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Abstract

The major bottleneck to the application of high-resolution techniques such as crystallographic X-ray
diffraction and spectroscopic analyses to resolve the structure of mammalian membrane proteins has
been the ectopic expression and purification of sufficient quantities of non-denatured proteins. This
has been especially problematic for members of the major facilitator superfamily, which includes
the family of mammalian glucose transporters. A simple and rapid method is described for the
purification of milligram quantities of recombinant GLUT1 and GLUT4, two of the most intensively
studied GLUT isoforms, after ectopic expression in Pichia pastoris. The proteins obtained were >
95 % pure and exhibited functional transport and ligand-binding activities.
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INTRODUCTION

Membrane proteins are functionally diverse and include receptors for systemic or local
messengers as well as transporters and channels that mediate the ability of various hydrophilic
substrates to traverse lipid bilayer membranes. Many membrane receptors, channels, and
transporters are the targets of pharmacological disease interventions and are thus of intense
clinical interest. The determination of the structure of membrane proteins at high resolution
can lead to the rational design and development of new drugs with greater efficacy and
specificity and that lack undesirable iatrogenic effects.

The major facilitator superfamily (MFS) is the largest superfamily of membrane transport
proteins, containing over 5000 members identified in all three taxonomic kingdoms [1]. MFS
proteins mediate the membrane transport of a highly diverse set of substrates via both active
and passive mechanisms. Most MFS proteins appear to share a common membrane topology
with twelve transmembrane alpha helices and are believed to exhibit highly flexible structures
[1,2]. The latter property probably accounts for the extreme difficulty that has been encountered
in attempts to obtain three-dimensional crystals of these proteins [3]. Only three members of
the MFS have been crystallized to date (lactose permease [4,5], glycerol-3-P antiporter [6],
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EmrD multidrug transporter [7]) and none of these transporters is from a eukaryotic source.
The principal roadblock to the crystallization of eukaryotic MFS proteins has been the inability
to purify large quantities of these proteins in a non-denatured, non-glycosylated form.

The facilitative transport of glucose across the membranes of mammalian cells is mediated by
members of the glucose transporter (GLUT) protein family that represents a subset of the MFS
[8]. Reflecting their fundamental physiological importance, GLUT proteins are either directly
or indirectly involved in a number of human diseases, including type 2 diabetes [9], tumor
progression [10], GLUT1 Deficiency syndrome [11], Fanconi-Bickel syndrome [12], and
metabolic syndrome associated with highly active antiretroviral therapy [13]. GLUT1 and
GLUT4 are perhaps the most intensively studied of the 14 GLUT isoforms expressed in the
human. The structure and function of GLUT1 has been studied for several decades using a
variety of biochemical approaches including detailed Kinetic studies, site-directed and
glycosylation-scanning mutagenesis, chemical cross-linking, and many other techniques [14-
20]. GLUT1 is expressed at high levels in the human erythrocyte and remains the only GLUT
protein that has been purified from its native cell type [21-23]. Unfortunately, attempts to
crystallize the purified native protein were unsuccessful, probably due in part to the presence
of a heterogeneous N-linked oligosaccharide and to the flexible and insoluble nature of the
protein in detergent solutions [22]. GLUT4 is the primary glucose transporter expressed in
adipose and muscle tissues and has been the subject of intense investigation [24] because of
its rate-limiting role in insulin-stimulated whole-body glucose disposal, a process that is
defective in type 2 diabetes [9]. GLUT4 is also a direct cellular target of HIV protease
inhibitors, which appears to contribute to the development of metabolic syndrome in patients
treated with highly active antiretroviral therapy [25].

Herein we describe a rapid and simple procedure for the purification of milligram quantities
of recombinant mammalian glucose transporter proteins that are suitable for functional studies
and for crystallization assays.

MATERIALS AND METHODS

GLUT protein expression in Pichia pastoris

Human GLUT1 cDNA isolated from a HepG2 library [26] and Rat GLUT4 cDNA isolated
from an adipocyte library [27] were cloned into the expression vector pPICZ B (Invitrogen,
Carlsbad, CA).The production of the GLUT1 construct is described here in detail, but similar
procedures were used for all four mutant GLUT proteins using appropriate oligonucleotides.
PCR was conducted using the pXOV GLUTL1 [16] vector as a template in three different steps.
In all of the reactions, the forward primer was 5’-
GATACAGCGGCCGCATGGAGCCCAGCAGCAA containing a Not | restriction site. For
the first reaction the reverse primer was 5’-
CCGGTGGTGGTGATGATGGTGGTGGTGTCGACCTTCAATCACTTG. The purified
DNA product was used as the template for a second amplification using the same forward
primer and with the reverse primer 5’-
CCGGTGGTGGTGATGATGGTGGTGGTGTCGACCTTCAATCACTTG for 15 cycles,
and then a 10-fold molar excess of the primer 5’-
TTCTAGATCAGTCCTTGTCCCGGTGGTGGTGATGATG was added for 25 additional
cycles. These latter two primers inserted a Factor Xa cleavage site, a tag of 8 histidines, and a
stop codon at the C-terminus of the protein followed by a Xba I restriction site. The site of N-
linked glycosylation was removed by mutation of Asp45 to a Thr residue. The Not | / Xba |
restriction fragment was cloned into version B of the pPICZ vector. P. pastoris
electrocompetent cells (strain X-33, Invitrogen, Carlsbad, CA), were prepared using a standard
protocol and transformed by electroporation (Gene Pulser Xcell, BioRad, Hercules, CA) with
10 pg of plasmid linearized by BstX | digestion. Multiple copies of the expression cassette
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(Paox1 promoter—gene —Zeocin) were integrated into the yeast genome by homologous
recombination in a region upstream or downstream of the alcohol oxidase | (AOX1) gene.
Transformed cells were selected in YPDS (Yeast extract Peptone Dextrose Sorbitol) with 100
ug/ml of Zeocin as the selection medium. Clones with multiple copies of the expression cassette
were selected using 500 — 2000 pg/ml of Zeocin in YPDS, and then protein expression was
evaluated by western blot analysis using antibodies against the C-terminal region of GLUT1
[28]. Clones expressing the highest levels of the mutants were grown in a BioFlo 110 Fermentor
& Bioreactor with gas mix controller (New Brunswick Scientific, Edison, NJ). Four liters of
medium with 3 % of glycerol were inoculated with 250 ml of an overnight culture of cells
grown in BMGY (Buffered Glycerol-complex Medium). After the glycerol was completely
exhausted from the culture medium (about 80 — 110 g cells/L), the cells were fed for 24 — 30
hours with methanol on demand by monitoring oxygen levels in order to induce GLUT protein
expression. Cells were then harvested and washed twice with PBS plus 1 mM EDTA and stored
frozen at —80 °C.

GLUT protein solubilization

Forty-four grams of yeast cells were thawed and suspended at 30% w/v slurry to 135 ml (final
volume) in breaking buffer (25 mM NayHPO4/NaH,POy4, pH 7.40), protease inhibitor (P1) mix
(0.01 units/ml aprotinin, 1pug/ml leupeptin, 1 pg/ml benzamidine, 1 pg/ml antipain, 5 pg/ml
trypsin inhibitor, 1 pg/ml chymostatin, 1 pg/ml pepstatin A, 1 mM PMSF), and 20 U/ml of
DNAase I-type 1l (Sigma, St Louis, MO). Cells were broken by 7 passes through a M-110S
Microfluidizer (Microfluidics Co, Newton, MA) equipped with an interaction chamber of 85
pum at 23,000 psi. Before the last pass 2M DTT and 0.1 M EDTA (4 mM and 2 mM final
concentrations, respectively) were added and the homogenate was spun down at 4,500 g for
15 min. The supernate was used for the preparation of total stripped membranes. The pH of
the supernate was adjusted to 10.5 using KOH, incubated for 15 minutes on ice, and then
centrifuged at 200,000 g for 1 hour at 4°C. The pellet was suspended in 50 ml of 25 mM Hepes,
2mM EDTA, 2 mM DTT. Detergents were tested for GLUT solubilization using the total
homogenate and the stripped membrane preparation. Triton X-100, CHAPS, Decylmaltoside
(DM) and Dodecylmaltoside (DDM) were used at a concentration of 1 or 2 % in 40 mM
imidazole pH 6.80, 50 mM KCI, 5 % glycerol, 1 mM TECP, 0.2 mM EDTA, containing the
P1 mix. The preparation was incubated for 45 minutes at 4°C in a bath sonicator VWR M75D
(VWR Int, Batavia, IL) containing ice and then spun down at 200,000 g at 4°C for 30 minutes.
The supernates were analyzed by western blotting using either polyclonal or monoclonal GLUT
antibody [29] or poly-histidine antibody (Qiagen, Valencia, CA) and IRDye 680 donkey anti-
rabbit or anti-mouse (L1-COR Biosciences, Lincoln, NE) IgG as secondary antibodies. Band
intensities were measured using an Odyssey Infrared Imaging System (LI-COR Bioscience,
Lincoln, NE).

GLUT purification

For a standard large-scale preparation, 50 ml of yeast total membrane suspension was adjusted
to 1% DDM, 40 mM imidazole pH 6.80, 50 mM KClI, 5 % glycerol, 1 mM TECP, 0.2 mM
EDTA, PI mix. After the 200,000 g centrifugation step the pH was adjusted to 7.40 and the
solubilized membrane protein was loaded onto a HisTrap HP 5 ml column (GE Healthcare,
Uppsala, Sweden) in an AKTA FPLC (GE Healthcare, Uppsala, Sweden). The column was
washed with 4 column volumes of 100 mM imidazole in loading buffer and the His-tagged
GLUT proteins were eluted in 600 mM imidazole, pH 7.20, 50 mM KCI, 10% glycerol, 0.2%
DDM, 3 mM TECP, 0.2 mM EDTA. The eluted protein in a total volume of 6 ml was
concentrated to 1.5 ml using a Vivaspin 6 30K (Sartorius, Gottingen, Germany) tube and
desalted on a 5 ml HiTrap desalting column (GE Healthcare, Uppsala, Sweden) pre-
equilibrated with 25 mM Hepes pH 6.80, 50 mM KCI, 10 % glycerol, 0.2 % DDM, 1 mM
TECP, 0.2 mM EDTA. After desalting, the protein solution was concentrated to a volume of
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0.5 ml and then loaded onto a 24 ml 10 x 30 cm Superdex 200GL column (GE Healthcare,
Uppsala, Sweden) equilibrated in the same buffer. The purity of the recombinant proteins was
estimated by analysis of aliquots on 10 % SDS-polyacrylamide gels stained with SimplyBlue
Safe Stain (Invitrogen, Carlsbad, CA). The identity of the GLUT1 band was verified by western
blot analysis and mass spectrometry.

Photo-affinity labeling of aglyco-GLUT1 and aglyco-GLUT4

Fifteen micrograms of purified GLUT protein in 100 pl 25 mM Hepes pH 6.80, 50 mM KClI,
10 % glycerol, 0.2 % DM, 1 mM TECP, 0.2 mM EDTA were incubated with 5 uM of a biotin
derivative of a photoaffinity labeling reagent for glucose transporters [30] N-[2-[2-[2-[(N-
Biotinyl-caproylamino)-ethoxy)ethoxyl]-4-[2-(trifluoromethyl)-3H-diazirin-3-yl]
benzoyl]-1,3-bis(mannopyranosyl-4-yloxy)-2-propylamine (PEG-biotincap-ATB-BMPA)
(TRC Inc., Ontario, Canada) and UV irradiated for 1 min at 18 °C in a Rayonet RPR100 (The
Southern New England UV Company, Branford, CT) and, in some of the samples, 1 pM
cytochalasin B was included to test for inhibition. After photolabeling the protein was separated
from the free reagent using a 0.5 ml G-25 Sepharose (GE Healthcare, Uppsala, Sweden) spin
column and then subjected to western blot analysis using streptavidin-HRP (Pierce
Biotechnology, Rockfold, IL) to detect the photolabeled protein.

Functional Reconstitution of Purified GLUT1 into Proteoliposomes

Proteoliposomes were prepared by gel filtration [31] using Sephadex G-50. 12.5 mg of soybean
phospholipids (Avanti Polar Lipids, Alabaster, AL) in 20 mM HEPES, 0.30 M NaCl were
dispersed at 22°C in a bath sonicator (VWR M75D, VWR Int, Batavia, IL) and then mixed
with 37 mM CHAPS and incubated for 2 hours at 25 °C. 12.5 pg/ml of purified aglyco- GLUT1
was then added to the lipids. Two hundred microliters of the proteoliposome mixture were
loaded onto a 2 ml column of pre-spun Sephadex G-50 equilibrated with 20 mM HEPES, 0.15
M NaCl and the centrifugation-filtration was conducted twice in succession. Proteoliposomes
(27 pl) were added to 3 pl of uptake solution (0.2 mM L- or D- [3H] glucose, final
concentration), incubated for various time periods, and the uptake was then stopped by the
addition of 1 pl of 60 mM HgCls. This mix was filtered using spin columns of 0.6 ml Sephadex
G-50 pre-equilibrated with 20 mM HEPES, 0.15 M NaCl, 2 mM HgCl,. Each point is the
average of 2 or 3 independent measurements.

Crystallization of aglyco-GLUT4 A38

RESULTS

Concentrated protein was used for screening under different crystallization conditions.
Precipitant Synergy P64 from Emerald Biosystem and MembFac from Hampton Research were
used. The hanging-drop vapor diffusion method was used more frequently but microdialysis
was also tested.

Crystals obtained from different mutants were variable in size, but in general they were small.
Aglyco-GLUTA4-A38 produced crystals after 4 to 5 weeks in 20% PEG400, 15% PEG1000,
0.15 M K,HPO4/NaH,PO4 pH 6.5 as precipitant solution using the hanging-drop method (Fig.
6). The size of the crystals was 0.1-.15 mm. Crystals were analyzed in an X-ray detector
Mar345dtb (Marresearch-marUSA Inc., Evanston, IL) and produced low resolution diffraction
patterns (20 A).

Engineering and expression of mammalian GLUT mutants

GLUT cDNA constructs were designed for expression in the methylotrophic yeast, P.
pastoris. This yeast has been successfully used as an expression system for the purification
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and crystallization of other mammalian membrane proteins, such as voltage-dependent
potassium channels [32]. Its major advantage is that it can be grown to an extremely high
biomass, thus obviating the need to achieve extremely high levels of overexpression that can
result in the aggregation and denaturation of membrane proteins.

The following human GLUT1 and rat GLUT4 cDNAs were engineered in order to facilitate
the large-scale purification of proteins suitable for functional studies or crystallization assays
(see Figure 1): 1) aglyco-GLUT1- FXa-polyHis; 2) aglyco-GLUT4- FXa-polyHis,; 3) aglyco-
GLUT1 A37- FXa-polyHis; and 4) glyco-GLUT4 A38 — FXa-polyHis The A37 and A38
designate the number of amino acids truncated at the C-terminus of the two mutant transporters.
The truncation locks the transporters into their inward-facing configurations, which should
greatly reduce their flexibility and thus facilitate the formation of 3-dimensional crystals. As
an example, the first structure reported for the lactose permease [4] resulted from the
crystallization of a C154G mutant, which is locked into the inward-facing conformation, is
more resistant to inactivation by heat, and is more stable in solution, properties which probably
contributed to its successful crystallization.

All of the constructs were engineered with a factor Xa protease recognition site followed by a
sequence of 8 histidine residues at their C-termini in order to remove the tag and to purify the
protein by metal-affinity chromatography, respectively. The cDNAs were also subjected to
site-directed mutagenesis in order to eliminate the consensus sequence for N-linked
glycosylation (N45T or N57T in GLUT1 and GLUT4, respectively). Aglyco GLUT1 is
functional and is properly targeted to the cell surface [16]. N-linked oligosaccharides are
usually structurally heterogeneous and most likely impede protein crystallization.

Not I / Xba I restriction fragments encoding the GLUT mutants were subcloned into version
B of the pPICZ vector and the resulting constructs were introduced into P. pastoris strain X-33
by electroporation, resulting in the integration of the expression cassette by homologous
recombination into the yeast genome. Clones with multiple copies of the expression cassette
were selected and protein expression was evaluated by western blot analysis using antibodies
against the C-terminal region of the two GLUT proteins or poly histidine probe-HRP. Clones
that expressed more than 1.5 mg of transporter protein per liter of culture were selected and
grown in a BioFlo 110 Fermentor & Bioreactor with gas mix controller. About 80 — 110 g of
cells were harvested per liter of culture. The approximate expression level of the mammalian
glucose transporters was ~0.1-0.2% of total yeast protein.

Protein Purification

The choice of detergent is a key factor in the successful purification of functional membrane
proteins. Recombinant GLUT protein solubilization from P. pastoris membranes was tested
using several detergents that have been used for GLUT1 purification from human erythrocytes
[19,21,22]. Triton X100, CHAPS, decylmaltoside (DM) and dodecylmaltoside (DDM) were
used at concentrations of 1 and 2 %. Triton, DM, and DDM released more than 75 % of GLUT
protein from the membrane fraction and the 2 % concentrations did not significantly increase
the extent of GLUT solubilization compared to 1% (Fig.2). All four GLUT mutants exhibited
similar solubilization properties. All of the tested detergents except for CHAPS were effective,
but it is known that GLUT1 is irreversibly inactivated in Triton X100 unless the detergent is
removed [33]. DDM solubilized almost 100 % of the GLUT proteins and has been used
effectively for the purification and crystallization of several membrane proteins, such as the
lac permease [4], glycerol-3-P transporter [6] and mammalian voltage-dependent K*-channel
[32].

The protein extracted from total membranes of P. pastoris with 1 % DDM was loaded onto a
5 ml Nickel affinity column in an FPLC system. The column was washed with 100 mM
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imidazole and the recombinant His-tagged proteins were then eluted in 600 mM imidazole.
The eluted protein in 6 ml of buffer was concentrated down to 0.5 ml and then subjected to
size exclusion chromatography. The purity of the proteins was evaluated on 10 % SDS
polyacrylamide gels stained with Coomassie G250. The identity of GLUT1 was confirmed by
both western blot analysis and mass spectrometry. Figure 3 illustrates a typical purification of
aglyco-GLUT4 A38. The nitrocellulose membrane (panel A) was probed using a poly-histidine
antibody because of the lack of the C-terminal tail in the recombinant GLUT4 protein, against
which all available antibodies for GLUT4 have been raised. The secondary antibody was
conjugated to an infrared fluorescent dye that allowed the quantification of protein yield. The
Nickel-affinity column was very efficient at enriching the tagged GLUT4 protein, which
comprised > 75 % of the total protein eluted in 600 mM imidazole (fig. 3, panels B and C).
The use of a size exclusion column permitted the elimination of several contaminating proteins
in the imidazole eluate as well as probable oligomeric or aggregated forms of the GLUT protein
(fig. 3, panel C). The native oligomeric state of most GLUT proteins is not known, but GLUT1
may exist as a dimer or tetramer in some cell types [19]. However, the functional significance
of the oligomerization of GLUT1 is unclear and it appears that GLUT proteins exhibit normal
transport activity in the monomeric state [34,35].

Table 1 outlines the yield at each step of a typical GLUT1 protein purification. GLUT1
represented ~ 0.2 % of the total Pichia protein and after the total membrane preparation, it was
enriched to 0.9 %. Greater than 1 mg of GLUT1 protein was obtained per L of culture with an
estimated purity of ~ 95%. The greatest loss of GLUT protein occurred due to retention on the
Nickel column, most likely representing aggregated or denatured protein. The affinity column
step requires that the sample be present in a high-salt buffer in order to reduce non-specific
protein binding, and high-salt concentrations induce irreversible aggregation of GLUT
proteins. Rapid de-salting of the eluted GLUT proteins was found to be required in order to
minimize aggregation.

Functional Characterization of the protein

Purified Aglyco-GLUT1 and aglyco-GLUT4 were photolabeled using PEG-biotincap-ATB-
BMPA [36], and the photolabeling was inhibited in the presence of cytochalasin B (fig. 4).
PEG-biotincap-ATB-BMPA appears to bind to GLUT proteins in their functional exofacial
conformations [30], whereas cytochalasin B binds to GLUT proteins only in their cytoplasmic
conformations [37]. These results demonstrate that the purified GLUT proteins were present
in their two native conformations and were most likely in a functional, non-denatured state. In
order to confirm that purified GLUT1 was functional, it was reconstituted into proteoliposomes
and the uptake of D- and L-glucose was measured. Figure 5 demonstrates that purified GLUT1
exhibited specific D-glucose transport activity.

Crystallization Assays

Attempts have been made to crystallize all four mutant GLUT proteins under a variety of
conditions used for membrane proteins. Aglyco-GLUT4 A38 was the only mutant that
produced crystals of sufficient size to be examined by X-ray diffraction (see Figure 6). The
crystals were about ~ 100-150 pum in size but were poorly ordered and produced low resolution
(> 20 A) X-ray patterns. Efforts are currently underway to refine the quality of GLUT protein
crystals.

DISCUSSION

Glucose transport was one of the first membrane transport processes to be rigorously explored
and has been the subject of intense investigation for more than five decades [38]. Glucose is
an essential fuel substance and anabolic substrate for the human and is transported across the
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plasma membrane of virtually every cell in the body [39-41]. Therefore, it is not surprising
that either defects in or abnormal regulation of glucose transporters is associated with a number
of rare genetic diseases, such as GLUT1 deficiency syndrome [42] and Fanconi-Bickel
syndrome [12] as well as several more common pathological conditions. For example,
upregulation of glucose transporter expression is almost invariably associated with
oncogenesis [43] reflecting the obligate increase in glycolysis that occurs in tumors [10]. The
abnormal insulin-mediated regulation of the GLUT4 isoform is a well-known defect associated
with insulin resistant states such as type 2 diabetes [9].

Knowledge of the three dimensional structure at high resolution of glucose transporters will
facilitate an understanding of their specific functions and regulation and may also be useful in
the rational design of drugs intended to augment or inhibit their activity, as may be beneficial.
Unfortunately, homology modeling of the structure of mammalian glucose transporters based
on bacterial MFS templates is of extremely limited value due to the lack of sequence similarity
[44]. Although the MFS is the largest superfamily of membrane transport proteins with over
5000 known members [45-47] and (www.tcdb.org), the structure of only 3 of these proteins
has been determined, and these are all at moderate resolution (3—4 A) and from bacterial
sources. A major barrier to crystallizing mammalian membrane proteins in general has been
the inability to purify sufficient quantities of non-denatured, non-glycosylated proteins to
conduct crystallization assays. Recently however, the yeast, P. pastoris, has proven to be a
useful system to express and purify milligram quantities of mammalian membrane proteins
[48]. In this report we describe a relatively simple affinity-tag procedure using P. pastoris for
the purification of functional mammalian glucose transporters. A very similar procedure has
proven to be highly successful for the purification of several bacterial membrane transporters
[4,6,49], but we are unaware of any eukaryotic member of the MFS for which it has been
successively applied in conjunction with the purification of a protein ectopically expressed in
P. pastoris membranes. This procedure should ultimately lead to the successful production of
highly ordered protein crystals suitable for high-resolution X-ray diffraction analysis as well
as proteins suitable for structural analysis using other biophysical approaches.
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Figure 1. Generation of glucose transporter constructs

Forall GLUT constructs the forward primer was the same and included a Not I restriction site.
The 3 reverse primers were designed to insert a Factor Xa cleavage site, a tag of 8 histidines,
and a stop codon at the C-terminus of the proteins followed by a Xba | restriction site. The
glycosylation site was removed by mutation of Asp45 or Asp57 to Thrin GLUT1 or GLUT4,
respectively. The Not I / Xba | restriction fragment was cloned into version B of the pPICZ
vector (Invitrogen).
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Figure 2. Detergent solubilization of GLUT protein

Detergents were tested for GLUT solubilization from total yeast membrane preparations.
Triton X-100, CHAPS, Decylmaltoside (DM) and Dodecylmaltoside (DDM) were used at 1
or 2 % concentrations in a buffer containing 40 mM imidazole pH 6.80, 50 mM KCl, 5 %
glycerol, 1 mM TECP, 0.2 mM EDTA, and a protein inhibitor cocktail. The total membrane
preparation was incubated for 45 minutes at 4° C in an ultrasonic bath containing ice and then
centrifuged at 200,000 g at 4° C for 15 minutes. The supernatants were analyzed by western
blotting using GLUT-specific antibody and IRDye 680 donkey anti-rabbit or anti-mouse (LI-
COR Biosciences, Lincoln, NE). GLUT protein levels were measured by Odyssey Infrared
Imaging System (L1-COR Bioscience, Lincoln, NE).
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Figure 3. Purification of Aglyco-GLUT4A38 expressed in P. pastoris
Proteins from total membrane preparations of P. pastoris expressing aglyco-GLUT4 A38 were
solubilized in 1 % DDM and loaded onto a HisTrap HP 5 ml Ni-column. The column was
washed with 100 mM imidazole and the His-tagged protein was then eluted in 600 mM
imidazole. Panel A, western blot probed using a monoclonal polyhistidine antibody; panel B,
Coomassie-G250 stained gel. Lanes a and b: molecular weight markers; c: total membrane
solubilized in DDM; d: Ni-affinity column flow through; e: 100 mM imidazole wash; f: 600
mM imidazole elution. The 600 mM imidazole eluted protein was in 6 ml, concentrated to 0.5
ml and subjected to size exclusion chromatography on a Superdex 200GL 10/300 and then
analyzed on a Coomassie G250 stained SDS gel: panel C, b: molecular weight markers; e and
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f: 100 mM and 600 mM imidazole, respectively, from the Ni-affinity column; g to r: fractions
from the size exclusion column.
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Figure 4. Photolabeling of aglyco-GLUT1 and aglyco-GLUT4 with PEG-biotincap-ATB-BMPA
Eluted fractions from the Ni-column were desalted by gel filtration and analyzed on 10 % SDS
polyacrylamide gels and detected by staining with Coomassie G250 and by western blot
analysis using specific antibodies. a: molecular weight markers; b and c: aglyco-GLUT1,; fand
g: aglyco-GLUTA4. Fifteen micrograms of purified protein was incubated in the presence of 4
UM PEG-biotincap-ATB-BMPA without or withl pM cytochalasin B and then subjected to
irradiation for 1 min at 18 °C. The reaction mixes were centrifuged through G-25 Sepharose
spin columns and the flow-throughs were loaded onto 10 % SDS-polyacrylamide gels,
transferred to nitrocellulose membranes, and probed with streptavidin-HRP.
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Figure 5. D-glucose transport activity of purified GLUT1 reconstituted into proteoliposomes
Proteoliposomes were prepared by gel filtration through Sephadex G-50. 12.5 g of soybean
phospholipids in 20 mM HEPES, 0.30 M NaCl were sonicated, adjusted to 37 mM CHAPS,
incubated for 2 hours at 25 °C, and then 12.5 pg/ml of purified aglyco-GLUT1 was added.
Two hundred microliters were filtered twice through a 2 ml bed of pre-spun Sephadex G-50
equilibrated with 20 mM HEPES, 0.15 M NacCl. Proteoliposomes (27 ul) were added to 3 pl
of uptake solution (0.2 mM L- or D- [3H] glucose, final concentration) and the uptake was
quenched by the addition of 1 pl of 60 mM HgCl, . This mix was filtered through spin columns
of 0.6 ml Sephadex G-50 pre-equilibrated with 20 mM HEPES, 0.15 M NaCl, 2 mM HgCl,.
Each point is the average of 3 independent measurements.
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Figure 6. Aglyco-GLUT4-A38 crystals
Purified aglyco-GLUT4-A38 was concentrated to 2 mg/ml and subjected to a variety of

crystallization conditions. Protein crystals were observed after 4-5 weeks incubation in 20%
PEG400, 15% PEG1000, 0.15 M KoHPO4/NaH,PO,4 pH 6.5 using the hanging-drop method
(b and c). Crystals were ~ 0.1-0.15 mm in size. On the second and third day phase separation
drops were observed (a).
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Table 1

Recovery of GLUT1 During the Purification Procedure

GLUT1 protein

Percentage
of Recovery

mg/100 g of wet cells

Total homogenate 9.37+£0.80
Total Pichia Membranes 9.25+0.72
Detergent Supernatant 7.40 £ 0.58
GLUT1 bounded to the Ni-Column 6.3+0.75
after loaded and washed

GLUT1 eluted from Ni-Column 1.90+0.24
GLUT1 recovered from 1.31+0.28

Size Exclusion Column

100%
99 %
79 %
67 %

20 %
14%
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