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LIGAND BINDING TO GLUT1 - THEORY

Equilibrium cytochalasin B and forskolin binding to GLUT1 display non-
Michaelis kinetics at low ligand concentrations ((16); (7)). The simplest model that
accounts for this behavior (see Scheme 1) assumes that the glucose transporter complex
presents two interacting binding sites for el ligands. This could be explained either by
two sites on one transport protein or two interacting transport proteins each with one site.
When presented with a binary mixture of ligands (e.g. radio-ligand plus inhibitor 1), the
transporter, e, may form several liganded states: e (unliganded transporter), 2(l. e),
2(L.e), 2(l.e.L), L.e.Land l.e.l.

Inhibition Scheme 3.1
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Cooperative interactions between binding sites (positive or negative
cooperativity) may depend on whether the first and second ligands to bind are identical or
different. For example, the ligand CB might enhance binding of the remaining site for CB
(o < 1; positive homo-cooperativity) but reduce the affinity of the remaining site for
inhibitor I (B > 1; negative hetero-cooperativity).

Ligand (L) binding to GLUTL in the presence of a competing el inhibitor I is

described by:

Bmax L
K L

b=
+
d(app)

where Bmax = 0.5[GLUT1] and Kqypp) IS given by:

]

L 21
+7
oK  BK

L

2+

and where K, K;, a, B and y are shown in scheme 1. In a typical experiment, the ratio of
bound : free ligand is measured as a function of competing el inhibitor I. The ratio of

inhibited : control binding (b'/b) is thus obtained as:
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This analysis assumes that all binding and dissociation steps are rapid with respect
to the time of measurement and that free and bound ligand achieve true equilibrium.
These assumptions are most likely satisfied because cytochalasin B binding to GLUT1
occurs with a time constant of 1 sec at 4°C ((158); (181)) whereas binding was measured
over a period of 15 minutes (> 1,000 half-lives).This model allows for several possible
effects of inhibitor (1) on ligand (L) binding.

1 Binding is not cooperative. When binding of L and I at any single site is
mutually exclusive and lacks hetero-cooperativity (B = 1; Figure 3.1, curve a), the
inhibitor I will serve as a simple competitive inhibitor of L binding.

2 Binding is negatively cooperative. When binding of L and I at any single
site is mutually exclusive and displays negative hetero-cooperativity (B > 1; Figure 3.1,
curve b), the inhibitor | will appear to serve as a simple competitive inhibitor of L
binding although the inhibition dose response is shifted to the left.

3 Binding is positively cooperative. When binding of L and | at any single

site is mutually exclusive but displays positive hetero-cooperativity between sites (f < 1;
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Figure 3.1, curve c), the inhibitor I will enhance L binding at low [I] where I and L bind
at adjacent sites. When [I] is increased further such that | and L compete for binding to
the same site, L binding is inhibited.

4 Zero hetero-cooperativity and positive or negative homo-cooperativity.
When binding of L and I at any single site is mutually exclusive but displays zero hetero-
cooperativity but positive homo-cooperativity (i.e. p = 1 and y <1; Figure 3.1, curve d),
the inhibitor | will inhibit L binding more effectively (the inhibition curve is left-shifted).
If the inhibitor | displays negative homo-cooperativity, | will be a less effective inhibitor
and maximum inhibition will be reduced (i.e. B = 1 and y >1; Figure 3.1, curve e).

5 Positive hetero-cooperativity and positive or negative homo-
cooperativity. When binding of L and | at any single site is mutually exclusive but
displays positive-hetero-cooperativity and positive homo-cooperativity (i.e. B << 1 andy
<<1; Figure 1, curve f), the inhibitor I will enhance L binding at low [I] and inhibit
binding at greater [I]. If the inhibitor I displays negative homo-cooperativity (y >>1) but
strong positive hetero-cooperativity (B << 1), I will enhance ligand binding at all [I]
(Figure 3.1, curve g).

Ligand binding was calculated as the ratio ligand bound in the presence of
inhibitor (b’) to ligand bound in the absence of inhibitor (b). b’/b was plotted against [I]
(see Figure 1) and binding was analyzed using egn 3 and the method of least squares
using the software programs Kaleidagraph (v 4.03, Synergy Software) or ProFit (v 6.13,
Quantum Soft). When cytochalasin B inhibition of [*H]-cytochalasin B binding (or

forskolin inhibition of [*H]- forskolin) was measured, the analysis simplifies considerably
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because a = f =y and K. = K. Thus the homo-inhibition experiment allow the
unambiguous calculation of K| and o for cytochalasin B and forskolin (Table 3.1). These
values may then be substituted directly into eqn 3 leaving only 3 parameters to solve for

in hetero-inhibition experiments: B, y and K.
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Figure 3.1 Simulations of effects of inhibitors on cytochalasin B binding to GLUT1
when each transporter complex contains two interacting binding sites .

Ordinate: CB binding in the presence of an inhibitor/CB binding in the absence of
inhibitor (calculated using equation 3). Abscissa: inhibitor concentration in uM (note the
log scale). Seven (a-g) scenarios were simulated. In each instance K. for CB binding, K;
for inhibitor binding and a (cooperativity between CB binding sites when only the CB is
present) were set at 0.25 uM, 1 uM and 1 respectively. The curves show: a, =y =1;b
=10,y=1;cp=01,y=1;dp=1,y=01;ep=1,y=10;f=y=0.1;,9p=01,y=

100.
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Figure 3.2 Erythrocyte sugar transport inhibition by forskolin.

Panels A & B, Ordinate: initial rate of 3MG uptake (mmol/L cell water/min).
Abscissa: [3MG] mM. Results are shown as mean £ SEM of at least 3 experiments made
in quadruplicate. Uptake was measured in the absence (o) and presence (e) of 2 uM
FSK. Curves drawn through the points were computed by nonlinear regression assuming
that 3BMG uptake follows simple Michaelis-Menten kinetics. A Zero-trans 3MG uptake
(cells lack intracellular sugar). Control: Kmapp = 1.51 + 0.22 mMM; Vmax = 0.114 + 0.009
mM/L/min; R? = 0.995. FSK: Kmapp = 1.09  0.15 MM; Vpmax = 0.055 % 0.004 mM/L/min.,
R? = 0.994. B Equilibrium-exchange 3MG uptake (intracellular [sugar]= extracellular
[sugar]). Control: Kimapp = 17.8 + 4.7 mM; Vmax = 6.5 = 0.7 mM/L/min, R?=0.981. FSK:

Kmapp = 48.5 + 7.3 MM; Vinax = 8.3 £ 0.7 mM/L/min, R® = 0.997.
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RESULTS

Cytochalasin B is a competitive inhibitor of equilibrium exchange transport in
erythrocytes (156) and a noncompetitive inhibitor of net sugar uptake into red cells
lacking sugar (97). Equilibrium exchange transport is a condition in which intra- and
extracellular [sugar] are identical and unidirectional fluxes are monitored through use of
tracer sugar. Competitive inhibition by cytochalasin B indicates that extra- or
intracellular sugar compete with cytochalasin B for binding to the transporter.
Noncompetitive inhibition of uptake into cells lacking sugar indicates the absence of
competition between extracellular sugar and inhibitor at the uptake site. This aggregate
behavior is characteristic of an inhibitor that binds at (or whose binding site is mutually
exclusive with) the sugar export site ((97)).

Forskolin is a competitive inhibitor of cytochalasin B binding to the human
erythrocyte sugar transporter (182) suggesting that forskolin, like cytochalasin B binds at
or close to the transporter sugar export site. In support of this hypothesis, we observe that
forskolin acts as a noncompetitive inhibitor of net sugar uptake (Figure 3.2A) and as a
competitive inhibitor of exchange sugar uptake (Figure 3.2B) in human erythrocytes.
Forskolin reduces V.., for sugar uptake by sugar-depleted cells but increases K., for
equilibrium exchange transport. Assuming noncompetitive and competitive inhibition of
3MG zero-trans and equilibrium exchange transport respectively, K., for FSK inhibition

of net and exchange transport are 1.9 + 0.4 uM and 1.2 + 0.6 pM respectively.
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Figure 3.3 A Modulation of [*H]-CB binding to red cell membranes by forskolin and its
derivatives.

Ordinate: The ratio CB binding in the presence of forskolin to CB binding in the absence
of forskolin. Abscissa: [forskolin], uM (note the log scale). Results are shown as mean of
at least 3 separate measurements made in quadruplicate. Standard errors about the mean
are < 10% of the averaged data. CB binding was measured at 50 nM [’H]-CB. Results are
shown for inhibition by FSK (o), 7TDAFSK (e) and 1DOFSK (A). Curves drawn through
the points were computed by nonlinear regression using equation 3. Based on CB
inhibition of [°H]-CB, Kl and o were set at 0.25 + 0.03 pM and 0.52 + 0.26 respectively.
The results are: FSK, K; = 2.13 + 0.45 uM, = 0.48 + 0.05, y = 1.13 + 0.26, R® = 0.979.
7DeA-FSK, Ki = 0.07 + 0.01 uM, B = 0.36 + 0.01, y = oo, R? = 0.86. 1DO-FSK, K; = 0.20
+0.10 uM, B = 0.34 + 0.01, y = 58 + 29, R? = 0.975. B Modulation of [3H]-FSK binding
to red cell membranes by unlabeled forskolin. Ordinate: The ratio [*H]-FSK binding in
the presence of forskolin to [*H]-FSK binding in the absence of forskolin. Abscissa:
[forskolin], uM (note the log scale). Results are shown as mean + SEM of 3 separate
measurements made in quadruplicate. [°H]-FSK binding was measured at 50 nM [3H]-
FSK. The curve drawn through the points was computed by nonlinear regression using
equation 3. The results are:, Ki= K. =2.13+ 045 yMand e = =y =0.88 £ 0.31, R? =

0.939.
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We screened the ability of forskolin and its derivatives to displace cytochalasin B
from GLUT1 by measuring forskolin inhibition of equilibrium ®H-cytochalasin B binding
to red cell membranes depleted of peripheral membrane proteins. Cytochalasin B
binding to peripheral membrane protein-depleted human red cell membranes, is
competitively displaced by D-glucose and other GLUT1 substrates and is quantitatively
accounted for by ligand binding to GLUT1 ((183); (86)).

Forskolin and its derivatives modify cytochalasin B (50 nM) binding to GLUT1 in
several interesting ways (Figure 3.3). Some forskolins (see Figure 3.3A and Table 3.1)
appear to function as simple inhibitors of cytochalasin B binding in which inhibition is a
saturable function in [forskolin]. Other forskolins (see Figure 3.3A and Table 3.1) first
enhance then inhibit cytochalasin B binding as the concentration of the inhibitor is raised.
Yet other inhibitor analogs simply increase cytochalasin B binding (see Figure 3.3A and
Table 3.1) while others appear to be without effect.

These behaviors are predicted by a simple binding model (Scheme 1) in which each
transporter complex presents two cytochalasin B or forskolin binding sites that interact in
ways that are dependent upon the nature of the bound ligands. For example, if binding of
a forskolin derivative at the first site increases the affinity of the second site for
cytochalasin B or the forskolin derivative, cytochalasin B binding may be enhanced at
low [forskolin] then inhibited as [forskolin] is raised and competes more effectively with
cytochalasin B for binding at the second site. Other permutations are possible (see
Scheme 1 and Figure 3.1) and, according to the model, the net effect of any [forskolin] on

cytochalasin B binding is determined by 5 parameters: K. (Kq for cytochalasin B
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binding), K; (K4 for forskolin derivative binding), o (a cooperativity factor indicating how
cytochalasin B binding at the first site impacts Kgepp) for cytochalasin B binding at the
second site), B (a cooperativity factor indicating how cytochalasin B binding at the first
site impacts Kqpp) for forskolin binding at the second site and vice versa) and vy (a
cooperativity factor indicating how forskolin binding at the first site impacts Kgapp) for
forskolin binding at the second site). In homo-inhibition studies where, for example, the
radioligand and unlabeled competing ligand are the same species (e.g. cytochalasin B or
forskolin), K_ = Kj and a = =y thereby simplifying analysis of experimental data to the
resolution of two affinity parameters - K. and a. These values may then be explicitly
inserted into binding equation 3 thereby reducing the challenge of non-linear curve fitting
of forskolin-modulation of cytochalasin B binding (hetero-inhibition) to the resolution of
3 parameters - K;, f and y.

Tests for internal consistency mandate that studies of unlabeled forskolin
inhibition of [*H]-forskolin binding to GLUT1 (forskolin homo-inhibition) provide
values for K. and a (2.12 £ 0.35 uM and 0.88 + 0.31 respectively, see Figure 3.3B) that
that are indistinguishable from Kj and y (2.13 £ 0.45 uM and 1.13 + 0.26 respectively)
obtained in studies of forskolin-modulation of [*H]-cytochalasin B binding (hetero-
inhibition).

Table 3.1 summarizes the results of hetero-inhibition studies in which the effects
of a wide range of forskolin analogues on [°H]-cytochalasin B binding were measured.
Figure 3.4 and Table 3.1 summarize the results of similar studies in which the effects of a

number of cytochalasin analogues on [*H]-cytochalasin B binding were measured.
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Table 3.1 Modulation of *H cytochalasin B binding to red cell membranes by
cytochalasins and forskolins - summary of findings.

The results of analyses such as those in Figures 3 and 4 are summarized for the
cytochalasins and the forskolins. The concentration of radioligand ([*H]-CB) was 50 nM
in all experiments. “The concentration of unlabeled competing ligand was varied from 0
to 100 uM. Analysis of binding inhibition was carried out as described in Figures 2 and 3
using equation 3. °Ki (uM) represents the affinity of unoccupied GLUT1 for ligand. °G°
was calculated as RT In(1/Ki). AAG® was calculated as the change in AG® using the
lowest Ki for cytochalasins or foskolins as the baseline. ®*¢Analysis according to
equation 3 also permits computation of the cooperativity parameters 3 and y and yields a
correlation coefficient R%. "Types of inhibition are: Michaelis like inhibition (curves a &
e, Figure 3.1); stimulation followed by inhibition (curves ¢ & f, Figure 3.1); high and
low affinity inhibition (curve d, Figure 3.1); stimulation (curve g, Figure 3.1) and no
effect. "These types of inhibition are related to the product p*y. . 'KL (uM) and “o for CB
binding were computed in studies of CB inhibition of [3H]-CB binding and assume that o
=B=y. 'While v parameters are ligand dependent, 3 parameters appear to be invariant
and are averaged for the cytochalasins and forskolins (mean + SEM). "No effect on
binding was observed. In all experiments, at least three complete dose responses were
performed with each data point in triplicate and averaged at each concentration to

perform the final analysis. Ligand structures shown in Tables 3.2 and 3.3.



Table 3.1
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Table 3.1 — Modulation of GLUT1 Cytochalasin B binding by cytochalasins and forskolins

h
Inh.
. ‘AG IAAG i
a b e f, I9p?2 in%*,
Ligand KiuM kcal/mol  kcal/mol B Y R Sche By
me

CB 0.25 +0.03 -8.37 0.00 0.52 +0.26 8'2(23 * 0.995 f 0.4
CD 111.7+148  -5.01 3.36 1.00+0.12 0.67 0.906 f 0.7
CH 2.08 +0.39 -7.20 117 0.34 +0.03 71+055 0.946 f 2.4
CJ 137+3.11 -7.43 0.94 0.55+0.13 gé'g * 0.927 ¢ 22.8
CE 0.53+0.31 -7.95 0.41 0.47 +0.04 363+44  0.823 ¢ 170.6
CA 1.44 +0.88 -7.40 0.96 0.35+0.12 93.365 0.999 f 31627.8
cc 187+1.11 -7.26 111 0.34 +0.08 ® 0.915 g ®
CBKL uM 0.25+0.03 'mean 0510

CBka 0.52 +0.03 +0.088

113+
FSK 2.13+0.45 -7.19 2.73 0.48 +0.05 026 0.979 f 05
14,15 DiH-FSK  1.27 +0.03 -7.47 2.44 0.467 +0.031 g'gg * 0.969 f 2.1
1A-FSK 0.99 +0.31 -7.61 2.31 0.32+0.18 21+7 0.850 f 6.7
9DeO-FSK 0.269+0.25 -8.33 1.59 0.37 £0.01 127 £119  0.852 f 10.8
7FA-FSK 0.651+0.45 -7.84 2.08 0.375+0.012 292+19 0972 f 11.0
1DeO-FSK 0.20 +£0.10 -8.49 1.43 0.34 +0.01 58 + 29 0.975 f 19.7
6A-FSK 0.015+0.021 -9.92 0 0.36 +£0.01 555+27  0.994 ¢ 199.8
1,6DIA-FSK 0.018+0.58  -9.82 0.10 0.38 +£0.01 621+46  0.976 ¢ 236.0
7FPA-FSK 0.109+0.35 -8.82 1.09 0.43 +0.01 igio * 0.823 ¢ 528.9
36858 +
7FPPNEA-FSK  0.02 +0.04 -9.76 0.16 0.33+0.01 83397 0.748 g 12073.1
7DeA-FSK 0.07 £0.10 -9.07 0.85 0.36 +0.01 ® 0.860 g ®
6A,7DeA-FSK  NA™ NA NA NA ¢
7FPP-FSK NA NA NA NA e
'mean 0.378

+0.016
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Figure 3.4 Modulation of cytochalasin B binding to red cell membranes by
cytochalasins.

Ordinate: The ratio CB binding in the presence of forskolin to CB binding in the absence
of cytochalasins. Abscissa: [cytochalasin], uM (note the log scale). Results are shown as
mean of at least 3 separate measurements made in quadruplicate. Standard errors about
the mean are < 10% of the averaged data. CB binding was measured at 50 nM [*H]-CB.
Results are shown for inhibition by CB (o), CC (e) and CH (A). Curves drawn through
the points were computed by nonlinear regression using equation 3. The results are: CB,
Ki=K_=0.25+0.03uM and o= p =y = 0.52 + 0.26, R* = 0.995. CC, K; = 1.87 + 0.11
UM, B =0.34 +0.06, y = 0, R* = 0.915. CH, K; = 2.08 + 0.39 uM, p = 0.34 + 0.03, y =

7.1+ 0.55, R? = 0.946.
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DISCUSSION

GLUT1 LIGANDS & TETRAMERIC COOPERATIVITY

The human type 1 glucose transporter (GLUT1) is inhibited by diverse natural
compounds. Methylxanthines and ATP act as mixed-type inhibitors of sugar exit
reducing V... and increasing K..., (98, 184, 185). Cytochalasins and forskolins increase
K.« fOr exchange transport and reduce V... for net entry (see here and (97, 107, 156)).
Tyrosine kinase inhibitors are competitive inhibitors of sugar import (186) and the
androgens and catechins reduce V.., for exit and increase K., for uptake (106). These
observations are consistent with the hypothesis that cytochalasins and forskolins bind at
or close to the sugar export site and that the tyrosine kinase inhibitors, androgens and
catechins bind at or close to the sugar import site (106). Methylxanthines and ATP appear
to modulate transport by acting at a site(s) distinct from import and exit sites.

Recent studies have revealed an unexpected complexity in transport inhibition by
import and export site inhibitors. When presented at very low concentrations, the import
site inhibitor maltose or the exit site inhibitors cytochalasin B (CB) or forskolin (FSK)
modestly stimulate sugar import in human red blood cells (7, 16). As inhibitor
concentration is increased, sugar import stimulation is replaced by transport inhibition.
The simplest explanation for this behavior is that the sugar transporter contains 2
interaction sites for import site inhibitors and two sites for export site inhibitors. When
one import or export interaction site is occupied by inhibitor, the transporter is converted

into a high affinity, high capacity sugar transporter that catalyzes greater net transport (7).
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As the concentration of inhibitor is increased further, the second import or export site is
occupied and transport is fully inhibited.

This behavior is consistent with the structural and functional properties of
GLUT1. Each GLUTZ1 protein functions as a sugar transport pathway by isomerizing
rapidly between two states - €2, exposing an exofacial, sugar import site and el, exposing
an endofacial, sugar export site(8). Overall behavior, however, is determined by
transporter quaternary structure. Red cell GLUT1 is a dimer of GLUT1 dimers (65). Each
dimer always contains one subunit presenting the e2 state and one subunit presenting the
el state (12). CB binding to the el subunit of any dimer inhibits transport through each
subunit of the occupied dimer but stimulates transport through the neighboring
unoccupied dimer. As the concentration of cytochalasin B is increased, an el subunit
within the neighboring unoccupied dimer becomes complexed with cytochalasin B and
transport via both dimers is inhibited (7, 16). The goals of the present study were to
understand the structural features of cytochalasin B and forskolin that determine ligand

binding affinity and dimer-dimer cooperativity.

CYTOCHALASIN AND FORSKOLIN DERIVATIVE ANALYSIS

The cytochalasins (Table 3.2) share a common rigid bicyclic isoindoline core
fused to a macrocycle. CB shows the greatest affinity for GLUT1 (K., = 0.25 uM), and
an auto-inhibition profile consistent with scheme f in Fig 3.1. Dehydration of the
macrocycle hydroxyl group to form cytochalasin A (CA) maps to scheme g, and results

in a 6-fold loss of affinity for GLUT1 (AAG® = 1 kcal/mol). This group may serve as a
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Table 3.2 Cytochalasin derivative structures.

KL and vy are also shown (taken from Table 3.1) to facilitate comparison.

Cytochalasin B (CB) Cytochalasin E (C
~_. N o
SOy o ' T\ /)
KL =025 uM A K.=0.5pM /
Y=05 Te =, Y =363
4. W
o — ) N
gy A
Cytochalasin ] (C]) Cytochalasin A (CA)
O ava
Ku= 137 uM o K= 144 uM wne
y=414 ol L Y = 90,365 Te =
e ‘ X
o = )
A
Cytochalasin H (CH)
Ki = 1.87 uM Ko =2.08 pM
Y=o y=7
Cytochalasin D (CD)
1'\ --}r""\_ _ A
Ke=111uM
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Table 3.3 Forskolin derivative structures.

KL and vy are also shown (taken from Table 3.1) to facilitate comparison.
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hydrogen bond donor. Shortening the macrocycle by three carbon atoms reduces GLUT1
affinity for ligands by 5- to 8-fold (cytochalasins C, H and J; AAG® = 0.9 - 1.2 kcal/mol).
This may result from the loss of van der Waal’s interactions or from the resultant mis-
location of the macrocycle hydroxyl group within the binding site. Addition of an acetyl
group to the macrocycle ketone does not affect ligand binding (CC and CH versus CA).
Addition of a carbonyl at position 5 of a shortened macrocycle is without effect on
binding affinity (compare CJ and CC). However, subsequent methyl substitution at
position 5 of the bicyclic isoindoline reduces binding affinity by 55-fold (compare CD
and CC; AAG® = 2.25 kcal/mol). This suggests that the cytochalasin binding pocket can
tolerate reduced molecular motion at each position but not at both.

The forskolins (FSK; Table 3.3) are a family of labdane diterpenes known
primarily for their activation of adenylyl cyclase (187). FSK derivatives containing acetyl
groups at positions 6 and 7 show greatest affinity for GLUT1. Substitution of both groups
with hydroxyl groups results in a 3-fold loss in FSK binding affinity (AAG° = 0.9
kcal/mol). Deacylation at position 7 results in the complete loss of FSK binding affinity
whereas loss of the acyl group at position 6 (to form the parent molecule FSK) results in
a 500-fold loss of affinity (AAG® = 3.6 kcal/mol). Deacylation at position 6 is partially
mitigated by introduction of an acetyl group at position 1 (10-fold recovery in affinity),
by removal of hydroxyl groups at positions 1 (50-fold recovery of affinity) or 9 (30-fold
recovery of affinity) or, by conversion of the acetaldehyde to a formyl fluoride (16-fold
recovery). FSK binding tolerates hydroxyl, acetyl, formyl fluoride, fluorophenylacetyl

and fluorophenyl propanamidoethylcarbamic group additions at position 7.



129

Cytochalasins and forskolins show a similar cooperativity parameter (3 = 0.44 +
0.05) for binding to the second site when the first site is occupied by CB. This positive
hetero-cooperativity means that forskolin or cytochalasin occupancy of the first site
increases the affinity of the second site cytochalasin B by two-fold and vice versa. CB-
inhibition of radiolabeled CB binding also displays positive cooperativity (o = 0.5 0.3,
Fig 3.1 scheme f) whereas forskolin inhibition of radiolabeled forskolin binding is not
cooperative (o = 0.9 £ 0.3, Fig 3.1 scheme d). This suggests that - the cooperativity
factor describing binding site interactions when different ligands bind at sites 1 and 2 - is
determined by the ligand whose binding is experimentally measured (in this case the
radioligand). This is consistent with the observation that the cooperativity parameter vy -
describing the effect of occupancy of the first site by unlabeled inhibitor on unlabeled
inhibitor binding to the second site - is determined by the nature of the unlabeled
inhibitor.

Cytochalasin D, while displaying only poor affinity for GLUT1, shows the same
homo-cooperativity (y = 0.7, scheme f) for binding to GLUT1 as does CB (y = 0.52 +
0.26, scheme f). Cytochalasin C differs from CD only at position 5 of the bicyclic
isoindoline but has a homo-cooperativity y parameter of infinity. This means that CD
cannot bind at the second site when the first site is occupied by CD. Dehydration of the
CB macrocycle hydroxyl group to form CA results in 180,000-fold increase in y
suggesting that loss of a hydrogen bond donor at this position promotes negative
cooperativity between sites (Fig 3.1, scheme g). Addition of an acetyl group to the

macrocycle ketone is without great effect on y.
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Addition of a single acyl group to forskolin at positions 1 or 6 or extension of the
acyl group at position 7 significantly increase y. Simultaneous additions of acyl groups at
positions 1 and 6 have neither additive nor synergistic effects on y, and both map to
cooperativity scheme f in Fig 3.1. Elimination of hydroxyl groups at positions 1 or 9
(schemes f, Fig 3.1) or elimination of the acyl group at position 7 (scheme e, Fig 3.1)

greatly increase y. y and Ki.,appear to be inversely related.

CURRENT VS. CLASSIC CYTOCHALASIN STUDIES

Previous studies have examined cytochalasin and forskolin inhibition of sugar
transport and cytochalasin B binding in human red cells (107, 121, 182, 188) and
forskolin inhibition of energized D-galactose transport by the GalP sugar-H+ symport
protein of Escherichia coli (189). The present study differs from previous studies in that
our analysis of inhibition of ligand binding to GLUT1 allows for two interacting ligand
binding sites.

In their study of cytochalasin inhibition of [*H]-cytochalasin B binding to GLUT1
in red cell membranes (188) Rampal and coworkers revealed that only CA and CB inhibit
CB binding with high affinity. The remaining cytochalasins (CC through CH) were
extremely low affinity inhibitors (K., > 100 uM). While this result appears to contradict
our observations, closer inspection reveals that K., for occupation of the second ligand
binding site by cytochalasin analogs (provided in our study as the product yK),
corresponds to K., observed by Rampal et al (188). For example, CE inhibition of CB
binding is characterized by f, y and K, parameters of 0.47 + 0.04, 363 + 44 and 0.53 +

0.31 uM respectively. This means that CB binding is inhibited by < 5% over the CE
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concentration range 0 to 0.5 uM then by an additional 6% over the CE concentration
range 1 to 25 uM. Analysis assuming a single ligand binding site would result in K, of
222 = 76 uM. Rampal et al report that K., > 100 uM. As with our previous studies
showing that low concentrations of “inhibitors” can produce a paradoxical stimulation of
transport (7, 16), the key to these observations is the use of inhibitor concentrations that

span K., by = 2 log units.

CLaAssIc vs. COOPERATIVE ANALYSIS

When considering cooperativity, the ‘gold standard’ measure in the literature is
the application of the Hill equation, derived by A.V. Hill to model the binding of oxygen
to hemoglobin (190). While many variants on the Hill equation are utilized to measure
binding site interactions, this analysis is not useful to the current study for the following
reasons. 1) The Hill equation does not allow for appreciable concentrations of binding
intermediates in competitive analysis, 2) is it not intended to measure competition
analysis between ligands of varying natures, and 3) the Hill equation was designed with
the assumption of strong positive cooperativity between ligand sites as in the hemoglobin
model; negative cooperativity reduces the Hill coefficient to a minimum of 1(191). The
model derived from Scheme 1 allows for analysis of positive and negative homo- and
hetero- cooperativity, which closely reflects observed stimulatory and inhibitory binding
behavior seen in our dose-response data.

L1GAND BINDING SITE NUMBER AND POTENTIAL LOCATIONS

GLUT1 three-dimensional structure has been modeled using the crystal structure

of GIpT (an E. Coli MFS protein) as an homology template and human glucose-6-
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phosphate translocase as an “evolutionary template” to correct for missing residue
assignments in the homology-based analysis (5). The resulting structure has been docked
with a variety of GLUT1 ligands (cytochalasin B, forskolin, glucose, galactose, mannose,
quecertin and phloretin) to reveal potential substrate binding sites (5, 112).

Salas-Burgos et al. suggest that GLUT1 presents two binding sites (exofacial and
endofacial) for forskolin, phloretin and glucose but only one endofacial site for
cytochalasin B. (5)An exofacial phloretin and glucose binding site is consistent with the
observed competition between substrate and phloretin during sugar uptake. However,
forskolin is a noncompetitive inhibitor of sugar uptake (see here and (107)), hence the red
cell sugar import site and the putative exofacial site are not functionally analogous
because docking analysis predicts that glucose and forskolin compete for binding.
Forskolin is proposed to make H-bond acceptor contacts with the GLUT1 endofacial site
via hydroxyl or carbonyl groups at forskolin positions 6, 9 and 11. Contrary to this
suggestion, elimination of the hydroxyl group at position 9 is observed to enhance the
affinity of ligand binding but also increases homo-negative-cooperativity (y) by 130-fold.
Deviations between experimental and modeled behavior are not unexpected. A recent
study demonstrates that the use of homology-based threading to model LacY and GlpT
structures results in the correct overall transporter architecture but incorrect alignment of
key residues within active sites (192).

CB is proposed to dock with GLUT1 at a single site comprising portions of
GLUT1 cytoplasmic loops 2, 6 and 10 (5). The available experiment data suggest that CB

interacts with GLUT1 transmembrane helices 10 and 11 and loop 10 (13, 116, 163).
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Photo activation of CB complexed with loop 2 of one subunit could react covalently with
loop 10 of the same subunit or with loop 10 of an adjacent subunit provided that loops 2
and 10 approach within approximately 1.6 nm. The lone hydroxyl group on the CB
macrocycle is postulated to form a hydrogen bond with the backbone carbonyl of leucine
85 (5). This is consistent with our observation that macrocycle shortening or dehydration
of the macrocycle OH results in a significant loss of binding affinity. Reduced binding
affinity may cause the ligand to extend its molecular envelope into the cytochalasin
binding pocket of an adjacent subunit thereby inhibiting ligand binding at the second site

(negative cooperativity; Figure 3.5 A-B)
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Figure 3.5 Model of Cooperative Inhibition Interactions.

Panel A shows a GLUT1 tetramer (see (11)) viewed from the interstitium. Two subunits
(blue) are shown in the e2 conformation each presenting an import site and two subunits
(a and b) are shown in the el conformation (their sugar binding sites are not visible
because they are exposed to the cytoplasm). Panel B shows the el subunits a and b
viewed normal to the bilayer and each sectioned directly through its catalytic center.
According to Salas-Burgos et al (5), the cytochalasin binding site is located close to TM3.
These subunits are oriented such that TM 3 on subunit a faces TM3 on subunit b (subunit
b is rotated 180° relative to subunit a about the central axis of the tetramer). If the
molecular envelope of cytochalasin bound to subunit a overlaps with that of cytochalasin
bound to subunit b, this could account for strong negative cooperativity as observed, for
example, with CA. Holman and Rees (13) suggest that the CB binding site lies closer to
TMs 10 and 11 which would require that the opposite half of each GLUT1 molecule
(TMs 9 and 12 most likely) form the oligomerization interface. Panel C hypothesizes that
ligand interaction with subunit a promotes a conformational change in both subunits

which, in this instance enhances the affinity of subunit b for ligand.
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CHAPTER IV

MUTAGENIC AND CHIMERIC ANALYSIS OF

LIGAND BINDING DETERMINANTS AT THE

GLUT1 ENDOFACIAL BINDING SITE

This work will be submitted as a manuscript in December of 2008.

This work was supported by NIH grants DK3601, DK44888, and by ADA grant
ADA 1-06-IN-04 (Gail Patrick Innovation Award supported by a generous gift from

the Estate of Gail Patrick.)
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ABSTRACT

Cytochalasin B (CB) inhibits GLUT1 substrate transport by binding at or near the
endofacial sugar binding site. N-bromosuccinamide analysis combined with *H-CB
photolabeling implicates the region between Trp388 and Trp412 in ligand binding (13).
Although the GLUT1 structure has been modeled(5), the specific residues comprising the
sugar binding site are unknown. Constructs of mutant, exofacially myc tagged GLUT1
were expressed in HEK293 cells to test residues for effective CB inhibition of 2 deoxy
glucose uptake (2-DG). A series of alanine point mutants were made at residues
implicated by docking studies to be involved in cytochalasin B binding: Ser80, Arg400,
and a double mutant Phe88,Arg92 (5). In addition, alanine substitutions were made at the
proposed CB photolabeling site Trp412 (117), and at sites where missense GLUT1 DS
point mutants are observed - Arg126 and Cys421 (44, 193). Expression was verified by
Western blot and surface localization by immunofluorescence. Phe88, Arg92 and
Trp412 alanine mutants only weakly expressed, while Ser80 does not express at the
membrane. The ranking of 2-DG uptake by construct is GLUT1Arg126Ala >
GLUT1Arg200Ala > GLUT1Cys421Ala as compared to myc tagged GLUT1 expressed
in HEK cells. CB inhibition of 2-DG uptake by GLUT1Arg126Ala and
GLUT1Cys421Ala is significantly different (¢=0.05) to inhibition of myc tagged GLUT1
mediated sugar uptake. GLUTArg400Ala also shows a moderate decrease in affinity for
CB, suggesting its involvement in CB binding. In addition, GLUT1 chimeras were made

by exchanging the sequence Trp388-Trp412 with the corresponding region of either
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GLUT4 or GLUTS5. GLUTS5 shows very low affinity for CB. GLUT1/GLUT43gs.
412/GLUT1 is a point mutation (I1e404Met) which shows statistically reduced sensitivity
to CB inhibition. The GLUT1/GLUT53g5.412/GLUT1 chimera shows enhanced 2-DG
uptake at 50nM CB but normal inhibition by higher concentrations of CB. We conclude
that point mutants in this region are insufficient to abrogate CB binding, that the Trp388
to Trp412 sequence is necessary for CB photolabeling and binding affinity, but is not the

major determinant of high affinity inhibition of 2 deoxyglucose uptake by CB.
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INTRODUCTION

The structural mechanisms of integral membrane protein mediated nutrient
transport are unknown. Two superfamilies of nutrient transport proteins or carriers
mediate cellular import and export of metabolites: the ATP Binding Cassette (ABC)
superfamily comprised of primary active carriers, and the Major Facilitator Superfamily
(MFS) containing primary and secondary active, single-polypeptide, integral membrane
carriers. The oldest and largest subfamily of the MFS is the sugar porter family. To date
thirteen hexose transporters (GLUT1-12, HMIT) have been characterized in humans,
each of which exhibits its own tissue distribution and unique catalytic properties. These
thirteen porters may be further subdivided by sequence similarity into three groups.
Group 1 (1-4) transporters primarily mediate glucose flux, were the first sugar porters
discovered, and are the best characterized to date. GLUT2 expressed in liver, pancreas,
and the intestine transports glucose with low affinity, while GLUT1 expressed in
erythrocytes, endothelial and smooth muscle cells, GLUT3 expressed in neurons and
GLUT4 expressed in adipocytes and skeletal muscle cells transport glucose with high
affinity. Group 1 transporters are inhibited by phloretin, forskolin, and cytochalasin B.
Since carcinomas typically up regulate GLUT1 and glycolysis, chemical inhibition of
carrier-mediated sugar may be instrumental in starving tumorigenic masses.

Group 2 GLUTs (5,7,9,11) and Group 3 GLUTSs (6,8,10,12,HMIT) are less well
studied. Group 2 porters primarily transport fructose. GLUT5 and GLUT?7 are expressed

in the intestine, and GLUT9 and GLUT11 are expressed in the kidney, liver, heart, and



140

pancreas. Group 3 porters have an enlarged exofacial loop between transmembrane
helices 10 and 11 and transport glucose or fructose. The exception is HMIT, a neuronal
H+/myo inositol symporter highly expressed in the brain. Neither Group 2 nor Group 3
sugar porters are inhibited by cytochalasin B. This inhibitor is hypothesized to compete
for sugar efflux by binding at the endofacial (el) sugar binding site of the Group 1
primary glucose transporters.

Human GLUT1 has been extensively characterized; it comprises twelve
transmembrane-spanning alpha helices (TMs)(73), is heterogeneously glycosylated at N-
45 (40), presents both N- and C- termini to the cytosol, and TMs 6 and 7 are linked by a
large intracellular loop. Each GLUT1 molecule is a functional sugar uniporter(85), and is
thought to present only one sugar binding site, endofacial or exofacial, at any point in
time (7, 16). GLUTL self-associates in lipid bilayers as dimers or tetramers (65, 87).
Kinetic analyses have suggested that the functional arrangement of subunits provides an
obligate, antiparallel arrangement of binding sites such that the GLUT1 tetramer presents
two endofacial and two exofacial binding sites at all times(98, 158). Salas-Burgos et al
threaded the GLUT1 sequence through the GlpT folding scaffold providing a convenient
model for hypothesis testing (5). Docking analysis of this structure and cytochalasin B
(CB) suggests that CB binds near the edge of the endofacial sugar binding vestibule.
Moreover, CB can photo-crosslink specifically to GLUT1 under UV light. Holman and
Rees used n-bromosuccinamide proteolysis in combination with radiolabeled CB and
peptide mapping to determine the smallest fragment of GLUT1 bound to CB. This

fragment is between W387 and W412 of GLUTL, in TM’s 10 and 11 (13). Mutation of
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tryptophan residues flanking the CB-labeled peptide abrogates CB photolabeling (117,
122).

CB competes for glucose efflux and may directly interact with the el sugar
binding site (180, 194). Point mutations in GLUTL result in a heritable heterozygous
disease known as GLUT1 deficiency syndrome (GLUT1DS), characterized by growth
defects, mental retardation, and epileptic-like seizures (19). A few clinical cases of
GLUT1DS present with reduced sensitivity to CB inhibition, readily testable via
erythrocyte uptake of radiotracer glucose (42, 44). Some of these point mutants, such as
C421(195) or R126(193), may be within the el binding site. Systematic exploration of
these sequences may target domains important in endofacial sugar binding.

GLUTS5 shares approximately 50% sequence similarity with GLUT1 (2, 196) and
is proposed to resemble GLUTL in its helical packing arrangement. Although transport of
high fructose concentrations (>1mM) in GLUT5-expressing oocytes is not inhibited by
CB (197, 198), GLUT5-mediated transport of low concentrations (~100uM) of
radiolabeled glucose (199) or fructose (this work) is inhibited by CB but with greatly
increased Klpp). This suggests a strategy for isolating determinants of CB binding to
Group 1 transporters — the construction of Group 1 — Group 2 chimeras. Inukai et al
expressed chimeras of GLUT1 and GLUTS5 in X. laevis oocytes, and found the second
half of GLUT1 (i.e. TM’s 7-12) is crucial to glucose transport and CB photolabeling
(200).

The aim of this work is to further deduce the location of the el binding site in

GLUT1 by analysis of GLUT1 mutant sensitivity to inhibition by CB. To this end we



142

express point mutants and W388-W412 chimeras in HEK293 cells, and determine CB’s

ability to inhibit 2-deoxyglucose uptake.
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MATERIALS & METHODS

REAGENTS

Unless otherwise stated, all tissue culture medium and reagents, including
Dubelco’s Modified Eagle Medium (DMEM) = glucose, trypsin, and1X sterile PBS, were
purchased from Gibco. Tissue culture dishes obtained from Nunc. Fetal Bovine Serum
was obtained from Hyclone. Lipofectamine and Herculase were purchased from
Invitrogen. PCR primers were ordered from Integrated DNA Technologies (IDT), and
restriction endonucleases, phosphorylases, and ligases purchased from New England
Biolabs (NEB). ®H 2 deoxy glucose (*H 2-DG), Cytochalasin B and all other salts and
nonradioactive reagents were purchased from the Sigma Chemical Company.
Vectashield™ immunofluorescence mounting agent was purchased from Vector Labs.
BioMol C-myc primary antibody was purchased from BioMol, and secondary antibodies
goat anti rabbit HRP, and goat anti mouse HRP from BioRad, while secondary goat-anti-
mouse FITC was from Caltag Laboratories. Protease Inhibitor Cocktail tablets (-EDTA)
were obtained from Roche. Competent cells used were either XL-1 Blue Supercompetent
Cells from Stratagene, or lab-grown strains of DH5a. treated with the Zymo Z-Competent

Cells kit.

SOLUTIONS

Unless stated otherwise, all buffers used were GIBCO sterile phosphate

buffered saline supplemented with 5mM MgCl, pH 7.4 (PBS).
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*H 2DG Uptake Radioactive uptake solution is 100 pM 2-deoxy glucose
supplemented with *H 2-DG in PBS, or 100uM fructose supplemented with C** labeled
fructose. Radiolabel was typically added to 2 uCi/mL uptake. ‘Stop’ medium is 100 uM
CB and 100uM phloretin in PBS. Assays in which increasing doses of CB were added to
the uptake medium also included an identical concentration of cytochalasin in both the
pre-uptake and radiolabeled uptake solution. CB solutions were all diluted from a
parental stock solution containing a maximum of 10% DMSO or ethanol; dose solutions
were normalized to contain 0.1% ethanol or DMSO. Triton lysis solution contains PBS +
5mM MgClI;, pH 7.4 treated with 0.5% Triton and 10X Roche Protease Inhibitor Cocktail.

Immunofluorescence Solutions A stock solution of 5% gelatin in PBS was made,
and diluted into PBS for 1% block solution, or diluted to 0.5% and mixed with 1:350
BioMol C-Myc Antibody or 1:900 Caltag Goat Anti-Rabbit antibody. 4%

paraformaldehyde made in PBS.

HEK CELL MAINTENANCE

HEK-293 cell stocks were grown using 10cm Nunc tissue culture dishes.
Medium was GIBCO High Glucose DMEM, supplemented with 10% fetal bovine serum
and 1x GIBCO penicillin/streptomycin. (D10) Cell confluence before splitting was
visually judged using a light microscope; cells were considered 50% confluent when the
area covered by cells was equal to that yet uncolonized. 90% confluent stock plates were
typically split using a 1 minute incubation with Trypsin 1X (GIBCO), followed by
aspiration. The dishes were gently knocked against each other, after which the cells were

easily washed free with D10. Cells were separated by resuspension using a 200uL
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plastic tip placed over a 10 mL sterile pipet; the media was pipetted up and down a
minimum of three times against the tissue culture dish to dislodge and separate cells.
Stock plates were typically split 1:5 mother: daughter, and would usually grow to 90%
confluence within five days. After passage 22, cells were discarded and stock parental

cells would be thawed.

HEK CELL FREEZING

Low passage number (<5) cells were split as above and grown to almost
100% confluence, typically in units of 10 plates. These cells were trypsinized, suspended
in media, pelleted in a 4°C centrifuge, and resuspended in antibiotic free media
supplemented with 10% DMSO to a volume of 1mL/10cm dish. 500 uL were aliquoted

into cryo-vials and stored in liquid nitrogen.

HEK CELL TRANSFECTION

Hemocytometer counted HEK cells were seeded at a density of one million cells
per well of a 12 well Nunc tissue culture multi-dish (approximately 2.9 x 105 cells/cm3)
and grown overnight at 37°C (up to 16 hrs) to 70-80% confluence. HEK cells were
transiently transfected using Invitrogen’s Lipofectamine 2000 reagent in accordance with
the package directions. Briefly, 1.6 ug of DNA was diluted in 100 pL serum-free tissue
culture media, and 4 uL of Lipofectamine was diluted into an equal volume of media.
After five minutes at 21°C, these working reagents were combined and incubated for a
minimum of 30 minutes at ambient temperature. During the reagent incubation, the
media covering the cells was changed from D10 to 37°C High Glucose DMEM with 10%

Fetal Bovine Serum lacking antibiotic. After the media change, 200 uL of working
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reagent were gently pipetted into each well. The transfected cells were grown for a
further 36-48 hours before being used for experiments, expression timeframe initially

determined by Western Blot with C-terminal GluT1 Ab. (Fig 4.3)

WESTERN BLOTTING

Western Blot analyses were made using c-myc primary mouse antibody (1:700)

or GLUT1 c-terminal rabbit antibody (1:5000) as described here (66).

IMMUNOFLUORESCENCE FOR SURFACE EXPRESSION VERIFICATION

Unless stated differently, all incubations were at room temperature (22°C). Round
glass cover slips were sterilized by washing with neat ethanol followed by irradiation
under UV light for 10 minutes, cover slips were then placed one/well in a Nunc 6 well
dish. HEK cells were seeded at a density of 1x10° cells per well, and transfected with 4.0
ug of DNA and 10uL of Lipofectamine. After 36-48 hours post transfection, plates were
washed with PBS, covered with fresh 4% paraformaldehyde, and incubated on a rocker
for 20 minutes. Wells designated to have permeable cells were rinsed with PBS once and
covered with 0.5% Triton for 5 minutes with agitation. Plates were washed at least 3X w/
PBS, and blocked for 30 minutes using 1% gelatin. Cells were then covered with BioMol
C-myc primary antibody SA-294, at 1:350 dilution in 0.5% gelatin, incubated for 1 hour,
then rinsed 4x5min with PBS. Cells were covered with goat anti-mouse antibody (1:900)
in 0.5% gelatin, wrapped in aluminum foil, incubated for an hour, then rinsed in a
darkened room 8x5min with PBS on a rocker. Cover slips were lightly aspirated and

wet-mounted on glass slides using 20uL Vectashield and clear nail polish in a darkened
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room. Cells were imaged with bright field and the FITC/GFP filter (492 nm) using a

Zeiss Axioskop 2 upright microscope.

E1 LIGAND-INHIBITED °H 2-DG TRANSPORT

Cells were seeded and transfected as described above. 24 hr post-transfection,
10puL/mL Geneticin was added to all wells. 40-48 hr post transfection, the medium was
changed to medium lacking glucose and fetal bovine serum. Cells were starved of
glucose and serum for a minimum of two hours prior to uptake, rinsed twice with 37°C
PBS, and incubated in PBS + CB for a minimum of 15 minutes at 37°C. PBS was
aspirated and 400 uL of uptake solution was added to the dish. After 6 minutes of
incubation, the uptake solution was aspirated and the cells were rinsed twice with 1 mL
of ice cold stop solution. Zero-uptake was measured by adding stop solution prior to
radiolabeled uptake solution. After the second stop rinse, 500 pL of Triton lysis solution
was added to the wells which were then incubated at 37°C for 30 minutes to ensure
complete cell lysis. Lysed cells were subjected to centrifugation for 5 minutes at 4°C at
13,000 rpm. Aliquots (200 pL each) of supernatant were placed into duplicate vials,
suspended in scintillation fluid, and counted. Small (10 uL) aliquots of supernatant were
retained in duplicate and assayed for protein concentration using a Pierce BCA assay in a

96 well plate.

(AvgCounts)(WellFraction)

Sugar uptake was calculated as: CMTP = .
Totalprotein

" Coor
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CMTP is Counts Per Mol Total Protein, which were converted into units of moles
of sugar per ug protein. AvgCounts are the average of duplicate samples for each well;
well fraction is 500pL/200uL, RCP/Mol is radioactive mol *H 2-DG per pL times
DPM/uL of solution, and total protein is the BCA estimated total protein content of the

well.

RATIONALE FOR AND CONSTRUCTION OF MUTANT GLUT1

All point mutants were changed to alanine, and made in a GLUTL1 containing the
Myc epitope (EQLISEEDL) in the exofacial loop between residues 55 and 56, to verify
surface expression. (The c-myc insertion primer ‘CGCTATGGGGAGAGCATC
GAGCAAAAGCTTATTTCTGAAGAGGACTTG CTGCCCACCACGCTCACC’ and its
complement were ordered. The insertion is italicized.) Primers were constructed such
that point mutants were inserted via mismatched base pairs (Table 4.1). The entire
plasmid was replicated by high-fidelity PCR (Herculase), and the product digested with

Dpnl. The PCR product was
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Table 4.1 Point Mutagenesis Primers

Primers %gc #GC Bases  Sequence
S80A 645 20 310  GGGGGCATGATTGGC*TCC*TTCTCTGTGGGCC
Mutated : GGGGGCATGATTGGC*GCC*TTCTCTGTGGGCC

* * * *
raoARNA 524 22 az0  CICTGTEGGCCTTTTCGTT*AAC CGCTTTGGC CGG
utated - CTCTGTGGGCCTTTTCGTT*GCC*CGCTTTGGC*GCG*

CGGAATTC

W412A 487 19 390  GCAGGCTTCTCCAAC*TGG*ACCTCAAATTTCATTGTGGGC
Mutated : GCAGGCTTCTCCAAC*GCG*ACCTCAAATTTCATTGTGGGC
CA2IA 526 20 380  GTGGGCATG*TGC*TTCCAGTATGTGGAGCAACTGTGTGG
Mutated : GTGGGCATG*GCC*TTCCAGTATGTGGAGCAACTGTGTGG
RI26A 541 20 370  GCTGATCCTGGGC*CGC*TTCATCATCGGTGTGTACTGC
Mutated : GCTGATCCTGGGC*GCC*TTCATCATCGGTGTGTACTGC
RAOOA 719 23 320  CAGCCAGGGTCCA*CGT*CCAGCTGCCATTGCCG
Mutated : CAGCCAGGGTCCA*GCC*CCAGC*C*GCCATTGCCG
Sk&ﬁ)‘” 667 20 300 CCACGTCCAGCTGCC*ATC*GCCGTTGCAGGC
Mutated : CCACGTCCAGCTGCC*ATG*GCCGTTGCAGGC

% For R400A, a G was switched to a C as a silent mutation to reduce primer

hairpin formation.

Table 4.2 Horn Mutagenesis Primers

‘Horn’ Primer Sequence

GLUTY/ CGGCCATCTGCCTTCATGGTGGGGGGCAGTGTGCACT
GLUTb5388.412/ GGACCTCAAATTTCATTGTGGGC

GLUT1

Forward

GLUTY/ AGAGGACTGCAGGAAGATCTCAGTGATGAGCAGCGC
GLUTb5388.412/ TGGGATGGGGCCAGGACCC

GLUT1

Reverse

Italicized fragments are the 5’ extensions corresponding to the GLUTS5 insertion

sequence.
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Figure 4.1. GLUT1 structural schematic to illustrate mutant loci.

Structural features of GLUT1 depicted include: the exofacial loop between the
first and second transmembrane (TM) domains has an n-linked glycosylation site, while
the large loop between TM6 and 7 and the and N and C termini are located within the
cytosol. A.) GLUT1 point mutations analyzed. Squares indicate mutations implicated
in clinical disease, with Arg126 in TM 4 and Cys421 in TM 11. The hexagon is Trp412,
which when mutated decreases CB photolabeling. The circles are residues mapped by
Salas-Burgos et al to bind CB: Phe88, Arg92 in the TM3-4 endofacial loop, and Arg400
on TM11 (5). B.) GLUTL1 chimeras. The light gray region is Trp388-Trp412, the
smallest fragment of GLUT1 found photo-crosslinked to CB after N-Bromosuccinamide
digestion, and the portion of GLUT1 substituted with GLUT5 for the GLUT1/GLUT 53gs-
412/GLUT1 chimera. The gray circle is GLUT1je40amet, the only amino acid difference

between GLUT1 and GLUT4 in this highly conserved region.
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Fig 4.1

Lipid Bilayer

Lipid Bilayer
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Figure 4.2. Sequence Alignment of GLUT1 and GLUTS5, as prepared by Genious.
Green ‘similarity” bars indicate identical amino acids. Each transmembrane
domain has been boxed for ease of reference. The 388-412 region crucial to CB

photolabeling has been highlighted in red.



153

Z'v b4

OESLAACTENTEINT AAESAINWI IAIONII I INYN L ZCATTITI XTI LLTIOIAYS
ADSA¥DT HATIZALNASOSYODONIDSYITAI IHON L TEANIALITIITATTALT

I T 1 I IR 1111

|
10§ 06% [*1:3 29

ATISZADTIOADIAITITOALINS m>muw>zh¢wMme0AmHmbHAﬂ< iIdSd UAGNOH>NmH>U>HmHN TAM
ITIAXADDTOIAXOIDHOATINS! SIDOVAVIVVAHAD0SITAVATIMET DA DATIIVAIDIIVAISTASWM

i ] i
orp oty oz oty 00? 06€ (113

SALAOTNIVY LTADOVITOISADTTTT TN UD TIHAAIAVOILHAANAYD IOVIAZAOAHZT AADYSTAIOAVA XA
ATOETINTYI IHTIVOOVHOVIOI THTI N HOVN EAAITSAALIVINAIDSOILVAA AOD--ADWNIAITIS LSXAXI

E1 T I T EIIIT W W

0LE Q9¢ 0S¢ 0%c n_.ﬂ .._.
H¢Z>UmROOUUEA>HHwﬂﬂozmﬂmmzmhﬂxq>rHmwﬂﬂ&mﬂQOOmHm4>mmo>3QSUMA OAC&&<<¢WQ&¥O
AYNIDSTOOSTOTAAVITI A0NAY ASHIATATI AN TN HNON STANNED TAHLAQY ION TN TASMVEN ZINUN

LL B BRI | IT T HINI

: 0EZ

ITIXE d STAIIATTTIOTVVY S >w€AOAAH,30D>Z¢AA2xAUhH0¢>HHw>kHhAO >>UA¢O%RZK YTIEDTX
ITIINSTADIATAIDDOTIVAIAI IS TITAMTANNDONI SATOIAOVITIDAAIDTOHT IO TYONTY.L ISATDAX

0TT oIt 002 061 _.mq LT 091 0sT
WAAANSSADYOIDATTESIIITHIS IVAYSOONTIVAAISATNNITIVONUOINNATADATISOIIDDA A h2w>
WAAID LITOOZADITIEDTITHEISHOTASADNTAVSAIVTINRNTN SN OIUNAITOASASOINDDASATIVYA

M TIIIN IWI0 Il NN EET]

LASMTTI d JAEANITDIUODXX ] mZNhOOSqAC :7><¢>7NUMO&uawhﬂﬂHA[¢J¢A>ﬂ_Amwmxzuoaoomz
STSMTLITLLATISEDANHAMLONAITTIANDAYNIAD INADID TS ~DTAVIDAYTIHTHED LTINS S AN

HE NETTHE I EIITT TN BN

Sin1d
1o

Auejiwig

S1N1D
o

Mg

SLMD
o

Auejug

SLNID
o

Auejiuig

S1N1D
inn

Auejuig

SLND
inn

Aejiug

SiN1d
nD

Auejwig



154

then transformed into Stratagene XL1Blue Supercompetent cells or Z-Competent cells,
and amplified using plasmid extraction via Qiagen kits. The insert was verified by
sequencing and placed in fresh Invitrogen pcDNA 3.1+ expression plasmid via restriction
digest.

One endofacial photolabeling mutant (W412) and two exofacial (R126 and C421)
point mutants that present as clinical GLUT1DS with altered CB affinity were chosen.
Salas-Burgos et al mapped the GLUT1 sequence onto the GIpT scaffold and docked
forskolin and cytochalasin B to GLUT1; S80, R400, N88&R92 were chosen from the
residues that interacted at the presumed el interface (5) (Fig 4.1A).

Two chimeras were constructed for the GLUT1 region between W387 and W412
— GLUT1/GLUT4388.412/GLUT1 and GLUT1/GLUT5388.412/GLUT1 (Fig 4.1B). Since
this region is highly conserved between GLUT1 and GLUT4, only 11e404 had to be
changed to Met to produce a chimera, via the point mutation. For construction of the
GLUT1/GLUT53g3-412/GLUT1 chimera we utilized ‘Around the Horn” PCR. Briefly,
primers were made that matched twenty-five base pairs of GLUT1 adjacent to the region
of interest, with 5’extensions that matched thirty-six base pairs (half) of the desired
GLUTS5 sequence. These primers were phosporylated using T4 phosphorylase kinase
(PNK) in T4 ligation buffer, then used with high-fidelity PCR polymerase (Herculase) to
produce a linear fragment. This fragment was then circularized by T4 DNA ligase and
the ligation product used to transform Z-Competent treated cells. Insertion was verified

by sequencing.
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RESULTS

GLUT1 Mutant Constructs

Ten constructs were made from an untagged GLUT1 sequence in Invitrogen’s
pcDNA3.0+ vector background. The first construct engineered was the insertion of a
myc epitope sequence (EQULISEEDL) into the TM1-TM2 exofacial loop of GLUT1.
After sequence validation, all subsequent constructs were made from this Myc-GLUT1
plasmid. Seven point mutants were made using mismatched primers, and one chimera
engineered from ‘around the Horn” PCR. A tenth construct, GLUT1-Myc-HAHis was
made by inserting the myc epitope into a GLUT1 C-terminal HA-His background. All
constructs displayed at least minimal overexpression of GLUT1 in HEK 293 cells at 36
hrs post transfection. To analyze mutant protein sensitivity to CB inhibition, three
criteria must first be met: protein expression by Western blot, surface expression by

immunofluorescence, and successful sugar transport to verify function.

GLUTL1 Expression in HEK cells
IMMUNODETECTION OF OVEREXPRESSED GLUT1

C terminal antibody immunoblot analysis of transporter expression in HEK
membranes indicates successful overexpression of GLUT1 and various mutants. We
detect the presence of a 50-55 kDa C-terminal Ab reactive protein in the WT, GLUT1-
Myc, GLUT1-Myc-HaHis dual tagged, R400A, and C421A lanes, as opposed to the

untransfected lane (Fig 4.3). R126A shows intermediate expression by immunoblot
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Figure 4.3 HEK293 C-AB Immunoblot Expression of GLUT1.

Western blot using GLUT1 carboxyl-terminal antibodies (C-Ab) of GLUT1 expressed in
HEK?293 cells. Membranes were isolated by differential centrifugation, resolved by 10%
SDS-PAGE, and transferred to nitrocellulose for Western blotting. Each lane contains 2
ug of total membrane protein. Strongest protein expression by construct proceeds as
follows: WT (NoTag) GLUT1 > GLUT1-Myc > C421A > R400 > Dual Tagged GLUT1

Myc+His > R126 > S80A > F88A, R92A > W412A > UTF.
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Figure 4.4 Expression of c-myc GLUT1 in HEK293 cells..

Cells were transfected at 24 hours after splitting, and visualized 36-48 hours after
transfection. Cells were fixed with 4% paraformaldehyde, treated with + 0.5% Triton,
visualized with mouse anti-Myc and goat anti-mouse FITC conjugate antibody, and wet
mounted with Vectashield. Pictures taken at room temperature, 492 nm setting, on a
Zeiss Axioskop microscope. Surface untransfected (UTF) and untagged cells were
indistinguishable from background fluorescence. Top row: Triton treated, untagged
GLUTL1 and UTF cells. For the second row and all following rows, surface fluorescence
is on the left, with Triton treated, permeable membranes on the right. Second row, C-
myc GLUT1. Third row, SB0A GLUT1. Note aggregate formation. Fourth row, R126A

GLUT1. Fifth row, R400A GLUT1. Bottom row, C421A GLUT1.
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compared to WT GLUTL1 and untransfected. However, expression of S80A, W412A,
and F88A, R92A constructs was comparable to untransfected, with S80A showing high
molecular weight aggregates (Fig. 4.3). The amount of immunoreactive protein in the
WT construct-transfected HEK293 cells is comparable to that seen previously in this
laboratory (66). This indicates strong overexpression of GLUT1-Myc, GLUT1-Myc-His,

R400A, and C421A.

IMMUNOFLUORESCENCE

Anti-Myc Ab FITC-Immunofluorescence in HEK cells of non-permeabilized (-
Triton X100) Myc-GLUT1-transfected HEK cells shows cell surface Myc-GLUT1
expression (Fig 4.4). Untransfected cells + Triton treatment show fluorescence
indistinguishable from background. WT GLUT1 (-Myc) transfected cells display equal
fluorescence to untransfected cellls; non-permeablized cells show fluorescence
indistinguishable from background. For F88A-R92A, and W412A constructs,
fluorescence is indistinguishable from fixed, non-permeablized untransfected cells. S80A
protein, however, displays low surface expression and appears concentrated in vesicular
aggregates. R126A, R400A, and C421A mutants show surface expression as well as
internal expression in HEK293 cells comparable to myc-tagged GLUT1. Therefore, we
conclude that the R126A, R400A, and C421A mutants are expressed and successfully

traffic to the plasma membrane.

Mutant Function Verified by *H 2 deoxy Glucose Uptake Into HEK Cells

Functional mutant protein is characterized by successful 2 deoxy glucose (2-DG)
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Figure 4.5. 100uM *H 2-DG Uptake by Mutant GLUT1 into HEK293 cells.

Ordinate: Rate of 2 DG uptake expressed as a percentage of the GLUT1-Myc protein
uptake rate. Abscissa lists uptake by vector, with GLUT1/GLUT4w3ss-wa12/GLUT1
represented as GLUT1/4/1, and GLUT1/GLUT5ws3ss-wa12/GLUT1 represented as
GLUT1/5/1. Uptake experiments were performed as follows: cells were seeded at
10%/well, transfected in quadruplicate after 24 hours, and assayed 48 hours after
transfection. Briefly, cells were starved of glucose and serum for 2 hours, rinsed,
incubated for 6 minutes with 100uM *H supplemented 2-DG at 37°C, rinsed twice with 1
mL ice cold stop solution, coated with 500uL 0.5% Triton, and incubated for 30 min at
37°C to facilitate lysis. Zero time points had stop solution added before radiolabel.
Lysed cells were centrifuged, placed in 200uL duplicate aliquots in scintillation vials and
counted, with 10uL aliquots tested for total protein well content. Total uptake was
normalized to each day’s mean c-myc tagged GLUT1 uptake. Each point represents a
mean of three experiments, n=4. Error bars were the standard deviation of the mean

divided by the number of wells, then normalized to GLUT1 Myc uptake.
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uptake. 2-DG is a sugar transported by GLUT1 into the cell and then phosphorylated by
hexokinase to form 2-deoxy glucose 6-phosphate. In the absence of significant
intracellular glucose-6-phosphatase activity, the phosphorylated sugar is trapped in the
cytosol. Neither of the GLUT1 binding sites tolerate large, polar substitutions at carbon 6
(6, 111) thus the phosphorylated sugar is trapped in the cell and does not interfere with
sugar transport.. 2-DG therefore provides a convenient measure of sugar uptake at
physiologic temperature and is useful in characterizing successful function of mutant
GLUTL.

Fig 4.5 shows uptake catalyzed by point mutant GLUT1 as a percentage of uptake
of 2 DG catalyzed by each GLUT1 point mutant. Each mutant assay was made in
duplicate with n=4 transfected wells, and uptake was determined as a percentage of the
rate of myc tagged GLUT1 uptake assayed the same day. Constructs S80A, FB8A-R92A,
and W412A when expressed in HEK cells show total uptake activity that is not
significantly different from that of untransfected cells. R400A, R126A, and C421A
mutant GLUT1 show a more intermediate phenotype, with the approximate ranking being
R126A>MYC> R400A>C421A. Because Kiapp for 2-DG by native GLUT1 is 10mM
(66), uptake assays at 100uM 2-DG provide an estimate of the parameter Vmax/Km.
Uptake (V) may be described as V = [2-DG]*(Vmax/Km) Where V is the maximum rate of
2-DG uptake and Ky, is that 2-DG concentration where V = Vna/2. It therefore follows
that © = Vimax/Km = V/[2-DG]. Our results indicate that constructs S80A, F88A-R92A,
and W412A display extremely low = values. Although the formal possibilities remain

that either Ky, has increased, resulting in loss of affinity, or that hexokinase activity has
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been inhibited, we conclude the reduced = values are most likely the result of a
diminished Vmax due to decreased surface protein expression or other loss of transport

capacity.

Cytochalasin B Dose Response

An alteration in GLUT1 affinity for CB implies that a given mutation may affect the CB
binding site, and therefore pinpoint specific amino acids contributing to the endofacial
sugar binding site in the GLUT1 sequence. Therefore, CB inhibition of 2-DG uptake was
utilized to measure changes in protein-CB affinity. In the control experiment (Fig 4.6)
untransfected (UTF) cells show CB sensitive, non-GLUT1, protein mediated uptake with
an 1Csp of 250 = 60 nM. WT GLUTL1 expressed in HEK 293 cells shows an I1Csp = 2.7

0.5 uM for CB. To expedite mutant analysis, three concentrations (50nM, 500nM,

[CB]
L A (100% - Mutant% ..)
s i ]
| (100% - Mutant%_ ) )

5000nM) of CB were chosen to test our constructs for altered CB sensitivity. Construct
rates are compared in two ways after being expressed as a percentage of the GLUT1-
Myc uninhibited rate: first, by using a two-way ANOVA with a Bonferroni’s post hoc
test for significance (Fig 4.7), and second by calculating a ratio of Kijap, for the
concentrations of CB tested. Ratio K;’s were calculated assuming complete inhibition at
5000nM CB, using the following equation and presented in Table 4.3. Bonferroni

analysis facilitated comparison of data sets, with the values pertaining to Myc-GLUT1
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Figure 4.6 HEK293-expressed WT GLUT1 and UTF 6 min uptake of 2DG (0 CCB) and
CB dose response.

Ordinate, increasing [CB] in nM. Abscissa, the rate of 2 DG uptake per minute,
measured over six minutes. The experiment was done as in Fig 4.5, with an additional 30
minute incubation + each CB concentration after serum starving. GLUT1 (closed
circles,®) 1Cso for CB = 2.7 + 0.5 uM. Untransfected cells (open circles,O) had an 1Cxs
of 250 £ 60 nM Each point represents a mean of three experiments, n=4. Error bars were

calculated as the standard deviation of the mean divided by the number of wells.
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Figure 4.7 HEK-293 Mutant GLUT1 100 pM ®H 2-DG Uptake sensitivity to 50, 500,
and 5000 nM CB, normalized to GLUT1-Myc uptake rate.

Each point represents a mean of three experiments, n=4. Three concentration “dose
responses” were carried out to characterize mutant GLUT1 sensitivity to CB.
Experiments done as seen in Fig 4.6. Each value was normalized to the internal standard
of that day’s GLUT1-Myc uptake rate without CB. GLUT1/4/1 on the graph corresponds
to GLUT1/GLUT43g5.412/GLUTL, or lle404Met. GLUT1/5/1 on the graph corresponds to
GLUT1/GLUTb53g5.412/GLUTL. Statistical significance was assigned by Bonferroni
analysis, with values significantly different from corresponding GLUT1-Myc CB
concentrations starred. R126A uninhibited uptake is notable given weak expression by
Western blot, and a modest stimulation of 2 DG transport by CB may be seen with the
GLUT1/GLUT53g3.412/GLUT1 vector at 50 nM CB. Error bars were the standard
deviation of the mean divided by the number of wells, then normalized to GLUT1 Myc

uptake.
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Figure 4.8 HEK-293 Mutant GLUT1 100 pM ®H 2-DG Uptake sensitivity to 50, 500,
and 5000 nM CB.

Ordinate: The rate of mutant uptake of 2 DG, expressed as a percentage of
uninhibited uptake of that protein. Abscissa lists uptake by vector. Graph redrawn in
this manner to further illustrate differences in CB inhibition by construct. Error bars were
the standard deviation of the mean divided by the number of wells, then normalized to 0

CCB 6 minute uptake.
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reported here.

For further visual comparison, the same uptake data was compared expressing
CB-inhibited uptake as a percentage of each uninhibited construct rate. (Fig 4.8)

Chimeras of TM10-11 GLUT1/GLUT43g5.412/GLUT1 and GLUT1/GLUT 53gs.
412/GLUT1 were also made and tested for CB sensitivity in the same fashion.
GLUT1/GLUT43g5.412/GLUT1 was significantly different at all CB concentrations from
the GLUT1-Myc according to the Bonferroni analysis as well as the Kiap ratio
approximation (Table 4.3). The apparent activation of GLUT1/GLUT5355.412/GLUT1
mediated transport by 50 nM CB warranted further investigation. A more extensive dose
response experiment was made with n=4 in quadruplicate. (Fig 4.9) The inhibition of 2-
DG uptake by CB was tested for all constructs except for GLUTS5, which was tested by
measuring the inhibition of 100uM fructose uptake by CB, as GLUT5 does not
appreciably facilitate 2-DG transport. (Fig 4.10) The data were fit using a modified
Michaelis-Menton equation to provide initial estimates of 1Cs, values. Calculated by
GraphPad Prism with a=0.05, these were 3.07 + 0.98 uM for GLUT1, 2.91 + .58 uM for

GLUT1Myc, 3.04
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Figure 4.9 HEK293 Mutant GLUT1 constructs in CB Dose Response.

Ordinate, increasing [CB] concentration in nM. Abscissa, percent CB inhbition of 2 DG
transport, normalized within each vector to uninhibited uptake. Closed circles (®)
GLUT1 WT, Open circles (O) c-myc GLUT1, Diamonds (9) GLUT151, and open
circles (O) UTF cells; CB inhibition was measured against 100 uM 2 DG sugar uptake
over 6 minutes. Closed triangles are (A) GLUT5 CB dose response to 100uM **C
fructose uptake, normalized to uninhibited uptake of fructose. Each point is a mean of
three experiments, n=4 transfected wells. Method used as in Fig 4.5. Analysis made
using Kaleidagraph and mutant K, values were determined by fitting the data to a
modified Michaelis-Menton equation. Overall inhibition of GLUT1 transfected protein
K are statistically similar to GLUT1-Myc, indicating only subtle changes on CB affinity.
Error bars were the standard deviation of the mean divided by the number of wells, then

normalized to 0 CCB 6 min uptake.
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Figure 4.10. HEK-293 Expressed Uptake by GLUT5 of 2-DG within error of
untransfected.uptake of 100uM ®H 2DG at 37°C .

Abscissa, the rate of 2 DG uptake per minute, measured over six minutes. This
experiment performed as described in Fig 4.5, with each point the mean of three
experiments, n=4. Error bars were the standard deviation of the mean divided by the

number of wells.
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Figure 4.11 Graphical representation of cooperative inhibition of 2 DG uptake by CB
shows moderate stimulation of sugar transport at low inhibitor concentration.

Ordinate, increasing [CB] concentration in nM. Abscissa, percent CB inhbition of 2 DG
transport, normalized within each vector to uninhibited uptake. Analysis was made using
Kaleidagraph. Closed circles (®) GLUT1 WT, Open circles (O) c-myc GLUTL,
Diamonds () GLUT151, and open circles (O) UTF cells; CB inhibition was measured
against 100 uM 2 DG sugar uptake over 6 minutes. Closed triangles are (A) GLUT5
CB dose response to 100uM **C fructose uptake, normalized to uninhibited uptake of
fructose. Each point is a mean of three experiments, n=4 transfected wells. Method used
as in Fig 4.5. Analysis made using Kaleidagraph and mutant K, values were determined
by fitting the data to a multisite, oligomeric fit equation as described in Appendix 1.
While an increase in first-site CB affinity was seen for GLUT1/5/1, increasing
concentrations of CB display reduced second-site inhibition of 2 DG uptake. Overall
inhibition of GLUT1 transfected construct K;s remaine statistically similar to GLUT1-
Myc, indicating W388-W412 necessary for CB binding and photolabeling of GLUT1 but

not sufficient for CB inhibition of transport.
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Table 4.3 Ratio K,/K¢g calculations for Abbreviated Dose Responses.
A Kjapp ratio value, based upon 2 DG uptake by vector normalized to GLUT1-Myc
uptake, assuming complete inhibition of transport at 5000 nM CB. Calculated from the

following eqgn:

[CB]
= (100% - Mutant% ..
-1
(100% - Mutant% __ ) )

This does not give us an exact value, but lets us approximate a K; and compare
between vectors in a manner alternate to the Bonferroni statistical method. Unlike the
Bonferroni, this method is only really useful for comparing two concentrations —
inhibition of uptake at 50nM and at 500nM vs GLUT1-Myc. ° AG =
1.987*310*LN(1/(MeanKap,*0.000000001))/1000. °© The difference between GLUT1-
Myc AG and Mutant AG. ° The ratio of calculated Kiapps, t0 approximate similarity
between constructs. Ratio values less than GLUT1Myc indicate proteins more sensitive
to CB inhibition of 2 DG uptake, while larger values indicate less overall sensitivity. ©
Because of the stimulation of 2 DG transport by 50nM CB for GLUT1/GLUT 53gs-

412/GLUT1, we cannot use this method to approximate K;.



Table 4.3
0
veetor E}f(;/nKl\jlo ?défiﬂ” I\K/I.(/a&r;B (A|<(<3:a|)b AAGPvs. MyC” | Kisoo/Ki o’
GLUTL-Myc | 287 | 1586 | 93.7 | 9.97 0.00 553
WT GLUTL | 1164 | 2228 | 169.6 | 9.60 0.37 191
RI26A | 479 | 1573 | 1026 | 991 20.59 3.28
RA00A | 816 | 16033 | 8424 | 862 135 19.66
Ca21A | 1735 | 3644 | 269.0 | 9.32 0.65 2.10
GLUTL/4/1 | 1300 | 157.3 | 1026 | 9.91 20.59 3.28
GLUTL/5/T | 2851 | 950 | N.D. | N.D. N.D. N.D.
UTF 712 | 380 | 546 | 10.30 1.69 053

178



179

+ 0.83 uM for GLUT1/GLUT5388.412/GLUT1 , and 0.42 = 0.05 uM for untransfected.
These 1Cs values failed to be significantly different than that of GLUT1-Myc uptake by
a Tukey’s multiple comparison test, arguing that the GLUT1/GLUT5388.412/GLUT1
chimeric insertion did not effect the CB binding site.

A multisite fit modeled after CB binding competition was also utilized to analyze
the data (see Chapter 3 of this work, Appendix 4.1, and Fig 4.11). Using this method we
were able to quantify the concentration of CB at which stimulation of 2-DG transport
occurred: 83 + 118 nM for WT GLUT1, and 10 + 39 nM CB for GLUT1/GLUT 53gs-
412/GLUT1. When tested by one-way ANOVA with Tukey post hoc (a=0.05), these
numbers are significantly different than results obtained with UTF and GLUT1-Myc

constructs.

DISCUSSION

Cytochalasin B inhibition of and binding to erythrocyte GLUT1 is more complex
than expected for a simple, alternating conformer carrier (201). Carruthers et al refuted
the simple carrier model of GLUT1 sugar transport by analysis of ligand modulation of
carrier function. (97). According to the simple carrier model, if GLUT1 behaves as a
simple uniporter, high concentrations of e2 inhibitor should block el inhibitor binding by
trapping all subunits in e2 or exofacial conformation. This was not observed. Rather, the
occupancy of the e2 site by maltose allosterically modulates the affinity of the el site for

cytochalasin B. Hamill et al went on to show that low concentrations of maltose



180

stimulate 3-O-MG uptake (7), while Cloherty et al found that low concentrations of
cytochalasin B (5nM) also stimulate 3MG uptake (16). The simplest model accounting
for inhibitor data is an obligate, functionally antiparallel tetrameric subunit arrangement
in which two GLUT1 subunits each present a sugar uptake (e2) site and two subunits
present sugar export (el) sites (16). Robichaud et al analyzed subunit/subunit
interactions from binding CB and other CB derivative ligands to determine that substrate
interaction with the tetramer is highly cooperative (202). This complex behavior
underscores the importance of the el sugar binding site to protein function.

The location of the CB binding site to GLUT1 is presently unknown, though two
endofacial locations have been proposed. The first site was proposed by following
analysis of limited proteolytic digests of GLUT1. CB may be covalently cross-linked to
GLUT1 by UV irradiation, and this in combination with N-bromosuccinamide induced
cleavage at tryptophan residues, indicates that the smallest *H-CB labeled GLUT1
fragment obtained is a peptide comprising W388 through W412 (13). This cytoplasmic
domain connects TMs 10 and 11 of the transporter. Mutation of either W388 or W412 to
alanine in X. laevis oocytes decreases GLUT1 photolabeling by CB significantly, and
mutation of both residues eliminates CB binding. (116, 117). These data argue that the
W388 to W412 region plays a crucial role in CB binding.

The second CB binding site was proposed through docking of the ligand to a
theoretical crystal structure. Salas-Burgos et al homology modeled the GLUT1 sequence
onto the protein backbone of GIpT, and computationally docked CB to a binding site in

an endofacial pocket outside the presumed el cavity (5). According to this in silico
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analysis, CB interacts with L85, N88, R89, R92, K225, Q250, M251, and R400 in largely
polar pocket. This site is 3A distant from the TM10-11 binding site proposed by Holman
and Rees (13), but is plausibly close enough to the glucose-binding cavity to interfere
with glucose docking (5).

Other data in the literature suggests further residues are involved in CB binding to
GLUT1. Analysis of clinical missense GLUT1 mutations reveals sites implicated in the
CB/GLUTL1 interaction (42, 44). R126 is the most common locus for clinical GLUT1DS,
presenting in the literature as R126H, L, C, K, & E (193). C421 forms part of the
putative intramolecular disulfide bridge thought to stabilize tetrameric subunit-subunit
interactions of GLUT1(65), and mutation to alanine is expected to abrogate cooperative

CB binding (202). We discuss each construct analysed in turn.

GLUT1-Myc

The presence of the myc epitope tag on GLUT1 does affect CB affinity as
compared to WT GLUT1. Comparison of GLUT1-Myc 2 DG uptake to WT GLUT1
shows significant effect of the epitope tag on CB binding at 500 and 5000 nm CB (Fig
4.7). We conclude this effect may be due to either 1) the polar myc epitope on the
exofacial surface of the protein promotes a conformational change altering distal ligand
binding, or 2) the myc tag alters subunit-subunit communication and low-concentration
CB binding cooperativity. With this in mind, the ability of each point mutant to transport

2 DG in the presence of CB was compared to GLUT1-Myc rather than WT GLUTL.
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R126A GLUT1

The R126 locus is the most common missense mutation resulting in GLUT1 DS,
and displays altered CB affinity. The R126A construct 2 DG uptake rate shows mild
stimulation over GLUT1-Myc (108 £ 6 %), as well as less CB mediated inhibition of 2
DG uptake at all concentrations tested. In collaboration with Dr. Mary Jo Ondrenchen,
the reported el-facing GlpT homology-threaded structure of GLUT1 was docked using
THEMATICS with CB (personal communication, 2007). The modeling program
predicted CB interaction with GLUT1 at Y28, R126, and C133. In this model, R126
rests in a highly conserved, large polar area of the sequence near the equator of GLUTL.
It is possible CB binding fixes a GLUT1 subunit in an el state that is kinetically
indistinguishable from direct competition at the same site. Alternately, R126 may
function as part of a glucose (or CB) sensing area of the protein, or may be a structural
lynchpin of successful sugar transport. Given the proximity of the R126 residue to the
exofacial side of the membrane, it is unlikely that it participates directly in CB binding to
the endofacial sugar binding site. We conclude that mutations at this locus have distal

effects upon CB binding to GLUT1.

C421A GLUT1

It is likely that C421A GLUT1 protein does not form correct oligomeric structures
in the lipid bilayer, thereby displaying reduced sugar transport. GLUT1 possesses an
internal disulfide bond between residues C347 and C421 on the exofacial side of the
protein. This bond is known to stabilize GLUTL tertiary structure so that oligomers may

be formed (65). Mutation of C421 to alanine shows significantly reduced transport
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capacity for 2 DG. C421A GLUT1 expression is comparable to WT GLUTL, and C412A
GLUT1 successfully traffics to the plasma membrane. When considering the CB
sensitivity of C421A GLUT1, CB inhibition of 2 DG glucose uptake is significantly
reduced compared to inhibition of GLUT1-Myc only at 5 uM CB. The net effects of the
C421A mutation therefore likely reflect perturbations in the quaternary associations of

protein subunits, making it unlikely that C421A is within the el sugar binding site.

R400A GLUT1

The R400A GLUT1 protein behaves similarly to GLUT1-Myc tagged protein.
This model showed CB interacting directly with the R400 residue of GLUT1 by Salas-
Burgos et al in a theoretical el crystal structure (5). Although R400A GLUT1 protein
has somewhat less overall expression by Western blot (Fig 4.3), it does express at the
plasma membrane (Fig 4.4). Uninhibited 2 DG uptake, 500nM CB & 5000 nM CB
inhibited uptake of 2 DG are similar to GLUT1-Myc, with the 50 nM CB data point the
only significant alteration in affinity. We conclude that while R400A might be involved
in CB binding, this amino acid substitution alone is not enough to abrogate CB inhibition

of sugar transport.

GLUT1/GLUT4355.412/GLUT1 CHIMERA, A.K.A. 1404M

The point mutation 1404M, or the GLUT1/GLUT43g5.412/GLUT1 chimera, is less
sensitive to CB than GLUT1-Myc protein. This change was suggested because indinavir
competitively inhibits CB binding to and sugar transport by GLUT4, with half maximal
inhibition at 10°M. Indinavir, however, inhibits GLUT1 with half-maximal effects at 10

*M, and does not compete with CB for binding to GLUT1 (203). The GLUT1 W388-
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W412 region is highly conserved between GLUT1 and GLUT4, with 1404 in GLUT1
substituted by a methionine in GLUT4. The GLUT1/GLUT43g3.412/GLUT1 chimera
showed significantly more transport of 2 DG in the presence of CB, making it likely that

the 1404 residue is necessary for CB affinity for GLUT1.

GLUTL1/G LUT5388-412/G LUT1 CHIMERA

GLUTS5, a group 2 transporter, is highly insensitive to CB (2). GLUT5 TM10-11
region shares 58% similarity with GLUT1, and lacks the photolabeling-critical residue
W388. The GLUT1/GLUT53gg.412/GLUTL1 chimera transports 2 DG with less CB
inhibition at 500 and 5000nM CB. Moreover, the chimera showed a statistically
significant stimulation of sugar transport at 50 nM CB, prompting us to undertake a more
extensive dose response analysis. While the stimulation at 50 nM for the
GLUT1/GLUT5385.412/GLUT1 chimera was confirmed, the 1Cso determined for CB
inhibition of GLUT1/GLUTb53g3.412/GLUT1 is not significantly different from that for
inhibition of WT or myc-tagged protein. A multisite analysis of CB inhibition based
upon CB binding kinetics was developed, and from this Kl,p, values were calculated for
the first CB binding site on the tetramer in the presence of 2 DG. While GLUT1-Myc
does not display stimulation of 2 DG uptake by 50 nM CB, both WT GLUT1 and
GLUT1/GLUT53g8.412/GLUT1 do. Interestingly, the first site Kl for the chimera (10 +
39 nM) was almost eightfold less than that of WT GLUT1 (83 £ 118 nM). The multisite
fit argues that while the chimera’s first site affinity for CB has increased, after a threshold
the overall sensitivity of the protein to CB inhibition of sugar transport has decreased,

likely from a decrease in affinity or cooperativity at the second CB or el binding site on
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the tetramer. It is also possible that the W388-412 photolabeling region comprises that
part of the CB binding pocket most important for initial binding of ligand, while another

section of GLUT1 interacts with CB to functionally inhibit sugar transport.

CONCLUSIONS AND FUTURE IDEAS

Overall, we conclude: 1) CB inhibition of wild-type and myc-tagged GLUT1
constructs is considerably less potent (Kiapp =~ 2uM) than inhibition of erythrocyte sugar
transport (Kiapp=460 nM, (104)). 2) R126A and C421A show altered CB affinity, but are
not likely part of the el sugar binding site. 3) R400A and GLUT1/GLUT4355.412/GLUT1
are implicated in CB binding, but do not confer CB insensitivity to the protein. 4) The
GLUTL1/GLUT5388.412/GLUT1 chimera sequence comprises part of the binding pocket for
CB but may not be sufficient for CB inhibition of 2 DG transport. 5) W388 is necessary
for photolabeling of GLUT1 by CB but not for CB mediated inhibition of sugar uptake.

Examining the GLUT1/GLUTS5 sequence alignment suggests further
nonconserved areas which may implicate the CB binding site, and in turn, the endofacial
sugar binding site. In the Salas-Burgos threaded GLUT1 structure, CB interacts with the
sugar porter motif RFGRR at residues 88-93 (5). While attractive, swapping in this
GLUTS5 sequence into GLUT1 is unlikely to result in altered affinity for CB because the
equivalent GLUTD5 sequence (KFGRK) has a similar charge. Another docking site
(Q250, M251) might produce a stronger effect upon exchanging residues 248-259 of
GLUT1 for 254-265 of GLUTS5, because the GLUT1 and GLUTS5 sequence in this region
is dissimilar in the arrangement of polar charges. Lastly, exchanging a region near R126

(121-139) in the GLUT1/GLUTS5 alignment might also perturb binding and determine
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whether CB inhibition of glucose transport is directly competitive for the el site. GLUT5
insensitivity to CB may suggest further loci for the endofacial sugar binding site.

Our results demonstrate that the GLUT1 residues W388 to W412 may form the
site of CB-GLUT1 covalent association upon UV irradiation but that this region is not the

only determinant of GLUT1 affinity for CB.

APPENDIX 4.1

Tetrameric Analysis of GLUTL1 Inhibition.

If we assume a tetramer of GLUT1 subunits, seven configurations of oligomeric
subunits may successfully bind sugar in the presence of an el inhibitor such as CB (Fig
4.12). Each GLUTL tetramer is thought to exist in the membrane as a dimer of dimers;
when an inhibitor is bound to a dimer it may not transport sugar. Its partner dimer in the

tetramer, however, is unconstrained. The total rate of sugar entry into HEK cells is the
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sum of four transport-capable conformations. This may be mathematically represented
using the following equation, derived from the two-site carrier model for transport(92) as

well as two-site ligand competition binding(202).
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a, 3, and y are cooperativity factors used to measure the interactions between
sites. Positive cooperativity has a value less than one, while negative has a value
assumed greater than one. o measures CB cooperativity for CB binding at the second
site. P values are the 2 DG cooperativity for 2 DG at the second site. y represents the
cooperativity effects of CB on the other site for 2 DG binding, and vice versa. When
modeling the fit in Kaleidagraph, we made the following assumptions: that v; and v,
were functionally equivalent rates retaining unique (calculated) cooperativity values, that
Kmapp for 2 DG was 600 uM, S was 100 pM, Kq for CB was the same as K; for CB, a=5,

=0.5, and y=1.
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Figure 4.12 Ligand Binding Conformations on Tetrameric GLUTL.

The seven possible binding conformations in conditions of unidirectional sugar uptake. S
= Sugar. CB = inhibitor, in this case cytochalasin B. Each GLUT1 tetramer is shown as
a dimer of dimers. Transport through the tetramer complex may only occur when a

bound S has no CB in the same dimer.
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CHAPTER V

CONCLUSIONS AND FUTURE DIRECTIONS
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CONCLUSIONS AND FUTURE DIRECTIONS

Nutrient importers such as GLUT1 are vital for cellular growth and life. In this
thesis we have discussed the effects of cellular context upon GLUT1 function, the
structural requirements for ligand binding to the endofacial sugar binding site, and which
regions of GLUT1 primary amino acid sequence comprise the endofacial sugar binding
site. Reuvisiting these conclusions from the previous chapters illuminates future directions

of study.

GLUT1 in Cellular Context

GLUTL1 may be regulated by bilayer thickness or bilayer physical state. Connolly
et al reconstituted erythrocyte sugar transporters in lipid vesicles with increasing amounts
of cholesterol, and discovered that glucose transport behavior was abruptly stimulated
when the membrane contained 15 mole % cholesterol (204). This stimulation was
reversible at 17.5 mole % cholesterol, with a modest increase in activity again at 30-40%
mol cholesterol. Membrane phase transitions from 0°C — 65°C in synthetic lecithin
bilayers also affected GLUT1 transport rates (205). These in vitro findings concerning
GLUT1 behavior and membrane composition demonstrate that GLUT1 function is
affected by cellular context and lipid composition.

Erythrocytes are a readily available source of wild type GLUT1, but to facilitate
mutational analysis of the protein we explored an alternate expression system. RE700A
yeast devoid of endogenous glucose transporters were successfully transformed with
GLUT1, GLUT1 HA-HISg, and the transport-incompetent mutant GLUT 1335.a3. RE700a

transformed with wild-type GLUT1 and GLUT1HA-HIS showed GLUT1 specific
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behaviors such as growth on yeast medium containing glucose, specific inhibition of
transport by CB, and uptake of nonmetabolizeable 3-OMG. Since these phenotypes were
reversed by 5-fluoro-orotic acid (FOA), yeast plasmid expression of GLUT1 was
confirmed, making available another expression system for mutant GLUT1.

However, we soon learned that GLUT1 functions differently in each cellular
context. Erythrocyte GLUTL displays transport asymmetry (Vmax and Ky, for net sugar
exit are greater than the equivalent parameters for uptake(63)), intracellular sugar can
increase the rate of sugar uptake (trans acceleration, (157)), and uptake is inhibited by
extracellular reductant(65). Compared to erythrocytes, RE7T00A-GLUTL is not inhibited
by extracellular reductant(65), nor does it show trans-acceleration. Oocyte expression of
GLUTL is not inhibited by reductant (65) but may show trans-acceleration. HEK-293
expression of GLUT1 shows transacceleration but competition with other sugars that
differs from that competition observed in red cells. Thus GLUT1 behavior varies by
expression system.

These findings underscore the importance of the model system in experimental
design and expression of mutant proteins, and illustrate the following caveats. 1.)
Membrane physical state and composition strongly affect function. The RE700A plasma
membrane may be significantly different than that of mammalian cells thereby altering
GLUT1 function. 2.) GLUT1 glycosylation may affect function. For example, S.
cerevisiae has N-linked glycosylation machinery resulting in mammalian-like
glycosylation (206), but the few sugars added are relatively uniform as compared to the

typical mammalian heterogeneity. This may result in proteins with altered structural and
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functional properties. 3.) Protein density vs. ease of culture and purification may limit
biophysical analysis. Thus, it is important that the context of expression should be

considered in any course of study.

EXTENDING THE YEAST EXPRESSION SYSTEM

In spite of these reservations, questions remain that may be addressed by a
functional yeast GLUT1 expression system. GLUT1 immunostaining on a red blood cell
is distinctly punctate(131), arguing for heterologous associations on the bilayer surface.
TAT2p, a tryptophan permease native to yeast, is known to associate with detergent-
resistant lipid microdomains (206). Confocal analysis of GLUT-expressing yeast cells
and spheroplasts may demonstrate GLUT1 inclusion or exclusion from detergent resistant
lipid microdomains and, given the relative ease of genetic manipulation in S. cerevisiae,
may offer a powerful model for genetic screening of determinants of GLUT1 lateral
segregation in the plane of the membrane bilayer.

Other attractions of a yeast expression system include plate based screening of
new GLUTL inhibitors. Furthermore, yeast’s remarkable facility with homologous
recombination and second-site mutagenesis could be combined with small molecule

growth screens to pinpoint ligand binding sites in the GLUT1 sequence.

Affinity and Cooperativity Determinants

Many natural compounds inhibit GLUT1 transport. Methylxanthines and ATP act
as mixed inhibitors of sugar exit, reducing Vmax and increasing Ky, but are thought to act
at areas distinct from sugar binding sites (98, 184, 185). Androgens and catechins as well

as tyrosine kinase inhibitors are competitive for sugar import, with reduced Vpmax for exit
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and increased Ky, for uptake (106, 186). Maltose and phloretin inhibit GLUT1 by
interacting with the exofacial site, increasing K, for sugar uptake (97, 105). Forskolin
(FSK) and cytochalasins reduce Vmax for net entry, indicating noncompetitive inhibition
of uptake and increase Ky, of exit, implying direct interaction with the endofacial el
binding site (97, 107, 194, 202). Understanding the structural basis of GLUT1 inhibition
may elucidate functional ligand binding domains of GLUTL.

Comparative analysis of the ability of cytochalasin and forskolin derivatives to
displace cytochalasin B (CB) reveal some determinants of binding at the endofacial sugar
binding site. We shall discuss cytochalasin binding first. All of the cytochalasins share a
common rigid bicyclic isoindoline moiety plus a macrocyclic ring. Dehydration of the
macrocycle hydroxyl to form cytochalasin A decreases affinity by 6-fold. Shortening of
the macrocycle (e.g. comparing CB to cytochalasin C, H or J) reduces affinity by 5-8
fold. Comparison of cytochalasins C and D, indicates that methyl substitution at position
5 of the isoindoline reduces affinity by 55 fold. This indicates that the cytochalasin
binding pocket may tolerate changes at one end of the molecule or the other, but not both.
CB may be thought of as an “open book’ structure, with two planes meeting along a more
rigid, central ‘spine’. Altering the planar angle or the size of the ‘pages’ severely limits
ligand binding.

We tested the GLUT1 binding capabilities of an extensive library of forskolin
shapes to characterize its binding pocket. Forskolins with acetyl groups at 6 and 7
showed the greatest affinity for GLUT1; replacement of both acetyls with hydroxyls

results in a complete loss of binding affinity. Substitution of only the 6-acetyl with a
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hydroxyl results in the parent molecule and a 500-fold loss of affinity as compared to 1,6
FSK. Acetylation of the parent at position 1 increases affinity tenfold, while removing a
hydroxyl group at positions 1 and 9 restores affinity fifty and thirty-fold, respectively.
Extensive, even bulky, substitution at the seven acetyl position is tolerated within the
binding pocket. Forskolin is planar compared to cytochalasin B, and its determinants of

binding imply that the entire molecule is engulfed within GLUT1.

COOPERATIVE EFFECTS OF LIGAND BINDING

Erythrocyte inhibitor studies with GLUT1 support an oligomeric model. Low
concentrations of extracellular inhibitor, such as maltose, or intracellular inhibitors like
cytochalasin B or forskolin modestly stimulate sugar transport (7). The simplest
explanation for this remains a homo-oligomer of GLUT1, most likely a tetramer or dimer
of dimers, in which at any instant two subunits adopt an el conformation and two
subunits adopt the e2 state. When one inhibitor such as CB binds, a conformational
change occurs resulting in increased activity in the opposite dimer (7, 16). Increased
concentrations of ligand result in occupancy of the second site and cessation of substrate
transport. The intermediate effects of ligand binding upon transport suggest
communication between binding sites, supporting the oligomeric model.

Although previous work examined inhibition of erythrocyte sugar uptake by
cytochalasin B and forskolins (107, 121, 182, 188), this present study differs in its
analysis of transport inhibition. Because of our observed cooperative interactions, a

Michaelis based kinetics analysis of inhibition is of less utility. Unlike previous work,
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we allow for two interacting binding sites and measure the cooperativity of these sites
across multiple log units of inhibitor concentration.

In competition experiments such as the ones made here, we find hetero- and
homo- cooperative interactions in the nonlinear, non-Michaelis shapes of the [inhibitor]
vs [CB bound]/[CB free] curves. We model these interactions mathematically as the
cooperativity factors o ( homo- or CB.CB interactions), 3 (hetero- or CB.I interactions)
and y (homo- or L1 interactions). Values less than one represent positive cooperativity
with apparent increases in second-site affinity for ligand. If we consider a competition
experiment between FSK and CB, CB displays positive homo cooperativity, with a<1.
CB and FSK show hetero-cooperativity for one another, each with a § cooperativity
factor of 0.44+0.05. Functionally, this implies that the presence of a FSK in the first site
increases the apparent affinity of the second site for CB, and vice versa. The y value
represents inhibitor cooperativity for itself; in this example, FSK is not significantly
different than 1. This indicates that a given FSK binding event does not affect the affinity
of the remaining binding site. Each derivative displays unique values for $ and y in
competition with CB. The lack of independent binding interactions for some ligands
suggest that subunit surfaces are in direct contact to facilitate conformational change and
hetero-cooperativity, or that the ligands themselves interact due to the proximity of their

binding sites.

EXTENDING AFFINITY/COOPERATIVITY DETERMINANTS

GLUT1 is known to homooligomerize in vivo, in vitro and in culture; hetero

oligomers of GLUTs or GLUT chimeras could display modified cooperative behavior.
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GLUT1 normally does not oligomerize with GLUT3 (personal communication, Kara
Levine, and (207)) or GLUT4 (65). Levine et al have created a series of GLUT1-GLUT3
chimeras to test oligomeric association in the membrane, progressively replacing each
GLUT1 transmembrane helix with the equivalent GLUT3 transmembrane helix. Limited
proteolysis with N-bromosuccinamide combined with ®H-CB photolabeling argues for
CB association with TM’s 10 and 11. Testing GLUT1-GLUT3 chimeras in combination
with inhibitor modulation of cytochalasin B or forskolin binding assays may reveal
‘GLUTL cooperativity TMs’ and could localize the cytochalasin B or endofacial sugar
binding site within the protein sequence.

GLUT1 conformational changes induced by el ligand binding may also be
investigated by thiol crosslinking combined with mass spectrometric analysis or
immunofluorescence. Blodgett et al. utilized mass spectrometric analysis of GLUT1 to
determine that upon trypsinized GLUT1 interaction with 10 uM CB, full-length TM8 is
released into the aqueous fraction of peptides (208). Cysteine scanning mutagenesis and
thiol-reactive crosslinkers may illuminate the TM domains or loops required for el ligand
binding. Using short sulfhydryl crosslinkers such as bis-maleimidoethane between TM’s
10 and 11 in a cys-less GLUT1 background, might mimic or prevent cytochalasin B
displacement of TM8. Since Mueckler et al have confirmed the aqueous access of TM8
in Xenopus oocytes (80), surface immunofluorescence microscopy using endofacial loop
8-9 antibody * sulfhydryl crosslinking might determine if TM8 is displaced specifically

to the exofacial side of the membrane. A similar phenomenon is thought to occur in the
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transport cycle of the anion transport protein AE1 (209). This analysis provides an

opportunity to confirm tertiary conformational changes as a result of el site occupation.

Mutational & Chimeric Localization of the el Site

An integral membrane protein such as GLUTL is refractory to crystallization, so
the location of the endofacial sugar binding site within the primary sequence remains
unknown. Cytochalasin B reduces the Vax for sugar entry and increases Ky, for sugar
exit and is thus thought to act directly upon the el sugar binding site (102). HEK293
expressed mutant GLUT1 combined with CB inhibition of 2-DG uptake provides a
metric for GLUT1 mutant involvement in CB binding. Three point mutants (R126A,
C421A, and R400A) and two chimeras (GLUT141, GLUT151) were successfully
expressed and analyzed via this technique to pinpoint the CB, and therefore endofacial
glucose binding site.

GLUT1 R126A expresses at the membrane, but R126 is thought to be exofacial
and therefore not part of the el sugar binding site. Arg 126 is the most common missense
mutant locus in clinical cases of GLUT1DS, with R126L presenting the most severe
phenotype (193). Computer modeling has successfully docked CB to R126 in an
exofacial vestibule (Ondrenchen, personal communication). We find GLUT1 R126A
moderately increases in 2DG uptake over myc tagged GLUT1 (108.4 + 6.5%), and
significantly increases resistance to CB inhibition of 2DG uptake. It is possible CB binds
exofacially, fixing a GLUT1 subunit in the el orientation. However, this would
enhance, rather than competitively inhibit sugar binding at the endofacial site. Thus an

exofacial cytochalasin B binding site and the endofacial sugar binding site must be
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mutally exclusive. Alternately, R126 may function as part of a glucose (or CB) sensing
area of the protein which does not directly participate in transport inhibition. Since our
assays measure inhibition and not binding, alteration of a second, lower affinity site not
directly involved with the el sugar binding site would go undetected.

Mutating GLUT1 at C421A removes one-half of the proposed intra subunit
sulfhydryl stabilizing tetrameric association of GLUT1, and may disrupt cooperative
action of CB on GLUT1. CB is known to bind to GLUTL in a highly cooperative manner
(202); the observed profile of CB inhibition of GLUT1 C421A might illuminate
cooperative inhibition effects upon transport. GLUT1 C421A has reduced transport
capacity: itshows 66.3+£3.5% of uninhibited myc tagged GLUT1 sugar transport. CB
inhibition of 2 DG uptake for GLUT1 C421A was only statistically greater than myc
tagged GLUT1 at 5000nM, showing less total uptake. It is possible that CB binds each
GLUTL1 C421A dimer independently at lower affinity, due to lack of intra-subunit
communications, but a direct effect of C421A upon CB binding or the el site is unlikely.

A theoretical crystal structure suggests R400 as a likely participant in the el site.
Salas-Burgos et al docked phloretin, cytochalasin B, and forskolin to a highly polar
endofacial binding site in homology-modeled GLUT1 (5). The R400 site on threaded
GLUT1 is the sole amino acid that interacts with all three inhibitors in the model
structure. The overall sugar transport capacity of GLUT1 R400A is 95.4 £ 11.8% of myc
tagged GLUT1, has somewhat reduced protein expression levels, and both the
uninhibited and the 50nM concentration of CB show significantly different values than

myc tagged GLUT1 at the same site. Mutation of R400A appears to alter ligand affinity,
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supporting its role in the el site, but this point mutation alone does not prevent CB
binding or concomitant inhibition of sugar uptake.

A point mutation may be insufficient to abrogate CB binding to the el site, so we
examined a larger section by swapping chimeric regions from homologous GLUTS to
find residues that interacted with the el site. Photolabeling by *H-CB followed by N-
bromosuccinaminde digestion reveals the smallest CB interacting fragment is W388 to
W412(13). This GLUTL1 sequence was exchanged with sequences from GLUT4 and
GLUTS5, both known to have altered el inhibitor affinities.

Ironically, GLUT4 differs from GLUTL in the 388-412 region by only one amino
acid, 1404M. The rationale for GLUT4 selection was that Mueckler et al found GLUT4
sugar efflux was inhibited by indinavir, a drug used in Highly Active Antiretroviral
Therapy (HAART) Human Immunodeficiency 1 (HIV-1) antiretroviral cocktails (210).
Indinavir acutely and reversibly inhibits GLUT4 with high affinity (26 uM), but does not
inhibit GLUT1 uptake of substrate even at ImM. Furthermore, addition of increasing
concentrations of CB to GLUT4 uptake of 2-DG in oocytes showed competitive
inhibition vs indinavir at the el site(203). GLUT1 1404M was constructed as a
GLUT1/GLUT43g3.412/GLUT1 chimera and tested for 2DOG uptake and CB sensitivity.
GLUTL/GLUT4388.412/GLUT 1showed uptake 96.3+£2.1% of myc tagged GLUT1, and its
2 DG uptake was statistically less sensitive to CB inhibition at all concentrations tested.
Similar to GLUT1 R400A, the GLUT1/GLUT43g5.412/GLUT 1mutation is insufficient to
eliminate CB binding, though its alteration of affinity supports its involvement in the el

binding site. Furthermore, WT GLUT1 and GLUT1/GLUT4355.412/GLUT1 2-DG uptake
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Figure 5.1 Mutant GLUT1 sensitivity to Indinavir inhibition, assayed by 6 minute, 2-DG
uptake.

Ordinate: Rate of 2 DG uptake expressed as a percentage of the GLUT1-Myc
protein uptake rate. Abscissa lists uptake by vector, with GLUT1/GLUT4y3ss-
wa12/GLUTL represented as 1404M Myc. Uptake experiments were performed as
follows: cells were seeded at 10°/well, transfected in quadruplicate after 24 hours, and
assayed 48 hours after transfection. Cells were starved of glucose and serum for 2 hours,
rinsed, incubated for 30 minutes * indinavir, incubated for 6 minutes with 100pM °H
supplemented 2-DG at 37°C, rinsed twice with 1 mL ice cold stop solution, coated with
500uL 0.5% Triton, and incubated for 30 min at 37°C to facilitate lysis. Zero time points
had stop solution added before radiolabel. Lysed cells were centrifuged, placed in 200uL
duplicate aliquots in scintillation vials and counted, with 10uL aliquots tested for total
protein well content. Total uptake was normalized to each day’s mean c-myc tagged

GLUT1 uptake. Each point represents a mean of three experiments, n=4.
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Fig 5.1
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assays were performed to ascertain if 1404M confers indinavir sensitivity upon GLUT1,
but indinavir remained without significant effect on substrate uptake. (Fig 5.1)

GLUTS5 was chosen for chimeric el binding site analysis because cytochalasin B
is largely without effect upon substrate transport by Group 2 sugar porters (2, 197, 211).
GLUTS5 shares approximately 58% sequence similarity at region W388-W412 with
GLUT1, with the notable substitution of alanine for tryptophan at position 388. A
GLUT1/GLUT53g3-412/GLUT1 chimera was constructed for this region and assayed for
CB sensitivity. The uninhibited transport capability of the GLUT1/GLUT5355.412/GLUT1
construct is very similar to GLUT1 Myc at 94.4 + 2.5%. However, all concentrations of
CB were significantly less effective at inhibiting 2 DG uptake, with 50 nM CB actually
stimulating 2 DG uptake. A more extensive dose response was made for GLUTLINT,
Myc-GLUT1, GLUT1/GLUT5355.412/GLUT1, GLUTS5, and untransfected HEK cells. By
traditional Michaelis-Menton analysis, the 1Cso for CB inhibition of GLUT1/GLUT53gs-
412/GLUT1 uptake was not statistically significant from that of the dose response
pertaining to the WT or myc-GLUT constructs. However, utilizing a multisite analysis
derived from the work in Chapter 3, nM first-site K,qpp constants were obtained for the
stimulation of uptake by both GLUT1/GLUT5388.412/GLUT1 (10 + 39 nM) and WT
GLUTL1 (83 £ 118 nM). We conclude the chimera has increased first-site affinity for CB,
the potential for negative second-site cooperativity, and overall decreased inhibition of 2
DG transport by CB.

This suggests four possibilities: 1) while CB photo-crosslinks to the W388 and

W412 amino acids, the photoreactive moieties of CB are not involved in transport
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inhibition, 2) the W388-W412 region is not necessary for affinity of CB binding but is
required for CB inhibition of uptake, 3) it is possible the W388-W412 sequence
comprises a cooperativity sensor area, resulting in altered subunit communication, or 4)
the W388-W412 region of GLUT1 is not the major determinant of ligand binding at the
el sugar binding site.

Further GLUT1-GLUTD5 chimeras should be constructed to test these hypotheses.
Nonconserved areas of interest include region 334-351 on GLUT1, near the endofacial
loop between TMs 7 and 8, and 121-138 on TM 4, thought to line the vestibule of the el
cavity (81). Also, the Salas-Burgos model indicates that CB interacts with the sugar
porter motif RFGRR at residues 88-93. An equivalent GLUTD5 substitution is unlikely to
show altered affinity for CB because that sequence (KFGRK) has a similar charge.
Another docking site (Q250, M251) might produce a stronger effect upon exchanging
residues 248-259 of GLUT1 for 254-265 of GLUTS, because the GLUT1 and GLUTS

sequence in this region is dissimilar in arrangement of polar charges.

A COOPERATIVITY REGION IN GLUT1

The existing GLUT1/GLUT5355.412/GLUT1 chimera may possess altered
cooperativity and subunit communication patterns. We know that CB is a highly
cooperative inhibitor of GLUTL, it is possible that changes resulting from the chimeric
substitution would be masked by this ligand. To test the hypothesis that the
GLUT1/GLUT53g3-412/GLUT1 amino acid region is involved in ligand binding
cooperativity, inhibition of 2 DG transport by a noncooperative el ligand such as

forskolin should be attempted. If the forskolin mediated inhibition pattern of the chimera
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matches that of untagged GLUT1, the W388-W412 region is not explicitly involved in

subunit-subunit communication.

HELIX MAPPING OF THE CB BINDING SITE

Dezutter et al have constructed a series of factor Xa protease site mutants in the
exofacial loops between TM’s 7&8, 9&10, and 11&12 (in progress). A combined
approach of photolabeling GLUT1 with CB or IAPS-FSK (both thought to bind between
W388-W412) followed by factor Xa proteolysis and analysis by gel electrophoresis

should confirm which TM helixes interact with CB.

Final Conclusion

This thesis has strengthened the GLUT1 structure-function relationship by
analyzing the effect that the model system has upon protein function, by utilizing ligand
binding to deduce multisite interactions, and by investigating the effects of directed
mutagenesis on binding of a classic GLUT1 el inhibitor. The main discoveries include:
1) A ubiquitous polypeptide of identical sequence has markedly different functional
characteristics when expressed in erythrocytes, yeast, Xenopus oocytes, and mammalian
tissue culture cells. 2) For some ligands, especially cytochalasin B, inhibition of the
GLUT1 tetramer is a cooperative phenomenon involving subunit communication. 3) We
have shown that non conserved regions of W388-W412 region of GLUT1 are not the
primary determinats of CB binding affinity.

We discussed future directions for investigative anlaysis of GLUT1 and how we

may further extend and enhance our understanding of how glucose carrier structure and
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function are related. Integral membrane proteins like GLUT1 comprise one-fifth of the
proteins coded for in the human genome, each one fulfilling a vital cellular role in
regulating cell and tissue mircroenvironment and nutrient homeostasis. Erroneous
expression of these proteins results in perturbed metabolic syndromes that possess many
ramifications for cell-cell interactions, organ and tissue integrity, as well as overall
viability of the organism. Diseases such as GLUT1DS or diabetes mellitus illustrate well
how integral membrane protein systems establish and sustain tissue homeostasis.
Comprehensive understanding of the interrelationship between structure and function
may prove the first step in providing treatments for these chronic metabolic disease
states. This thesis offers new methods and perspectives broadly useful when designing

future structure-function studies.
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