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ABSTRACT: Cytochalasin B (CB) and forskolin (FSK)

inhibit GLUT 1-mediated sugar transport in red cells by binding a b a b alb a b
at or close to the GLUTI endofacial sugar binding site. & & O
Paradoxically, very low concentrations of each of these inhibi- e+ N Le — L e: o L e,L

tors produce a modest stimulation of sugar transport [ Cloherty,
E. K, Levine, K. B., and Carruthers, A. (2001) The red blood cell glucose transporter presents multiple, nucleotide-sensitive sugar
exit sites. Biochemistry 40 (51), 15549—15561]. This result is consistent with the hypothesis that the glucose transporter contains
multiple, interacting, endofacial binding sites for CB and FSK. The present study tests this hypothesis directly and, by screening a
library of cytochalasin and forskolin analogues, asks what structural features of endofacial site ligands determine binding site affinity
and cooperativity. Like CB, FSK competitively inhibits exchange 3-O-methylglucose transport (sugar uptake in cells containing
intracellular sugar) but noncompetitively inhibits sugar uptake into cells lacking sugar at 4 °C. This refutes the hypothesis that FSK
binds at GLUT1 endofacial and exofacial sugar binding sites. Some forskolin derivatives and cytochalasins inhibit equilibrium [*H]-
CB binding to red cell membranes depleted of peripheral proteins at 4 °C. Others produce a moderate stimulation of [*H]-CB
binding when introduced at low concentrations but inhibit binding as their concentration is increased. Yet other analogues modestly
stimulate [*H]-CB binding at all inhibitor concentrations applied. These findings are explained by a carrier that presents at least two
interacting endofacial binding sites for CB or FSK. We discuss this result within the context of models for GLUT1-mediated sugar
transport and GLUT1 quaternary structure, and we evaluate the major determinants of ligand binding affinity and cooperativity.

ellular exchange of nutrients, ions, and metabolites proceeds

via membrane-spanning proteins called channels and
carriers.' The Major Facilitator Superfamily of carriers is respon-
sible for the largest portion of nutrient transport in cells,” and
among these carriers, the sugar porter subfamily is one of the
oldest and largest family classifications.

Sugar porters catalyze both cellular sugar import and export,
but net sugar transport always proceeds from high to low sugar
concentration. The first human sugar transporter to be isolated
was the erythrocyte membrane protein 'GLUTL.>* GLUT1 is
primarily expressed in the cardiovascular system and in astrocytes
of the central nervous system and mediates glucose transport
across blood—tissue barriers.” Any one of several mutations
in GLUT1 results in GLUT1 deficiency syndrome (GLUT-
1DS) in which reduced glucose transport into the brain leads
to developmental defects and seizures.®

Hydropathy analysis, scanning glycosylation mutagenesis, and
proteolytic digestion studies confirm that GLUT1 (a SS kDa
protein) contains 12 0-helical transmembrane domains.”
Each GLUTI1 polypeptide is thought to function as a simple
carrier,” presenting either a sugar uptake (exofacial) or a sugar
exit (endofacial) site at any given moment. However, this
proposed transport mechanism does not explain the behavior
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of GLUT1 in human red cells’ where GLUT1 monomers self-
associate into cooperative oligomers, simultaneously exposing
exofacial and endofacial binding sites and displaying a litany of
catalytic behaviors incompatible with the simple carrier
mechanism. "

Scanning cysteine mutagenesis analysis'' suggests that the GLUT1
sugar uptake site involves portions of 0-helical, transmembrane
spanning regions 1, 5, 7, 8, and 11. Peptide mapping studies of
affinity labeled GLUT1 suggest that the exit site contains a
subdomain of membrane spanning regions 10 and 11."* How-
ever, specific GLUT1 residues contacting glucose in GLUT1
exofacial (e2) and endofacial (el) conformations are unknown.

The present study characterizes the GLUT1 export conforma-
tion by analysis of inhibitor binding to the el conformer.
Comprehensive analysis of GLUT1 interaction with a library of
inhibitors may reveal details of the complementary relationship
between ligand and binding pocket structures. We selected GLUT1
endofacial site inhibitors and their derivatives for this analysis.
Cytochalasin B (CB) is a cell-permeable alkaloid that disrupts
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actin filaments and inhibits glucose transport.'® Forskolin (FSK)
is a cell-permeable diterpenoid that inhibits GLUT1 and activates
adenylate cyclase."* Both CB and FSK are thought to bind to the
endofacial orientation of GLUT1 where they act as noncompe-
titive inhibitors of erythrocyte glucose uptake and competitive
inhibitors of exit."*'> These endofacial inhibitors have also been
docked to an homology-based, theoretical GLUT1 structure
where they are proposed to bind to cytoplasmic domains of
the carrier.'® Our findings confirm that endofacial, export-site
inhibitors inhibit ligand binding by two mechanisms—direct
competition and cooperative inhibition—and provide new in-
sights into the molecular determinants of each type of inhibition.

B MATERIALS AND METHODS

Solutions. Kaline consisted of 150 mM KCI, S mM MgCl,,
S mM EGTA, 5 mM HEPES, pH 7.4. Lysis buffer contained
10 mM Tris-HCI, 2 mM EDTA, pH 8.0. Stripping solution
contained 2 mM EDTA, 15.4 mM NaOH, pH 12. Sugar-stop
solution consisted of ice-cold Kaline containing 20 4uM CB and
200 uM phloretin.

Materials. [*H]-3-O-Methylglucose, [*H]-cytochalasin B, and
[*H]-forskolin were purchased from Sigma Chemicals. Human
blood was purchased from Biological Specialty Corp. Forskolin
derivatives were synthesized by A. N. Appleyard. Other reagents
were purchased from Sigma Chemicals.

Red Cells. Red cells were isolated from whole human blood by
centrifugation as described previously.”

Red Cell Membranes. Red cell membranes depleted of
peripheral membrane proteins (including the cytochalasin B
binding protein actin) were prepared as described in ref 17.

3-0-Methylglucose Uptake. Zero trans 3MG uptake (3MG
uptake into cells lacking intracellular sugar) and equilibrium
exchange 3MG sugar uptake (unidirectional [*H]-3MG uptake
in cells where intracellular [3MG] = extracellular [3MG]) were
measured at 4 °C as described previously.”'®

Forskolin or Cytochalasin B Inhibition of 30OMG Transport.
3MG uptake was measured as described above in the absence
and presence of cytochalasin B, forskolin, or their derivatives.
Inhibitor concentrations ranged from 10~° to 10~ * M using
ethanol or dimethyl sulfoxide as solvents. Solvent concentra-
tion never exceeded 0.1% (vol:vol) and is without effect on
sugar transport rates. Cells were preincubated with inhibitor for
1S min on ice before starting uptake measurements. When
transport inhibition was profound (>75%), the uptake interval
was extended to permit more accurate determinations of
uptake.

Ligand Binding Competition Assay. Stripped ghosts
(peripheral protein-depleted membranes) were diluted to 2
mg/mL in 50 mM Tris medium, pH 7.4 at 4 °C. Ligand binding
assay solutions comprised Tris medium plus 50 nM unlabeled
CB, 14 uCi [*H]-CB plus a range of inhibitor (I) concentra-
tions (0—100 uM). Some llgand binding assays substituted SO
nM forskolin and 34 uCi [*H]-forskolin for cytochalasin B.
Binding assays were as described previously.'” Membranes (50
uL) and ligand binding solutions (S0 L) were mixed in a
microcentrifuge tube, and following 15 min of inversion at 4 °C,
two 10 uL aliquots were sampled (Total dpms). The tubes were
centrifuged at 14 000 rpm for S min, and two 10 uL aliquots of
the supernatant were sampled (Free dpms). “Bound” dpms
were calculated as the difference between “total” and “free”

Scheme 1
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dpms. Each inhibitor concentration was tested three times in
triplicate.

B LIGAND BINDING TO GLUT1: THEORY

Assay by Ligand Depletion. The nature of the binding assay
adds a significant complication to the analysis. This is a ligand
depletion assay in which [GLUT1] & 1—2 uM, radiolabeled CB
or FSK (L) is S0 nM, and competing (unlabeled ligand, I)
ranges from 0 to SO M. Thus, at low [I] ., the concentration of
[Ifee < [Tota due to binding to GLUT1. [L] 4. and [L],ouna are
always measured directly. Errors in determination of K, 3, and y
derive from the assumption [1]oga = [1] fee when Ky < [GLUT1].

Even after allowing for ligand depletion as above, equilibrium
cytochalasin B and forskolin binding to GLUT1 display non-
Michaelis kinetics at low ligand concentrations.”® >* The sim-
plest model that accounts for this behavior (see Scheme 1)
assumes that the glucose transporter complex presents two
interacting binding sites for endofacial ligands. This could be
explained either by two sites on one transport protein or two
interacting transport proteins each with one site. When pre-
sented with a binary mixture of ligands (e.g., radio-ligand L plus
inhibitor I), the transporter, e, may form several liganded states
(see Scheme 1): e (unliganded transporter), 2(1.e), 2(L.e), 2(Le.
L), LelL, and Lel

When measuring CB binding in the presence of FSK,
binding of the first CB molecule to unoccupied GLUTI is
described by the dissociation constant K; and binding of the
second CB molecule is described by aK;, where o is a
dimensionless constant greater than zero. Binding of the first
FSK molecule to unoccupied transporter is described by Kj,
and binding of the second FSK molecule is described by SK;
(B is a dimensionless constant greater than zero). When
heterocomplexes are formed, binding of the first molecule
(CB or FSK) is described by K;, or K; and binding of the
second molecule (FSK or CB) is described by yK; or yKj,
where Y is a dimensionless constant greater than zero. This
model explains enhanced CB binding in the presence of at
least 11 of the 20 “antagonists” tested in the present study.
Cooperative interactions between binding sites (positive or
negative cooperativity) may depend on whether the first and
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second ligands to bind are identical or different. For example,
the ligand CCB might reduce binding of the remaining site for
CCB (o > 1; negative homocooperativity) but increase the
affinity of the remaining site for inhibitor I (y < 1; positive
heterocooperativity), or vice versa.

Equilibrium ligand binding (L,) to GLUT1 in the presence of
a competing el inhibitor I is described by

BpaxL

=% L
d(app) T

(1)

where B,,,,, is given by

[e R (2)
TR0
Ky(app) is given by
K, (l + i{2 + L})
K; BK; (3)
242 2L
oK, YK
when I =0
Ka(app) = LLL (5)
oKy

where K;, K, @, 3, and y are shown in Scheme 1. Since By, does
not include I terms, inhibitor I does not affect B,,,, for L binding
to GLUT1. The ratio CB binding in the presence of inhibitor:CB
binding in the absence of inhibitor (b;/b) is thus given by

bi

3= [BK {0k (I + yK;) + YK LY L* + oKy (K +2L)}]

/[(0Ky + L){ByK L?* + oKy (IPyK, + 2BKI(yKy + L)
+ (ByK* (K +2L))}] (6)

When cytochalasin B (I) inhibition of [*H]-cytochalasin B (L)
binding (or forskolin (I) inhibition of [*H]-forskolin (L)) is
measured, the analysis simplifies considerably because .= § =y
and K = K. Equation 6 simplifies to

b; (aKy, + L +I)(L* + oKy (K, + 2L))

e (7)

(0K, + L)(I? 4+ L? + 2I(aK;, + L) + oK, (K, + 2L))

I'and L are measured directly from the raw binding data, so the
homoinhibition experiment allows the unambiguous calculation
of K; and o for cytochalasin B and forskolin (Table 1).

This analysis assumes that all binding and dissociation steps
are rapid relative to the duration of experimental measure-
ment 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 s at
4°C,"%% whereas binding was measured over a period of 15 min
(>1000 half-lives). The model allows for several possible effects
of inhibitor (I) on ligand (L) binding.

1. Binding is not cooperative. When binding of L and I at any
single site is mutually exclusive and lacks heterocooper-
ativity ( = 1; Figure 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
heterocooperativity (y > 1; Figure 1, curve b), the inhibitor
I 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 I at
any single site is mutually exclusive but displays positive hetero-
cooperativity between sites (y < 1; Figure 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 Tand L
compete for binding to the same site, L binding is inhibited.

4. Zero heterocooperativity and positive or negative homocooper-
ativity. When binding of L and I at any single site is mutually
exclusive but displays zero heterocooperativity and positive
homocooperativity (i.e, 5 < 1 and y = 1; Figure 1, curve d),
the inhibitor I will inhibit L binding more effectively (the
inhibition curve is left-shifted). If the inhibitor I displays
negative homocooperativity, I will be a less effective
inhibitor and maximum inhibition will be reduced (i.e., 3
> 1 and y = 1; Figure 1, curve e).

S. Positive heterocooperativity and positive or negative homocoo-
perativity. When binding of L and I at any single site is
mutually exclusive but displays positive heterocooperativity
and positive homocooperativity (ie, f < 1 and y <I;
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 homocooperativity (5 > 1) but strong
positive heterocooperativity ( << 1), I will enhance ligand
binding at all [I] (Figure 1, curve g).

Data Analysis. Having measured K;, and o from analyses of
CB inhibition of [*H]-CB binding or forskolin inhibition of
[*H]-forskolin binding (eq 7), the analytical cycle is as follows:

(1) Compute initial estimates of Kj f3, and y by nonlinear

regression analysis of b;/b (experimental) vs [I] . using eq 6.
(2) Using these parameter estimates, compute (1] free using
Berkeley Madonna (version 8.3.22)—a general purpose
differential equation solver that assumes [I] ~ [GLUT1]
and thus allows [I]ge. to fall as I interacts with GLUTI.
The details of the model (differential equations describing
Scheme 1) are available in the Supporting Information.

(3) Using these estimates of [I]g.., recompute Ky, 3, and y by
nonlinear regression of b;/b (experimental) vs computed
[I]fce using eq 6.

(4) Using these values of newly computed K}, 3, and y, compare
plots of b;/b (theoretical) vs [I] oy to b;/b (experimental) vs
[1] ot by calculating the sum of the squares of deviations of
theoretical data from experimental data.

Repeat steps 2 through 4 until the sum of the squares of
deviations of b;/b (theoretical) vs [1] 4, from b;/b (experimental)
Vs [I]ioral is minimized.

B RESULTS

Cytochalasin B is a competitive inhibitor of equilibrium ex-
change transport in erythrocytes* and a noncompetitive inhibitor
of net sugar uptake into red cells lacking sugar.'> Equilibrium
exchange transport is a condition in which intra- and extracellular
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Table 1. Modulation of Cytochalasin B Binding to Red Cell Membranes by Cytochalasins and Forskolins: Summary of Findings*

AGY)  AAGeE BKy) K/

ligand” K;,‘ nM af K, nM keal/mol  kcal/mol B P R*"  inhibition’ nM uM ss*y/
CCB 98485 6284385  98+8S —8.88 628+385 6284385 0.99 1 616 616 39
CCA 815+ 96 —7.72 117 1114017  0.374+0.052 1.00 2 905 302 0.42
CCH 9843 —8.88 0.00 249445 044940019 094 2 24402 44 110
cqy 1241 —1004 —116 63994347 0635+0013 099 3 76788 8 4063
CCD 1969 498 —723 1.65 101+ 61 055740019 098 3 198869 1097 s1
CCE 99+8 —8.88 001 791742935 0555+ 0016 096 3 783783 S5 4394
ccc 15914431 —73§ 1.53 o 0433+£0003  0.99 4 o 689 =
FSK 27504 787 2434023 3282+ 960  —6.95 1544073 0930+£0.103 093 1 5054 3052 1
141SDiHFSK 29.1+17 —9.55  —260 24274140 0571+0015 099 1 7042 17 139
6AFSK 949+ 164  —7.63  —0.68 9.84+0.68 0416+ 0019 095 2 9338 389 4
1,6DIAFSK 11+2 —628 067 1480268 0489+ 0017 094 2 16280 s 724
1DOFSK 10407  —1141  —446 22179+ 5104 0438+0017 097 2 22179 04 9714
7FAFSK 629+644  —7.86  —091 453450 047540010 097 2 28494 296 22
1AFSK 3+2 —10.80  —3.85 1192348441 044040008  0.86 2 35769 1 5246
9DOESK 430£75 —807 —1I12 12034123 0464+0016 075 2 51729 198 56
7FPAFSK 1424 78 —488 207  1115£218  0508+0012 065 3 158330 71 566
7FPPNeaFSK 25484 —9.63  —2.68 404161646 0430+0086 074 4 1010400 11 17379
7DeAFSK 242 —11.02  —4.07 o0 0450+£0008  0.86 4 o 1 o
6A7DeAFSK NA' NA’ NA! NA/ 5
7FPPESK NA! NA'! NA! NA'! 5

mean® 0.493 £0.056

“The results of analyses such as those in Fi§ures 3,4, and S are summarized for the cytochalasins and the forskolins. The concentration of radio-ligand
([*H]-CB) was 50 nM in all experiments. * The total concentration of unlabeled competing ligand was varied from 0 to 100 M. Analysis of binding
inhibition was carried out as described in Figures 2 and 3 using eqs 6 and 7 and the iterative analysis procedure outlined in the Materials and Methods.
‘K, (nM) for CB was computed in studies of CB inhibition of [*H]-CB binding and assume that .= = y. ot for FSK binding was computed in studies
of FSK inhibition of [*H]-FSK binding and assume that o = 3 = y. °K; (nM) represents the affinity of unoccupied GLUT1 for ligand. fAG® was
calculated as RT In(1/K;). $ AAG® was calculated as the change in AG® using the lowest K; for cytochalasins or foskolins as the baseline. hAnalysis
according to eq 6 also permits computation of the cooperativity parameters /3 and  and yields a correlation coefficient R*. ' Types of inhibition are: 1,
Michaelis-like inhibition (curves a and e, Figure 1); 2, stimulation followed by inhibition (curves c and f, Figure 1); 3, high and low affinity inhibition
(curve d, Figure 1); 4, stimulation (curve g, Figure 1); S, no effect./ These types of inhibition are unrelated to the products K, yKj, or By. “While 8
parameters are ligand-dependent, y 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 (normally four) complete dose responses were performed with each data point in triplicate.
The 9 or 12 data points were then averaged at each concentration to perform the final analysis.

and other GLUT1 substrates and is quantitatively accounted for by
ligand binding to GLUT1.2%%”

[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 cytocha-
lasin B for binding to the transporter. Noncompetitive inhibi-
tion 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
endofacial sugar-binding site."

Forskolin is a competitive inhibitor of cytochalasin B binding
to the human erythrocyte sugar transporter” suggesting that
forskolin, like cytochalasin B, binds at or close to the transporter
endofacial site. In support of this hypothesis, we observe that
forskolin acts as a noncompetitive inhibitor of net sugar uptake
(Figure 2A) and as a competitive inhibitor of exchange sugar
uptake (Figure 2B) in human erythrocytes. Forskolin reduces
Vinax for sugar uptake by sugar-depleted cells but increases
Kin(app) for equilibrium exchange transport. Assuming noncom-
petitive and competitive inhibition of 3MG zero-trans and
equilibrium exchange transport, respectively, Ki(qpp) for FSK inhibi-
tion of net and exchange transport are 1.9 & 0.4 and 1.2 &= 0.6 uM,
respectively.

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. Cyto-
chalasin B binding to peripheral membrane protein-depleted
human red cell membranes is competitively displaced by p-glucose

Quantitation of inhibition of nM levels of *H-cytochalasin B
binding to #M concentrations of GLUT1 by mM levels of sugars
is quite straightforward. However, the ligand binding assay
employed in the current study is a “radioligand depletion” assay
(see Materials and Methods). Specifically, we measure total
[radioligand] in a suspension of GLUT1 proteoliposomes, and
following sedimentation of GLUT1 proteoliposomes by centrifuga-
tion, we measure free [radioligand] remaining in the supernatant.
Bound [radioligand] is thus total—free [radioligand]. By necessity,
the concentration of GLUT1 used in these studies must deplete free
[radioligand] sufficiently to produce a measurable difference between
total and free [radioligand]. If a non-radiolabeled inhibitor also binds
to GLUT1 to deplete free [inhibitor], then plots of equilibrium
bound [radioligand] versus total [inhibitor] do not reflect the free
[inhibitor] that produces inhibition of radioligand binding. Since
radiolabeled inhibitors are, in most instances, unavailable, it is often
impossible to measure free [inhibitor] directly. The net effect is that
the use of radioligand depletion assays, in which bound [radioligand]
is expressed as a function of total [inhibitor], inevitably overestimate
K; for inhibition of radioligand binding by inhibitor. This is illustrated
in measurements of inhibition of [*H]-CB binding to GLUT1 by
non-radiolabeled CB (Figure 3A) and by measurements of inhibition
of [*H]-forskolin binding to GLUT1 by non-radiolabeled forskolin
(Figure 3B).

CB binding to GLUT1 is a relatively high affinity process with
Ki(app) & 100 nM. CB is also available in radiolabeled ([3H]—CB)
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Figure 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 eq S). Abscissa:
inhibitor concentration in #M (note the log scale). Seven (a—g)
scenarios were simulated. In each instance K;, for CB binding, K; for
inhibitor binding, and o (cooperativity between CB binding sites when
only the CB is present) were set at 0.25 #M, 1 4M, and 1, respectively. The
curvesshow (a) f=y=1;(b) f=1,y=10; (c) =1,y =0.1;(d) =0.1,
y=1(e) f=10,y=1 () f=y =01 (g) f=100,y = 0.L

and non-radiolabeled (['H]-CB) forms. This permits direct
measurements of bound and free [CB] as outlined above. Thus,
when CB binding is measured as the ratio of binding in the
presence of unlabeled CB to binding in the absence of unlabeled
CB, or b;/b, and is expressed as a function of total or free [CB],
two observations are apparent. (1) The curve describing b;/b
versus [ CB] is significantly right-shifted when total [CB] is used
versus free [CB]. (2) The curve fit is significantly better when
using free [CB].

A third data set is shown in Figure 3A. This data set shows
measured b;/b versus simulated free [CB]. Simulated free [CB]
was obtained through a multistep process: (1) We computed
binding parameters (K; and @, see eq 7) by using the b,/b versus
total [CB] data. (2) Using these parameters, we then simulated
CB binding to GLUT1 under conditions where total [CB] and
[GLUT1] are identical to those used experimentally. Our
simulations used a general purpose differential equation solver
(Berkeley Madonna) that recognizes [CB] &~ [GLUT1] and thus
allows [ CB] e to fall as CB interacts with GLUT1. The details of
the model (differential equations describing Scheme 1) are
available in the Supporting Information. The output includes
equilibrium CB binding and free [CB] at each total [CB]
employed. (3) Measured CB binding is then plotted versus
simulated free [CB], and K; and o are recalculated. (4) We
calculate the deviation between measured and simulated binding
at each total [CB] and then square and sum these deviations. (5)
Steps 2—4 are repeated until the sum of the square of the
deviations no longer changes significantly. The result is two
binding isotherms which accurately reproduce the plots of b;/b
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Figure 2. Inhibition of erythrocyte sugar transport by forskolin. Panels
A and B: Ordinate: initial rate of 3MG uptake (mmol/L cell water/min).
Abscissa: [3MG] mM. Results are shown as mean + SEM of at least
three experiments made in quadruplicate. Uptake was measured in the
absence (O) and presence (@) of 2 uM FSK. Curves drawn through the
points were computed by nonlinear regression assuming that 3MG uptake
follows simple Michaelis—Menten kinetics. (A) Zero-trans 3MG uptake
(cells lack intracellular sugar). Control: Kyapp = 1.51 &= 022 mM; Vi =
0.114 % 0009 mM/(L min); R* = 0.995. FSK: Ky, = 1.09 = 0.15 mM;
Vinax = 0.055 % 0.004 mM/(L min), R> = 0.994. (B) Equilibrium-exchange
3MG uptake (intracellular [sugar] = extracellular [sugar] ). Control: Kiyapp =
17.8 & 4.7 mM; Vi = 65 = 0.7 mM/(L min), R = 0.981. FSK: Kppypp =
48.5 + 7.3 mM; V,, = 83 £ 0.7 mM/(L min), R* = 0.997.

versus free [CB] and b,/b versus total [CB]. Similar results are
obtained with assays of forskolin inhibition of [*H]-forskolin
binding to GLUT1 (Figure 3B) although the binding measure-
ments show more experimental variation because Ky for forskolin
binding to GLUT1 is at least 20-fold greater than Ky for CB
binding. A second consequence of the higher Ky for forskolin
binding is that the curves are significantly less left-shifted when
b;/b is plotted as a function of measured or simulated free
[forskolin] versus total [forskolin].

These computations provide an iterative process for accurately
estimating free [inhibitor] when a radiolabeled form of inhibitor
is unavailable. Tests for internal consistency mandate that studies
of unlabeled forskolin inhibition of [*H]-forskolin binding to GLUT1

(forskolin homoinhibition) provide binding constants that are
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Figure 3. Modulation of [*H]-CB binding to red cell membranes by CB
(A) and modulation of [*H]-FSK binding to red cell membranes by FSK
(B). Ordinate: the ratio radioligand binding in the presence of inhibitor to
radioligand binding in the absence of inhibitor. Abscissa: [inhibitor], #M
(note the log scale). Results are shown as mean &= SEM of at least three
separate measurements made in triplicate. Radioligand binding was measured
at 50 nM total [*H]-CB or [*H]-FSK. Results are shown for inhibition versus
total [inhibitor] (O), inhibition versus measured free [inhibitor] (@), and
inhibition versus computed free [inhibitor] (A). Curves drawn through the
points were computed by nonlinear regression using eq 7. (A) The results for
CB inhibition of [*H]-CB binding are K; = 0408 & 0.178 (total CB),
0.098 + 0.014 (measured free CB), and 0.101 £ 0.009 (simulated free
CB) uM; .= 10.0 £ 1.0 (total CB), 5.441 = 0.558 (measured free CB), and
7.01 £ 0.53 (simulated free CB). The black curve shows the computed best
fit of b;/b vs measured free [CB]. The red curve shows the computed best fit
of b,/b vs simulated free [ CB]. The blue curve shows the computed best fit of
bi/b vs total [ CB] resulting from the simulations. The green curve shows the
computed best fit of b;/b vs free [ CB] assuming that free [CB] = total [CB].
(B) The results for FSK inhibition of [ H]-FSK binding are K; = 3329 £+
0.893 (total FSK), 2.833 = 0.754 (measured free FSK), and 2.750 =+ 0.787
(simulated free FSK) uM; o = 2.383 = 2.116 (total FSK), 2.400 + 0.212
(measured free FSK), and 2.434 4 0.235 (simulated free FSK). The black
curve shows the computed best fit of b;/b vs measured free [FSK]. The red
curve shows the computed best fit of b;/b vs simulated free [FSK]. The green
curve shows the computed best fit of b;/b vs free [FSK] assuming that free
[FSK] = total [FSK]. Note the black and red curves are almost superimposable.

indistinguishable from analogous constants for forskolin modulation
of [°H]-cytochalasin B binding (heteroinhibition, see Figure 4 and
Table 1). As we will show, this is observed experimentally.

1.0 4

b/b

7 1DeO-FSK
0.5 4 @ 7DeA-FSK
O FSK

0.00001 0.0001 0.001 0.01 0.1 1 10 100 1000
[Inhibitor] uM

Figure 4. 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 + SEM
of at least three separate measurements made in triplicate. CB binding
was measured at 50 nM [*H]-CB. Results are shown for inhibition by
FSK (O), 7DAFSK (@) or IDOFSK (A). Curves drawn through the
points were computed by nonlinear regression using eq 6. Based on CB
inhibition of [*H]-CB, K; and a were set at 0.098 %+ 0.085 4M and
6.284 £ 0.558, respectively. The results are: FSK, K; = 3.28 & 0.98 M,
B=1.54=+073,7 =093 % 0.10, R* = 0.93. 7DeA-FSK, K; = 2 &+ 2 nM,
B = oo, y = 045 £ 001, R> = 0.86. IDO-FSK, K; = 1.0 & 0.7 nM,
B =22179 + 5104, y = 0.438 + 0.017, R> = 0.97.

Forskolin and its derivatives modify [*H]-cytochalasin B
(50 nM) binding to GLUT1 in several interesting ways
(Figure 4 and Table 1). Some forskolins appear to function as
simple inhibitors of cytochalasin B binding in which inhibition is
a saturable function of [forskolin]. Other forskolins (see Figure 4
and Table 1) first enhance and then inhibit cytochalasin B
binding as the concentration of the inhibitor is raised. Yet other
inhibitor analogues simply increase cytochalasin B binding (see
Figure 4 and Table 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] and 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 1),
and according to the model, the net effect of any [forskolin] on
cytochalasin B binding is determined by five parameters: K;, (K4 for
cytochalasin B binding), K; (Kj for forskolin derivative binding), o
(a cooperativity factor indicating how cytochalasin B binding at the
first site impacts Kg(opp) for cytochalasin B binding at the second
site), 8 (a cooperativity factor indicating how forskolin binding at
the first site impacts Ky(qpp) for forskolin binding at the second site),
and y (a cooperativity factor indicating how cytochalasin B binding
at the first site impacts Ky(app) for forskolin binding at the second
site). In homoinhibition studies where, for example, the radioligand
and unlabeled competing ligand are the same species (e.g,, cytocha-
lasin B or forskolin), K; = K; and a = f3 = y, thereby simplifying
analysis of experimental data to the resolution of two affinity
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Figure 5. Modulation of [*H]-cytochalasin B binding to red cell
membranes by cytochalasins. Ordinate: the ratio [*H]-CB binding in
the presence of other cytochalasins to [*H]-CB binding in the absence of
cytochalasins. Abscissa: [cytochalasin], #M (note the log scale). Results
are shown as mean & SEM of at least three separate measurements made
in triplicate. CB binding was measured at 50 nM [*H]-CB. Results are
shown for modulation by CB (O), CC (®), and CH (A). Curves drawn
through the points were computed by nonlinear regression using eq 6.
The results are: CB, K;=K; =98 = 85nMand ot ==y = 6284 +
3.849, R”=0.997. CC, K; = 1.591 £ 0.431 uM, 3 = 00, y = 0.433 % 0.003,
R*=0.986. CH, K; = 98 & 3 nM, 3 = 249 + 45, y = 0.449 =+ 0.019,
R*=0.94.

parameters: K; and o.. These values are then inserted into binding
eq 6, thereby simplifying nonlinear curve fitting of forskolin
modulation of cytochalasin B binding (heteroinhibition) to the
resolution of three parameters: Kj, 3, and .

Table 1 summarizes the results of heteroinhibition studies in
which the effects of a wide range of forskolin analogues on [*H]-
cytochalasin B binding were measured. Figure 5 and Table 1
summarize the results of similar studies in which the effects of a
number of cytochalasin analogues on [*H]-cytochalasin B bind-
ing were measured.

B DISCUSSION

The human type 1 glucose transporter (GLUT1) is inhibited
by diverse natural compounds. Methylxanthines and ATP act as
mixed—tyge inhibitors of sugar exit reducing V., and increasing
Km(app).2 —30 Cytochalasins and forskolins increase Ki,(app) for
exchange transport and reduce V,,,,, for net entry (see here and
refs 14, 15, and 24). Tyrosine kinase inhibitors are competitive
inhibitors of sugar import,”" and the androgens and catechins
reduce V,,,, for exit and increase Ki,(opp) for uptake.*” These
observations are consistent with the hypothesis that cytochala-
sins 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.>> 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 ligands. When
presented at very low concentrations, the exofacial site inhibitor
maltose or the endofacial site inhibitors cytochalasin B (CB) or
forskolin (FSK) modestly stimulate sugar import in human red
blood cells.*"** 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 two binding sites for exofacial inhibitors of sugar
transport and two sites for endofacial inhibitors of transport.
When one exofacial or endofacial site is occupied by inhibitor, the
transporter is converted into a high affinity, high capacity sugar
transporter that catalyzes greater net transport.”> As the con-
centration of inhibitor is increased further, the second exofacial
or endofacial site is occupied by inhibitor and transport is fully
inhibited. The goals of the present study were to better under-
stand the kinetics of equilibrium ligand binding at the GLUT1
export site and to explore the ligand features that determine
ligand binding affinity and cooperativity.

At 4 °C, where transport and ligand binding measurements
were made, modulations of [*H]-CB binding to GLUT1 by
cytochalasin and forskolin analogues fall into 1 of 5 categories:
type 1, simple or pseudo-Michaelis inhibition in which CB binding
is inhibited; type 2, schizo-modulation in which CB binding is
enhanced at low [inhibitor] but is inhibited at higher [inhibitor];
type 3, biphasic inhibition in which high and low affinity compo-
nents of inhibition are observed; type 4, binding stimulation in
which only enhanced binding is observed; and type S, no
modulation of binding. Similar ligand binding behavior has been
observed with purified GLUT1 and with red cell sugar transport
using a limited selection of endofacial site ligands. 1 Type 2, 3,
and 4 modulations of CB binding to GLUT1 are incompatible
with the classic or alternating conformer model for carrier-
mediated transport.'®

This conclusion is predicated on the simplifying assumption
that ligand-binding sites correspond to substrate-binding sites.
For example, it is assumed that the endofacial CB binding site
corresponds to (or its occupancy is mutually exclusive with) the
endofacial sugar-binding site. Similarly, it is assumed that the
exofacial maltose-binding site corresponds to (or its occupancy is
mutually exclusive with) the exofacial sugar-binding site. How
might we alter our conclusions if a simple carrier also contains
noncatalytic but modulatory exo- and endofacial ligand-binding
sites whose occupancy affects the affinity of substrate binding at
catalytic sites? This has been considered in previous studies and
rejected as a satisfactory explanation of extracellular maltose
biphasic modulation of 3-O-methylglucose import or maltose
modulation of CB binding to GLUT1.'%** Moreover, if multiple
ligand binding sites are presented by the endofacial conformation
of GLUT], the stoichiometry of ligand binding should be greater
than 1 mol CB or FSK per mol GLUT1, and this has never been
reported. However, we still do not know whether exofacial
substrate and ligand binding sites are physically congruous or
mutually exclusive or whether endofacial glucose, CB, and FSK
binding sites are physically congruous or mutually exclusive.

The simplest explanation for these behaviors is that the sugar
transporter contains 2 binding sites for endofacial transport
ligands. If binding of a single ligand species is studied, interac-
tions between binding sites are homocooperative. If binding of
oneligand (e.g,, [*H]-CB or [*H]-FSK) is measured in the presence
of a second ligand, homo- and heterocooperativity may be observed.
When measuring CB binding in the presence of FSK, binding of
the first CB molecule to unoccupied GLUT1 is described by the
dissociation constant Ky and binding of the second CB molecule is
described by 0Ky, where o is a dimensionless constant greater than
zero. Binding of the first FSK molecule to unoccupied trans-
porter is described by Kj, and binding of the second FSK molecule
is described by SK; (/3 is a dimensionless constant greater than
zero). When heterocomplexes are formed, binding of the first
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Table 2. Structures of the Cytochalasins”

Cytochalasin B (CB) Cytochalasin E (CE)

KL=0.1 uM KL=0.1 uM

B=6.3 B=7917

v=6.3 v=0.56

OH

KL= 0.01pM LAV KL=0.82 uM

B = 6400 he B=1.11
v=0.64 \ v=0.38
KL=1.6 uM KL=0.1uM

= o B=249

y= 043 v=0.45
KiL=2.0 uM

B =101

v=0.56

“K1, B, and y are also shown (taken from Table 1) to facilitate comparison. Groups modified from the parent molecule (CB) are highlighted in red.

molecule (CB or FSK) is described by K;, or K; and binding of the
second molecule (FSK or CB) is described by yK; or yK;where y is
a dimensionless constant greater than zero. This model explains
enhanced CB binding in the presence of at least 11 of the 20
“antagonists” tested in the present study. The following rules are
observed for each type of binding modulation: Type 1: > 1, y >
0.5, BK; < 7200. Type 2: 5 < 23000, y < 0.5, 9000 < SK; < 52000
(the single exception is CA where SK; = 60). Type 3: 1000 < 3 <
8000, y > 0.5, 150 000 < BK; < 790 000. Type 4: f§ = oo, ¥ < 0.5.
The cytochalasins (Table 2) share a common rigid bicyclic
isoindoline core fused to a macrocycle. CB, CE, CH, and CJ show
the greatest affinity for site 1 (Kg(app) ranges from 12 to 100 nM).
Dehydration of the macrocycle hydroxyl group to form cytocha-
lasin A (CA) results in a 60-fold loss of affinity for GLUT1
(AAG® = 2.28 kcal/mol). This hydroxyl group may serve as a
hydrogen bond donor. Shortening the macrocycle by three
carbon atoms (CJ) increases affinity by 8-fold (AAG® = —1.2
kcal/mol), but introduction of an acetyl group to the macrocycle
ketone produces a compensatory 10-fold reduction in binding
affinity (compare CJ and CH). Addition of a carbonyl at position
5 of the shortened macrocycle further reduces binding affinity by
20-fold (compare CD and CH). CB and CA show the highest
affinities for the second binding site (SK; = 600 and 900 nM,
respectively). The remaining cytochalasins display very large 3
parameters indicating that they cannot simultaneously occupy
endofacial sites 1 and 2. However, when site 1 is occupied by CB,

all cytochalasins have access to site 2 (YK; = 8—1100 nM; CC
and CD share the lowest affinities for this site).

The forskolins (FSK; Table 3) are a family of labdane
diterpenes known primarily for their activation of adenylyl
cyclase.®® Schizo-modulation of CB binding to GLUT1 is most
common among the forskolins in which positions 1 and 9 are
deoxygenated or where the forskolins contain small substitutions
or adducts (acetylation, fluoridation) at positions 1, 6, 7, and 9.
Only one forskolin derivative produces biphasic inhibition, and
this contains a fluorophenylacetate group at position 7. Large
changes to FSK at position 7 (deacetylation or introduction of a
(2-(3-(4-fluorophenyl)-1-hydroxypropylamino ) ethylamino)-
methanediol group) produce binding stimulation, indicating that
these adducts do not preclude CB binding but do prevent a
second, identically modified forskolin derivative from binding.
Acetylation of position 6 in combination with deacetylation of
position 7 or introduction of an intermediate group at position 7
(fluorophenylpropanoic acid) appear to prevent forskolin bind-
ing altogether.

Cytochalasins and forskolins show similar heterocooperativity
parameters (y = 0.49 % 0.06) for binding to site 2 when site 1 is
occupied by CB. This positive heterocooperativity means that
forskolin or cytochalasin occupancy of site 1 increases the affinity
of site 2 for CB by 2-fold, and vice versa. The exception appears to
be forskolin, which displays a heterocooperativity parameter (y)
for binding to the transporter—CB complex of 0.93, suggesting
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Table 3. Structures of the Forskolins”

FSK 1DeO-FSK 7DeA-FSK 1A-FSK
Ki= 2,800 nM | Ki=1nM Ki=2nM Ki=3nM
B=24 " B = 22000 ‘@ p=o B=11923
v =09 v =044 y =045 y =0.44
7TFPPNEA-FSK 14,15DiH-FSK 7FPA-FSK
OHO ° / OH /
KL=11nM KL=25nM l KL=30nM K, = 140 nM o
B= 1500 B = 40400 g p=243 B=1120 b L,
y =0.49 y =043 b Y =06 y =0.51 A
9DeO-FSK 7FA-FSK 6A-FSK
OHO OHO /
K. = 430 nM KL= 630 nM KL=950 nM o
B=120 B=45 ‘ B = 10000 ‘@ O)\o
y =0.46 y =048 Kgo Y =042 o o
i T
6A,7DeA-FSK
KL= NA
B=NA
v =NA

?Ky, 3, and y are also shown (taken from Table 1) to facilitate comparison. Groups modified from the parent molecule (FSK) are highlighted in red.

that CB and FSK binding sites are only weakly interacting. Only 3
of 20 GLUT1 endofacial site ligands tested in the present study
produce pseudo-Michaelis inhibition of CB binding. Twelve
compounds enhance CB binding when applied at low concen-
trations. Three compounds display high and low affinity inhibi-
tion of CB binding. Only two compounds have no effect on CB
binding.

Previous studies have examined cytochalasin B and forskolin
inhibition of sugar transport and CB binding in human red
cells"**3*35 and inhibition by cytochalasin B*® or forskolin®”>*
of energized D-galactose transport by the GalP sugar-H ™" symport
protein of Escherichia coli. 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]-CB binding
to red cell membranes,”* Rampal and co-workers found that only
CA and CB inhibit CB binding with high affinity. The remaining
cytochalasins (CC through CH) were extremely low affinity
inhibitors (Ki(uppy > 100 uM). While this result appears to
contradict our observations, SK; for occupation of site 2 by

cytochalasin analogues in our studies corresponds to Kj(pp)
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observed by Rampal et al.** For example, CE inhibition of CB
binding is characterized by f3, y, and K; parameters of 7900, 0.56,
and 0.1 uM, respectively. If one were to analyze our data
assuming a single endofacial binding site, these parameters would
translate into Kj(,ppy > 1000 #M. Rampal et al.** report that
Ki(appy = 100 M. As with our previous studies showing that low
concentrations of “inhibitors” can produce a paradoxical stimula-
tion of transport,*"** the key to the present observations is the
use of inhibitor concentrations that span Kg(,pp) by 32 or more
log units.

GLUT1 three-dimensional structure has been modeled using
the crystal structure of E. coli GlpT as a homology template and
human glucose-6-phosphate translocase as an “evolutionary
template” to correct for missing residue assignments.'® 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.'®* Salas-Burgos et al. propose that GLUT1 presents
exofacial and endofacial binding sites for forskolin, phloretin,
and glucose but only an endofacial site for CB. An exofacial
phloretin and glucose binding site is consistent with the observed
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Figure 6. Panel A shows a GLUT1 tetramer (see ref 46) viewed from the interstitium. Two subunits (blue) are shown in the €2 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. If
the GLUT]1 region that binds cytochalasin B interacts with the same domain on the adjacent GLUT1 molecule (subunit b is rotated 180° relative to
subunit a about the central axis of the tetramer), this would allow for the molecular envelope of a cytochalasin bound to subunit a to overlap with that of
cytochalasin bound to subunit b. This, in turn, could account for strong negative cooperativity as observed, for example, with CA. Holman and Rees'>
suggest that the CB binding site lies close to TMs 10 and 11 which would require that 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. However, the ligand-induced conformational change could also reduce binding affinity at subunit b and thereby explain negative

cooperativity.

competition between substrate and phloretin during sugar
uptake. However, forskolin is a noncompetitive inhibitor of sugar
uptake (see here and ref 14), which is incompatible with docking
analyses suggesting that exofacial 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
enhances ligand binding affinity. CB is proposed to dock
with GLUT1 at a single site comprising portions of GLUT1
cytoplasmic loops 2, 6, and 10.'® Biochemical data suggest that
CB interacts with GLUT1 transmembrane helices 10 and 11 and
loop 10"****! although the absence of a photoinduced covalent
interaction between CB and loops 2 and 6 does not eliminate
binding interactions with these domains. Deviations between
experimental and modeled behavior are not unexpected. The use
of homology-based threading to model LacY on the known GlpT
structure or to model GlpT on the known LacY structure results
in broadly correct transporter architecture but misaligns active
site residues.*

Two explanations could account for multiple, interacting
endofacial ligand binding sites. (1) Both sites exist on a single GLUT1
molecule. (2) Only one site is present within each GLUTI
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molecule, but GLUT1—GLUT1 interactions give rise to binding
cooperativity. The first possibility is ruled out by GLUT1 CB
binding stoichiometry which ranges from 0.5 to 1 mol CB per
mol GLUTL.*** The second possibility is supported by
demonstrations that GLUT1 forms noncovalent dimers and
tetramers in detergent micelles and lipid bilayers (refs 44—46
but see ref 47 for a counter view). Strong, negative cooperativity
could be explained if a ligand, complexed within the endofacial
binding site, extends its molecular envelope into the endofacial
binding pocket of an adjacent subunit, thereby inhibiting ligand
binding at the second site (negative cooperativity; Figure 6 A).
Positive or weak negative cooperativity would be explained if
endofacial ligand binding is an induced fit phenomenon, which in
turn promotes a similar or compensatory conformational change
in the endofacial binding site of an adjacent GLUT1 molecule
(Figure 6 B). Resolution of these questions must await determi-
nation of the structure of the GLUT1—CB complex.

The significance of GLUT1 cooperativity to GLUT1 function
at physiologic temperature (37 °C) remains to be established. It
has been noted that purified, reduced (noncooperative) GLUT1®
is some 10—20-fold less active than red cell resident GLUTL.'
This could be explained if reduced, purified transporter behaves as
a simple carrier.*® In order that multiple rounds of sugar uptake
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may proceed via a simple carrier, each transport cycle (which
includes substrate binding at the exofacial surface, substrate
translocation, and substrate release at the endofacial surface) must
include a conformational change that restores the exofacial sub-
strate binding site. Regeneration of the exofacial site is called
relaxation’ and, at 10 °C, is 100-fold slower than substrate
translocation.® Red cell resident (tetrameric) GLUT1, on the
other hand, couples substrate translocation through one GLUT1
molecule to relaxation of a neighboring subunit and thereby avoids
rate-limiting relaxation. The cost is significant—transport requires
twice as much cooperative GLUT1 than noncooperative GLUT1
—but the catalytic advantage is even greater. Studies with
reduced GLUT1 at 37 °C will be necessary to determine whether
insights obtained at lower temperatures are applicable to physio-
logic temperatures. GLUT1 cooperativity has not been studied
systematically in other tissues, but the hallmarks of cooperativity
(GLUT1 sensitivity to reductant, interaction with quaternary-
structure-sensitive polyclonal antibodies, formation of oligomers,
dominant negative phenotypic behavior of heterologously expres-
sed GLUT1 mutants) have been observed in cultured cells,***>!
suggesting that GLUT1 may behave as a cooperative complex in
most tissues where it is expressed.

B ASSOCIATED CONTENT

© Ssupporting Information. Details of the ligand binding
model (differential equations describing Scheme 1). This ma-
terial is available free of charge via the Internet at http://pubs.acs.
org.
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