 0 ATP 4 mM ATP
Ko 27.5+2.44
Ksg 3.74+0.21
Va 1.28 £0.11
Vg 3.20+0.25
ko 0.05 +0.00
kg 0.86 +0.06
K 349+1.62
v 521+0.31
k 0.15+0.01
Ka 5.29+0.49
Kg 0.77+0.13

Values are means + SEM. The time course of exchange uptake and exit at 0.1, 2.5, 10,
and 20 mM 3MG analyzed according to Eq. 2.2 (+ATP) or Eq. 2.3 (-ATP) by an iterative
least squares procedure to obtain Ka, Kg (Km(app) for &- and B-3MG), Vi, Vg (Vmax for &-
and B-3MG) for 4 mM ATP, and K and V (Ky and Vimax) for 0 ATP. The first order rate
constants, k«, kg, and k, are Vmax/Kmpp).- 3MG inhibition of the initial rate of radiolabeled
3MG uptake by ATP-containing ghosts was measured by equilibrated (35:65) or initially
dissolved (80:20) a: 3MG solutions to obtain Ka and Kg (Kiepp)) for &- and B-3MG in-

; hibition of zero-trans 3MG uptake.




67

radiotracer movement (uptake or exit). Vgis 2.5 fold greater than V4 and K« is 7.4 fold
greater than Kg. This shows that the major impact of reorientation of the anomeric hy-
droxyl group to the a—conﬁguratiqp is a sevenfold loss in affinity for sugar binding.
In the absence of intracellular ATP, radiolabeled 3MG exchange transport is con-
sistent with a single transport process described by:
uptake = v* - v° Eq.2.3
where

Vo = VQ° Vv = VQ,

K(1+%)+Q0 K(l+%)+Qi

where V and K are Vmax and Kmepp) for 3MG exchange transport. Analysis of exchange
transport in the absence of ATP (Table 2.3) indicates that Kin(app) and Vmax are 35 mM and
5.2 mmol min"! L cell water! respectively. This indicates that ATP depletion results in the

loss of high affinity B-3MG binding. The ATP-GLUT]1 interaction is therefore a primary

determinant of high-affinity $-3MG exchange transport.

Few previous studies have examined the transport of &- and B-D-glucose in red
cells (177-179). Unlike liver which contains significant mutarotase activity (180), the
human red cell and red cell ghosts are devoid of mutarotase (178). Even so, 3MG is not a
substrate for porcine kidney mutarotase in vitro and not expected to be a substrate for
human mutarotase and 4 mM ATP is without effect on mutarotase accelerated anomeriza-

tion of D-glucose (vide infra). The observation of high-affinity -3MG exchange in the
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presence of ATP is therefore not explained by a mutarotase inhibition by ATP. For a dis-
- cussion on the affect of mutarotase on exchange transport, please see Chapter 3.

When freshly dissolved, - and B-D-glucpse are relatively equipotent in their in-
hibition of the the initial rate of radiolabeled D-glucose uptake from an equilibrium mix-
ture of *C-x-D-glucose and '*C-B-D-glucose (178). This suggests that differences in rate
constants for transport of &- and B-anomers reflect differential capacity for transport
rather than differences in binding affinity. This is reexamined for zero-trans *C-3MG up-
take in red cell ghosts containing or lacking 4 mM ATP. Proton NMR of freshly dis-
solved, unlabeled &-3MG and of an equilibrium solution of 3MG indicates that “&-
3MG” is in fact 80% &-anomer and 20% B-anomer. The equilibrium solution contains a
35:65 ratio of &:3 anomers of 3MG. These sugars were used as inhibitors of *C-3MG at
4 °C. *C-3MGQG is, of course, an equilibrium mixture of 1*C-x- e‘md 14C-B-3MG. Uptake
was measured at 100 pM 14C-3MG with increasing amounts of unlabeled 3MG (0 to 10
mM). Figure 2.10 shows that “®-3MG” and equilibrium 3MG inhibit unidirectional *C-
3MG uptake half-maximally at 1-2 mM. For the analysis, the mechanism is assumed to
be a fixed-site carrier capable of the simultaneous uptake of two substrate molecules, the
binding of one inhibitor and one substrate, or the binding of two inhibitor molecules and

follows the form:

Bly,, BT v, S
K 6K.2  6K_K,
v= m____m m2 Eq.2.4
IS, IST, ISI0 [, (1]
K, 6K,> 6K, K, K, 6K/

m m m
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Figure 2.10. Inhibition of Initial Rates of Net-uptake by 66:33 B:x-3MG and 20:80
B:0¢-3MG.

A. Inhibition of the initial rate of 100 uM *C-3MG net uptake by an equilibrated 3MG
solution (66:33 B:x) in the presence (o) and absence of ATP (©) or a freshly dissolved
3MG solution (20:80 P:x) in the presence (®) and absence of ATP (©). Curves drawn
through points are computed by non-linear regression to Eq. 2.4. For all conditions, the
Kigpp) 1s 1 mM. B. Transformation of + ATP data from A by plotting the ratio of the un-
inhibited rate to the inhibited rate versus inhibitor concentration. C. Transformation of -
ATP data from A by plotting the ratio of the uninhibited rate to the inhibited rate versus

inhibitor concentration.
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where v is the observed rate, [S] is the concentration of radiolabel, [I] is the concentration
of total cold 3MG, V is the Michalis-Menten Vmax and K is the Michalis-Menten con-
stant for uptake of radiolabel, K is the inhibition constant, and O is the coopertivity fac-
tor. This allows for the stimulation of radiolabel uptake seen at low concentrations of in-
hibitor and the inhibition of uptake at higher concentrations. This conﬁﬁns our earlier
findings with - and B-D-glucose (178) and suggests only small differences in the affin-
ity of GLUT1 for &- and B-3MG.

However, an altemative analysis of the data give contrasting results. The data in
Figure 2.10 fall on a line when expressed as the ratio of the observed rate in the absence
of unlabeled 3MG to the rate in the presence of unlabeled 3MG vs. the concentration of
unlabeled 3MG. The slope of the inhibition data employing equilibrium 3MG is signifi-
cantly greater than the slope of the ®-3MG inhibition data. With this type of analysis, the

slope is given by:
—+— . Eq. 2.5

where o and.B are the fractional amounts of &- and B-3MG present in the uptake me-
dium and K« and Kg are Kmpp) for uptake of - and B-3MG respectively. Using the
measured slopes and the known ratios of &:f8 anomers present in solution, K« and Kg are
calculated as 3.97 + 0.67 and 1.05 + 0.02 mM respectively (Table 2.3). These parameters

are unchanged by intracellular ATP. Recognizing that Kmpp) for zero-trans sugar trans-

port is typically much lower than Km@pp) for exchange transport but that the
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exchange:zero-trans Kmpp) ratio is preserved for different substrates (e.g. compare D-
glucose and D-galactose; (181)).

Physiological significance: A preference for ®-D-glucose in transport and/or me-

tabolism has been reported for liver (180, 182, 183), pancreatic beta cells (184-188),
muscle (189) adipose (190) and yeast cells (191). Cardiac muscle hexokinase displays
high affinity but low capacity for &-D-glucose and low affinity but high capacity for B-
D-glucose (192). Brain, retina, erythrocytes and lens cells appear to prefer B-D-glucose
or show no preference (177, 178, 183, 193-196). B-D-Glucose is more potent than &-D-
Glucose in inhibiting vagally-mediated secretion of gastric acid (197). These observations
illustrate the physiological significance of differential transport and utilization of glucose
anomers and suggest that cells expressing GLUT1 or GLUT3 may prefer the f-anomer
while cells expressing GLUT2 or GLUT4 may prefer the &-anomer.

Significance to previous transport studies: How might these findings affect inter-
pretation of red cell glucose transport determinations? Transport measurements are nor-
mally obtained by initial rate analysis over intervals of 1 minute or less. If initial rates of
transport are derived largely from uptake of B-sugar, they are related to (and must be cor-
rected for) the amount of B-sugar present in solution during the measurement. Thus
Km(app) may be overestimated by 1.5-fold. Furthermore, computed rates and Kmapp must be
corrected for competitive inhibition by the omnipresent, lower affinity &-sugar. This re-

sult could also explain (see (198) and (199) for detailed expositions) how integrated rate
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equation analysis of time course data results in overestimation of Kmapp for transport be-

. cause all ime courses are artificially extended owing to slower transport of &-sugar.
]

Conclusion

ATP-containing human red blood cell ghosts exhibit biphasic equilibrium ex-
change 3MG transport at sugar concentrations ranging from 1 to 20 mM. This observa-
tion is inconsistent with previous models for ATP-modulation of GLUT]1 activity. A new
hypothesis proposes that ATP-GLUT1 interactions promote preferential transport of B-
3MG and that extended time courses of sugar transport in human red cells reveal devia-
tions from simple kinetics owing to low capacity ®-3MG transport and continuous 8-
3MG and &-3MG mutarotation. In the absence of ATP, both anomers may be transported
equally well or differences in the kinetics of B-3MG and &-3MG become too small to
measure with existing methodologies. Differential transport of 3MG anomers (and thus

transport complexity) is only observable in cells where rate constants for 3MG transport

are greater than those for 3MG mutarotation.
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Chapter H1

PREFERENTIAL TRANSPORT OF ot- AND B-SUGAR ANOMERS DOES NOT

EXPLAIN GLUT1 MEDIATED ATP INDUCED BIPHASIC SUGAR EXCHANGE

Abstract:

Sugar uptake in human erythrocytes displays biphasic kinetics. Import is consis-
tent with the rapid filling of a large cytoplasmic component followed by the slower filling
of a smaller component. This behavior has been attributed to the preferential transport of
B-sugar by GLUT]1. The present study examines several predictions of the anomer trans-
port hypothesis and reports significant disagreement between expected and observed be-
havior. The sizes of the fast and slow phases of transport do not correspond to the equilib-
rium anomer distributions of other GLUT! sugar substrates. Increasing the rate of
anomerization by addition of intracellular mutarotase has no effect on biphasic transport
kinetics. Direct measurement of initial rates of sugar uptake or exchange demonstrates
that GLUT1 shows no anomer preference. These findings refute the hypothesis proposed
in Chapter II that biphasic erythrocyte transport results from differential transport of

sugar anomers.
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Introduction:

Human cellular membrane D-glucose transport is mediated by a family of integral
membrane proteins called D-glucose transporters. GLUT1 was the first member of this
family to be isolated and cloned and is found primarily in the cardiovascular system and
where it is especially concéntrated in erythrocytes (200). Possibly because transport in
human erythrocytes has been so extensively studied, it has been observed that steady state
red cell D-glucose transport is inconsistent with available carrier models (7, 76, 80, 106).
Rat, rabbit and avian erythrocytes are characterized by a much lower D-glucose transport
content (100, 107) and sugar transport in these cells is consistent with the carrier models
proposed by Stein and Lieb (201). Further investigation of GLUT1 mediated sugar trans-
port in human erythrocytes has demonstrated that ATP directly modulates D-glucose
transport (121, 124, 135, 202). The mechanism of ATP regulation of GLUT1 is not well
understood. A previous hypothesis formulated that ATP binding induces a conformational
change in the carrier causing sugar occlusion or binding within cytoplasmic GLUT1 do-
mains (109, 112). Chapter 2 has shown that equilibrium exchange transport data collected
at sugar concentrations of 20 mM is incompatible with this hypothesis and we have there-
fore proposed that ATP binding converts GLUT1 from a carrier with no specific prefer-

ence for sugar anomers into a carrier that has a reduced K and increased Vmax for B-D-

glucose transport and an increased Km and reduced Vpmax for a-D-glucose transport (Fig-
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ure 2.8). Anomerization is slowed by D0 and acidic pH (182, 203) - agents also known
to modify steady-state sugar transport kinetics (110) (126) (204).

GLUT1 anomeric specificity has been previously studied, but with inconsistent
conclusions. D-glucose metabolism in human erythrocytes displays a preference for p-D-
glucose at physiological sugar concentrations (205, 206), but at subsaturating concentra-
tions &-D-glucose utilization is more rapid (207). However, D-glucose transport is not
rate limiting for metabolism in human erythrocytes and specificity in anomer metabolism
does not translate into specificity in anomer transport and may in fact represent the speci-
ficity of hexokinase (183). In rat erythrocytes where transport capacity is 100 fold less,
both &-D-glucose (206) and B-D-glucose (208) have been suggested to be the preferred
glycolytic substrate.

Faust first examined differential transport of o- and B-D-glucose in the red cell
and found that B-D-glucose penetrates nearly three times faster than &-D-glucose 7).
Naftalin and Holman interpreted this result to indicate that B-D-glucose binds with higher
affinity than the &-anomer (97). Carruthers and Melchior later looked at human GLUT]
infinite-cis entry in erythrocytes for both - and B-D-glucose and found no difference in
the rate of uptake (178). Examination of the ability of &- or B-D-glucose competition
with radiolabeled sugar for zero-trans uptake demostrates identical Kiapp) for &- or B-D-
glucos‘e. It now appears that this assay is not the most discriminating test for anomeric

specificity (vide supra). Miwa et. al. repeated the infinite-cis uptake experiment and saw
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that B-D-glucose is imported 1.5 times faster than &-D-glucose (179). Kuchel et. al. ex-
amined equilibrium exchange exit of D-1-13C-D-glucose and observed that o- is exported
nearly twice as fast as -D-glucose (209). Potts and Kuchel studied the exchange of 3-
deoxy-3-fluoro-D-glucose (3FDG) using a spin transfer technique and found that ex-
change of the B-anomer was significantly faster than &-D-glucose exchange (210). How-
ever, a second study using a slightly different technique demonstrated that &-3FDG
transport is characterized by a lower Km(app) than B-3FDG and consequently displays a
higher flux (211). Others have repeated 3FDG exchahge as well as 2-,4-, and 6-deoxy-6-
fluoro-D-glucose transport measurements and have found that the &-anomer has a higher
permeability than the B-anomer (212). Unfortunately, the anomeric preference for 1-
position fluoroanalogs is unknown as only B-1-deoxy-1-fluoroglucose is transported
(213). However, Kjpp) for the B-isomer is 15 mM whereas the Kij(app) for the &-isomer is
much higher at 78 mM (175). Appleman and Lienhard examined the ability of both D-
glucose anomers to accelerate the interconversion GLUT1 between the external binding
conformation and the internal binding conformation and found that o-D-glucose was
37% more effective as measured by exofacial and endofacial inhibitor binding kinetics
(214). Janoshazi and Solomon looked at GLUT1 tryptophan quenching by &- and B-D-
glucose and while the initial binding was too fast to measure, it appears that subsequent
GLUT] conformational changes have different activation energies for the two sugar

anomoers; specifically B-D-glucose is favored at higher temperatures while &-D-glucose
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is preferred at lower temperatures (215). The literature therefore presents multiple dem-
onstrations of anomeric specificity in human red cell sugar transport, but there is little
consensus as to the preferred substrate. It is therefore necessary to test the anomer hy-
pothesis by multiple independent methods. The results of the present study demonstrate
that GLUT1 displays no anomeric specificity and differential transport of sugar anomers

does not account for biphasic exchange kinetics.

Materials and Methods:

Materials: 3H-3-O-methylglucose was purchased from Sigma Chemicals. Human
blood was purchased from Biological Specialties Cooperation. Procine Kidney Mutaro-
tase was purchased from Calzyme Laboratories Inc. Other reagents were purchased from
Sigma Chemicals.

Solutions: Kaline consisted of 150 mM KCI, 5 mM MgCl, 5 mM EGTA, 5mM
HEPES, pH 7.4. Lysis buffer contained 10 mM Tris-HCl, 2mM EDTA, pH 8.0. Sugar-
stop solution consisted of ice-cold Kaline containing 20 pM CCBand 200 uM phloretin.

Red Cells: Red cells were isolated by washing whole human blood in 4 or more
volumes of ice-cold Kaline and centrifuging at 10,000 x g for 15 minutes at 4 °C. Serum
and buffy coat were removed by aspiration and the wash, centrifugation, aspiration cycle
repeated until the buffy coat was no longer visible. Cells were resuspended in 4 volumes
of sug'ar free or sugar containing Kaline and incubated for 1 hour at 37 °C to deplete or

load intracellular sugar.
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Red Cell Ghosts: Ghosts were hypotonically lysed by re-suspending washed red
cells in 10 volumes of ice-cold lysis buffer for 10 minutes. Membranes were harvested by
centrifugation at 27,000 x g for 20 minutes. Ghosts were repeatedly washed with lysis
buffer and centrifuged until the membranes appeared light pink (about 3 cycles). Ghosts
were then washed with 10 volumes ice-cold Kaline and collected by centrifugation at
27,000 x g. Harvested membranes were resealed by incubation in 4 volumes of Kaline +
4 mM ATP (37 °C) for 1 hour and collected by centrifugation at 27,000 x g for 15 minutes
at 4 °C. Resealed ghosts were stored on ice until used.

Net sugar uptake: Sugar-depleted cells or ghosts were incubated in 20 volumes
of ice-cold Kaline containing 100 pM unlabeled sugar and 0.5 pCi/mL labeled sugar. Up-
take was allowed to proceed for intervals as short as 6 seconds to intervals as long as 3
hours. Uptake was. arrested by addition of ice-cold stop buffer and ghosts were centri-
fuged at 14,000 x g for 1 minute. The supernatant was removed by aspiration and ghosts
were washed with 20 volumes of sugar stop buffer, re-centrifuged and supernatant aspi-
rated. The ghost pellet was extracted with 500 pL of 3% perchloric acid, centrifuged, and
samples of tﬁe clear supernatant were counted in duplicate. Zero time points were col-
lected by the addition of sugar stop solution to ghosts followed by uptake media. Samples
were then immediately processed. Radioactivity associated with cells at zero time was
subtracted from all non-zero time points. Equilibrium time points were collected using an

overnight incubation. All time points were normalized to the equilibrium time point. All
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solutions and tubes used in the assay were pre-incubated on ice for 30 minutes prior to
the start of the experiment. Triplicate samples were processed for each time point.

Sugar equilibrium exchange uptake: Ghosts were resealed in the presence of 1
mM unl;lbeled sugar(s), centrifuged, and the supernatant was aspirated. Ghosts were then
incubated in 20 volumes of ice-cold Kaline containing the same concentfation of unla-
beled sugar(s) and 0.5 pCi/mL label(s). Exchange was allowed to proceed for time inter-
vals as short as 6 seconds to intervals as long as 10 hours. Exchange was then stopped by
the addition of ice-cold sugar stop and ghosts were treated as above with zero-trans up-
take.

Proton NMR: Data were collected at 24 °C on a 400 MHz Oxford NMR.

Sugar anomerization rates: Anomerization was measured by optical rotation
with a Rudolph Autopol 11. Briefly, 10 or 100 mM initially dissolved sugar in temperature
equilibrated Kaline & 4 mM ATP was placed into a 10 mL, 10 cm path-length thermo-
jacketed cell and optical rotation was measured over time. For mutarotase experiments,
an appropriate amount of 1000 U/mL mutarotase in Kaline was blaced into the thermo-
jacketed cell énd allowed to equilibrate prior to the addition of freshly dissolved 10 mM
D-glucose in Kaline.

HPLC analysis of sugar anomers: Sugar anomers were chromagraphically sepa-
rated o.n a Bio-Rad HPX-87C column as previously described (216). The column was

equilibrated on ice with diH2O as the mobile phase. Unlabeled sugars were detected by
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using a Waters Model 410 Differential Refractometer and radioactively labeled sugars by
a Packard 505TR Flow Scintillation Analyzer.

HPLC analysis of red cell nucleotides: The cytosolic nucleotides of 50 pL of
packed red cells were ex;racted with 50 pL of 3% PCA and precipitated lipids and protein
removed by centrifugation.. The acidic supernatant was neutralized by addition of a so-
dium bicarbonate solution and filtered through a 0.45 pm spin filter. The filtered solution
was then injected onto a Higgins Analytical C18 column with a mobile phase of 15 mM
ammonium acetate, pH 6.0 and linear gradient of 0 to 10% methanol and a flow rate of 1
ml/min. Nucleotides were detected by a Walters 484 Tunable Absorbance Detector set at

260 nm.

Results

Inhibition of 3MG exchange by o- and B-methyl-D-glucosides: Methyl-D-
glucosides are not transportable substrates for GLUT1 and seem to bind only at the
GLUT]1 cytosolic binding site. The anomeric barrier hypothesis for ATP regulation of
GLUTI1 suggests that B-sugars are the preferred substrate for the ATP-bound GLUTI
complex. If this is the case, then B-methyl-D-glucoside should be a more potent inhibitor
of GLUT1 mediated transport than the &-epimer. Figure 3.1 shows the dose response for
methylglycoside inhibition of 2.5 mM 3MG exchange transport initial rates. While both
o- and B-methyl-D-glucoside inhibit transport by 50%, Kiwapp)’s for inhibition are not as

expected. The &-epimer is the more potent inhibitor with a Kipp) 0of 0.6 mM and 12 mM
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Figure 3.1. Inhibition of Initial Rates of Transport by Methyl-D-glucosides.
Ordinate: initial rate of transport in mmole L cell water! s7'; Abscissa: intracellular in-
hibitor concentration. A. Inhibition of 2.5 mM 3MG exchange uptake in the presence of

increasing concentration of &-methyl-D-glucoside with (©) and without () intracellular

ATP. Curves drawn through points are computed by non-linear regression to the form Vi-o
- (Vimax™ [1] / (Ki+ [1]) where Viz is the rate in the absence of inhibitor, Vimax 1s the rate
maximally inhibited, [I] is the concentration of inhibitor, and K is the apparent inhibition
constant. Vi=o = 0.007 mmole L s1, Vimax = 0.002 mmole L-! s, and K; = 0.6 mM in the
absence of ATP and Vi=o = 0.015 mmole L 5!, Vimax = 0.005 mmole L! 7!, and K; = 12
mM in the presence of ATP. B. Inhibition of 2.5 mM 3MG exchange uptake in the pres-
ence of increasing concentration of B-methyl-D-glucoside with (0) and without () intra-
cellular ATP. Curves drawn through points are computed by non-linear regression to the
form Vi=o - (Vimax™ [1] / (Ki+ [1]). Vi=o = 0.009 mmole L 1, Vimax = 0.004 mmole L s,
and K; = 4.6 mM in the absence of ATP and Vi=o = 0.016 mmole L s, Vimax = 0.005

mmole L' 57, and K = 23 mM in the presence of ATP.
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in the absence and presence of ATP respectively. While Kigpp)’s for B-methyl-D-glucoside

are greater at 4.6 mM and 24 mM in the absence and presence of ATP respectively.

Exchange transport remains biphasic in the presence of GLUT1 inhibitors:
Human red cell exchange sugar transport is biphasic in the presence of cytosolic ATP,
displaying rapid equilibration of 66% of cell water and 20-fold slower equivlibration of the
remaining space. There is a simple test to distinguish between two explanations for
biphasic sugar transport (vide supra). If biphasic sugar exchange reflects fast and slow
transport of B- and &-D-glucose, specific GLUT1 inhibition should inhibit both fast and
slow phases of transport. If biphasic transport reflects fast transport followed by a slower
intracellular event, GLUT1 inhibitors should slow only the fast phase. Figure 3.2 shows
and Table 3.1 summarizes the results of 3-O-methyl-D-glucose (3MG) exchange in the
absence and presence of GLUT] inhibitors and osmotic controls. Transport remains
biphasic, but the effect of GLUT]1 inhibition on both phases is less clear. Cytochalasin B
(CCB) at a concentration of 10 uM effectively inhibits both fast and slow phases (three to
five fold), however it appears that 100 pM phloretin inhibits only the fast phase (five
fold) and not the slow phase. 3MG exchange exit is also biphasic with both phases inhib-
ited by 10 uM CCB (not shown).

The effect of extracellular maltose is not as clear. At concentrations required for
effective inhibition of exchange transport (100 mM) significant cell lysis occurs. This is
corrected by resealing ghosts in the presence of a small amount of *C-sucrose and meas-

uring the ratio of 3H-sugar to “C-sucrose thereby subtracting the loss of signal due to ly-
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Figure 3.2. Inhibition of 3MG Equilibrium Exchange Transport.
Ordinate: fractional equilibration; Abscissa: time in minutes (note log scale). A. Inhibi-
tion of 2.5 mM 3MG exchange in ghosts resealed with 4 mM ATP by intra- and extracel-

lular inhibitors. Uninhibited (@) exchange is biphasic consistent with the filling of two

compartments (physical or chemical). In the presence of 10 uM cytochalasin B (e), an
intracellular binding inhibitor, transport remains biphasic and both phases of transport are
inhibited nearly equally. Transport in the presence of 100 pM phloretin (®), an extracellu-
lar binding inhibitor, is biphasic however only the fast phase is inhibited. Curves drawn
through the points were computed by nonlinear regression to assume the biexponential
form: A(1-e*%)+(1-A)(1-e™2!) where ki and k2 are the observed rate constants for phase 1
and 2 respectively and A is the fractional component of total uptake described by phase 1.
Fit constants are shown in Table 3.1. B. Inhibition of 2.5 mM 3MG exchange in ghosts
resealed with 4 mM ATP by extracellular maltose. 100 mM extracellular maltose (®) or
sucrose (®) cause cell shrinkage and increase the initial intracellular 3MG concentration
in validating the exchange condition. However, it appears extracellular maltose only in-
hibits the fast phase of transport as the two conditions reach equilibrium at nearly the

same time.
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. Table 3.1. Effect of Inhibition on the Obser

Inhibitor Fast kobs?

Fast Component
Size®
-- 0.36 +0.03 0.015 +0.003 66+4
. 10 uM cytochalisn B 0.071 £ 0.018 0.0047 + 0.0004 26+4
(5.1) (3.2)
100 pM phloretin 0.075+£0.014 0.012 + 0.001 407
(4.8) (1.25)

aAll rate constants are first order and have units of min™! and are shown as mean + SEM.
YFast component size represents the size (fraction of total 3MG accessible space) of the
exchange transport component described by the fast rate constant and is shown as mean +
SEM. The size of the component described by the slow rate constant is 1 - fast fractional
size.

“Numbers in () are the fold inhibition for each phase seen over control.
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sis. While lysis can be corrected, the high extracellular osmolarity causes the ghosts to
shrink. Shrinkage decreases intracellular volume thereby increasing the intracellular
sugar concentration invalidating the equilibrium exchange transport condition and trans-
port follows a counterflow time course (vide infra). The time course was repeated m the
presence of 100 mM sucrose as an osmotic control. When maltose is compared to the su-
crose control, it appears that only the first phase of transport is inhibited which is consis-
tent with the other e2 inhibitor, phloretin .

Compartment sizes do not correlate with equilibrium anomer distributions:
Exchange transport was examined in the presence and absence of ATP for several sugars,
3MG, D-glucose, 2-deoxy-D-glucose (2DG), and D-mannose. D-glucose and 3MG both
have anomeric distributions of ~66% - and 33% o. The two position seems important in
determining the anomeric distribution as 2DG (missing the two position hydroxyl) is
nearly equally populated as B- and &- (55% and 45% respectively) and D-mannose (the
two position epimer of D-glucose) is 33% B- and 66% «. Equilibrium anomer distribu-
tions were measured by both proton NMR and by HPLC and give similar resuits. ATP
induced biphasic transport for all tested sugar substrates, but the size of the fast com-
partment did not correlate with the %p- for each sugar (Table 3.2). The fast component
size remained at ~67% of total transport for all substrates which is higher than expected
for both 2DG and D-mannose but consistent with D-glucose and 3MG. Variation in com-
ponenf sizes between experiments necessitates simultaneous measurement of exchange of

different sugars within the same ghosts. Figure 3.3 shows simultaneous exchange uptake
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Method for Determining Anomeric Proportions

Proton NMR HPLC
Sugar % BP at % B¢ % PP at % B¢ Fast Transport
equilibrium  initially  equilibrium  initially Component*

D-glucose 66.8 13.0 64 --

747
3H-glucosed - - 69 -
3IMG 67.4 22.5 58¢, 63f 17

67+ 11
3H-3MG¢ -- -- 55 -
2DG 54.6 75.0 578 -- 71+ 10
D-mannose 36.7 12.3 328 - 54+5
Average - -- -- - 67

aFast transport component represents the percentage (fraction of total 3MG accessible

space) of the exchange transport component described by the fast rate constant and is

shown as mean =+ SEM. The size of the component described by the slow rate constant

is 100 - fast fractional size. ®% B seen after allowing dissolved sample to rest at room

temperature for at least 48 hours. “% B seen after initially dissolved sample and allowing

no more than 5 minutes to elapse on ice. ‘Radiolabeled substrates are only amenable to

the HPLC analysis due to low concentration and are only available at anomeric equilib-

rium. °At 100 mM. At 200 pM. £2DG and D-mannose are not baseline resolved with

the HPLC method and numbers are calculated based on overlapping gaussian peak ar-

cas.
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Figure 3.3. Simultaneous Exchange Transport of Multiple Sugar Substrates.
Ordinate: fractional equilibration; Abscissa: time in minutes (note log scale). A. Simulta-

neous exchange of 2.5 mM 3MG () and 2.5 mM D-glucose (©) in red cell ghosts con-

taining 4 mM intraceliular ATP. Curves drawn through the points were computed by non-
linear regression to assume the biexponential form: A(1-e*)+(1-A)(1-e*,") where k; and
k; are the observed rate constants for phase 1 and 2 respectively and A is the fractional
component of total uptake described by phase 1. For 3MG, k1 = 0.53 = 0.06 min™, k> =
0.03 +£0.01 min!,and A=0.76 £ 0.05 ahd for D-glucose, ki = 1.45 + 0.2 min’!, k; = 0.05
+ 0.02 min”', and A = 0.78 £ 0.05. B. Simultaneous exchange of 2.5 mM 2DG () and
2.5 mM D-glucose (©) in red cell ghosts containing 4 mM intracellular ATP. Curves
drawn through the points were computed by nonlinear regression to assume the biexpo-
nential form: A(1-e*)+(1-A)(1-e*2") where k; and k> are the observed rate constants for
phase 1 and 2 respectively and A is the fractional component of total uptake described by
phase 1. For 2DG, ki1 = 0.75 + 0.1 min', k2 = 0.04+ 0.03 min”!, and A= 0.73 + 0.07 and

for D-glucose, ki = 0.93 £ 0.1 min, k2 = 0.04 = 0.02 min™', and A = 0.74 = 0.05.
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of D-glucose and 3MG and D-glucose and 2DG in ghosts resealed with ATP. There 1s no
significant difference between the compartment sizes for the two sugars in either case.

Increasing the rate of anomerization has no effect on the second phase of
transport: The 3MG anomerization rate has been previously measured by circular di-
chroism and found to be slower than the slow rate of transport (vide supm). But it re-
mains to be determined whether this is true for other GLUTI1 substrates that display
biphasic transport. D-glucose, 2DG, and D-mannose do not have measurable CD signals
so anomerization is measured by polarimetry. Table 3.3 and Figure 3.4 show anomeriza-
tion rates for D-glucose, 3MG, 2DG, and D-mannose at 4, 20, and at 37 °C along with the
activation energy. Based on the known mechanism, the uncatalyzed anomerization reac-
tion is not expected to be concentration dependent; however, higher concentration of sug-
ars give rise to more accurate rate determinations as there is an increase in the signal to
noise ratio. For both D-glucose and 3MG the rate of anomerization at ice temperature is
much slower than the slow rate of transport as required by the anomer barrier transport
hypothesis. However, the same is not true for 2DG and D—mannése. Both 2-position glu-
cose analogs display an increased anomerization rate compared with D-glucose, but un-
changed activation energy. Anomerization rates approach the slow rate of transport, and
for 2DG may actually be faster than the slow rate of transport although with the difficulty
of accprately determining the slow rate of transport this remains uncertain.

If the rate of anomerization were faster than the slow rate of transport then trans-

port of &-sugar would no longer be rate limiting. The rate of anomernization for D-glucose
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aLyophilized porcine kidney mutarotase was dissolved in kaline at 1000 U/mL and ahi-
quots were diluted as necessary.

bActivation Energy in kJ/mole are calculated from Arrhenius plots.

¢D-glucose exchange in the presence of extracellular and intracellular 500 U/mL exoge-

nous mutarotase.
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Figure 3.4. Anomerization of GLUT1 Hexose Substrates With and Without Exoge-
nous Mutarotase.

Left ordinate: optical rotation (deg) for D-glucose, 3MG, and D-mannose; Right ordinate:
optical rotation (deg) for 2DG; Abscissa: time in minutes (note scale) A. Anomerization

of 100 mM &-D-glucose (==), 100 mM &-3MG (=), 100 mM &-D-mannose (=), and

100 mM B-2DG (=) at 4 °C. B. Anomerization of 100 mM &-D-glucose at 4 °C in the
presence of exogenous porcine kidney mutarotase; 0 U/mL (==), 1 U/mL (=), 10 U/mL
(==), and 100 U/mL (=). C. Anomerization of 10 mM &-D-glucose and 10 mM &- 3MG
at 4 °C in the presence of exogenous porcine kidney mutarotase. Mutarotase has no effect
on 3MG anomerization as 3MG with 0 U/mL mutarotase ( ) and 3MG with 10 U/mL
mutarotse (=) follow the same time course. Increasing mutarotase concentrations, 0 U/
mL (=), 1 U/mL (=), 10 U/mL (=), 10 U/mL in the presence of 4 mM ATP (=), and 50
U/mL with 4 mM ATP (=) correlate with decrease half-times for 10 mM D-glucose
anomerization. For all plots, curves are drawn by nonlinear regres_sion assuming single
exponential decays of the form Aexp™ for D-glucose, 3MG, and D-mannose, and a single
exponential rise of the form A(1-exp™) for 2DG, where A is the initial optical rotation
and k is the observed anomerization rate constant. Constants for curve fits can be found

in Table 3.3.
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can be accelerated by addition of porcine kidney mutarotase, an enzyme that catalyzes the
conversion of &- into B-D-glucose and B- into ®-D-glucose without altering the equilib-

rium proportions. Table 3.3 also shows anomerization rates and activation energies for D-
glucose and 3MG in the presence of mutarotase. Sufficient quantities of mutarotase in-
crease the rate of anomerization to more than ten times faster than the slow rate of trans-
port. In fact, the rate of anomerization of 10 mM D-glucose became too fast to measure at
mutarotase concentrations above 50 U/mL. Simulations of transport show that if a sig-
nificant quantity of mutarotase is resealed within red cell ghosts, then transport would

become monophasic even in the presence of ATP (Figure 3.5). However, if mutarotase is
only present externally, then transport would remain biphasic with only slight changes in
the rates and compartment sizes (i.e. the fast phase would be a little faster and larger).
Figure 3.5A shows transport in ghosts resealed in the absence and presence of 500 U/mL
mutarotase and 4 mM ATP and predicted transport in the presence of varying activities of
mutarotase. Transport in the presence of mutarotase appears to be unchanged. However, it
would be difﬁcult to see a difference if mutarotase is only active in the external medium
(compare data with blue and green curves). Figure 3.5B shows an SDS-PAGE gel of
ghosts that were resealed in the presence or absence of 500 U/mL mutarotase. Lanes 2
and 4 show media (i.e. both extracellular and intracellular proteins) while Lanes 3 and 5
show proteins associated with extensively washed resealed ghosts(only intracellular).
Lane 5 indicates the presence of exogenous intracellular mutarotase. The staining inten-

sity of mutarotase is reduced in washed ghosts because the extracellular volume is much
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Figure 3.5. Effect of Mutarotase on D-glucose Exchange Kinetics.
A. Ordinate: fractional equilibrium; Abscissa: time in minutes (note scale). Trans-

port of 2.5 mM D-glucose without (e) or with (#) 500 U/mL mutarotase resealed

inside ghosts with 4 mM ATP. Dashed curves are drawn by nonlinear regression to
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to assume the biexponential form: A(1-e*)+(1-A)(1-e*2f) where ki and k, are the ob-
served rate constants for phase 1 and 2 respectively and A is the fractional component of
total uptake described by phase 1. For transport in the absence of mutarotase A =
0.71+0.05, k; =,1.44+0.2 min! and k> = 0.08+0.03 min’!, and A =.71+£0.06, k; = 1.3+0.2
min!, and k2 = 0.11+0.03 min’! in the presence of mutarotase. Transport is simulated ac-
cording to equation 2.2 where Ko = 50 mM, Kp = 6.3 mM, Vo =3 mM min’!, and Vg =5
min-!, and the rate of anomerization is uncatalyzed where ka + kg = kobs = 0.005 min-!
both inside and outside (==). If mutarotase is only present outside at 10% activity (=) or
at 500 U/mL (==) (kobs = 0.852 and 8.52 min-! respectively) are shown. Simulated curves
are shown if mutarotase is active both outside and inside at 10% activity ( ), 500 U/mL
outside and 10% activity inside (=), and 500 U/mL activity both inside and outside (==).
B. SDS-PAGE gel of erythrocyte ghosts resealed with and without mutarotase. Lane 1,
mutarotase; Lane 2, resealing media without mutarotase; Lane 3, washed ghosts after re-
sealing without mutarotase; Lane 4, resealing media containing 500 U/mL mutarotase;
Lane 5, washed ghosts after resealing with mutarotase. C. Ordinr;tte: change in refractive
index; Abscissa: retention time in minutes. HPLC chromatograms of 2 mM D-glucose 1
hour after solubalizing in ice-cold kaline. Control D-glucose not exposed to ghosts (=),
13% P; extracellular D-glucose after incubation with ghosts resealed without exogenous
mutarotase (=), 18% PB; extracellular D-glucose after incubation with extensively washed

ghosts resealed with 500 U/mL mutarotase (=), 64% P; and extracellular D-glucose as

above but with 10 uM CCB and 100 pM pholoretin (=), 26% P.
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larger than the intracellular volume. While showing that mutarotase is present in the in-
tracellular medium of ghosts, this does not mean that incorporated mutarotase remains
active. While ATP does not inhibit mutarotase (see Figure 3.4) a direct measurement of
intracellular mutarotase activity is difficult. Extensively washed ghos.ts resealed with mu-

tarotase and subsequently exposed to &-D-glucose for a short time, then assayed for total

sugar anomeric composition show a larger amount of B-D-glucose than predicted by un-
catalyzed annomerization. This effect is inhibited by the GLUTI1 transport inhibitors
CCB and phloretin (Figure 3.5C).

Direct measurements of anomer transport: A more direct approach is to ask the
question, does GLUT]1 preferentially transport one anomer over the other? If one were to
sample red cell cytosol at an early time point in the time course of sugar transport, the
anomer model predicts that there should be more f-anomer incorporated into the cell in
the case of sugar uptake and less B-anomer in the cell in following sugar exit. An HPLC
approach was employed to measure the anomeric composition of small amounts of sugar
in answering this question. The resolution of the HPLC method for determining anomer
proportions was examined by analysis of 3MG anomerization. Figure 3.6 shows chroma-
tograms of freshly dissolved 100 pM 3MG taken at approximately 1 hour intervals. The
initial proportion of B:xx-3MG was 20:80. This ratio increases with a time course consis-
tent with the previously measured anomerization rate (Figure 3.6B).

Because detection is through a change in refractive index, application of this type

of analysis to transport determination requires a net movement of sugar either into or out
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Figure 3.6. Determination of HPLC Method Precision.

A. Ordinate: change in refractive index; Abscissa: retention time in minutes. Chroma-

tograms (=) of 100 uM 3MG after freshly dissolving in ice-cold kaline. Peaks are fit to

gaussian distributions B-3MG (=) and X-3MG (=) and baseline adjusted for the result-

ing fit (=). B. Ordinate: %B-3MG, %X-3MG; Abscissa: retention time in minutes. Areas

of the gaussian peaks are plotted as a percentage of total area vs incubation time at 4 °C,

B-3MG (»), ®-3MG () and compared to predicted values (==) based on the previously

measured anomerization rate.
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Figure 3.7. HPLC Anomeric Analysis of Extracellular 3MG Following 5
minutes of Net Uptake into Ghosts Without and With ATP.

A. Ordinate: change in refractive index; Abscissa: retention timg in minutes. Analy-
sis of unlabeled total (200 uM initially) extracellular 3MG in the absence of ATP. B.
As in A but with 4 mM intracellular ATP. C. Ordinate: CPM’s; Abscissa: retention
time in minutes. Analysis of remaining extracellular *H-3MG in the absence of ATP.

D. As in C but with 4 mM ATP. Chromatograms (=) are fit to a two (A and B) or
three (C and D) gaussian peak function (=) and peaks for B- (=) and &-3MG (=)
are shown as well as a smaller, third peak representing sugar that has mutarotated

while on the column (==).
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Table 3.4. Anomeric Analysis of Extracellul

Uptake Time % [ remaining® % B model prediction®

0.5 min 0 mM ATP | 63 £ 10° 674
5.0 min 0 mM ATP 64 + 5% 59+ 1¢ 6794; 55¢
0.5 min 4 mM ATP 71+ 6¢ 644
5.0 min 4 mM ATP 64 +4¢; 57 + 1° 564; 421
equilibrium + ATP 64 £2¢ 55+ 1¢

2% B-3MG remaining extracellular as analyzed by HPLC a short time after mixing with
ghosts lacking or containing intracellular ATP

b%B-3MG predicted to be remaining extracellular a short time after mixing with ghosts
lacking or containing intracellular ATP as described by Eq. 2.2 where Kmpp) = 26.9 mM
and Vmax = 1.02 mmol min-1 L cell water-1 for &-3MG, Kmpp) = 4.8 mM and Vinax =
1.41 mmol min-1 L cell water-1 for B-3MG in the presence of ATP.

¢Analysis of unlabeled 3MG.

dPrediction based on an o:p equilibrium of 33:67 as seen for unlabeled 3MG.

¢Analysis of rédiolabeled SH-3MG.

fPrediction based on an &:P equilibrium of 45:55 as seen for SH-3MG.
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of the cell. Hence these experiments reflect net transport not exchange transport meas-
urements. At early time points where the greatest difference of anomer ratios is expected,
the amount of total sugar within ghosts is too small to measure by refractive index and
measurements were characterized by extremely poor signal to noise ratios. Therefore, the
extracellular sugar remaining in solution was analyzed. Figure 3.7 shows éhromatograms
of extracellular medium containing 200 uM 3MG before and after incubation with an

equal volume of ghosts resealed with and without ATP. If B-3MG is the preferred trans-

port substrate, a higher percentage of &-sugar would remain in the media. Time course
simulations suggest that the maximal difference occurs following 5 minutes of uptake.
Table 3.4 shows the measured anomeric compositions and model predictions. There is no
change in the anomeric compositions of extracellular sugar after transport. This signal to
noise after 5 minutes of transport, while still adequate to determine anomer proportions,
was less than ideal, so to improve the specific signal, the experiments were repeated with
radiolabeled 3MG and detected by an in-line radiometric scintillation counter (Figure 3.7
and Table 3.4). It is interesting to note that *H-3MG does not have the same equilibrium
anomeric percentages as unlabeled 3MG.

The advent of detecting radiolabeled 3MG, allowed examination of the 3MG
anomeric proportions that are transported into ghosts by sampling the cytosol directly.
The use of radiolabels drastically increases signal to noise and also allows the equilib-
rium exchange transport condition to be examined. The extraction procedure to isolate

cytosolic sugar (lysis in ice-cold 3% perchloric acid and neutralization with sodium bi-
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Figure 3.8. Anomeric Analysis of Intracellular H-3MG Following Transport.

Ordinate: CPM’s; Abscissa: retention time in minutes. A. Chromatograms of intracellular
3MG following net uptake intervals of 30 seconds (=) and 5 minutes (==). B. Chroma-
tograms of intracellular 3MG following equilibrium exchange intervals of 30 seconds

(=) and 5 minutes (==).
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Condition % [2 % B Model®  n¢
Zero-Trans Uptake 0 mM ATP 30 seconds 53% + 2% 67%4; 55¢ 9
30 seconds 56% £ 1% 93%39; 89%¢ 12

Zero-Trans Uptake 4 mM ATP
5 minutes 56% + 1% 85%39; 78%° 3
15 seconds 53+ 1% 67%4; 55¢ 3

Exchange Uptake 0 mM ATP
30 seconds 51% + 2% 67%9; 55¢ 3
30 seconds 57% + 1% 96%9; 97%° 3

Exchange Uptake 4 mM ATP
5 minutes 57% £ 1% 83%4; 93%:¢ 3
Stock Solutions 55%+ 1% - 12

a%B-3H-3MG intracellular as analyzed by HPLC a short time after mixing with ghosts
lacking or containing intracellular ATP.

b2 B-3MG predicted to be remaining extracellular a short time after mixing with ghosts
lacking or containing intracellular ATP as described by Eq. 2.2 where Kmapp) = 26.9 mM
and Vimax = 1.02 mmol min-1 L cell water-1 for &-3MG, Kin(app) = 4.8 mM and Viax =
1.41 mmol min-1 L cell water-1 for f-3MG in the presence of ATP for zero-trans uptake
and Km@pp) = 37 mM and Vmax = 0.53 mmol min-1 L cell water-1 for &-3MG, Km(pp) =
4.7 mM and Viax = 1.48 mmol min-1 L cell water-1 for B-3MG in the presence of ATP
for equilibrium exchange uptake.

°Numbér of experiments.

dPrediction based on an &:f equilibrium of 33:67 as seen for unlabeled 3MG.

ePrediction based on an &:P equilibrium of 45:55 as seen for *H-3MG.
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carbonate) was used on a freshly dissolved sample of unlabeled 3MG and had no measur-
able impact on anomer ratios (20:80 B:a). Figure 3.8 shows radio chromatograms for
3MGQG extracted from ghosts resealed with ATP after a short interval of transport. Even at
the earliest times when the B- to &-3MG ratio is predicted to be greatest, there is no dif-
ference in the anomeric proportions (Table 3.5).

Incubation of human red blood cells with 2,4-dinitrophenol: Picric acid and
2,4-dinitrphenol (DNP) are known to cause echinocytosis of red blood cells when added
to the extracellular medium (237, 246-247). 3MG exchange transport in freshly obtained
red blood cells that were either incubated with either 0 or 10 mM DNP for 10 minutes
prior to start of transport measurements. Figure 3.9 shows that in the absence of DNP
treatment, fresh red cells display biphasic transport as expected. DNP treatment, however,
abolishes the biphasic nature resulting in monophasic exchange with kinetic properties
consistent with ATP depleted ghosts. HPLC analysis of cytosolic nucleotides ensures that
DNP treatment does not alter the metabolic potential of the red cell. Metabolically de-
pleted red blood cells display high AMP:ATP ratios while DNP treated cells look like

control.
Discussion
Human GLUT1 mediated 3-O-methylglucose exchange kinetics in red blood cells

and blood cell ghosts are biphasic, where 66 % of the total 3MG accessible space fills

quickly and the remaining 33 % fills slowly, in the presence of ATP at all sugar concen-
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Figure 3.9. 3MG Exchange in Fresh Red Cells Treated with and without DNP.
A. Ordinate: Fractional equilibrium; Abscissa: time in minutes. Exchange Transport of

2.5 mM 3MG in fresh red cells following 10 minute treatment with DNP (o) or no

treatment. (e). Curves drawn through points are computed by non-linear regression to
the forms 1-e* for DNP treated cells and A(1-e*1)+(1-A)(1-e*2t) where k = 0.13 £ 0.01
min-! for DNP treated and A = 0.75 = 0.05, k1 = 0.29 £ 0.03 min'!, and k2 = 0.025 + 0.01
min’! for untreated cells. B. Ordinate: CPM’s; Abscissa: retention time in minutes Chro-
matograms of intracellular nucleotides 3 hours post treatment with + 10 mM DNP‘(—)
and with no treatment (=). C. Scanning electron micrograph of fresh, untreated red
blood cells used in A and B. D. Scanning electron micrograph of fresh, DNP treated red

cells used in A and B. The white bar represents 10 pM in both C and D.
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trations tested. This observation is incompatible with previous models of ATP regulation
of GLUT], specifically that ATP induces a conformational change allowing direct bind-
ing and occlusion of sugar by GLUT1. Two alternative hypotheses have been recently
proposed. In one hypothesis, ATP binding confers onto GLUTI a specificity for B-3MG
versus 0-3MG so that B-3MG is rapidly transported accounting for the 66 % quickly fill-
ing space and &-3MG is transported slowing accounting for the remaining space. While
anomer specificity of human GLUT]1 has been studied before, there is little consensus as
to whether GLUT1 displays anomer specificity, and if so, which anomer is preferred. The
other hypothesis requires that there is an undefined diffusion barrier beneath the cell
membrane arranged in a manner such that only 66 % of total cytosol is accessible to the
intracellular binding site of GLUT1 while 100 % of cytosol is accessible to the intracellu-
lar binding site of ENT1. While there is evidence for a non-uniform distribution of sugar
in erythrocyte cytosol (6) (112) (100) (110) and for plausible diffusion barriers (170), a
mechanism for forming a diffusion barrier is not understood. Thi§ work tests the former,
biochemically simpler, hypothesis and shows the hypothesis to be untenable by several
methods.

Previous data and transport simulation predict that p-3MG is the preferred
GLUT]1 substrate in the presence of intracellular ATP. In fact, the predicted Km(app) for ot-
3MG is 7.3 fold greater than for B-3MG. This suggests that methyl-glucosides should
also display a similar anomeric preference for binding in the presence of ATP. Measured

inhibition of 2.5 mM 3MG equilibrium exchange with &- and B-methylglucoside shows a
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difference for the Kigapp) for the two epimers, however the difference 1s not as expected. In
the absence of ATP, o-methylglucoside has a Kiapp 7.6 times lower than B-
methylglucoside suggesting that &X-anomers are the preferred binding substrate in the ATP
free state. In the presence of ATP, a-methylglucoside is still the more potent inhibitor, but
the ratio is reduced to nearly 1.8. Substitutions on the anomeric hydroxyl (-methyl and
B-methyl) are not substrates for GLUT1 and in fact are only inhibitors at the el site (in-
side) (175). Based on this and other information it has been proposed that the e2 (outside)
site interacts with sugar at carbon 1, the anomeric side, while the el site binds carbon 4
and 5 (217). This suggests that discrimination of anomer binding would occur at the €2
site rather than at the el. The difference in methyglucoside binding could be accounted
for by the methyl moiety being positioned to interact with a small hydrophobic pocket in
the axial position while being positioned away in the equatorial position; or steric hin-
drance of B-methylglucoside binding but not for &-methylglucoside.

It is also interesting to note that inhibition for both glucosides is only 50% maxi-
mally. This suggests that the GLUTT1 tetramer is capable of binding a single methylgluco-
side effectively inhibiting one “dimer” but allowing the other to freely transport. This
type of incomplete inhibition has been observed in GLUT1 before and thought to be due
to cooperative interactions between the GLUT1 subunits. The binding of one cytochala-
sin B to the GLUT]1 tetramer actually increases the rate of sugar transport (90). Other el
inhibitor studies also have suggested that some cytochalasin or forskolin derivatives bind

with negative coopertivity, where the binding of one molecule decreases the affinity for a
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second molecule (Trista Robichaud, unpublished results). Not withstanding these compli-
cations, the incompatibility of methylglucoside inhibition of transport with the anomer
barrier hypothesis is not sufficient to disprove it.

3MG cxchange transport remains biphasic in the presence of both el and €2 in-

hibitors. This is entirely consistent with the anomer hypothesis. As both &- and B-3MG

are transported through GLUTI, inhibition of GLUTI transport should inhibit both
phases of transport. However, it appears that cytochalasin B inhibits both phases of trans-
port while phloretin and extracellular maltose do not.

The maltose inhibition data are consistent with only the first phase of transport
being inhibited. The concentration necessary for sufficient inhibition also perturbs the
ghost size and therefore 3MG substrates resulting in transport reminiscent of counterflow.
In counterflow transport, where the unidirectional uptake is measured when [Si] > [So]
and net transport is out of the cell, and the unidirectional uptake is characterized by a lim-
ited concentrating effect where the radiolabel inside is at a higher concentration than ob-
served at equi'librium; the carrier behaves as a poor antiporter. U;lder conditions of low
initial intracellular substrate concentrations and intracellular ATP, counterflow transport
in human red cells displays an additional feature not described previously after the ex-
pected counterflow transient (vide infra). Intracellular radiolabel concentrations, instead
of falling to equilibrium, undershoot to a value below equilibrium and then slowly refill.
The time course of sucrose (a sugar that does not interact with GLUT1) modulation of

3MG exchange is consistent with counterflow in the presence of ATP presumably due to
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a change in cell volume by the increased extracellular osmolarity. Maltose inhibition un-
der the same conditions is constant with the first phase of transport (the counterflow tran-
sient) being inhibited. If, however, the sccond phase were to be inhibited, the undershoot
should also be visible. It is not and the maltose inhibited time course reaches equilibrium
and roughly the same time as the sucrose modified time course.

CCB binds at the el site while phloretin and maltose bind at the e2 site, and all
are competitive inhibitors of GLUTI1 mediated exchange transport (218). However, at
sub-saturating substrate concentrations the inhibition type may be more complicated.

Could it be that CCB is a competitive inhibitor of both &- and B- sugar efflux and a non-

competitive inhibitor of &- and B- sugar influx and therefore inhibits both sugar influxes
equally as the competitive inhibition occurs at the predicted anomer nondiscriminatory
site? The €2 inhibitor on the other hand is noncompetitive for sugar efflux and competi-
tive for influx and may compete unequally with &- and - sugar on the outside. This
seems unlikely because both Kmpp) for &- and B- 3MG would be factored by the value
(1+ [1] /Ky) and would therefore show the same fold inhibition. These results are inconsis-
tent with the anomer barrier hypothesis.

While all hexoses exist in a dynamic equilibrium between - and B-anomers, not
all hexoses display the 1:2 ratio of &:f as seen for D-glucose and 3-O-methylglucose.
The anomeric barrier hypothesis predicts that the sizes of the fast and slow phase are de-
pendent on the anomeric proportions. This, while true for D-glucose and 3MG, is not ob-

served for other GLUT1 substrates. Transport of 2-deoxy-glucose (55% ) and D-
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mannose (33% B) remains biphasic with a 70% fast filling component and a 30% slow
filling component. While the D-mannose data suggest that the anomer hypothesis is in-
cor_rect,. the alternative hypothesis that f-anomers are preferred for D-glucose, 3MG, and
2DG, and O- is the preferred substrate for D-mannose is tenable, but difficult to fathom
structurally.

A second tenet of the anomeric hypothesis is that the rate of anomerization (inter-
conversion between the &- and B-anomers) must be equal to or less than the slow rate of
transport. Anomerization rates and transport rates for several GLUT1 substrates were
measured. This requirement was observed to be true for D-glucose, 3MG and D-
mannose. 2DG may however be transported more slowly than its anomerization rate, but
the degree of certainty is low owing to the difficulty in accurately measuring the rate for
the slow phase of transport. The anomerization rate of D-glucose can be accelerated by
more than 1000-fold by the addition of exogenous mutarotase. Transport of D-glucose in
the presence of mutarotase remains biphasic which is incompatible with the anomer hy-
pothesis.

The most compelling evidence against the anomer hypothesis is obtained upon
measurement of the anomeric composition of freshly transported sugar. Under all condi-
tions, the anomeric composition of transported 3MG does not deviate from 66% B, 33%
o even though transport simulations predict deviations of up to 97%.

HPLC analysis of transported 3MG also refutes the broader chemical barrier hy-

pothesis. Here, 3MG and other sugars are proposed to be converted into another form
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within the red cell ghost cytoplasm accounting for the second observed phase of trans-
port. The second form must also be a substrate for GLUT1 or other passive carrier in the
red cell membrane as there is no greater available cytosolic space for 3MG than observed
for uridine which would be required if the modified sugar is not transported. 3MG 1s re-
ported to be a poor substrate for hexokinase (173) nor is it a substrate for giucose oxidase
(data not shown). HPLC chromatograrﬁs of equilibrated intraceilular 3MG show no addi-
tional peaks from stock. Control experiments where 3H-3MG is incubated with exoge-
nous S. cerevisiae hexokinase and ATP or .recombinant D-glucose oxidase show earlier
eluting peaks after prolonged incubation times. While the stock *H-3MG does contain
small amounts of trititum impurities that slowly and nonspecifically diffuse across the
ghost cell membrane, the concentration of these impurities does not account for 33% of
the total trittum signal.

These data refute the hypothesis that GLUT1 displays an anomeric preference for

B-pyranoses in the presence of ATP. If high specific transport of B-anomers and low

transbort of O-anomers does not explain biphasic exchange transport seen with intracellu-
lar ATP, then what does? An alternative hypothesis, described earlier, suggests that there
is a diffusion barrier associated with the red cell membrane under ATP replete conditions.
The proposed diffusion barrier isolates areas of red cell membrane that have no GLUT1
from patches that contain GLUT1, but is indiscriminate with respect to other transporters.
A tenet of this hypothesis (vide supra) is that agents that promote spheroechinocytosis

will also induce monophasic transport even in the presence of cytosolic ATP. Exchange
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transport in 2,4-dinitrophenol treated of red cells is monophasic even while the treated
red cells are ATP replete. This observations supports the hypothesis that there are factors
beyond the GLUT1-ATP complex necessary for sugar transport complexity. The only ca-
veat being that DNP does not directly.Block ATP binding to or action on GLUTT.

Data presented here is also incompatible with the diffusion barrier hypothesis. If
biphasic transport results from fast movement through GLUT1 into an isolated cytosolic
compartment followed by slow diffusion into the remaining cytosolic space, then GLUT]
inhibitors should only inhibit the fast phase of transport. This is indeed the case for the
exofacial inhibitors phloretin and maltose. However, cytochalasin B appears to inhibit
both the slow and fast phases of transport nearly equally.

If a diffusion barrier cannot explain the ability of cytochalasin B to inhibit both
phases of transport while phloretin and maltose do not, then some other explanation must
exist. Maltose is cell membrane impermeant and cannot interact with intracellular species
(90). Phloretin and CCB however are quite hydrophobic and readily diffuse across the
cell membrane. CCB, while being a potent D-glucose transport. inhibitor, also interacts
with other proteins, inhibiting other carrier proteins and actin polymerization (219, 220).
If movement between cytosolic compartments is an enzyme mediated process rather than
stokesian diffusion, then it is possible that cytochalasin B may inhibit the movement of
sugar between intracellular compartments. The dose response for biphasic 3MG transport
suggests that the second phase of transport is not saturable, but the concentrations tested

may be below the operational Kim(app)-
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The knowledge that cytochalasin B interacts with the actin cytoskeleton allows
for the possibility that the diffusion barrier is comprised of actin filaments. The red cell
membrane cytoskeleton is thought to be relatively simple (221, 222). The major compo-

nent is spectrin, which forms an 02f3;-tetramer and is arranged in a hub and spoke net-

work with each spectrin tetramer comprising a spoke. The hub is compriéed of a short 14-
subunit actin filament plus adducin, tropomyosin, and tropomodulin. Tropomyosin and
tropomodulin act as filament capping proteins which stabilized the actin filaments from
de-polymerization (223). The spectrin tetramer is anchored to the erythrocyte membrane
through a peripheral membrane protein, ankyrin, which is bound to a dimeric form of the
anion exchanger and actin filaments are anchored by the peripheral membrane protein
band 4.1 which binds to glycophorin. The 14-subunit actin filament is 36 nm long parallel
to the membrane (224, 225). While specrin is anchored to the membrane, it is thought to
extend 30 to 50 nm into the cytosol (224, 226) (Figure 3.10).

If the volume of a red cell ghost were calculated as a sphere of an average diame-
ter of 5 pm, fthen the intracellular volume would be 65 pm? (63 fL). Biphasic transport
consists of two filling compartments with the fast phase composing approximately 66%
and the slow phase 33%. If the slow phase of sugar transport represents equilibration of a
compartment contained within the center of the sphere, then the radius of that compart-
ment is 1.73 pm meaning that the edge of the small compartment is 770 nm away from
the cell membrane, or roughly twenty times the thickness of the membrane skeleton. A

reversal of the two compartment spaces allows the thickness to be shortened to 335 nm,
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but would require the center of the cell to fill with sugar more rapidly than the membrane
proximal region. As th¢ ATP containing red cell ghost is not a sphere and has a shape
which maximizes surface area to volume ratios (a sphere has the minimum surface area to
volume ratio), then the distance of the small compartment from the cell membrane would
be as much as ten times less than the calculated 335 nm and may, in-fact., abut the cell
membrane at some locations (Figure 3.7). Could the cytoskeleton form the diffusion bar-
rier?

Magnesium ATP is required for actin filament formation (G-Actin — F-Actin)
and is required for biphasic sugar exchange. Electronmicrographs suggest that the spec-
trin network is more dense than previously thought. In stretched erythrocyte membrane
skeleton, there are normally five to six spectrin molecules per actin filament and near 200
actin filaments per square micron, however in living red cell ghosts it appears that there
are four to five spectrin molecules per actin filament, but nearly double the density of the
actin filaments (227). Cytochalasin B inhibits actin polymerization and when actin is po-
lymerized in the presence of CCB, a denser network of shorter filaments are formed
which may account for the decreased slow rate constant (228). If the cytoskeleton is in-
volved in forming a diffusion barrier, then reagents that disrupt the erythrocyte cell shape
and/or membrane cytoskeleton should also have effects on GLUT! mediated transport.
Other cytochalasins (CCE and CCD) have little affinity for GLUT1 and do not inhibit
sugar transport (90, 229, 230), while still altering actin filament formation (231, 232).

The effect of these compounds on sugar exchange time courses have not been studied.
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Figure 3.10. Erythrocyte Cytoskeleton and Formation of an Unstirred Layer.

A. The erythrocyte cytoskeleton is mostly comprised of spectrin, which is anchored to
the plasma membrane through ankrin and the anion transporter (Band 3) and short actin
filaments also anchored to the membrane through Band 4.1 and glycophorin (221). B.
Sizes of two cytosolic compartments assuming that the larger compartment is proximal
to the cell membrane and cell shape is a sphere with a radius of 2.5 pm. C. Approximate
sizes of two cytosolic compartments in a discocyte where the larger compartment is

abutting the membrane in isolated patches.
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Conclusion

Sugar transport into and out of red cells is biphasic in the presence of ATP. Bipha-
sic transport does not result from the differential transport of B- and &-sugar anomers as

shown by several independent methods. In fact, GLUT1 shows little to no anomer dis-
crimination in either the ATP free or ATP bound state. Transported sugars are not modi-
fied by cytoplasm which leads to the rejection of the chemical barrier hypothesis and the
adoption of the physical barrier hypothesis. Cytochalasin B inhibition of both phases of
transport gives insight into the nature of the diffusion barrier and suggests the possibility

of cytoskeleton involvement in its formation.
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CHAPTER 1V

COUNTERFLOW SUGAR TRANSPORT IN THE HUMAN ERYTHROCYTE
SHOWS COMPLEXITY NOT EXPLAINED BY A DIFFUSION BARRIER

ALONE

Abstract

Human erythrocyte glucose sugar transport was examined in resealed ghosts un-
der counterflow conditions, where intracellular [sugar] >> extracelular [sugar] and unidi-
rectional uptake is measured. Counterflow transport in ghosts resealed in the absence of
cytosolic ATP behaves as observed with other carrier systems, but does not fit well to a
symmetric, simple carrier. When ATP is resealed within erythrocyte ghosts, counterflow
transport shows a previously unobserved feature. Following the normal counterflow tran-
sient where the specific activity (radiolabel) is temporarily concentrated within the cyto-
plasm, the specific activity of imported sugar undershoots the equilibrium specific activ-
ity and then slowly rises back to equilibrium. This occurs when the initial intracellular
sugar concentration is less than or equal to 10 mM. The presence of this undershoot is
consistent with the presence of an intracellular diffusion barrier and inconsistent with
sugar binding or chemical modification. Simultaneous measurement of unidirectional
sugar exit is inconsistent with a diffusion barrier as exit is monophasic under all condi-
tions. Transport simulations predict that exit is biphasic in the presence of an intracellular

diffusion barrier or if movement across the diffusion barrier were enzyme mediated. To
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account for these discrepancies, a model is proposed in which a diffusion barrier sepa-
rates two cytosolic compartments that are adjacent to the cell membrane. The larger com-
partment is accessible to sugar transported by GLUT1 while the smaller compartment
contains an allosterically regulated sugar exporter that is active only under conditions of
limiting extracellular sugar and high intracellular sugar. This allows for efﬁcient exit of
total cytosolic sugar but fast reequilibration with only 66% cell water thereby increasing

the available sugar for delivery to metabolizing tissues.

Introduction

Glucose transport in human erythrocytes is complex and incompatible with avail-
able carrier models for facilitated bilayer diffusion (7, 76, 80, 106). Naftalin and Holman
have shown that a cytosolic diffusion barrier can account for the differences in observed
kinetic behavior and predicted behavior based on the models of Lieb and Stein (6, 97).
Biphasic net-uptake in human red blood cells is seen as direct kinetic evidence for the
presence of a cytosolic diffusion barrier (113) however the exact nature of the diffusion
barrier remains in question. Intracellular ATP concentrations are involved in regulating
the observed transport complexity. Transport complexity is lost in ghosted erythrocytes
where cytosolic factors are removed; but retained when ghosts are resealed with exoge-
nous ATP (80, 121, 122).

| Equilibrium exchange of 3-O-methyl-D-glucose in red cell ghosfs is consistent

with the hypothesis that the red cell cytosol contains an ATP dependent diffusion barrier.
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Human erythrocyte ghosts display monophasic exchange kinetics when resealed with
zero intracellular ATP and biphasic exchange when resealed with 4 mM intracellular ATP.
Monophasic exchange is described as the equilibration of a single cytosolic compartment
(total cytosol) while biphasic exchange is consistent with the filling of two serial com-
partments, the first 66% of total cytosol and the second being the remaining 33%. An al-
ternative hypothesis that the two components of biphasic exchange are due to the differ-

ential transport of B- and oi-anomers is unsubstantiated and has been rejected in favor of

a physical barrier. Direct evidence of other transport systems (mainly uridine) in human
erythrocytes shows the physical barrier is either restricted to isolated membrane patches
containing GLUT]I or is specific to the diffusion of sugar. In the current chapter, the
counterflow transport condition is used to further examine the effect of a diffusional bar-
rier on erythrocyte net sugar transport and to gain further insights into the observed, ATP
dependent, complexities of human red cell hexose transfer.

Carrier-mediated counterflow transport occurs under conditions where the extra-
cellular subst;ate concentration is much less than intracellular concentration. Net flux 1s
in the direction of inside to outside, but the unidirectional flux from outside to inside is
measured by the use of radiolabels. Counterflow transport is often used as a criterion to
reject a channel or pore model for facilitated diffusion (2, 233). A carrier system can cou-
ple the diffusion of two substrates (even a carrier that only transports one substrate mole-
cule at a time). If one substrate is present at the same concentration on both sides of the

membrane, and a second substrate for the same carrier has a substantial concentration
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gradient across the membrane, then the flow of the second substrate down its concentra-
tion gradient may drive the first substrate against its own gradient. This type of substrate
coupling is obligate for many antiporters. These two substrates do not need to be chemi-
cally different, but can be the radiolabeled equivalent of each other. As the second sub-
strate flows down its concentration gradient, it will eventually reach equilibrium and the
condition responsible for counterflow will disappear. The counterflow concentrating ef-
fect-on substrate one is therefore a transitory effect and after the disappearance of second
substrate’s concentration gradient, the first substrate will return to equilibrium concentra-
tions. Please see Stein for an in-depth analysis of counterflow transport (2).

The use of counterflow transport in human erythrocyte ghosts lacking or contain-
ing ATP will investigate the physical barrier hypothesis and determine what steps occur

subsequent to sugar uptake by GLUT1.

Materials and Methods

Materials: 3H-3-O-methylglucose and '#C-3-O-methylglucose were purchased from
Sigma Chemicals. Human blood was purchased from Biological Specialties Cooperation.
Potassium Chloride was purchased from Fisher Scientific. Other reagents were purchased
from Sigma Chemicals.

Solutions: Kaline consisted of 150 mM KCI, 5 mM MgCl,, 5 mM EGTA, 5mM HEPES,

pH 7.4. Lysis buffer contained 10 mM Tris-HCl, 2mM EDTA, pH 7.4. Stripping solution
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is 2 mM EDTA, 15.4 mM NaOH, pH 12. Stop solution consisted of 20 pM CCB and 200
uM phloretin in ice-cold Kaline.

Red Cells: Red cells were isolated by washing whole human blood in 4 or more volumes
icc-cold Kaline and centrifuging at 10,000 x g for 15 minutes at 4 °C. Serum and buffy
coat were removed by aspiration. Cells were resupended in 4 volumes of sugar free or
sugar containing Kaline and incubated for 1 hour at 37 °C to deplete or load intracellular
sugar.

Red Cell Ghosts: Ghosts were hypotonically lysed by re-suspending washed red cells in
10 volumes of lysis buffer for 10 minutes. Membranes were harvested by centrifugation
at 27,000 x g for 20 minutes. Ghosts were continually washed with lysis buffer centrifu-
gation cycles until light pink (about 3 cycles). Ghosts were then washed with 10 volumes
ice-cold kaline and collected by centrifugation at 27,000 x g. Membranes were then re-
sealed by incubating in 4 volumes of kaline £ 4 mM ATP at 37 °C for 1 hour and then
harvested by centrifugation at 27,000 x g for 15 minutes at 4 °C and then kept on ice until
use.

3-O-methylglucose counterflow uptake and exit: Ghosts were resealed with 2.5, 5, 10,
20, 40, or 80 mM 3MG, centrifuged, and the supernatant removed. Red cells were incu-
bated with the above concentrations of 3MG at 37 °C for 2 hours, then treated in the same
manner as ghosts. Radiolabel *C-3MG (50 nCi of per mL of cells) was added and al-
lowed to equilibrate overnight. Transport was initiated by mixing the ghosts with 20 vol-

umes of ice-cold kaline containing 100 pM 3MG and 0.5 pCi/mL *H-3MG. In this man-
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ner, the 3H label will monitor external 3MG taken up into the ghost/cells and the '*C label
will show the exit of internal sugar. Transport was allowed to proceed for a period as
short at 6 seconds and as long as 10 hours when 10 volumes of ice-cold stop buffer was
added and ghosts were centrifuged at 14,000 x g for 1 minute. The supernatant was re-
moved by aspiration and ghosts were washed with 20 volumes of sugar étop buffer, re-
centrifuged and supernatant aspirated. The ghosts pellet was then extracted with 500 pL
of 3% percholoric acid, centrifuged, and samples of the clear supernatant were counted in
duplicate. Zero time points were collected by the addition of sugar stop solution followed
by transport medium and immediately processed. The radioactivity associated with cells
at zero time was subtracted from the total following an uptake interval and used to nor-
malize the exit data. Equilibrium time points were collected using an overnight uptake
interval. Uptake time points were normalized to the equilibrium time point. All solutions
and tubes used in the assay were pre-incubated on ice for 30 minutes prior to the start of
the experiment. Triplicate samples were processed at each time point.

Curve fitting procedures and transport simulation: Counterﬁow sugar exit was ana-
lyzed by nonlinear regression using the software package KaleidaGraph™ 4.0 (Synergy
Software, Reading, PA). Counterflow sugar uptake and exit were simulated by using Ber-

kleyMadona 8.3.12 using fourth-order Runge-Kutta numerical integration.
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Results

Counterflow transport in ghosts lacking and containing intracellular ATP
and in red blood cells: In order to determine the feasibility of using the counterflow
condition in analyzing the hypothesized diffusion barrier, the time course of unidirec-
tional 3MG uptake was moﬁitored in ghosts with and without intracellular ATP and fresh
red blood cells equilibrated with 10 mM nonradiolabeled intracellular 3MG and resus-
pended in 100 uM extracellular 3MG spiked with tracer radiolabeled 3MG at 4 °C. Fig-
ure 4.1 shows that in the absence of intracellular ATP, the normal counterflow situation
results where initial external sugar temporarily concentrates within the ghosts until the
internal and external specific activities (ratio of radiolabeled to unlabeled 3MG) are
equal, at which point net radiolabel flux is from inside to outside until equilibrium is
reached. This is expected for all passive, carrier-mediated, transport systems (2). Reseal-
ing ghosts with 4 mM ATP has a profound effect on the time course of counterflow trans-
port. The normal counterflow concentrating effect is still observed with an increase in the
rate constant for reaching the counterflow transient peak, but the degree of concentrating
is reduced by one-third. However, the most interesting feature occurs during the late
time-point values (40 to 200 min) following the counterflow transient. Here, the intracel-
lular specific activity falls below the equilibrium value. This undershoot is also observed
in fresh red blood cells and there is a hint that the fresh red cells may return to equilib-
rium near 200 minutes. Is this undershoot indicative of intracellular compartmentaliza-

tion?
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Figure 4.1. Time course of counteflow transport uptake in ghosts and red blood
cells.

Ordinate: fractional equilibration; Abscissa: time in minutes. A. The time course of
counterflow uptake in ghosts lacking intracellular ATP. B. The time course of counterflow
uptake in ghosts containing 4 mM ATP. C. The time course of counterﬂow uptake in
fresh red blood cells. For all cases, the initial extracellular 3MG concentration is 100 uM
and the intracellular 3MG concentration is 10 mM. The horizontal line at the fractional

equilibrium value of 1 represent equilibrium.
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To further expand on the ATP effect on counterflow transport, the initial intracel-
lular sugar was varied. Figure 4.2 shows counterflow uptake in cells containing 2.5, 5, 10,
20, 40, and 80 mM intracellular 3MG and exposed to 100 uM extracellular 3MG. In the
absence of intracellular ATP, the normal count.erﬂow situation results where 1nitial exter-
nal sugar temporarily concentrates within the ghosts until the internal anci external spe-
cific activities equilibrate. In all cases, we see that ATP decreases the time of the
counterflow concentrating affect, presumably by a stimulation of exchange transport.
Furthermore, at initial intracellular 3MG concentrations at or below 10 mM the under-
shoot is present. After the initial concentrating of imported sugar, the sugar 1s rapidly ex-
ported to attain levels below equilibrium so that the internal sugar concentration is less
than external concentration. Imported sugar then slowly increases returning to the equi-
librium level. Counterflow transport has been studied by this and other laboratories but
only at initial intracellular sugar concentrations of 76 mM or higher which explains why
the undershoot was not previously observed (100, 110, 111, 234).

Simultaneous unidirectional exit from ghosts resealed with and without in-
tracellular ATP: The time course of exit in the above counterflow experiments was
measured simultaneously with the use of *C-3MG. Figure 4.3 shows that ATP acceler-
ates the time course of exit under all substrate concentrations. This is somewhat surpris-
ing asvthe diffusion barrier hypothesis predicts a slowing of the exit time (97). Experi-
mental exit is best described as a monoexpential decay even in the presence of ATP (ex-

cept where the initial intracellular 3MG concentration of 2.5 mM condition where exit is
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Figure 4.2. Effect of ATP and intracellular 3MG concentration on counterflow up-
take.

Ordinate: fractional equilibration; Abscissa: time in minutes (note log scale). Uptake of
100 pM 3MG is shown in cell lacking (©) or containing (®) 4 mM ATP and intracellular
14C-3MG. The concentration of intracellular 3MG is varied for each panel. A. 2.5 mM

intracellular 3MG. B. 5.0 mM intracellular 3MG. C. 10 mM intracellular 3MG. D. 20
mM intracellular 3MG. E. 40 mM intracellular 3MG. F. 80 mM intracellular 3MG. The
presence of intracellular ATP decreases the observed concentrating effect by approxi-
mately one-third for initial intracellular 3MG concentrations of 10 mM or less and for an
nitial intracellular 3MG concentration of 80 mM. ATP also induces an observable under-
shoot following the counterflow transient when the initial intracellular 3MG concentra-

tions i1s 10 mM or less.
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biphasic). Table 4.1 summarizes fit parameters for exit in ghosts lacking and containing
ATP. The observation of single exponential kinetics is perplexing as equilibrium ex-
change transport experiments show biphasic sugar exit (vide supra).

Simulation of the counterflow time course kinetics:

Simple carrier simulations: Counterflow transport in erythrocyte ghosts resealed
without ATP can be simulated by the simple carrier model. The simple carrier can be
solved for the interaction with two substrates, S and P, where S and P are chemically
identical except for isotopic label, and takes the form where total transport of S is de-
scribed by:

Vv v Eq. 4.1

s :
and V12 is the unidirectional flux of S from side 1 to side 2 taking the form:

S, ' SS, SP,
L2
Via= S,+P S TP [SPISPISS.IPP Bq. 4.2
R00+R12( IIZ ])+R21( i 2)+Ree( 21 112-21 22 2)
and
S_2+SISZ+SZP1
Vi = K K’ K’
S, +P, S, +P, S, P,+S.P +S S, +PP
R00+R12(_IIZ—I)+R21( 2K _)+Ree( T2 ™9 1K21 27 2)

where S; is the concentration of substrate S at side 2 (outside), S; is the substrate concen-
tration at side 1, K is the intrinsic affinity constant for substrates S and P, Ry, is the recip-
rocal of Vmax for zero-trans exit, Rz; is the reciprocal of Vmax for zero-trans uptake, and

Ree is the reciprocal of Vmax for equilibrium exchange. Roo is the reciprocal of the maxi-
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Figure 4.3. Effect of ATP and Intracellular 3MG Concentration on the Simultane-
ous Measurement of Exit During Counterflow Uptake.
Ordinate: fraction of intracellular sugar remaining; Abscissa: time in minutes (note log

scale). Exit of C-3MG is shown in cell lacking (©) or containing (®) 4 mM ATP and

extracellular 100 pM 3MG. The concentration of intracellular 3MG is varied for each
panel. A. 2.5 mM intracellular 3MG. B. 5.0 mM intracellular 3MG. C. 10 mM intracel-
lular 3MG. D. 20 mM intracellular 3MG. E. 40 mM intracellular 3MG. F. 80 mM intra-
cellular 3MG. The presence of intracellular ATP decreases the observed exit time in all
cases. At the lowest intracellular 3MG concentration tested (2.5 mM) exit is biphasic in
the presence of ATP. Curves drawn through the points are computed by nonlinear regres-
sion and take the forms: e*! for exit where k is the observed rate constant and for 2.5 mM
+ATP A(e*)+(1-A)(e*?) where kI is the observed rate constant for the fast phase of
exit, k2 is the observed rate constant for the slow phase, and A is the fractional compo-
nent of total exit described by the fast phase. Values for k, k1, »k2, and A are shown in

Table 4.1.
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e

llular'3MG Concentratmn and ATP on the
tants\ of 3MG Exat v :

[3MG] _ATP + ATP

!
' Kobs? fast Kobs?? slow Kobs? fast component
size¢
2.5 0.09 + 0.006° 0.798 £0.12 0.026 +0.022 0.70 = 0.048
5 0.10+0.01 0.46 £0.04 - -
10 - 0.026 £0.003 0.15+£0.01 - -
20 0.021 + 0,002 0.06 +0.002 -- -
40 0.023 + 0.003 0.04 £ 0.004 - --
80 0.018 = 0.002 0.02 = 0.001 - -

aRate constants are first-order and have unit of min-!

bFast kobs is for the biphasic fit for 2.5 mM in the presence of ATP and represents the only
kobs for the other conditions

°The fraction of the total exit described by the fast rate constant. The fraction described

by the slow rate is calculated as 1-fast component size
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mal rate of movement of binding sites between the two membrane sides for the empty
carrier. Total transport of P is described similarly where S and P are swapped in the above
equations. A representative fit is shown in Figure 4.4. The parameters of the simple car-
rier for cach time course is shown in Table 4.2. However the parameters required to accu-
rately predict the time course are not consistent with other kinetic information. Ghosts
resealed without intracellular ATP display transacceleration, where Ree is less than Rj2
and Ro1, which 1s not observed in the simulations.

Fixed-Site Carrier Simulations: The fixed-site carrier can likewise be solved for
the counterflow condition for transport (100) of S and P where the unidirectional uptake

of S fromside 2to 1 1s:

S, WV S, (SI+P1)

V_ ee
V= K aAK’ Eg. 4.3
1+SI+P, . S,+P, . (S,+P,)(S,+P,)
AK K arK?

where V is the maximal rate of transport of zero-trans exit, and Ve is the maximal rate of
equilibrium exchange. K is Kmapp) for zero-trans uptake and AK is the Kmapp) for zero-
trans exit. The degree of coopertivaty between the two sites 1s described by &. The unidi-
rectional exit of S is obtained by interchanging subscripts 1 and 2 and AV and AK for V
and K in the numerator. The fixed-site carrier is much better at simulating the
counterflow time courses in the absence of ATP as shown in Figure 4.4 and Table 4.2.
The simulated parameters for each time course is fairly internally consistent and show

that the carrier displays transacceleration as Ve is greater than V.
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Figure 4.4. Simple and Fixed-Site Carrier Transport Simulations.
Left Ordinate: fractional equilibration; Right Ordinate: fraction of intracellular sugar re-
maining; Abscissa: time in minutes (note log scale). A. Counterflow uptake of 100 uM

3H-3MG () and exit of 5 mM “C-3MG (0) is shown in ghosts lacking intracellular ATP.

The simple carrier is able to adequately describe uptake (=) and exit (- )., The fixed-site
carrier is also shown for uptake (==) and exit (). Parameters for both models are shown
in Table 4.2. B. Counterflow uptake of 100 pM 3H-3MG () and exit of 5 mM *C-3MG

(©) is shown in ghosts containing 4 mM intracellular ATP. The fixed-site carrier is unable

to predict the observed undershoot present in uptake ( =) but fits well with exit ().

Parameters for the fixed-site carrier are K = 0.42 mM, V = 0.43 mM min!, Ve = 6.1 mM

min!, ® =9.5 and A = 10.
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Simple Carrier Parameters?

[3MG]?® Ke Ri2d R2¢ Recd
25 1.0 1.4e-07 6.4 6.3e-06
5 1.7 2.6e-07 6.7 8.5e-06
10 1.3 2.3e-07 21.5 3.6e-06
20 1.0 4.9¢-07 35.7 3.3e-06
40 1.4 2.5e-07 21.5 6.8e-06
80 13 1.8e-07 15.6 6.0e-06
Fixed-Site Carrier Parameters®
[3BMG]? K¢ \4 Veef o AP
2.5 1.2 0.2 10 0.4 9
5 10 0.89 4.8 0.1 8
10 6.2 0.2 6.5 0.6 10
20 2.3 0.7 5.2 0.2 10
40 10 0.25 9.6 0.35 10
80 10 2.4

2.7 0.1 9

aThe simple carrier is described in equation 4.2

®Concentration (in mM) of initial intracellular 3MG

¢The intrinsic affinity constant, in mM

dResistance terms described in equation 4.2 in terms of min mM-!

¢The fixed-site carrier is described by equation 4.3

"Vmax as described by equation 4.3 in mM min-!

¢Coopertivity factor

hAsymmetry factor
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Simulations with the inclusion of a intracellular diffusion barrier: The fixed-
site or simple carrier models however are unable to predict the undershoot seen for 3MG
counterflow transport in the presence o_,f intracellular ATP and low initial intracellular
3MG (Figure 4.4). This undershoot may result from an intracellular diffusion barrier and
transport simulations that consider this probability may give insights into the nature of
the diffusion barrier. If a fixed-site carrier is coupled to the diffusion through a physical

barrier, then the resulting total transport scheme is as follows:

Inside Compatment 1 Inside Compartment 2
Fixed Site Carrier : , Diffusion

where movement of substrate between the outside and the first intracellular compartment
is governed by equation 4.3 and movement between compartment 1 and compartment 2 is

modeled by a simple first order reaction of the form:

d°=(S¢,-S¢, ) kq : Eq. 4.4
where d3 is the net flux from compartment 1 to compartment 2, Sci is the concentration
of S in compartment 1, Sc is the concentration of S in compartment 2, and k4 is the rate
of movement between the two compartments. For the counterflow simulations, the frac-
tional volume of cytosol occupied by compartment 1 is set between 0.6 to 0.8 as seen for
comparfmentalization under equilibrium exchange conditions (vide supra). The cytosolic

diffusion barrier model is quite capable of describing the counterflow record in the pres-
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ence of ATP and an initial intracellular concentration of 2.5 mM 3MG. Figure 4.5 shows
that simulations reproduce both the counterflow transient and the observed undershoot.
This model requires that exit be biphasic which is indeed the case when the initial intra-
cellular 3MG concentration is 2.5 mM. However, the model breaks down when simulat-
ing the counterflow time course when the intracellular concentration is above 2.5 mM.
Here, the model can accurately predict the counterflow transient and observed under-
shoot, but requires that simulated exit be biphasic (which is not observed) and slower
than observed experimentally (Figure 4.5). How is it that uptake is consistent with the
movement of sugar into two cytosolic compartments, but exit only shows one?
Simulations with the inclusion of a catalyzed barrier: The above diffusion
model allows substrate in one compartment to diffuse independently of substrate in the
second compartment. If d5 were not governed by simple diffusion, but instead were an
enzyme mediated process, then perhaps substrate in intracellular compartment 2 could
inhibit movement of substrate from compartment 1 into compartment 2. This could in
principle allow for slow diffusion of substrate between both c;)mpartments when sub-
strate 1s pres.ent m both, but as the counterflow time course proceeds and substrate in
compartment one is depleted due to transport through GLUT]1 to the extracellular space,
then the inhibition of movement in the direction of compartment 2 to compartment 1 is
lost while inhibition of movement from compartment 1 to compartment 2 is retained.

Here the net movement of substrate S is described by:

d®=d} o A3 Eq. 4.5
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Figure 4.5. Simulations of Counterflow Transport in the Presence of ATP by a
Fixed-Site Carrier and Diffusion Barrier Model.
Left Ordinate: fractional equilibration; Right Ordinate: fraction of intracellular sugar re-

maining; Abscissa: time in minutes (note log scale). A. Counterflow uptake of 100 uM
SH-3MG (e) and exit of 2.5 mM “C-3MG (©) is shown in ghosts containing intracellular

ATP. Transport simulation base on the fixed-site carrier and an additional diffusion bar-

rier described by Eq. 4.4 is shown for uptake (=) and exit (). K=15mM, V=14

mM min!, Vee = 10 mM min’!, & = 0.3, and A = 10 for the fixed-site carrier and kp =
0.01 min! and the fractional size of C; is 0.8. B. Counterflow uptake of 100 pM 3H-
3MG (®) and exit of 5 mM *C-3MG (0) is shown in ghosts containing intracellular ATP.

Transport simulation base on the fixed-site carrier and an additional diffusion barrier de-

scribed by Eq. 4.4 is shown for uptake (=) and exit (). K =52 mM, V = 1.0 mM min"

1 Vee=4.7mM min!, & = 0.1, and A = 10 for the fixed-site carrier and kp = 0.003 min!

and the fractional size of C; is 0.67.
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where the unidirectional flow of S from C1 to C2 in the presence of a second sugar P is

VISCI
Eq. 4.6
K, (1+~PC—‘+——SC2+PC2)+SC, q

1 2

S
dcu—»c: =

where V1 is Vmax for the movement of substrate from C1 to C2, K is the affinity constant
for substrate in C1, and Ko is the affinity constant for substrate in C2. The unidirectional
flow from C2 to C1, d%,.., , is obtained by interchanging C1 and C2 and subscripts 1
and 2 and V2K = V1K2. Movement of substrate P is obtained by interchanging S and P.
In this model, both S and P in each compartments compete for movement between com-
partments.

Alternatively S and P to be competitive when present in the same compartment, while
substrate in the other compartment behaves as non-competitive inhibitors. Here, the uni-

directional flow from C1 to C2 is described by:

Vd SCl

l+SC2 +PC2
&S - K, ) Eq. 4.7

K_ (1+%)+8Cl

m

where V4 1s the maximal rate of movement between the two compartments, Km 1s the af-
finity constant, K, is the inhibitory constant by substrate in compartment 2. Unidirec-
tional flow from C2 to C1 is obtained by interchanging C2 and C1 and subscripts 1 and 2
where K is the inhibitory constant by substrate in compartment 1. The flow for substrate

P is obtained by interchanging S and P.
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Both models can describe movement of substrate through two physical or chemi-
cal compartments. Figure 4.6 shows counterflow simulations where de... is described
by equation 4.7. Simulations with d},.., described by equation 4.6 give similar results.
The simulations show that an enzyme mediated diffusion process is capable of fitting
both the counterflow transient and the undershoot of uptake very well. In féct, the simula-
tions here fit the undershoot better than the simple diffusion model. The data show a lag
in the refilling of the undershoot which can not be explained by simple diffusion, but ap-
pears to be fit well by an inhibited enzyme model. The inhibited enzyme model also al-
lows sugar exit to be nearly monophasic. Exit is simulated as being biphasic, but the dif-
ference between the two rate constants is small enough that experimental data may ap-
pear monophasic. However, the simulated exit time course still does not fit well with ex-
perimental data. Simulated exit proceeds several times slower than observed exit. The
predicted completion of exit coincides with the reversal of the undershoot while the data
shows exit finishing upon completion of the counterflow transient.

Simulations with a single route of uptake and parallel exit pathways: In order
that exit from both intracellular compartments may finish before the second compart-
ments refills, the second intracellular compartment must exit directly to the extracellular
space. Substrate in both intracellular compartments exits in parallel, but uptake occurs in
series.ﬁrst through compartment 1 and then through compartment 2. The resulting flow

path is as follows:
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Figure 4.6. Simulations of Counterflow Transport in the Presence of ATP by a
Fixed-Site Carrier and Enzyme Inhibition Diffusion Barrier Model.

Left Ordinate: fractional equilibration; Right Ordinate: fraction of intracellular sugar
remaining;; Abscissa: time in minutes (note log scale). A. Counterflow uptake of 100
uM 3H-3MG () and exit of 5 mM “C-3MG (0) is shown in ghosts containing intracel-
lular ATP. B. Counterflow uptake of 100 uM 3H-3MG (®) and exit of 10 mM “C-3MG
(o) 1s shown in ghosts containing intracellular ATP. Transport simulation is based on the
fixed-site carrier and an additional diffusion barrier described by Eq. 4.6 is shown for

uptake (=) and exit (). K =52 mM, V = 0.75 mM min’, Vee = 4.2 mM min!, & =

0.1, and A = 10 for the fixed-site carrier and K = 15 mM, V = 0.24 mM min’!, Ky; =

K1 = 1 mM for diffusion and the fractional size of C1 is 0.67 for both A and B.
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Extracellular Intracellular Compartment 1

Fixed 5ite Carrier

e - Diffusicn

Intracellular Compartment 2

where substrate movement between the extracellular and intracellular compartment 1
(both uptake and exit) is through GLUT]1 as a fixed-site carrier, movement between intra-
cellular compartment 1 and compartment 2 (in both directions) is either simple diffusion
(Eq. 4.4) or enzyme mediated (Eq. 4.6 or 4.7) and exit from compartment 2 is mediated
through a specific sugar exporter.

Other transport kinetic experiments may give us insight into the mechanism of
this proposed exporter. Biphasic sugar exit is observed under equilibrium exchange con-
ditions suggesting that exit from compartment 2 proceeds through compartment 1 when
sugar is present extracellularly. Also, unidirectional exit is biphasic under counterflow
conditions when the initial intracellular 3MG concentration is 2.5 mM suggesting that
there is a threshold sugar concentration in compartment 2 for activation of the exporter.
Uptake appears to proceed into two compartments in series suggesting that the movement

between the intracellular compartment 2 and extracellular space is nonreversible. By
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permitting the proposed exporter to be active only when an intracellular activating site is
filled and an extracellular inhibitory site is empty ensures that the there is a minimum in-

tracellular concentration and little extracellular concentration as shown below.

Sy
Sz ESAS2
A
Ka K

S
2 ES,Sc,
Sc2
In this case, exit of substrate S is described by:
( SC22 + PCZSC2 )Ve
VS KAKCZ KAKCZ Eq_ 4.8
C2-2

) 1+ SC2 +PC2 + SCZZ +2PC2SCZ +PCZ2 + SCZSZ +SC2P2 +PCZSZ +PC2P2 + SZ +P2
KA KAKC2 KAKZ KI

where Sc2 is the concentration of S in the second intracellular compartment, Pc; is the
concentration of P in the second intracellular compartment, S2 and P are the concentra-
tions of S and P extracellularly (on side 2 of the membrane) and V. is the Vmax for export.
Kc2 and K are the affinity constants for the active site in the intracellular compartment 2
and extracellularly, K is the affinity constant for an allosterically activating site in com-
partment 2, and K is the affinity constant for the extracellular inhibitory site. Exit of P
can bé obtained by interchanging S and P in the numerator. Figure 4.7 shows the simu-
lated time course of counterflow transport with the scheme outlined above, where the

movement between extracellular and intracellular compartment 1 is a fixed-site or simple
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carrier, movement between intracellular compartment 1 and 2 is defined by simple diffu-
sion (Eq. 4.4) and exit from compartment 2 into extracellular space is defined as above.
Simulated uptake shows that the counterflow transient as well as the observed undershoot
are fit well and ex.it 1s consistent with a single fast observed phase. While the second
transporter model is able predict the observed counterflow time course for each individ-
ual initial intracellular 3MG concentration, the parameters required to do so are not inter-
nally consistent. This indicates that while the hypothesis has merit, the exact kinetics re-
quire additional refinement.

Hydrolyzable ATP is required for the counterflow undershoot: Transport
simulations of 3MG counterflow data suggest that red cells compartmentalize intracellu-
lar sugar and that a large compartment is allowed to import and export sugar and the
smaller compartment only allows sugar exit. For exit to be apparently nonreversible, the
exit of sugar needs to be coupled to a second process. ATP hydrolysis is one possible
candidate as ATP is required for the observed counterflow undershoot and the hydrolysis
of ATP is coupled to a great number of other transporters. The us;e of the nonhydrolyzable
ATP analogue 5'-adenylyl imidodiphosphate (AMP-PNP) has been previously shown to
mimic ATP regulation of glucose transport in red cell ghosts (127). The fractional equili-
bration, measured at 30 minutes where the maximum undershoot occurs, is shown in Fig-
ure 4.8 for ghosts containing 0 ATP, 4 mM ATP, and 4 mM AMP-PNP. While ghosts re-
sealed with ATP clearly show the undershoot by a fractional equilibrium of less than 1,

the 0 ATP and AMP-PNP containing ghosts show a fractional equilibrium greater than 1.
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Figure 4.7. Simulation of Counterflow Transport with Intracellular Com-
partmentalization and a Sugar Exporter.

Ordinate: fractional equilibration and fraction remaining in.tracellular; Abscissa:
time in minutes (note log scale). Counterflow uptake of 100 pM 3H-3MG () and
exit of 10 mM “C-3MG (o) is shown in ghosts containing intracellular ATP.
Transport simulation is based on the ﬁxed—site carrier, a diffusion barrier described
by Eq. 4.4, and an exporter described by Eq. 4.8 is shown for uptake (=) and exit

(). K=52mM, V=0.75 mM min’!, Vec = 4.2 mM min!, x = 0.1, and A = 10

for the fixed-site carrier, Kcz =2 mM, Kz = 10 mM Kz = 1 mM, Ve =6 mM min’!,

Ki=0.001 mM for diffusion and the fractional size of C1 is 0.67.
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Figure 4.8. Affect of a Nonhydrolyzable ATP Analogue on the Counterflow Under-
shoot.

Ordinate: fractional equilibration at 30 minutes; Abscissa: Condition. 0 ATP, 4 mM ATP,
and 4 mM AMP-PNP are resealed in erythrocyte ghosts containing 10 mM 3MG and as-
sayed for fractional equilibrium of 100 uM *H-3MG uptake at 30 minutes. ATP induces

the observed undershoot while AMP-PNP does not.
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Discussion

Equilibrium exchange and net uptake of 3MG in human red cell ghosts containing
intracellular ATP is consistent with transport occurring into two diffusionally isolated cy-
tosolic compartments (vide supra) (113). In the present study, counterflow. conditions are
used to obtain a more detailed analysis of the proposed ATP dependent diffusion barrier.
Counterflow transport, in which initial [S;] > [So] and unidirectional uptake is measured,
is consistent with a fixed-site carrier mechanism and no cytosolic compartmentalization
in the absence of cytoplasmic ATP. When ghosts are resealed with cytosolic ATP,
counterflow transport displays kinetics that are inconsistent with a simple or fixed-site
carrier. At low initial intracellular 3MG concentrations (< 10 mM) the time course for
counterflow displays an additional, previously undescribed feature. After the expected
counterflow transient, where imported sugar is temporarily concentrated within the
ghosts, fractional accumulation of extracellular sugar does not return to unity but instead
falls to a value less than unity and then slowly rises. This observation has been attributed
to the slow filling of a second cytosolic compartment. The undershoot is not an obligate
consequence of a diffusional barrier however, and it is not observed at initial intracellular
3MG concentrations above 10 mM. This explains why the undershoot has not been pre-
viously described as previous counterflow experiments used conditions where the intra-
cell‘ular sugar concentration was 75 mM or greater (100, 110, 111, 234).

The addition of a simple diffusion barrier to transport simulations is unable to

simulate the observed counterflow time course for both uptake and exit in the presence of
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ATP. Transport simulations with an unstirred layer do show the newly observed under-
shoot, but require that exit be biphasic. Counterflow unidirectional exit displays mono-
phasic kinetics at initial intracellular 3MG concentrations above 2.5 mM.

Cytochalasin B, an intracellular binding GLUT]1 inhibitor is (;apable of inhibiting
both phases of transport under equilibrium exchange conditions (vide s‘upra). If sugar
flux between the two intracellular compartments were enzyme mediated, then the CCB
inhibition data and the counterflow time courses may be explained. While modeling flow
between the intracellular compartments as an inhibitable, enzyme catalyzed reaction
faithfully reproduces the experimental time course of uptake, it does not accurately de-
scribe the time course of exit. Exit simulations remain biphasic, but difference in rates of
exit from intracellular compartment 1 into the extracellular space and exit from compart-
ment 2 into compartment 1 become small so that exit almost appears as one phase. How-
ever, the simulated time course for exit is much longer than is actually observed.

Completion of the exit time course finishes with the counterflow transient and not
with the refilling of the undershoot. This is indicative of a process where both intracellu-
lar compartments are capable of exporting sugar directly to interstitium in parallel, but
only allowing uptake into compartments in series (compartment 1 fills directly, compart-
ment 2 fills from compartment 1). Previous results suggest that if the cytosol is compart-
mentajized, both compartments must be adjacent to cell membrane as uridine transport
remains monophasic in the presence of intracellular ATP (vide supra). If sugar in com-

partment 1 1s accessible to the extracellular space through GLUTI, then for sugar in
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compartment to be directly accessible to the extracelluar space as well, there must also be
an additional sugar transporter in compartment 2.

Here, a hypothesis is presented wherein human red blood cells contain an intracel-
lular diffusion barrier separating the cytosol into two compartments under ATP-replete
conditions (Figure 4.9). The larger compartment is directly accessible to ﬁembrane con-
taming GLUT]1. The second cytosolic compartment is accessible to membrane containing
a sugar transporter that appeérs to catalyze the irreversible export of sugar (based on
transport simulations as models containing a reversible transport system between inter-
stitium and compartment 2 do not simulate the observed time courses). Diffusion of sugar
between the two compartments may or may not be mediated by an enzymatic process.

The transport simulations based on this hypothesis are capable of qualitatively
fitting the observed counterflow time courses, however the exact parameters are inconsis-
tent when comparisons are made between conditions of different initial intracellular 3MG
loading concentrations. This shows that while the hypothesis may have merit, the mecha-
nistic details for the flux of 3MG between the cytosolic compaﬁments, and between the
cytolic compartment and extracellular space remain unknown.

Proposed properties of the sugar exporter: There are several conditions placed
on the activity of the hypothesized sugar export. 1) The exporter is inactive when intra-
cellu]ar [sugar] = extracellular [sugar]. Equilibrium exchange displays biphasic exchange
for both uptake and exit suggesting that exit from the second intracellular compartment

occurs via the first intracellular compartment (vide supra). If the proposed exporter were
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Figure 4.9. Exporter Hypothesis.

The intracellular space is divided into two compartments between which sugar can
slowly diffuse. The sugar in compartment 1 is directly exchanged with extracellular
sugar by GLUT1. The sugar in compartment 2 is directly effluxed into the extracellular
space when the sugar concentration in compartment 2 is sufficiently high and when ex-

tracellular sugar concentration is sufficiently low.
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active under exchange conditions, then exit would be monophasic. This would be accom-
plished if the exporter contained an extracellular sugar inhibition site. 2) The GLUTI in-
hibitors cytochalasin B and/or phloretin also inhibit the exporter. If the exporter is not
inhibitable by the stop solution, then sugar present in the second cytosolic compartment
would be lost during the washing steps which removes extracellular sugar. This would
cause the second phase of transport to be unobservable and the intracellular 3MG acces-
sible volume would be less than intracellular uridine accessible volume (vide supra). 3)
There is a minimal threshold for intracellular [sugar]. If the exporter were always active,
then counterflow transport when the intracelluar 3MG concentration is 2.5 mM would
display monophasic exit. Also, sub-saturating zero-trans exit would be monophasic which
1s not observed (data not shown). However, saturating zero-trans exit would appear
monophasic (113).

Identification of plausible candidates for the sugar exporter: Recently the
human red blood cell membrane proteome was analyzed by mass spectroscopy (235). Pa-
sini et. al. found many, low-abundance integral membrane protelgns of unknown or hypo-
thetical function. Several of these may be good candidates for the hypothetical sugar ex-
porter, including several ATP-binding cassette efflux pumps with currently unknown sub-
strates.

| GLUTTI is also a potential target as GLUTI has been shown to have multiple
functional states and oligomeric forms (85-87) and is an ATP binding protein (90, 124,

126). Could GLUT1 be acting as a fixed-site carrier in one membrane domain, and as a
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sugar exporter in another? Purified GLUTI1 has been shown to not hydrolyze ATP in vi-
tro, however the proposed properties of the exporter (sensitivity to transmembrane glu-
cose gradients) may make in vitro ATP assays difficult.

Physiological significance: What advantage is obtained from a glucose exporter
in erythrocytes? Perhaps the benefit is not realized by the red cell, but ra;[her, by cells to
which glucose is subsequently transferred. When serum glucose levels fall acutely due to
net transfer of glucose to tissue interstitium and cells, red cell cytoplasmic glucose (45-
50% of total blood glucose) becomes a significant additional source of glucose. If 30-
40% of the red cell glucose were compartmentalized such that it is available for rapid
exit, but that space does not quickly reequilibrate, then the total blood sugar available for
metabolizing tissues is increased by approximately 15% to 20%. Regulation of erythro-
cyte glucose transport therefore permits controlled expansion/contraction of the blood
glucose space available for exchange with the interstitium of glycolytically active tissues.
The effect may be most pronounced in skeletal muscle and in brain-endothelial capillar-
ies. The plasma water space is relatively small in skeletal muscle> (149) necessitating effi-
cient extraction of blood glucose while the capillary bed is fenestrated thus facilitating
rapid depletion of serum nutrients (151). Brain endothelial cells constitute only 0.1% of
brain mass yet almost all of the glucose utilized by cerebral neurons and astrocytes must
enter ;he brain by GLUT1-mediated, trans-endothelial cell transport (236). Hence effi-
cient glucose transfer from blood to tissue is essential to both peripheral and central glu-

cose homeostasis.
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Conclusion

Counterflow 3MG transport in red ghosts containing intracellular ATP is not con-
sistent with a simple diffusion barrier hypothesis. While the counterflow uptake can be
simulated by a diffusion barrier, the simultaneous exit can not. Uptake is consistent with
transport into two cytosol;c, diffusionally isolated compartments, while unidirectional
exit is consistent with export directly from both compartments. In order to qualitatively

explain the observed behavior, a second glucose export process must be hypothesized.
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Chapter V

CONCLUSIONS AND FUTURE DIRECTIONS

Glucose transport in human red blood cells displays a functional complexity that
defies common mechanistic description, while glucose transport in non-primate red blood
cells display simpler kinetics that fit with current models for carrier mediated transport.
How is it that human red cells display kinetic anomalies whereas rat and rabbit red cells
function as expected when the sequence identity of human GLUTI1 and rat and rabbit
GLUT]1 is 98.4% (55, 103, 104)? Several lines of evidence now suggest that red cell fac-
tors other than GLUT1 primary structure contribute to human red cell glucose transport
complexity. This thesis addresses several hypotheses for the mechanism of ATP regula-
tion of erythrocyte glucose transport and how these can give rise to anomalous sugar
transport behavior.

Previous reports have suggested the ATP-induced biphasic sugar exchange kinet-
ics result from the fast exchange of sugar between interstitium and high-affinity cytosolic
sugar binding sites, and the slow exchange of bound sugar with bulk cytosol (112). Data
presented in this thesis are inconsistent with this hypothesis.

Equilibrium exchange transport of 3MG in human erythrocyte ghosts lacking ATP
displays simple, single exponential kinetics which is consistent with the exchange of a
singlé substrate between two compartments, extracellular interstitium and intracellular

cytoplasm. Exchange transport in erythrocyte ghosts containing 4 mM ATP, however, de-
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viates from single exponential kinetics. ATP-loaded ghosts display biphasic 3MG ex-
change for both unidirectional uptake and unidirectional exit where 67% of total sugar
transported is faster than the exchange rate observed without ATP and the remaining 33%
exchanged more slowly than the rate observed without ATP. This is consistent with either
the exchange of two substrates between two compartments as above, or with the ex-
change of a single substrate between three compartments, interstitium and two diffusion-
ally isolated cytosolic compartments.

The component sizes of biphasic exchange support the hypothesis that ATP in-
duces GLUT1 anomeric discrimination as the anomeric proportions of both 3MG and D-
glucose consist of 66.6% B-anomer and 33.3% &-anomer. Time course simulations con-
firm that the hypothesis is tenable, however several lines of direct experimental evidence
refute this hypothesis. Biochemical analysis shows that GLUT]1 displays little to no pref-
erence for either sugar anomer in the absence or presence of cytosolic ATP. Equilibrium
exchange transport experiments with other GLUT1 sugar substrates with differing
anomeric ratjos display the same 66:33 ratio of biphasic component sizes as seen for
3MG. Massive acceleration of anomerization by exogenous mutarotase has little effect on
the time course of D-glucose exchange in the presence of ATP when transport simulation
predicts monophasic kinetics. Chromatographic analysis of intracellular equilibrium
3MG indicates only two species (&-3MG and B-3MG) comprising greater than 99% of

total sugar.
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The indefensibility of the two substrate, one intracellular compartment hypothesis
suggests that red blood cell ghosts contain two intracellular compartments in the presence
of ATP, and only contain one in the absence of ATP. The compartmentalization of red cell
cytosol, however, is specific to 3MG as uridine exchange mediated by ENT1 is mono-
phasic under all conditions. The two cytosolic sugar compartments are ﬁot due to high
capacity sugar binding as the total intracellular 3MG and uridine spaces are equal and
unaltered by intracellular ATP.

The ATP state 1s also associated with changes in red cell ghost morpholoy. Upon
ATP depletion, normal red cell discosytes become highly crenated spheroechinocytes in
which GLUT1 anisotropic membrane distribution appears to be lost. Chemically induced
spheroechinocytosis causes a loss of biphasic transport even in the presence of replete
ATP. Cytochalasin B, a potent GLUT1 and F-actin polymerization inhibitor is capable of
inhibiting both phases of GLUT]1 mediated exchange transport while other GLUT1 in-
hibitors inhibit only the fast phase of 3MG exchange.

Counterflow transport, in which unidirectional uptake ié measured under condi-
tions where the intracellular sugar concentration is greater than the extracellular sugar
concentration, is consistent with the presence of two intracellular compartments in ATP
replete ghosts. However, simultaneously measured unidirectional exit suggests that both
compartments export intracellular sugar to iﬁterstitum at equal rates.

Together, these results suggest the following hypothesis. ATP replete human red

blood cells are biconcave discocytes which contain two diffusionally isolated compart-
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ments. Both compartments are adjacent to the red cell plasma membrane, but GLUT] is
found only in membrane patches abutting the larger cytosolic compartment. Membrane
adjacent to the second, smaller compartment contains a specific glucose exporter. This
exporter is allosterically regulated in a manner such that it is active only when intracom-
partmental [sugar] is high and extracellular [sugar] is low. The human eéuilibrative nu-
cleoside transporter (ENT1) is imbedded in membrane adjacent to both compartments
allowing efficient facilitated diffusion of uridine into total cytosol. Intracellular ATP de-
pletion causes a morphological change whereby red blood cells become spheroechino-
cytes and the anisotropic distribution of GLUT1 and/or the diffusion barrier separating
the two cytosolic compartments is lost. The sugar exporter is hypothesized to be ATP-
dependent thereby accounting for its lack of activity under ATP-depleted conditions.

The physiological implications of this hypothesis are significant. Human red
blood cells are thought not just to distribute oxygen to metabolizing tissues, but also to
help in the delivery of energy in the form of glucose. There is ample evidence to suggest
that both blood plasma glucose and red cell cytosolic ghicose ;re capable of being de-
pleted during capillary bed transit (153, 154). If 30% of red cell cytosol is able to quickly
export glucose, but only slowly reequilibrate, during capillary transit, then the apparent
glucose concentration available for uptake by metabolizing tissues is increased. If, for
example, 4 mmoles of total blood (plasma and red cell cytosol) glucose were quickly re-
moved from 1 L of whole blood containing 5 mM glucose, then the plasma glucose con-

centration available to metabolizing tissues would be 1.2 mM instead of the expected 1
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mM. This is an apparent increase of ~20%. If red cells become ATP depleted, the cell
morphology changes (becoming a spheroechinocyte), disrupting the cytosolic and
GLUT! compartmentalization allowing total red cell intracellular space to quickly fill
and intr;cellular ATP levels to rise.

While the kinetic data presented in this thesis are consistent with the development
of the above hypothesis, it is not sufficient to confirm the existence of compartmentaliza-
tion of red cell cytosol and of a sugar exporter. Specific biochemical evidence is needed.
The formulation and subsequent rejection of the differential anomer transport hypothesis
presented in this thesis is a prime example of how kinetic analysis alone is insufficient.

The connection between red cell morphology and ATP modification of 3MG equi-
librium exchange may or may not be causative. Reagents that artificially promote echino-
cytosis without changing intracellular ATP levels are useful in determining the exact rela-
tionship between cell shape and mono- or biphasic sugar exchange kinetics. Small
chemical compounds such as 2,4-dinitrophenol and picric acid have been shown to in-
duce echinocytosis at 4 °C (237). Investigating 3MG exchange kinetics in DNP or picric
acid treated red cells will expand upon the role of red cell structure and function.DNP
treatment causes the loss of biphasic 3MG exchange transport while not altering ATP lev-
els. However, it is not known if DNP interferes with ATP binding to or action on GLUT].

_ Red cell cytosolic factors involved in the formation of a diffusion barrier remain
unknown although there is evidence to suggest that the membrane/cytoskeleton may be

mnvolved. 3MG exchange in the presence of chemical factors that alter the cytoskeleton
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and do not inhibit GLUT1 or change intracellular ATP concentrations (157) would permit
evaluation of the role of the cytoskeleton in the ATP regulation of erythrocyte glucose
transport. Other members of the cytochalasin family (CCE and CCD) may be reagents of
choice. ..

Direct visualization of diffusion in red cell cytosol may also confirm or reject the
compartmentalization hypothesis. It was hoped that the use of 2-NBDG (a fluorescent
glucose analog) would allow for temporal and spacial measurements of sugar uptake and
exit into and out of red cell ghosts. However, 2-NBDG, while an inhibitor of GLUT]I, is
only a very poor substrate for GLUT1 mediated facilitated diffusion (data not shown).
Yet, the use of 2-NBDG and/or other fluorescent water soluble probes may still allow for
the visualization of a cytosolic diffusion barrier. Fluorescence loss in photobleaching
(FLIP) experiments use 2-photon excitation to selectively and continuously photobleach a
small volume of cytosol and the fluorescence loss in the surrounding area is observed
(238). Fluorescent molecules that are directly accessible to the photobleaching volume
quickly lose their fluorescence, while molecules that are diffu;ionally isolated remain
fluorescent. FLIP has been used to study nuclear and cytoslic localization of Map kinases
(239), the diffusional mobility of vesicle bound and free Ras GTPases (240), and com-
partmentalization of cytosol and periplasmic space during the prokaryote caulobacter cell
divisipn (241). The same analysis could, in principle, be applied to red cell ghosts to
visualize 2-NBDG compartmentalization. An alternative approach is to use a fluorescent

glucose binding protein recently developed (Anthony Cura, unpublished results) (242) to
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spatially visualize glucose or 3MG uptake. However, the dimensiohs of the red cell com-
partments may be too small for the resolution limit of light microscopy (~200 nm).

The hypothetical sugar exporter also requires biochemical identification and fur-
ther characterization. Several sugar tran;port experiments in erythrocyte ghosts will help
to characterize the exporter. If human red blood cells contain an ATP—dependent sugar
exporter, then inside-out vesicles prepared from red blood cell membranes should show a
burst of ATP hydrolysis when exposed to a sufficient concentration of 3MG. Similarly,
raising the extracellular sugar concentration and monitoring the time course of 10 mM
3MG exit from ghosts resealed with ATP will identify the minimal external concentration
that inhibits the exporter. The above hypothesis predicts that the time course of exit
should become biphasic above some external 3MG concentration. Identification of the
sugar exporter may prove difficult, but biochemical and proteomic approaches may serve
in fishing out the proposed transporter. Labeling of red cell erythrocyte membrane pro-
teins with reactive glucose derivatives in conjunction with mass spectrometry should al-
low the identification of potential targets. Several hexose—modiﬁed protein labeling rea-
gents are avéilable, and it has been reported that glucosyl- and maltosyl-isothiocyanates
label Band 3 proteins (243)(244) while an aryl azide glucose derivative labels Band 1,
Band 3, and Band 4.5 (245). Labeling of non-GLUT!] proteins should be glucose or mal-
tose inhibitable and perhaps cytochalasin B or ATP sensitive.

The work presented in this thesis advances the knowledge of human red cell glu-

cose transport and expands the role played of erythrocytes in human glucose homeostasis.
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While it has been thought that glucose transport is regulated in human red cells by ATP, it
was unclear how red cell intracellular ATP levels would fall in response to the metabolic
demand of other tissues. The hypothesis detailed here offers a plausible explanation by
which the ATP-replete red cell is primed for export of i.ntracellular sugar when plasma
glucose levels fall, and the ATP-depleted red cell can quickly reequilibrate total cytosolic

glucose levels through GLUT1.
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