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ABSTRACT. This study was undertaken to examine GLUT1 quaternary structure. Independent but
complementary methodologies were used to investigate the influence of membrane-solubilizing detergents
on GLUT1/lipid/detergent micelle hydrodynamic radii. Hydrodynamic size analysis and electron microscopy

of GLUT1/lipid/detergent micelles and freeze-fracture electron microscopy of GLUT1 proteoliposomes
support the hypothesis that the glucose transporter is a multimeric (probably tetrameric) complex of GLUT1
proteins. GLUT1 forms a multimeric complex in octyl glucoside that dissociates upon addition of reductant.
Some detergents (e.g., CHAPS and dodecyl maltoside) promote the dissociation of GLUT1 oligomers
into smaller aggregation states (dimers or monomers). These complexes do not reassemble as larger
oligomers when dissociating detergents are subsequently replaced with nondissociating detergents such
as octyl glucoside or cholic acid. When dissociating detergents are replaced with lipids, the resulting
proteoliposomes catalyze protein-mediated sugar transport, and the subsequent addition of solubilizing,
nondissociating detergents generates higher (tetrameric) GLUT1 aggregation states. These findings suggest
that some detergents stabilize while others destabilize GLUT1 quaternary structure. GLUT1 does not
appear to exchange rapidly between protein/lipid/detergent micelles but is able to self-associate in the
plane of the lipid bilayer.

A diverse group of polytopic integral membrane proteins  Three general challenges remain in crystallization studies
called transporters catalyzes solute transport across cellof membrane transporters: (1) obtaining high-quality crystals
membranes. These transporters form two major subgroups:of membrane transporters, (2) obtaining crystals of each
the channels and the carriefl.(Several channels have been transporter conformation of the transport cycle, and (3)
successfully crystallized and subjected to detailed structuralresolving whether the quaternary structure of the transporter
analysis by X-ray diffraction. Relatively few carriers have in the crystal corresponds to that of the transporter in the
been amenable to structural analysis. cell membrane. For challenge 2, for example, with some

Understanding the three-dimensional structure of the carriers, there are at least four, and as many as 12,
transporters is important for several reasons. (1) With intermediate kinetic states that have been identified bio-
relatively few exceptions, the helix packing of transporters chemically or via steady-state transport ass&ysSince the
has not been determined by available computational algo-challenge is to understand how transporters transition from
rithms @, 3). (2) Polytopic integral membrane proteins are one conformational state to the next, it is important that each
largely refractory to biochemical approaches to high-resolu- of these states be resolved.
tion characterization of substrate and ligand binding sites  Glucose transport across cell membranes is carrier-
(e.g., compare re#t with refs 5 and 6). Thus, a three-  mediated. Two classes of glucose transport are observed.
dimensional structure would greatly facilitate identification Active transport is effected by the SGLT family of integral
of putative substrate binding domains and transport pathwaysmembrane proteins in which the net accumulation or up-
for verification or refutation by mutagenesis. (3) Biochemical take of glucose is coupled to and driven by the net flow
and molecular biological analyses of transporters of previ- of a cation, normally sodium, down its electrochemical
ously unknown structure may now be interpreted with the gradient into the cell §). Passive, carrier-mediated glu-
context of a specific three-dimensional structure. These cose transport is catalyzed by the GLUT family of integral
advantages together with the ability to target specific sites membrane proteins. These carriers mediate the rapid bi-
for labeling with environmentally sensitive probes will directional flow of sugars into and out of the ceB)(
ultimately lead to a more comprehensive understanding of However, the net direction of passive transport is always
the molecular mechanisms of channel- and carrier-mediatedfrom high to low sugar concentration. These transporters are
transport. typically faster than the active transportet3. (Absorptive
and reabsorptive cells of the small intestine and proximal
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and down a concentration gradient to the blood side of the structure of the glucose transport protein in cell membranes.

cell.

None of these assumptions is inviolable. Maltose is known

The passive glucose transporter that has been mosto react with import and export sites [but not in intact cells

extensively studied is human red blood cell GLUTThis

where maltose cannot penetrate the céf)j; The use of

protein comprises almost 10% of the integral membrane photoreactive cross-linkers with lifetimes on the order of

proteins in erythrocytes1(Q). Although a high-resolution,

crystal structure of GLUTL1 is unavailable, related major
facilitator superfamily (MFS) transporters LacY and GIpT
of Escherichia colihave been crystallized and resolved to

nano- to microseconds often avoids artifactual cross-linking
of spatially separated subunits in cell membranes that may,
with time, collide. There is also a growing literature

indicating that the hydrodynamic properties of detergent-

3.5 and 3.3 A resolution, respectivelyd, (11). These solubilized integral membrane proteins are strongly depend-
structures support the hypothesis that MFS carriers presenient upon the nature of the detergents used to solubilize the
a substrate-binding cavity that is alternately exposed to proteins (, 13).
interstitium and cytoplasm. Salos-Burgos et &) have used This study was undertaken to investigate the hydrodynamic
the GIpT structure as a homology template for modeling radius of GLUT1/lipid/detergent micelles released from
GLUT1 structure, and the resulting structure (PDB entry GLUT1 proteoliposomes upon addition of a wide range of
1SUK) provides significant insights into GLUT1 biochem- membrane detergents. Our findings demonstrate that the
istry and function. quaternary structure of GLUTL1 is strongly dependent upon
Being relatively uniform in shape, surface area, and the solubilizing detergent, and thus, great care must be
volume, human red blood cells are a very useful model for exercised in extrapolating the results of such analyses to
kinetic analysis of carrier-mediated sugar transport. Analysis protein structure in the cell membrane.
of sugar transport by human red blood cells in the presence
of inhibitors suggests that the glucose transporter complexMATERIALS AND METHODS
presents at least two sugar uptake sites and at least two sugar ) ,
export sites at any instant3, 14). This view is reinforced Materials. All reagents were purchased from Sigma
by analysis of ligand binding to sugar uptake and sugar efflux Chemical unless otherwise noteéHICytochaIasm B was
sites of the glucose transporter in human red cells indicating Purchased New England Nuclear. Triton X-100 and octyl
that each transporter presents multiple sugar uptakes and’-glucoside were purchased from Calbiochem. Cholic acid,
sugar exit sites simultaneously in the red céf)( However, ~ deoxycholate, CHAPS, CHAPSO, dodecyl maltoside, Tween
each glucose transport protein, when studied in isolation, 20, and Big CHAPS were purchased from Pierce.
appears to function as an alternating conformer carrier protein  Solutions. Saline consisted of 150 mM NaCl, 5 mM
in which the transport protein alternates between a sugarHEPES, and 0.2 mM EDTA (pH 7.2). Potassium medium
import (e2) and a sugar export (el) staté€18). Import  (kaline) comprised 150 mM KCl, 5 mM HEPES, and 0.2
and export states appear to be mutually exclusive in vitro. MM EDTA (pH 7.2). Lysis medium consisted of 10 mM
This apparently contradictory behavior was resolved when HEPES and 0.2 mM EDTA (pH 7.2). Tris medium consisted
we learned that the glucose transport protein exists as aof 50 mM Tris-HCI and 0.2 mM EDTA (pH 7.4). Alkaline
GLUT1 multimer in the red cell membrane and in certain wash medium consisted of 12.5 mM NaOH and 5 mM
detergentsX@8). This laboratory has proposed that the glucose EDTA (pH 12.0).
transporter of human red cells is a GLUT1 homotetramer in  Glucose Transport Proteirluman red blood cells were
which each subunit is a functional transport pathway. At any obtained from whole human blood by centrifugation at
instant, two subunits must exist in an import or e2 state while 1400@q for 10 min into volumes of saline or kaline at’€.
the remaining two subunits must exist in an el or export The supernatant and the white buffy coat were aspirated and
competent state. In this way, the transporter presents uptakehe cells resuspended into volumes of saline or potassium
and efflux sites simultaneously, but each subunit functions medium. The centrifugation wash cycle was repeated until
as a classic el or e2 iso-uni-ping-pong carris, (L9). the white buffy coat was no longer visible to the naked eye.
These conclusions are based upon several assumptionsThe resulting red cell suspension was stored aC4until
(1) The ligands cytochalasin B and maltose bind at the sugarfurther use. Red cell ghosts were prepared from freshly
exit and sugar import sites, respectively. (2) Chemical cross- prepared human red cells by a series of washes in hypotonic
linking of cell membrane-resident transporter produces cross-lysis medium. One volume of packed red cells was added
linked states that accurately reflect the quaternary structureto at least 40 volumes of lysis medium at°€. The
of the protein in the cell membrane. (3) The hydrodynamic suspension was stirred slowly for 30 min on ice and
properties of cholic acid-solubilized GLUT1 and Triton centrifuged at 200G for 20 min. The supernatant was
X-100-solubilized GLUT1 accurately reflect the quaternary aspirated, and the cell membrane pellet was resuspended in
40 volumes of lysis medium. The centrifugation wash cycle
was repeated until the cell membrane pellet was white. This
normally required five to eight wash centrifugation cycles.
The resulting membranes were adjusted to a concentration
of 4 mg of protein/mL in lysis medium and then frozen at
—80°C until further use. Red cell integral membrane proteins
were prepared from red cell ghost membranes by suspending
1 volume of ghost membranes at 4 mg/mL in 5 volumes of
alkaline wash medium. The suspension was allowed to sit
at 4°C for 30 min, and then the membranes were collected

1 Abbreviations: GLUT1, human erythrocyte glucose transport
protein; 3MG, 30-methylglucose; CCB, cytochalasin B; CCD, cy-
tochalasin D; CHAPS, 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate; CHAPSO, 3-[(3-cholamidopropyl)dimethylammonio]-
2-hydroxy-1-propanesulfonate; DDM, dodecyl maltoside; EDTA,
ethylenediaminetetraacetic acid; HEPES2-hydroxyethyl)piperazine-
N'-2-ethanesulfonic acid; OG, octyl glucoside; RBC, red blood cell;
Ry, Stokes radius or hydrodynamic radius; SEFAGE, sodium
dodecyl sulfate-polyacrylamide gel electrophoresis; SEM, standard
error of the mean; Tris-HCI, tris(hydroxymethyl)aminomethane hy-
drochloride.
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by centrifugation at 250@pfor 20 min. The supernatant was min at 280 nm in a Rayonet photochemical reactor. Follow-
aspirated, and the resulting membrane pellet was washedng UV irradiation, membranes were washed with PBS to
three times in Tris medium until the pH of the suspension remove unbound CCB and sedimented by centrifugation
was 7.4. The membranes were frozen at a concentration of(10000@ for 15 min). Proteins were resolved on 10% SBS

2 mg of protein/mL at-80 °C. PAGE gels and stained for protein. Gel slices (2 mm) were
GLUT1 was purified from human red blood cell integral extracted from stained gels and incubated overnight at 50
membrane proteins as described previoudl§).(Integral °C in 300uL of 30% HO, before addition of scintillation

membrane proteins at 2 mg/mL in Tris-HCI medium were fluid and counting.
adjusted to 48 mM octyl glucoside by slow addition of solid Rotary Shadowing Transmission Electron Microscopy.
octyl glucoside. Following end-over-end rotation for 30 min Three samples were prepared for transmission electron
at 4°C, the clarified suspension was centrifuged at 45000 microscopy: (i) GLUT1 proteoliposomes, (i) GLUT1 pro-
for 1 h at 4°C. The clear supernatant was carefully decanted teoliposomes solubilized in-octyl glucoside (OG), and (iii)
and the pellet rejected. The supernatant was than applied teendogenous erythrocyte lipids solubilized in OG. GLUT1
a DE-52 column equilibrated with Tris-HCI medium con- proteoliposomes contain GLUT1 reconstituted into bilayers
taining 25 mM sodium chloride and 34 mM octyl glucoside. of endogenous erythrocyte lipids. GLUT1 proteoliposomes
Following application of the sample to the column, the solubilized inn-octyl glucoside (OG) were prepared in 80
column was washed with Tris medium containing 25 mM mM OG in 50 mM Tris-HCI and sedimented (100@)0and
NaCl and 34 mM octyl glucoside at a flow rate of 1 mL/ the supernatant was diluted to 40 mM OG. Erythrocyte lipids
min. The first 200 mL of sample eluate was collected and were extracted from GLUT1 proteoliposomes following the
then dialyzed over 48 h against at least three changes of 3Qprocedure described by Bligh and Dy&?2). Dried lipids
volumes of Tris medium lacking octyl glucoside. The flow- were then resuspended in 80 mM OG and sedimented
through fractions contain red cell lipids, glucose transport (10000@), and the supernatant was diluted to 40 mM OG.
protein, and detergent. During dialysis, the fractions become Samples in 50 mM Tris (with or without detergent) were
opaque in appearance due to reconstitution of the glucosefirst diluted 1:1 (v/v) in 600 mM ammonium acetate and
transport protein into lipid membranes formed from the 50% (v/v) glycerol (pH 7.0) and sprayed onto carbon sheets
copurified red cell lipids. made by evaporating carbon onto freshly cleaved mica.
The resulting proteoliposomes were sedimented by ultra- Samples were returned to the vacuum evaporator and rotary
centrifugation at 200@@for 15 min, adjusted to a concentra- shadowed at ©with Pd/Au (20:80). The replicas were
tion of 1 mg/mL, aliquoted into 100 mg samples, and frozen imaged on a Philips CM 10 transmission electron microscope
at —80 °C. The purity of the sample was checked by gel using an accelerating voltage of 80 kV. Image negatives were
electrophoresis (see below) and by analysis of binding of digitized and analyzed using Image SXM (formally NIH
[(H]CCB to GLUT1 proteoliposomes (see below). Image), and the radius distribution was fitted to two Gaussian
Equilibrium Cytochalasin B Bindind=quilibrium binding functions of the form
of [3H]CCB to purified GLUT1 and to red cell membranes

was assessed as described previoudl). (Briefly, 50 uL y =B, + o6 Rl g 4g e Reed’o? (1)
of GLUT1 proteoliposomes or red cell membranes at 2 mg/
mL membrane protein was mixed with aQ of [3H]CCB wherey is the density is the number of particles in the

solution in Tris medium. Two 1@L aliquots were sampled  bin equivalent to the sample maximuRy, o is the number
from the suspension to give total counts. The sample wasof particles in the bin equivalent to the sample médeR,
permitted to equilibrate on ice for 30 min (equilibrium is particle radius in nanometers,is the averagé&,, ando
binding is achieved within 5 min), and then the membranes is the sample variance (bell width). Subscripts 1 and 2
were sedimented by centrifugation at 149@06r 5 min at 4 correspond to particle populations 1 and 2, respectively.
°C. Two 10uL aliquots of the clear supernatant were then  Freeze-Fracture Electron Microscopyrreeze-fracture
sampled as a measure of the amount of ffeBgCB. [°*H]- electron microscopy of GLUT1 proteoliposomes was per-
CCB specific activity associated with each sample was formed as described in réB. GLUT1 proteoliposomes were
quantitated by liquid scintillation spectroscopy. Bound fixed for 4 h in 2%glutaraldehyde, washed twice with PBS,
radioactivity was obtained by subtracting the free disintegra- and cryoprotected with 30% glycerol in 0.1 mM sodium
tions per minute from the total disintegrations per minute. cacodylate (pH 7.5) buffer. The sample was placed on a
Cytochalasin B binding was assessed as a function ofcopper specimen holder and frozen by immersion ia N
increasing unlabeled cytochalasin B concentration. The cooled Freon 22. Frozen samples were transferred into a
cytochalasin B binding capacity of purified GLUT1 ranges Cressington freeze-fracture apparatus (Cressington Scientific
from approximately 0.5 mol of cytochalasin B per mole of Instruments, Watford, U.K.). The temperature of the samples
glucose transport protein for tetrameric GLUT1 to 1 mol of was increased te-120 °C to remove Freon 22, and the
cytochalasin B per mole of GLUTL1 protein in dimeric membranes were fractured after approximately 20 min under
GLUT1. a vacuum of 107 Torr. Specimens were shadowed with
GLUT1 Photolabeling Using®H]Cytochalasin B Purified platinum at a 4% angle. A 1.5 nm film was deposited in
GLUT1 and GLUT1 proteoliposomes were photolabeled with unidirectional shadowing, whéla 2 nmcoat was utilized
[®H]CCB as described previousl21). Samples were resus-  for rotary shadowing. Platinum shadowing was followed by
pended in 70Q«L of 6.25 uM [3H]cytochalasin B (CCB) deposition 6a 5 nmcarbon coat perpendicular to the fracture
and 10uM cytochalasin D (with or without 108M phloretin plane. The specimen was removed from the copper support
in PBS at pH 7.4) and allowed to equilibrate on ice for 10 in sodium hypochlorite bleach. Replicas were cleaned by
min. This suspension was placed on ice and irradiated for 4 several rinses in distilled water, gathered on nickel grids,
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and examined in a Philips (Mahwah, NJ) CM10 electron using Kaleidagraph (Synergy Software). Image analysis was
microscope. carried out using Image SXM (http://www.liv.ac.akédb/
Fractured membranes were photographed after the speciimageSXM/).
men tilt was minimized to reduce the overestimation of  Determination of Hydrodynamic Radilhe particle hy-
the particle density and minimize errors in the determina- drodynamic radius was determined using two methods. The
tion of particle size. Some rotary-shadowed samples werefirst method was analytical size exclusion HPLC using a
utilized for comparison, and the values that were obtained Toso Haas TSK 4000 column as described previoukdy. (
did not differ significantly from the samples that were The column was calibrated using hydrodynamic standards
shadowed unidirectionally. IMP diameters were measured obtained from Pierce and was developed at a flow rate of
on photographs at a magnification of 630600The width 0.3 mL/min. Samples (106L) were injected onto the column
of the electron dense deposit was measured from unidirec-in a variety of detergents. All solutions and all samples
tionally shadowed particles at right angles to the direction following preparation were filtered through Ow2n filters
of shadowing. The diameter of rotary-shadowed particles prior to application to the column. Samples emerging from
was also measured. Half of the thickness of the brightly the column were detected by UV absorbance at 280 nm, by
shadowed rim surrounding the IMP was included in this size differential refractive index measurements, and by light
measurement. The radius distribution was fitted to one of scattering at 1%5and 90 using a Precision Detectors 2000
two Gaussian functions of the form shown in eq 1 (see N System. This detection system further permits the com-
above). putation of av/dC for each sample as it passes through the
Reconstitution of GLUT1-Mediated Sugar Transport. detector and, in combination with the low and® @hgle light
GLUT1 was reconstituted in large unilamellar egg phos- scattering data, allows calculation of the mass of the particle
phatidylcholine/cholesterol vesicles as described previously emerging from the column.
(24). Egg PC (40 mg in hexane) and cholesterol (10 mg) Hydrodynamic radii were also determined by dynamic
(80:20 molar ratio) were dissolved in hexane. The organic light scattering by using a Precision Detectors 2000 Cool
phase was evaporated under a stream9faNd remaining Batch System. This system detects the Brownian motion of
trace quantities of hexane were removed in vacuo for 3 h. particles in a small (10@L) cuvette by analysis of rapid
The resulting lipid film was dissolved in Tris medium (microseconds) fluctuations in scattered light. These data are
containing 5% (by weight) sodium cholate and mixed with then used to compute the diffusion coefficient of the particles.
100 ug of GLUT1 solubilized in 50 mM sodium cholate.  All solutions were filtered through a 0/2m filter prior to
This mixture (4 mL) was dialyzed overnight agatiGsL of use. Glucose transport protein, following solubilization in
detergent-free Tris medium, and the resulting suspension ofthe appropriate detergent, was collected as the ultracentrifu-
small unilamellar proteoliposomes was distributed in 0.5 mL gation supernatant (Beckman airfuge, 200§)Gdhd filtered
fractions in microcentrifuge tubes. Each tube was frozen in again through a 0.2m filter prior to analysis in the cuvette-
a dry icelisopropyl alcohol mixture, thawed at room tem- based system. Although the cuvette-based system does not
perature, and then subjected to two additional rounds of require calibration, the accuracy of the analysis was checked
freezing and thawing. The resulting large unilammelar by analysis of the hydrodynamic radius of a variety of
proteoliposomes (mean diameter of 2rf by oil immersion standards obtained from Pierce Chemicals. Analyses of
phase contrast) sedimented readily at 14080d were used  hydrodynamic radii were carried out between 10 and@5
for sugar transport determinations at Z4. 30MG uptake using the Cool Batch built-in Peltier device. The cuvette was
(0.05 mM) was assessed in 100 of proteoliposome flushed with filtered nitrogen to prevent condensation on the
suspension (&g of GLUT1) at 0, 10, 20, 30, and 60 s in face of the cuvette during measurements.
Tris medium with or without 10uM CCB [a transport Particle Mass Analysis by Rayleigh Light Scattering.
inhibitor; Kiappy = 0.2uM]. Equilibrium uptake was assessed Micelle concentration and mass are related to the refractive
by incubation fo 2 h at 24°C. Uptake was arrested by index of material emerging from the size exclusion column,
addition of 1 mL of ice-cold Tris medium containing L& sample absorbance, and the intensity of light scattered by
CCB. Proteoliposomes were sedimented by centrifugation the sample in the following way:
at 1400@ for 5 min at 4°C; the supernatant was aspirated,
and the liposomes were washed again in Tris medium —CM (dn) P K 2
containing CCB. Uptakey, was computed as Widc LS

[BMG] cpm — cpmy where I.s _is the intens_ity of _scattered lightC is_ the

T ¢ cpm, — cpm, concentration of the particl®)yy, is the molecular weight of
the particle, d/dc is the specific refractive index increment

of the particle Py is the form factor of the particle, artfl s
is an instrument (detector) constanm/dt describes how the
refractive index of a solution varies for a given increment
in concentration and is expressed as grams per milliéy. (
For particles with aviy of <1 x 10°, P, approaches 126),

where [3MG] is the 3MG concentratiohis time, and cpry)
cpm, and cpm correspond to the radioactivity associated
with proteoliposomes at time zero, tinheand equilibrium,
respectively.

Analytical Procedures.SDS-PAGE was carried out
using 10 or 15% acrylamide gels as described pre- 91Ving

viously (25). Samples were not boiled prior to applica- ls

tion to the gel. Protein assays were carried out using My=——>— (3)
the Pierce BCA (bicinchoninic acid) assay. Linear regres- C(dn) K.s
sion and nonlinear regression analyses were carried out dc
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The refractive index signal (RI) may be expressed as 13 T T . . 0.1
8
dn
RI =K c(—) ) 7
RI dc 6 o
Q
whereKg, is an instrument calibration constant. Hence E 3 ?\;
= 1@
K A
K x
K =R (5) =
dn =)
KLS(&)
s
M — K’_ 6 1 1 1 h 10
W URI © 0 2 4 6 8 10

time min
Wher?K IS a,C‘?mb'”ed constant of rftlc) Kis/Kri- For_ a Ficure 1: Hydrodynamic properties of water-soluble protein
protein containing heterogeneous carbohydrate chaiuls, d standards determined by dynamic light scattering and by size
dc is not known or may not be constant. Fortunately, the exclusion chromatography: (left ordina®) particle Stokes radius
UV absorbance of the sample is relatedQahrough the ~ (Ry) determined by DLS (nanometers, note the log scale), (right
relationship ordinate,a) particle diffusion coefficient (square centimeters per
second; note the scale is logarithmic and inverted), and (abscissa)
time of elution from the column- the void volume elution time
uv = Ky, Ce (7) (the latter measured using blue dextran). The standards employed
are as follows (in order of elution from the column): thyroglobulin

whereKyy is an instrument constant ards the extinction (M = 749 kDa), ferritin (1, = 421 kDa), catalaseM; = 211 kDa),

- . I9G (M, = 154.33 kDa), aldolaseéM; = 154.33 kDa), BSAM, =
coefficient (sample absorbance at 1 mg/mLvét1 cmpath 69.51 kDa), and lysozyméV[; = 13.71 kDa). Each point represents

length). Thus the mean of three or more measurements at@0The numbers
shown in parentheses are fRevaluest the SEM of each standard

KR|2|LSUV as measured by DLS. The lines drawn through the points were

My =—"—"7"— (8) computed by nonlinear regression assuming particle size and

KLSKUVE(RDZ diffusion coefficient display an exponential dependence on elution

time. The curves have the following propertid?; = (9.41+ 0.13

I nm)et0-288£0.004 i) (R2 = 0.998) andD = [(2.19+ 0.09) x 1077
Wen et al. 26) demonstrate that whesp (extinction of sz) 5 1]e1(0.207:0.006 r(nirrl) (R = 0)_995). K )

the carbohydrate-free polypeptide) is known at a wavelength
where the extinction coefficient of a carbohydrate equals O contains red cell lipids [phospholipid:cholesterol: GLUT1
(e.g., 280 nm)¢p can be substituted far (above). ratio of 1:0.3:1 by mass and 73:43:1 by molarig7)].
Detergent-solubilized GLUT1 therefore contains a hetero-
RESULTS . . o
geneous population of micelles which includes detergent
Dynamic Light ScatteringThe hydrodynamic radiudz() micelles, detergent/lipid micelles, and detergent/lipid/GLUT1
of bovine serum albumin (M = 67 kDa; 1 mg/mL) was micelles. Table 1 summarizes the hydrodynamic radii of
obtained by size exclusion chromatography (using standardsmicelles formed from lipids isolated from purified GLUT1
with R, values ranging from 1.8 to 8.5 nm to calibrate the by organic extraction 42) and solubilized in various
column) and by dynamic light scattering (Figure 1). The detergents. Detergent/lipid mixed micelles are significantly

result @ = 3.48 & 0.12 nm; T = 20 °C) is method-  larger than detergent micelles but exhibit the same general
independent and is very similar to the expected value of 3.6 temperature dependence Rf that pure detergent micelles
nm at 20°C. do.

Detergent MicellesThe hydrodynamic radius of micelles Detergent/Lipid/GLUT1 MicelleDetergent/lipid/GLUT1

formed from any of a number of detergents was measured . : -
o X ) . micelle hydrodynamic radii are strongly dependent on the
by dynamic light scattering (Table 1). Figure 2 summarizes nature of the detergent (Table 1), but in all instands,

the dependence of the detergent micelle hydrodynamic radius ; : X
on temperature for six detergents: NP40, Triton X-100 increases with temperature (Table 1). With CHAPS- and

n-octyl B-glucoside, cholic acid, CHAPS, and CHAPSO ' CHAPSO-solubilized GLUT1, this behavior differs signifi-
With four of the si,x detergenté that we;e examined, th.e cantly from the temperature dependence of the detergent or

micellular hydrodynamic radius increases with an increase detergent/lipid micelleR, (Table 2 and Figure 2).
in temperature. CHAPS and CHAPSO micelle hydrodynamic ~ Rayleigh Light Scatteringdetergent/Lipid/GLUT1 micelle
radii decrease with an increase in temperature. The tempermass was computed by analysis of Rayleigh light scattering
ature dependence of detergent mic&lds summarized in measurements (Figure 3). Octyl glucoside-solubilized, non-
Tables 1 and 2. With octyl glucoside, the cloud point of the reduced GLUT1 emerges from a size exclusion column with
detergent is 34C, resulting in detergent precipitation. This an averag&, of 9.8 nm (20°C). Measurements of micellular
is rapidly reversedr(~ 2 s) by lowering the temperature to  specific refractive index, UV absorption, and light scattering
30 °C. intensity permit computation of the octyl glucose/lipid/
Detergent/Lipid MicellesThe goal of this study was to ~ GLUT1 micellularMy (400 kDa) (Table 3). When GLUT1
examine the dependence of the GLUTL1 oligomeric size on is purified in the presence of reductant (Figure 3B), e
the nature of the solubilizing detergent. Purified GLUT1 also and computed mass of octyl glucose/lipid/GLUT1 micelles
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Table 1: Hydrodynamic Properties of Detergent/Lipid/GLUT1 Micelles

Ry(10°C)? (nm) Ry(20°C)?2 (nm) molecular volumie(A3) N(10°C)e N(20°C)e N by otherg
Detergent Alone
oG 1.53+ 0.04 1.98+ 0.03 303.7 49 107 27
cholic acid 0.85+ 0.07 1.00+ 0.09 428.1 6 10 3
DDM 2.40+ 0.07 526.8 110 98
CHAPS 1.08+ 0.03 1.07+0.03 594.8 9 9 10
CHAPSO 0.99+ 0.06 1.46+0.41 637.4 6 20 11
Triton X-100 2.35+ 0.07 2.81+ 0.01 750.2 72 124 140
NP40 2.0+ 0.15 3.25+0.42 802.8 47 180 160155
digitonin 3.9+0.11
Detergent and Lipid
0oG 2.32+0.03 2.32+0.02
cholic acid 0.89G+ 0.01 1.16+ 0.03
DDM 2.40+0.03
CHAPS 2.36+ 0.01 2.16+ 0.02
CHAPSO 2.66+ 0.02 467+ 0.41
Triton X-100 2.83+0.03 3.20+ 0.04
NP40 4.42+ 0.06 5.81+ 0.05
Detergent, Lipid, and GLUT1
Rn(10°C)? (nm) Rn(20°C) (nm) Ry(monomer) Rn(dimer/tetramef)

OG 7.53+0.45 12.73+ 0.47 4.83 7.34

cholic acid 7.34£0.36 7.61+ 0.64 3.40 5.92

DDM 9.20+0.32 4.91 7.43

CHAPS 4,13+ 0.44 4.66+ 0.26 4.88 7.39

CHAPSO 5.19+ 0.26 9.39+ 0.99 5.17 7.68

Triton X-100 9.10+ 0.41 16.47+ 0.50 5.35 7.86

NP40 9.8%+ 0.56 14,75+ 1.01 6.93 9.44

digitonin 4.5+ 0.08

a R, for micelles was experimentally measured using dynamic light scattering at 10 @l Results are shown as meahsSEM of at least
three separate determinatioAdhe molecular volume (A was calculated using CS Chem 3DThe number of detergent molecules present in
detergent micelles was calculated using the experimentally deteriRireedt the calculated molecular volumé3he number of detergent molecules
present in detergent micelles as reported in the litera@2@p f Calculation of the theoreticd®, of micelles (detergent/lipid/GLUT1) containing
one, two, or four GLUTL1 proteins and an accompanying annulus of detergent and lipid. See the text for a description of the calculation.

are reduced significantly to 6.7 nm and 240 kDa, respectively tion from detergents other than octyl glucoside was not
(Table 2). investigated.

Both the large (Figure 3A) and smaller (Figure 3B) Reversibility. GLUT1 solubilization in dodecyl maltoside
particles detected by RI, absorbance, and light scatteringat 4 °C results in the time-dependent decaéys (& 2 h) of
contain immuno-detectable GLUT23H]CCB binding ca- initially large particles R, = 8.9 nm) to smaller particles
pacity, and reconstitutable (CCB-inhibitable) sugar transport (R, = 5 nm) upon warming to 20C as judged by dynamic
activity indicating that the GLUT1 present in each micellular light scattering {3). GLUT1 solubilization in CHAPS results
particle is capable of ligand binding (prior to detergent in the production of small GLUT1/lipid/detergent micelles,
solubilization) and sugar transport upon reconstitution into while solubilization in octyl glucoside, Triton X-100, or
detergent-free lipid bilayers. cholic acid produces larger GLUT1/lipid/detergent micelles

Electron MicroscopyOctyl glucoside-solubilized GLUT1  (see here and reif3). Most reconstitution studies performed
micelles were also examined by rotary shadowing transmis-in this laboratory have employed GLUT1 proteoliposomes
sion electron microscopy (Figure 4A,B). This procedure produced from Triton X-100, cholic acid, or octyl glucoside-
reveals the presence of ring-shaped particles with an averag@olubilized GLUT1. We were interested, therefore, in
radius of 84+ 1 nm. In the absence of GLUT1, octyl determining whether (1) the use of a detergent that normally
glucoside-solubilized red cell lipids form 3 nm particles as Ppromotes formation of small GLUT1/lipid/detergent micelles
detected by negative stain EM (Figure 4C). affects reconstitutable sugar transport activity upon detergent

Freeze-fracture electron microscopy of nonreduced GLUT1 removal and (2) micelle size is irreversibly determined by
indicates the presence of integral membrane particles withthe choice of the initial solubilizing detergent.
an average diameter of 10 nm and a surface area of80.1  Figure 6 demonstrates that CHAPS or DDM replacement
4.7 nn? (Figure 5A,C,E). Inclusion of a reductant during by dialysis against OG does not restore GLUT1/lipid/
GLUT1 purification results in the generation of somewhat detergent micelle size to @ of 9 nm. However, CHAPS-
smaller membrane particles with a diameter of-5/2 nm  or DDM-solubilized GLUT1 is capable of sugar transport
and a surface area of 384 2.5 nn? (Figure 5B-D). The upon reconstitution into lipid bilayers. This reconstituted
dimensions of homology-modeled monomeric GLUT1 nor- transporter is restored to &, of 9 nm upon subsequent
mal to the plane of the bilayel?) indicate a molecular area  Solubilization in OG.
of 18.2 nn% (Figure 5F). These simple comparisons suggest
that nonreduced and reduced GLUT1 membrane particlesDISCUSS|OI\I
contain 4.4 and 2.1 GLUT1 molecules, respectively. The size  This study was carried out to examine GLUT1 quaternary
of integral membrane particles formed by GLUT1 reconstitu- structure by using independent but complementary method-
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a5y A X100 B NP 40 3.0 Table 2: Constants for the Temperature Dependence of Micellular
30] v R, Valueg
E 25 - AHP (kcal/mol)  slop&(—AH/R)  y-intercept
& 20 Detergent Alone
s 20 3 0G 0.2 116+ 90 0.675+ 0.3
15] ' cholic acid 7.4 -3733 13.0
1.0 DDM
107 CHAPS -1.5 752+ 114 —2.51+0.4
0501 050 CHAPSO -1.4 699+ 221  —2.32+0.8
Triton X-100 2.7 —13404+ 192 5.72+ 0.7
.5, w NP40 4.7 —2362+ 125 9.04+ 0.4
a0] Detergent and Lipid
’ [25 OG 1.2 —601 2.96
259 oo _ cholic acid 5.2 —2600+ 395 9.19+1.3
E 20 2 DDM
£ . L CHAPS -15 741 -1.76
s o 3 CHAPSO —-2.2 —1124+209 —-3.11+0.7
[ Lo so Triton X-100 2 —1012 4.62
0.50] o % ’ NP40 5.8 —2719+ 119 10.99+ 0.5
.
00] o 6 o0 Detergent, Lipid, and GLUT1
OG 13 —6527+ 477 2473+ 1.6
25. E CHAPS F CHAPSO 30 (I::)rI]DOII\i/IC acid 3.2 —15954 983 7594+ 3.4
2.0] S N ‘. . p25 CHAPS 11.2 —5629+ 885 20.97+ 3.1
too CHAPSO 5.4 —2708+ 655 11.54+ 2.2
E 15 O R i Triton X-100 15 —7556+ 716 28.07£ 2.5
,f 1o Ps -”'g NP40 5.2 —2619+ 274 11.38+ 0.9
T . p1o aThis table summarizes computed linear regression constants for
0504 .—/""‘—HM.o.so the temperature dependence of detergent micelle hydrodynamic radii
00] 0 0 g0 —s0—61 0 (data shown in Figure 2). Each plot in Figure 2 is characterized by a
?_—Wwﬂ- ° ’ slope.? AH is computed from the slop&AH/R. ¢ Extrapolatedy-
3310° 3.41$:K 3510° 3310° 3.4 110:K 351072 intercept whereR is the gas constant.

Ficure 2: Dependence of detergent, detergent/lipid, and detergent/ CHAPSO (related zwitterionic detergents) indicate negative
lipid/GLUT1 micelle hydrodynamic radius on temperature: (ordi- stgandard enthalpiedR( decreases with an increase in tem-

nate, panels AF) LN micelle hydrodynamic radius (nanometers, - - .
e asinad by DBS) ang (absc%gsa, [))/anelsFA o (p(er kelvin). . Perature), while the nonionic detergents Triton X-100 and

Lipids were extracted from purified GLUT1 proteoliposomes. NP40 display strongly positive standard enthalpi& (
GLUT1 proteoliposomes were purified from human red blood cells. increases with an increase in temperature). The octyl
The following detergents were used: (A) Triton X-100 (2%), (B) glucoside micellular hydrodynamic radius appears to be
NP40 (2%), (C) octyl glucoside (60 mM), (D) sodium cholate (50 jngependent of temperature between 10 an@G0Calcula-

mM), (E) CHAPS (45 mM), and (F) CHAPSO (50 mM). Results . .
are shown for detergent micelles), detergent/lipid micelles®), tion of the van der Waals volume of each detergent permits

and detergent/lipid/GLUTL micellesaj. Each data point is the ~ Computation of the aggregation number of each detergent.
average of at least five measurements at each temperature, and th&hese are listed in Table 1 and, for most detergents, show

SEM does not exceed 15% for any point. The lines drawn through close agreement between theory and estimates of aggregation
the points were computed by linear regression, and constants are,,mpers obtained in previous studies using different tech-
listed in Table 2. .

niques R9).

Lipid/detergent micelles formed from isolated red cell
ologies and to examine the influence of membrane-solubi- lipids and detergents are typically larger than detergent
lizing detergents on GLUT1/lipid/detergent micelle hydro- micelles alone but retain the characteristic temperature
dynamic radii. GLUT1 forms a multimeric (probably dependency of size shown by detergent micelles. Thus, while
tetrameric) complex in octyl glucoside. GLUT1 oligomeric the size of lipid/CHAPS micelles at 1TC is twice that of
size is decreased by reductant, and some detergents promot€HAPS micellesAH° remains—1.5 kcal/mol. Lipid/NP40
the reversible dissociation of GLUT1 oligomers into smaller micelles are approximately twice as large as NP40 micelles,
aggregation states. but AH® is increased only slightly from 4.7 to 5.4 kcal/mol.

Dynamic Light Scattering StudieBLS provides a con-  Assuming a phospholipid molecular volume w1000 A3
venient means of determining the diffusion coefficier®} ( (30) and that the detergent content of lipid/detergent micelles
of large moleculesNJ; > 20 kDa) and small particles is unchanged, we compute that the average lipid/detergent
(diameter< 1 uM) by measuring the rapid fluctuations in  micelle contains 2670 lipid molecules. CHAPSO and NP40
scattered light resulting from the Brownian motion or micelles appear to absorb substantially more lipid, expanding
diffusion of particles in the path of incident ligh2§). The to a micellular size sufficiently great to contain several
frequency of these fluctuations is directly proportional to the hundred lipid molecules.
rate of particle diffusion which is inversely related to the  The size and physical properties of GLUT1/lipid/detergent
size or hydrodynamic radiusk() of the particle R, = kT/ micelles are significantly different from those of detergent
(6 D)]. and lipid/detergent micelles. At 10C, GLUT/lipid/

Each detergent examined in this study presents charac-detergent micelles are—B-fold larger than their lipid/
teristic micellular properties. For example, CHAPS and detergent micelle counterparts.
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Ficure 3: Analysis of detergent/lipid GLUT1 micelle mass by Rayleigh light scattering analysis and gel filtration. Purified nonreduced (A

and B) and reduced (C and D) GLUT1 (100 at 1 mg/mL) were solubilized in 60 mM octyl glucoside and resolved by analytical size
exclusion HPLC using a Toso Haas TSK 4000 column developed at a flow rate of 0.3 mL/min and calibrated using hydrodynamic standards
obtained from Pierce. (A and C) Elution profiles detected as laser scattering &to@Otrace), laser scattering at°1flashed trace),
absorbance at 280 nm (third trace from top), and refractive index (bottom trace). Traces are displaced vertically to facilitate examination.
The elution time of each standar®,(in nanometers) is shown above the traces. (B and D) Elution profiles of GLUT1 detected by using

C-Ab cross-reactivity @), [(H]CCB photoincorporation, labeling carried out prior to detergent solubilization), or reconstitutable sugar
transport activity @) following elution and detergent removal. With C-Ab binding aftd]CCB photolabeling data, each data point represents

the mean of two measurements. With reconstitutable sugar transport activity data, each data point represents the average of three measurements

Table 3: Characteristics of OG/Lipid/GLUT1 Micelles Determined ~ 9/UcOside, dodecyl maltoside, cholic acid, Triton X-100, or
by Rayleigh Light Scattering Analysis NP40 at 10°C is multimeric. If GLUT1 crystallization were

to require the use of monodisperse, monomeric GLUT1

GLUT?P GLUT1® )
micelles, the use of CHAPS or CHAPSO would be recom-
dn/dc? 0.18+ 0.04 0.17+£ 0.05 mended
€ 54188+ 6193 54876+ 1378 :
masé(kDa) 406+ 27 240+ 12 The GLUT1/lipid/detergent micellular, displays a tem-

aThe material eluting at the times highlighted by the gray boxes in Perature dependence with all detergents (excluding NP40)
panels A and C of Figure 3 was subjected to mass analysis as describegignificantly greater than that of lipid/detergent micelles.
in Materials and Method?.Purified in the absencg_acr:;dredu%tant. Moreover, R, increases with temperature in all instances
¢ Purified in the presence of reductant (20 mM DT c is the : i inati o -- ;
specific refractive index increment of the particle in units of milliliters (Flgurg 2)’ indicating th.al.SH IS posmve._Thus, while the
per gram e is the extinction coefficient (sample absorbance at 1 mg/ Rn Of lipid/CHAPS or lipid/CHAPSO micelles decreases
mL in a 1 cmpath length) in units of M cm™2. f Mass is the computed ~ slightly with an increase in temperature, temperature-induced
mass of the micelles as judged by measurements of Rayleigh light conformational changes in GLUT1 dominate the hydrody-

scattering, refractive index, and UV absorbance at 280 nm (see Figure,amic properties of GLUT1/CHAPS(O)/lipid micelles.

2 Rayleigh Light ScatteringThe intensity of Rayleigh or
Assuming that the hydrodynamic radius of a detergent- static light scattering by macromolecules in solution permits
or lipid-free GLUT1 monomer is identical to one-half of the computation of molecular mass provided that the concentra-
membrane axis of a LacY monomer [50.28 A#225.14 A tion of the molecule is known or can be measured coinci-
(3)] and that theR, of a lipid/detergent micelle represents dentally with the scattering determinatio81( 32). Our
the width of a single lipid/detergent annulus surrounding the measurements indicate a molecular mass of GLUT1/lipid/
protein, it is possible to compute a hydrodynamic radius for octylglucoside micelles emerging from an analytical size
micelles containing monomeric or dimeric/tetrameric GLUT1 exclusion column of 406 kDa (nonreduced GLUT1) and 240
(see Table 1). These arbitrary computations assume that the&kDa (reduced GLUT1). These values are very similar to
dimensions of individual GLUT1 subunits within multimeric  determinations of the mass of nonreduced and reduced
GLUT1 and monomeric GLUT1 are identical. Nevertheless, GLUT1/lipid/cholic acid micelles of 381 and 217 kDa,
the available data suggest that GLUT1 solubilized in CHAPS respectively 18, 33). Assuming each GLUT1 monomer (55
or CHAPSO is monomeric while GLUT1 solubilized in octyl kDa) is associated with 49 detergent molecules (Table 1;
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Ficure 4: Analysis of detergent/lipid GLUT1 micelles by rotary shadow transmission electron microscopy. (A) Twenty-one panels of
60 mM octyl glucoside-solubilized, nonreduced, purified GLUT1 particles made visible by negative staining. The bar represents 10 nm.
(B) Composite of 60 mM octyl glucoside-solubilized, nonreduced, purified GLUT1 particles made visible by negative staining. The
bar represents 10 nm. This image represents the average of 40 particles. (C) Particle size analysis. Five micrographs of GLUT1/lipid/
detergent micelles and three of lipid/detergent micelles were digitized and particle radius distributions measured using NIH Image: (ordinate)
number of GLUT1/lipid/detergentY) or lipid/detergent @) particles detected. The curves drawn through the points were computed by
nonlinear regression assuming that both GLUT1/lipid/detergent and lipid/detergent particle populations are comprised of two (large and
small) particles (see Materials and Methods). The results are as follows: GLUT1/lipid/det¢tgen8.1,a; = 117 4+ 18,u; = 14.7+
2.4nm,0;=6.1+1.5nmm,3,=7.1,a, = 373+ 50,u, = 7.6 & 0.1 nm,0, = 3.8+ 0.4 nm, andR = 0.986; and lipid/detergengt; =
0.77,04 = 1027+ 18,u; = 2.9+ 0.1 nm,01; = 2.3+ 0.1 nm,3, = 0.77,a, = 100+ 11,4, = 10.9+ 2.2 nm,0, = 8.5+ 3.0 nm, and
R = 0.986.

the molecular weight of octyl glucoside equals 292.4 Da) consistent with hydrodynamic radii of octyl glucoside-
and 37 phospholipids (phosphatidylcholine has an averagesolubilized GLUT1 of 7.53 and 12.7 nm at 10 and 20,
molecular weight of 760 Da), the mass of a GLUT1/lipid/ respectively. Lipid/detergent micelles are considerably smaller
octyl glucoside micelle containing a single GLUT1 molecule (radius= 2.9+ 0.1 nm) and less structurally defined. Both
would be expected to be 97.4 kDa. This suggests that theGLUT1/lipid/detergent micelles and lipid/detergent micelles
small GLUT1-containing micelles contain at least two also contain low-abundance populations of larger particles
GLUT1 proteins while the larger particle contains at least with radii of 14.7 and 10.9 nm, respectively.
four GLUT1 proteins. Freeze-fracture electron microscopy demonstrates that
These micelles contain the majority of the GLUT1 applied nonreduced GLUT1 forms arrays or clusters of integral
to the size exclusion column as judged by the GLUT1 con- membrane particles in which individual particles appear
tent assayed by an ELISA using anti-GLUT1 carboxyl- somewhat doughnut-shaped. The average radius of these
terminal 1gGs. These micelles also contain all of the particles is 4.95 nm. If an annulus of lipid and detergent
reconstitutable, cytochalasin B-inhibitable sugar transport were added to these particles, the radius would be increased
activity recovered from the column and almost all of the by approximately 1.15 nm to 6.1 nm. This is smaller than
GLUT1 protein that contains®H]CCB incorporated by  theR,of GLUT1/lipid/OG micelles as observed by dynamic
photoirradiation prior to GLUT1 solubilization. Nonreduced light scattering (7.5 nm) but is greater than Reexpected
GLUT1 contains small quantities of extremely large material for a lipid/OG micelle containing only a single GLUT1
as judged by material coeluting at the void volume with blue protein (4.8 nm).
dextran. These aggregates are characterized by a low FFEM studies of reduced GLUT1 reveal a somewhat
refractive index but great 9Gcattering. There is a suggestion smaller particle with a radius of 2.78.6 nm. If an annulus
of incorporation of $H]CCB into this material prior to  of lipid and detergent were added to these particles, the radius
solubilization as judged by a leading shoulder of activity would be increased by approximately 1.15 nm to-31975
preceding the main®H]CCB peak that elutes from the nm. This is significantly smaller than th& of GLUT1/lipid/
column at anR, of 9 nm. OG micelles as observed by dynamic light scattering (7.5
Electron MicroscopyOctyl glucoside-solubilized, nonre- nm) and is smaller than thB, expected for a lipid/OG
duced GLUT1 is resolved by rotary shadowing transmission micelle containing only a single GLUT1 protein (4.8 nm).
electron microscopy as a doughnut- or horseshoe-shaped The reasons for these differences are unclear and suggest
particle with an average radius 6f7.6 & 0.1 nm. This is either that GLUT1 folding or shape is modified in the
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FiGURE 6: Analysis of the reversibility of action of detergents on
GLUT1 structure and function. (A) Effects of detergents on GLUT1
Ry (ordinate) GLUT1/lipid/detergent micelk, in nanometers and
(abscissa) experimental treatment. Nonreduced GLUT1 was solu-
bilized in dodecyl maltoside (DDM, gray bars, 40 mM) or CHAPS
(white bars, 20 mM) andR, determined by DLS. Samples were
then dialyzed overnight at 4C against 40 mM octyl glucoside
(—OG) or sodium cholate ¢CHOLATE) and GLUT1R; values
determined by DLS. Samples were also dialyzed overnight against
detergent-free medium to form proteocliposomes and were subse-
Ficure 5: High magnification of unidirectionally shadowed freeze- quently resolubilized in 40 mM OG (Detergent removed theDG)
fractured electron micrographs of GLUT1 proteoliposomes. (A) A and R, values determined by DLS. Measurements were made in
cluster of P-face IMPs in reduced GLUT1 proteoliposomes. (B) A triplicate and are shown as meahsSEM. (B) Effects of detergents
latticelike structure of P-face IMPs in nonreduced GLUT1 proteo- on reconstituted GLUT1-mediated sugar transport: (ordinate) 3aMG
liposomes. Bars in panels A and B represent 30 nm. (C) Particle uptake by GLUT1 proteoliposomes (% 3MG equilibrium space
size analysis. Freeze-fracture electron micrographs were digitizedachieved in 15 s) and (abscissa) detergent employed to solubilize
and particle radius distributions measured using NIH Image: GLUT1 during reconstitution into exogenous lipids [40 mM octyl
(ordinate) fraction of the number of reduced)(or nonreduced glucoside (OG), 40 mM dodecyl maltoside (DDM), and 20 mM
(®) GLUT1 proteoliposome IMPs detected. The curves drawn CHAPS]. Results are shown as meatts SEM of triplicate
through the points were computed by nonlinear regression assumingmeasurements. 3MG uptake (1001) was assessed in the presence
that reduced and nonreduced GLUT1 proteoliposomes contain a(gray bars) and absence (white bars) of the sugar transport inhibitor
single but unique population of IMPs (see Materials and Methods). CCB (20uM).

The results are as follows: reduced GLUPL,= —0.003,a; =

0.67+ 0.01,4; = 5.5+ 0.1 nm,0; = 1.7+ 0.1 nm, andR? =

0.999; and nonreduced GLUT®; = —0.008,0; = 0.434 0.03, lized GLUT1 proteoliposomes indicate a GLUT1:lipid:cholic
1 =99+ 0.2 nm,0; = 2.9 £ 0.3 nm, andR? = 0.970. (D) acid molar composition of 1:26:50. Using the simplifying

Composite _of _reduced, purified GLUT1 IMPs. The bar represents assumption of this study, we compute a GLUT1:lipid:cholic
10 nm. This image represents the average of 40 particles. (E) acid molar composition ,of 1:3:10

Composite of nonreduced, purified GLUT1 IMPs. The bar repre- ; . . . L
sents 10 nm. This image represents the average of 20 particles. (F) Assuming that underestimation of GLUT1-associated lipid

Dimensions of monomeric GLUT1 threaded through GIpT structure and detergent accounts for the discrepancy between FFEM
(12). The scale is identical to thf_it of pane_ls Dand E. The irr_egular and RSTEM GLUT1 particle sizes, this does not abrogate
shapes represent the exofacial (inner outline) and cytoplasmic (outery, o general conclusion that GLUT1 forms a multimeric
outline) perimeters of GLUTL1 in the el configuratiody (2). D
species in the cell membrane. The average molecular surface
area of monomeric LacY, GIpT, or homology-modeled
presence of detergent or that our assumptions of lipid andGLUT1 normal to the plane of the bilayer is 18.2 h(8,
detergent association with (and therefore their contribution 12, 34; see Figure 5F). GLUT1 without DTT and GLUT1
to the hydrodynamic size of) GLUT1 micelles are greatly with DTT IMP molecular surface areas are 80.1 and 38.4
underestimated. Some support for this latter hypothesis maynnv, respectively, suggesting that GLUT1 without DTT is a
be obtained from earlier studies in which direct analyses of GLUT1 tetramer while GLUT1 with DTT is a GLUT1 dimer.
association of lipid and cholic acid with GLUTL1 in solubi- Earlier FFEM studies of GLUT1 proteoliposomes formed
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from Triton X-100-solubilized, reduced GLUT1 indicate an homodimer in which each subunit forms a functional

IMP diameter of 6.2 nm35). This size is very similar to

transport pathway 39). These observations suggest that

the average diameter of reduced GLUTL1 IMPs observed in membrane transporter quaternary structure is not invariantly

our study (5.57.2 nm).

Reversibility. GLUT1 solubilized in CHAPS forms small
GLUT/lipid/detergent micellesR, = 4.4 nm) and subse-
quent detergent replacement by dialysis against octyl glu-

monomeric and that a detailed understanding of carrier
function may require thorough analysis of transporter
quaternary structure.

coside or cholic acid (detergents that normally promote larger REFERENCES

GLUT/lipid/detergent micelles) does not affect the micel-
lular R,. However, removal of CHAPS by dialysis in the
presence of exogenous phosphatidylcholine results in sugar
transport-competent proteoliposomes. These same proteoli-
posomes, when solubilized in octyl glucoside, form GLUT1/
lipid/detergent micelles with aR, of 7.8 nm. This suggests
that GLUT1 does not exchange readily between micelles but
can self-associate when inserted in the lipid bilayer.

This conclusion is generally supported by co-immunopre-
cipitation studies of epitope-tagged GLUT chimeras in which
differentially tagged GLUT1 constructs expressed in and
solubilized from different cell populations do not co-

immunoprecipitate when mixed postsolubilization but do co- 6.

immunoprecipitate when solubilized from a single cell
population cotransfected with and coexpressing both trans-
porters (K. B. Levine and A. Carruthers, unpublished
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CONCLUSIONS 9.

Hydrodynamic analysis and electron microscopy of GLUT1/
lipid/detergent micelles and freeze-fracture electron micros-
copy of GLUT1 proteoliposomes support the hypothesis that

the glucose transporter is a multimeric (probably tetrameric) 10.

complex of GLUT1 proteins.

Each GLUT1 protein present in the transporter complex 11
is hypothesized to form a functional transport pathwkg).(
LacY and GIpT crystal structure8,(11) and the homology-
based GLUTL1 structurelR) support this hypothesis and
further suggest that the transport pathway isomerizes between 1,
exofacial and endofacial states. The transport pathway
consists of a symmetric, catalytic core comprising N-terminal
transmembrane helices 1, 2, 4, and 5 and C-terminal
transmembrane helices 7, 8, 10, and 11.

This study extends these observations by demonstrating 13.
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