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Most if not all animal cells contain a 
plasma membrane protein involved in 
transporting glucose into the cell (1). The 
most extensively studied glucose trans- 
port protein (transporter) is the facilitat- 
ed diffusion carrier of the human eryth- 
rocyte (2). It is an integral membrane 
glycoprotein that exhibits an average 

served in severe insulin unresponsive- 
ness of type I1 diabetic patients (5). 

Glucose transporter complementary 
DNA. Liver cells transport glucose at a 
high rate via a system of the facilitated 
diffusion type (6). The HepG2 cell line, 
which is derived from a human hepato- 
ma, exhibits many of the characteristics 

Abstract. The amino acid sequence of the glucose transport protein from human 
HepG2 hepatoma cells was deduced from analysis of a complementary DNA clone. 
Structural analysis of the purified human erythrocyte glucose transporter by fast 
atom bombardment mapping and gas phase Edman degradation confirmed the 
identity of the clone and demonstrated that the HepG2 and erythrocyte transporters 
are highly homologous and may be identical. The protein lacks a cleavable amino- 
terminal signal sequence. Analysis of the primary structure suggests the presence of 
12 membrane-spanning domains. Several of these may form amphipathic a helices 
and contain abundant hydroxyl and amide side chains that could participate in 
glucose binding or line a transmembrane pore through which the sugar moves. The 
amino terminus, carboxyl terminus, and a highly hydrophilic domain in the center of 
the protein are all predicted to lie on the cytoplasmic face. Messenger RNA species 
homologous to HepG2 glucose transporter messenger RNA were detected in K562 
leukemic cells, HT29 colon adenocarcinoma cells, and human kidney tissue. 

molecular size of approximately 55,000 
daltons on sodium dodecyl sulfate (SDS) 
polyacrylamide gels and probably con- 
tains a single, heterogeneous, N-linked 
oligosaccharide. The purified erythro- 
cyte transporter demonstrates specific 
D-glucose transport activity when recon- 
stituted into lipid vesicles (2). 

The rapid increase in glucose uptake in 
muscle and fat cells triggered by insulin 
is of considerable interest. In both cell 
types, insulin appears to induce the rapid 
translocation of glucose transporters 
from an intracellular storage pool to the 
plasma membrane, thus increasing glu- 
cose uptake by the cells (3). In adipo- 
cytes, insulin may also decrease the K,,, 
(Michaelis constant) of the transporter 
for substrate (4). The elucidation of the 
molecular mechanism of this regulation 
may be crucial to an understanding of the 
postreceptor defect (or defects) ob- 
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of differentiated hepatocytes (7). Rabbit 
antiserum to the purified human erythro- 
cyte glucose transporter (molecular 
weight, 55,000 daltons) cross-reacts with 
a protein of identical mobility on im- 
muno blots of HepG2 protein extracts 
resolved by SDS gel electrophoresis (8). 
This antiserum was used to screen a 
HepG2 complementary DNA (cDNA) li- 
brary in the expression vector Agtll (9) 
for recombinant phage that express glu- 
cose transporter antigenic determinants 
(10). Four out of 360,000 plaques 
screened scored positive. Three of these 
had cDNA inserts that cross-hybridized 
to each other on Southern blots, and that 
hybridized to the same messenger RNA 
(mRNA) species (2850 nucleotides; see 
Fig. 1) on Northern blots of HepG2 
polyadenylated RNA. 

As the largest of these inserts was only 
1300 base pairs (bp) in length, the Agtll 

library was again screened by plaque 
hybridization; the largest insert was la- 
beled by nick-translation and used as a 
hybridization probe. Thirty positive 
plaques were identified out of 500,000 
screened. The largest insert fragments of 
450 and 2400 bp were found in clone 
AGT25. These inserts were labeled with 
3 2 ~  by nick-translation and used to probe 
Northern blots of HepG2 polyadenylated 
RNA. Both inserts hybridized to the 
2850-nt mRNA (Fig. 1). This result indi- 
cates that the two inserts correspond to 
different regions of the same mRNA; it 
eliminates the possibility that the two 
inserts represent unrelated cDNA's 
spliced together during construction of 
the cDNA library. The total size of the 
two cDNA inserts was similar to the 
length of the hybridizing mRNA, indicat- 
ing that the cDNA contained nearly a 
full-length copy of the mRNA. 

The sequence of hGT25 cDNA is pre- 
sented in Fig. 2. The initiation codon 
(residues 1 to 3) was assigned to the first 
ATG triplet downstream of the in-frame 
termination codon (TGA) beginning at 
position -78. An open reading frame 
starts from this ATG and continues to 
position 1476. This codes for a 492-resi- 
due polypeptide (54,117 daltons), This 
value is in reasonable agreement with the 
estimated size of the deglycosylated 
erythrocyte transporter, 46,000 daltons 
(11). Membrane proteins frequently ex- 
hibit increased mobility relative to solu- 
ble protein standards on SDS polyacryl- 
amide gels (12). 

The amino acid composition of the 
protein deduced from the cDNA se- 
quence is in good agreement with that 
reported for the purified erythrocyte glu- 
cose transporter, and the predicted 
COOH-terminal valine is consistent with 
the results of carboxypeptidase digestion 
of the erythrocyte protein (13). Our se- 
quence agrees with that of the first 18 
amino acid residues of the erythrocyte 
transporter reported recently (14), in 14 
of the 18 residues. Disagreements occur 
at residues 6, 7, 11, and 13. It is difficult 
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to assess the significance of the differ- 
ences observed because the amino acid 
yields for the cycles of Edman degrada- 
tion were not reported, and other investi- 
gators have described considerable 
background problems in attempts to se- 
quence from the NH2-terminus of the 
intact protein (13). However, the results 
of fast atom bombardment (FAB) analy- 
sis of the erythrocyte transporter (de- 
scribed below) are consistent with our 

assignment of all four of these disputed 
residues. 

Structural analysis of the purified 
erythrocyte glucose transporter. The glu- 
cose transporter of the erythrocyte and 
HepG2 cells share antigenic determi- 
nants and exhibit very similar mobilities 
on SDS polyacrylamide gels (15). We 
proceeded to determine the extent of 
their homology and, in the process, to 
identify the cDNA clone. 

Fig. 1. Size of HepG2 glucose transporter mRNA. Twenty 
micrograms of HepG2 poly(A) RNA (10) were subjected to 
electrophoresis on a 1.2 percent formaldehyde-agarose gel. As 
size standards, pBR322 restriction fragments were run in parallel 
(361 1,3234,2672, 1691, and 1129 bp). The RNA was blotted and 
fixed onto nitrocellulose and then hybridized to either a plasmid 
containing the 450-bp Eco RI cDNA fragment (pGT25S) or the 
2400-bp Eco RI cDNA fragment (pGT25L) from hGT25, and 
labeled with 32P by nick-translation. The hybridization was done 
at 42°C in 5 x  SSPE (0.9M NaCI, 5 mM EDTA, 50 mM 
NaH2P04, pH 7.4), 0.2 percent SDS, 0.1 percent each of bovine 
serum albumin, polyvinylpyrrolidone, and Ficoll; and denatured, 
sheared salmon sperm DNA (200 pg/ml). The probe was includ- 
ed at 10' cpmlml. After being washed in 0.1 X SSPE at 50°C, the 
blot was exposed to Kodak XAR-5 film at -70°C for 2.5 hours 
(intensifying screen, DuPont Cronex Lightening Plus). 

Table 1. Fast atom bombardment mapping of the erythrocyte glucose transporter. Glucose 
transporter was purified and delipidated as described (17). The delipidated protein (10 mg) in 70 
percent (by volume) formic acid was treated with CNB; (10 mg) at ambient temperature for 5 
hours in the dark. After dilution with water, the digest was freeze-dried and then resuspended in 
50 mM ammonium bicarbonate, pH 8.4. Trypsin (0.1 mg) was added, and the sample was 
incubated for 5 hours at 37OC before freeze-drying once more. Edman degradation was canied 
out on the digest mixture under standard conditions (phenyl isothiocyanate at 45OC followed by 
cleavage with trifluoroacetic acid for 10 minutes at 45'C). The FAB analysis of peptide digest 
mixtures was performed with a V.G.ZAB high-field instrument equipped with a n ~ : ~ ~ ~ ~ f a s t  
atom bombardment ion gun as described (16). Mass spectra were recorded up to a mass of 3000 
amu at full accelerating voltage. 

mlz' Assignment in deduced mlz* Assignment in deduced 
amino acid sequence amino acid sequence 

446 8 to 11 or 226 to 229t 995 335 to 344 
4% Unassigned 1067 Unassigned 
524 Unassigned 11 18 256 to 264; NH2-terminal Lys 
574 7 to 11; NH2-terminal Lys con- then Val confirmed after two 

firmed after one step of Edman steps of Edman 
588 Unassigned 1142 459 to 468; NH2-terminal Thr 
610 Unassigned then Phe confirmed after two 
630 345 to 35 1; lactone steps of Edman 
642 8 to 13; lactone 1146 Unassigned 
660 8 to 13 1170 Unassigned 
718 Unassigned 1 191 Unassigned 
736 111to117 1268 233 to 244; lactone, NH2-terminal 
775 213 to 218; NH2-terminal Phe Gly then Thr confirmed after 

then Leu or Ile confirmed after two steps of Edman 
two steps of Edman 1286 233 to 244 

826 Unassigned 1414 Unassigned 
926 78 to 86; NH2-terminal Leu or Ile 1537 231 to 244; lactone, NH2-terminal 

then Gly confirmed after two Leu or Ile confirmed after one 
steps of Edman step of Edman 

929 Unassigned 1555 231 to 244 
934 Unassigned 1639 478 to 492; (COOH-terminus), 
977 335 to 344; lactone, NH2-terminal NH2-terminal Thr then Pro 

Thr then Leu or Ile confirmed confirmed after two steps of 
after two steps of Edman Edman 

990 257 to 264; NH2-terminal Val 2473 14 to 38 
then Thr confirmed after two 2480 Unassigned 
steps of Edman 2497 469 to 492; (COOH-terminus) 

'Essentially the molecular size. tResidues 8 to 11, and so forth. 

942 

The structure of the erythrocyte pro- 
tein was investigated by the technique of 
FAB mapping (16). The FAB mass spec- 
trum of the cyanogen bromide (CNBr)- 
tryptic digest of the protein yielded a 
number of strong signals corresponding 
to quasi-molecular ions [M + HI+. A 
computer search for the peptide masses 
within the predicted amino acid se- 
quence revealed that most of the ions 
had masses expected for CNBr-tryptic 
fragments of the protein (Table 1). Some 
peaks do not correspond to expected 
fragments unless we assume the action 
of nonspecific proteolytic or acid cleav- 
age. These peaks have not been assigned 
in Table 1, but may in fact be derived 
from the protein as evidenced by com- 
puter matches of the mass of the pep- 
tides to regions of the predicted se- 
quence. Signal assignments were con- 
firmed by comparing the spectra of the 
digest after up to two cycles of Edman 
degradation. The changes in mass ob- 
served allowed the identification of the 
NH2-terminal and subsequent amino 
acid in many cases, and enabled the 
position of the fragments within the pre- 
dicted sequence to be assigned unambig- 
uously. Approximately 26 percent of the 
predicted sequence was mapped by this 
analysis. In particular, the predicted se- 
quence of residues 7 to 38 was confirmed 
completely, and thus the protein has no 
cleaved signal sequence at the NH2-ter- 
minus. The isolation of peptides 469 to 
492 and 478 to 492 shows that there is no 
proteolytic processing at the carboxyl 
terminus either. 

In a 15,000- to 20,000-dalton protein 
we might map 90 percent of the se- 
quence, but in a larger molecule and, in 
particular, one heavily contaminated 
with lipid and carbohydrate, a lower 
proportion will be observed due to sup- 
pression phenomena, as described by 
Monis et al. (16). The presence of cova- 
lently attached oligosaccharides may 
also restrict proteolytic cleavage, as may 
solubility problems resulting from the 
hydrophobic nature of the protein. In 
addition, the predicted sequence shows 
that several regions of the protein would, 
upon digestion, yield fragments too large 
to have been detected in our study. 

An analysis was also conducted on 
two peptides purified by reversed-phase 
high-performance liquid chromatogra- 
phy after tryptic digestion of the native 
transporter reconstituted into lipid vesi- 
cles (17). These gave signals at mlz 1142 
and 1444 when analyzed by FAB mass 
spectrometry, corresponding to amino 
acid residues 459 to 468, and 233 to 245, 
respectively. These peptides were se- 
quenced completely by gas phase Edman 
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degradation, and both sequences agreed much larger erythrocyte membrane pro- interaction between a sequence of five 
precisely with their assignment in the tein, as has been suggested (20). No bases in the loop structure and the 3' end 
cDNA sequence (see Fig. 2, underlined homology was observed between the of 18s ribosomal RNA (rRNA). The 
sequences). We conclude that the eryth- amino acid sequence of the glucose combined structure has a predicted sta- 
rocyte and HepG2 glucose transporters transporter and the recently elucidated bility of -37.0 kcal/mol(23). An interac- 
are extremely similar, if not identical. sequence of murine erythrocyte band 111 tion of this type has been proposed for 

HepG2 glucose transporter cDNA was protein (21), as has been postulated by several other eukaryotic mRNA's (24), 
used to probe a Northern blot of poly- some investigators (22). although the stability of the proposed 
adenylated RNA isolated from four other Both the 3' and 5' untranslated regions structures is seldom as great as that 
human cell lines or tissues (Fig. 3). RNA of the glucose transporter mRNA are shown in Fig. 4. It has been suggested 
species homologous to HepG2 glucose unusually long (at least 1197 and 179 that an interaction of this type may func- 
transporter mRNA were detected in the residues, respectively). The 5' untrans- tion in the initiation of translation, or the 
leukemic cell line K562 (18), the colon lated region is also unusually GC rich (73 regulation of this process, for some eu- 
adenocarcinoma cell line HT29 (19), and percent), with the potential for extensive karyotic mRNA's (24). 
cortical and medullary kidney tissue. secondary structure formation. Figure 4 A hydropathy plot of the deduced ami- 
Thus, it is likely that a facilitated diffu- illustrates the most stable predicted hair- no acid sequence obtained by the meth- 
sion glucose transporter similar to that pin-loop structure, and a hypothetical od of Kyte and Doolittle (25) is presented 
found in erythrocytes is also expressed 
in these cells or tissues. 

Structure of the glucose transporter. -160 -140 

Our results indicate that the glucose 5 '  TAC~GCCGGTCC~:CA~CACCACGCCA~GAGCAGCACACCMACW~GG~X:~ 

-100 -80 -60 -40 -20 -1 transporter of HepG2 cells is highly ho- ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ A G C A C G A G C C T G A G C C ~ A G A G C G C C C C T C G C A C G C C C ~ C C C A C ~ : G C G T A C ~ : U ; C G C A G C C A G A C C U ~ : A G ~ ; C A ~ ~  

mologous, if not identical, to the erythro- , 20 40 60 80 100 120 

cyte transporter. In addition to the ~ t ruc -  ATTGGGCCCAGCAGCAAGAA~AC~CGC~CATGC 
M e t G l u P r o S e r S e r L y s L y ~ ~ ~ ~ r G l y ~ r 8 L e ~ M e t ~ e ~ ~ 1 ~ ~ a 1 ~ 1 Y ~ 1 Y ~ 1 ~ ~ ~ 1 ~ ~ ~ 1 y S e r L e ~ G 1 n P h e G 1 Y ~ Y r ~ s n T h r C 1 y V a 1 I 1 e A 8 n A 1 a P r f f i l n L y s V a ~ ~ ~ e  

tural evidence described above, B-aalac- 10 20 
30 40 . - 

140 160 180 200 220 240 
fusion proteins produced by G A ~ A G ~ ~ A ~ A A ~ ~ ~ A ~ A ~ T C C A C C C ~ A T C G W : A G A G C A T C ~ U : C C A C ~ A U : ~ C A C C A C ~ C ~ ~ : ~ ~ ~ A ~ ~ ~ : A T ~ ~ ~ ~ ~ ~ G C C T ~ :  

some of the isolated Agtl 1 cDNA clones ~ l ~ ~ l u ~ h e ~ ~ ~ ~ ~ r ~ ~ a 1 ~ ~ ~ ~ r ~ ~ ~ r ~ l ~ ~ 1 u ~ e r 1 l e L e u ~ r o ~ h r ~ h r L e u ~ h r ~ h r ~ e u ~ r ~ S e r L e ~ S e r ~ a l ~ l a I l e P h e ~ r V a l G l ~ l y ~ t I l e G l y ~ e r  
M 60 70 80 

reacted with three distinct monoclonal 
260 280 UM 320 3 0  3M) 

antibodies directed against the erythro- V ~ G T G ~ G C ~ ~ ~ ~ V A A C C ~ C G C C ~ A A V C A A T ~ G A T G A K A A C ~ ~ G C C I T C G T C T C C G C C C ~ ~ , ~ C A T C G G ~ G A A A ~ C G C C M ~ A G  
PheSer~alGl~LeuPheVal~sn~r~Ph&l~~r~~r~~sn~er~etLeuMetMetAsnLe~Le~A1aPheVa1SerAlaValLe~etG1yPheSerLysLeffilyLysSerPhd;l~ 

cyte glucose transporter (15), as well as 90 100 110 120 

the polyclonal antiserum. Thus it is ex- 380 400 420 440 460 480 
A T ~ G A T C ~ C C G C T ~ C A T C A T C ~ G T A ~ ~ ~ ~ G G C ~ G A C C A C A G G ~ C G T U : C C A T G T A T C ~ X A A G T ~ A C C C A C A G C ~ ~ A C C ~ G C A C  

tremely unlikely that the 55,000-dalton MetLeuIle~euCl~~r~PheIleIleGl~~alT~rC~sG1~Le~ThrThrC1~PheVa1PreMetTyrVa1G1yG1~Va1SerPreThrA1~PheAr~1yA1aLe~G1yThrLe~~i~ 
130 140 1 M  160 polypeptide isolated from erythrocytes, 

MO 520 540 560 580 600 which exhibits glucose transport activity C A G C T ~ A X G T C C X G C C A X C T C A T C G C C C A G G T G T T C G G C ~ A ~ C C A X A ~ A A C A A C G A C ~ C T G G C C ~ C C X : A G C A K A T C T T C A T ~ ~ A G  
in "itro, arises from the proteolysis of a GlnL"uGly~eValValGlyIleLe~I1e~1~~1n~al~he~l~Le~~s~SerIleMetGl~AsnLysAspLeuTrpProLeuLeuLeuSerIle1lePhe1leProAlaLeu~ffiln 

170 180 190 200 

620 610 660 680 700 720 
T U : A T ~ ~ ~ ~ G C C C I T ~ G C C C C G A G A G K C C C G C T T C ~ G ~ C A X A A C C C C A A C G A G G A G A A C ~ ~ ~ C G C C A A G A G T ~ A A A C A A ~ A C A ~ C ~ A C G T G A C C C A K A C  

Fig, 2. Nucleotide sequence of AGT25 cDNA CysIleValLe~ProPheCysProG1uSerPro~rgPheLeuLeuIle~snArgAsnGluCluAsnArgA1aLysSerVa1LeuLysLysLeuArgGlyThrAlaAspValThrHisA~ 
210 220 230 

and deduced sequence of the HepG2 glucose 
740 760 780 Boo 820 a 0  Numbering nucleotides is ~ A C G A G A K A A C G A A G A G A C T ~ A G A T G A T G C G G C A G A A G A A G G T C A C C A T ~ A ~ G V C C C C T C C C C C G C ~ A C ~ ; ~ C A G ~ C A T C ~ U ~ A ~  

above the sequence and the numbering of ~~GlnGluMetL~sCluGluSerArgClnMetMetArgCluL~sL~sValThrIleLeuCluLeuPheArgSerProAlaTyrArgC1nProIleLeuIleAlaValValLeuClnLeu 
250 260 270 280 amino acid residues is below. The tryptic 

860 880 9M 920 940 960 peptides sequenced by Edman degradation T ~ ~ G C ~ ~ G T ~ ~ ~ A T ~ ~ A ~ ~ ~ ~ A ~ A ~ C C A C C A ~ A T ~ G A G A A G G C C G ~ G C A G C A G C ~ ~ A T C C C A C C A ~ C G G T A T C C T C A A C A C G C C ~  
are underlined. The two potential sites of N- S e r G l n C l n L e u S e r C l y I 1 e A s n A 1 a V ~ 1 P h e T y r T y ~ !  .rClyIleValAsnThrAlaPhe 

linked nlycosylation (Asn-X-Ser or Thr. 290 XY) 310 320 

where x i s  any amino acid) are boxed. The 
Eco RI linker sequences at the 5' and 3' 
termini are not included in the sequence. The 
two Eco RI cDNA fragments (from AGT25) of 
450 bp and 2400 bp were subcloned into 
plasmids, and designated pGT25S and 
pGT25L, respectively. After Eco RI digestion 
of the plasmids and subsequent agarose gel 
electrophoresis, the cDNA inserts were iso- 
lated and self-ligated with T4 DNA ligase. The 
resulting concatomers were sonicated, and 
the fragments of 300 to 1000 bp were isolated 
after agarose gel electrophoresis. The frag- 
ments were incubated with T4 DNA polymer- 
ase (to create blunt ends), and then subcloned 
into the Sma I sites of M13 mp18 and mp19 
(31). The cDNA inserts were sequenced ac- 
cording to a modified version (32) of the 
method of Sanger et al. (33). Sequence data 
were analyzed by means of the computer- 
assisted method of Staden (34). The DNA was 
sequenced completely in both strands with an 
average of 5.7 gel readings per residue. A 687- 
bp Hinc I1 fragment (residues 262 to 948) was 
subcloned from AGT25 and sequenced to con- 
firm the nucleotide sequence in the region of 
the Eco RI site between positions 279 and 
280. 
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Fig. 3 (left). Detection 
of glucose transporter 
mKNA in human cell 
lines and tissu 
following q~ 
of human pol3 
lated RNA's v 
alyzed by Northern 
gel blot analysis (as 
described in the leg- 332":; 
end to Fig. I ) :  for 
K5(j$- leukern:- --11- 9 6 7 2  - 
( l a ) ,  10 kg; fc 
adenocarc~non 
( IY).  10 kg: fot 
medulla. I0 _ 
ney cortex, 20 yg. 
The blot was hybr~d- 

es. The 
~antities 
vadeny- 
iere an- 

IL LC113 

Ir HT29 
na cells 
-kidney 
Le: kid- 

ized to pGT25S and **  - 
uGTZ5L cDNA's la- 
beled with "P by 5' G.G A 3' 
nick-translation, washed, and then exposed to Kodak -72 2 4  
XAR-5 film at -70°C for I.? hours (DuPont Cronex 
Lightening Plus intensifying screen). Fig. 4 (right). Hypothetical he 3' 
end of IXS rRNA and a possible hairpin-loop structure in the 5' untranslarea reglon or glucose 
transporter mRNA. The lowercase letters represent the sequence of the 3' end of eukaryotic 
18s rRNA (35). The conformation of the hairpin-loop structure is arranged for maximum 
stability as estimated by the method of Tinocco et a/ .  (23). 

interaction 
, .  , 

I between t 
, , . a  

in Fig. 5 (left panel), along with a specu- 
lative model for the membrane orienta- 
tion of the glucose transporter (right pan- 
el). The model is based on a number of 
computer and graphical analyses of the 
predicted protein sequence and on the 
results of chemical and proteolytic diges- 
tion experiments performed on the na- 
tive, membrane-bound protein. 

Analysis of the sequence according to 
the algorithm of Eisenberg et a/.  (26) 
predicts the presence of 12 membrane- 
spanning segments. This algorithm as- 
signs all nonoverlapping segments of 21 
amino acid residues having an average 

hydropathy value of >0.42 as mem- 
brane-spanning domains. The assigned 
segments are numbered 1 through 12 in 
the hydropathy plot and in the model. 
Exact assignments for the termini of the 
membrane-spanning domains is given in 
the model only to facilitate the following 
discussion. The average hydropathy of 
the assigned segments, according to the 
hydropathy scale in (26), ranged from 
0.52 (segment 7) to 0.89 (segment 12). It 
is assumed in this model that membrane- 
spanning domains comprise a-helical 
segments of about 21 amino acid resi- 
dues (26). The presence of p turns in the 

hydrophilic loops separating the pro- 
posed membrane-spanning domains is 
predicted by analysis of the sequence 
according to the method of Chou and 
Fasman (27). Graphical representation of 
the membrane-spanning segments indi- 
cates that segments 3 ,5 ,7 ,8 ,  and 1 1  may 
form amphipathic a helices. These con- 
tain several serine, threonine, glutamine, 
and asparagine residues that would 
largely be localized to the same face of 
the a helix. The hydroxyl and amide side 
chains in a glucose transporter mem- 
brane domain may line the transmem- 
brane channel and could play key roles 
in specific binding of hexoses. The glu- 
cose transporter appears to lack a 
strongly amphipathic transmembrane 
segment containing several charged resi- 
dues, as has been predicted for some ion 
channel proteins (21, 28). 

The glucose transporter in intact 
erythrocytes and sealed erythrocyte 
ghosts is resistant to tryptic digestion. It 
is susceptible to cleavage only at the 
cytoplasmic surface of the erythrocyte 
membrane, yielding two large frag- 
ments--approximately 23,000 and 18,000 
daltons (11, 29, 30). The isolation of the 
tryptic fragment corresponding to resi- 
dues 233 to 245 after digestion of the 
membrane-bound transDorter (see 
above) indicates that the extremely 'hy- 
drophilic domain between residues 207 
and 272 is in the cytoplasm. Tryptic 
cleavage of the reconstituted transporter 
after residue 458 would reduce the ap- 
parent size of the transporter by about 
3600 daltons. No change was observed in 
the apparent size of the protein after 

Reeldue number 

Fig. 5. (Left) Hydropathy plot of the glucose transporter amino acid sequence. Hydropathy values (25) for a window of 21 amino acid residues 
were averaged, assigned to the middle residue of the span, and plotted with respect to position along the amino acid sequence. The numbers refer 
to putative membrane-spanning domains predicted by the algorithm of Eisenberg et al. (26). (Right) Proposed model for the orientation of the 
glucose transporter in the membrane. The 12 putative membrane-spanning domains are numbered and shown as rectangles. The relative 
positions of acidic (Glu, Asp) and basic (Lys, Arg) amino acid residues are indicated by circled (+) and (-) signs, respectively. Uncharged polar 
residues within the membrane-spanning domains are indicated by their single-letter abbreviations: S, serine; T, threonine; H, histidine; N, 
asparagine; Q, glutamine. The predicted position of the N-linked oligosaccharide at Asn 45 is shown. The arrows point to the positions of known 
tryptic cleavage sites in the native, membrane-bound, erythrocyte glucose transporter, as described in the text. 
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trypsin digestion of intact erythrocytes the basolateral surface of the proximal 
or sealed ghosts (11, 30). This result tubule and is believed to be involved in 
suggests that the COOH-terminal hydro- the transepithelial transport of glucose 
philic domain corresponding to residues from the urine to the blood (36). The 
451' through 492 is on the cytoplasmic liver protein transports glucose out of 
face, but this point must be established the cell during periods of starvation in 
directly. response to increased intracellular glu- 

The erythrocyte transporter contains cose levels resulting from gluconeogene- 
at least one N-linked oligosaccharide, sis and glycogenolysis, and transports 
which has been localized to either the glucose into the cell for glycogen storage 
COOH-terminal or NH2-terminal third of when blood glucose is high (6). Whether 
the molecule (but not at both ends) (29), the three proteins are, in fact, identical 
The sequence contains two potential N- remains to be determined. 
glycosylation sites, ~ s n ~ ~  and ~ s n ~ " .  The availability of our cDNA clone 
Thus, only one can be glycosylated. should make it possible to directly ad- 
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