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The glucose transporter from human erythrocytes is a heterogeneously glycosylated protein that runs as a 
very broad band of average apparent M r 55 000 upon sodium dodecyl sulfate polyacrylamide gel electrophore- 
sis. When the purified preparation of transporter, solubilized in Triton X-100, was treated with endoglyco- 
sidase F, much of it ran as a sharp band of M r 46000 upon electrophoresis. Moreover, endoglycosidase F 
released 80% of the radioactivity in a preparation of the transporter labeled in its oligosaccharides with 
galactose oxidase and tritiated borohydride, and almost none of the remaining radioactivity was located in the 
M r 46000 band. These results suggest that endoglycosidase F can release virtually all of the carbohydrate 
linked to the transporter polypeptide. A quantitative analysis of the gels was complicated by partial 
aggregation of polypeptides that occurs due to prolonged incubation in Triton X-100, but at least 65% of the 
protein in the preparation of purified transporter is the 46 kDa polypeptide. The extracellular domain of the 
transporter is very resistant to proteolysis; no cleavage occurred upon treatment of intact erythrocytes with 
seven different proteases at high concentration. 

Introduction 

The glucose transporter from human erythro- 
cytes is a glycoprotein that is about 15% carbo- 
hydrate by weight [1]. Previously we have shown 
that there is heterogeneity in the structure of the 
oligosaccharide chain or chains linked to the trans- 
porter polypeptide [2]. There is evidence that these 
oligosaccharides are branched chains of alternat- 
ing units of N-acetylglucosamine and galactose 
that are linked to asparagine residues via the typi- 
cal mannose, N-acetylglucosamine core structure 
[1-6]. Some of the chains probably bear the ABH 
determinants at the nonreducing end [1-7]. 
, Studies on the structure of the transporter poly- 

peptide would be facilitated by a method for com- 
plete removal of the oligosaccharides. Although we 
have found that the enzyme endo-fl-galactosidase 
cleaves the chains, it is not very satisfactory in this 

regard, since a substantial portion of many chains 
remain attached to the protein [2]. Recently, Elder 
and Alexander described an endoglycosidase (en- 
doglycosidase F) that appears to catalyze the hy- 
drolysis of the glycosidic bond of the N-acetylglu- 
cosamine(fll ~ 4)N-acetylglucosamine linked to 
asparagine in glycoproteins with both high man- 
nose and complex carbohydrates [8]. In this paper 
we report that this enzyme cleaves the oligosac- 
charides from the glucose transporter. In addition, 
we present results indicating that the extracellular 
domain of the glucose transporter is very resistant 
to proteolysis. 

Materials and Methods 

M a t e r i a l s  

Two preparations of the glucose transporter 
were used. The unlabeled transporter was purified 
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from human erythrocytes according to the proce- 
dure that we have recently described [9]. The ra- 
diolabeled transporter was a portion of the pre- 
paration that we previously characterized [2]; it 
had been isolated, by a slightly different proce- 
dure, from erythrocytes that had been labeled on 
their surface carbohydrates by treatment with 
galactose oxidase followed by tritiated 
borohydride. Endoglycosidase F was a gift from 
Drs. Elder and Alexander; it was the concentrate 
from the ACA 54 chromatography step in 50 mM 
EDTA/50% glycerol described by them [8]. The 
sources of other reagents were: bovine pancreatic 
trypsin, pronase, proteinase K, and thermolysin, 
Boehringer Mannheim; a-chymotrypsin (type CDI) 
and elastase (type ESFF), Worthingtion Biochemi- 
cal Corp.; and V8 protease, Miles. 

Endoglycosidase F treatment and gel electrophoresis 
Except where noted, the preparation of purified 

glucose transporter (10 #g protein) was incubated 
for 18 h at room temperature with 5 #1 of the 
enzyme stock (about 0.8 #g protein) in a total 
volume of 50 #1 containing 0.5% Triton X-100/ 
0.05% SDS/75 mM mercaptoethanol/100 mM 
sodium phosphate/50 mM EDTA, pH 6.1. The 
reaction mixtures were prepared for electrophore- 
sis by the addition of an equal volume of 10% 
(w/v) alkyl sulfates/20% (w/v) glycerol/75 mM 
dithiothreitol/2 mM EDTA/0.004% bromophenol 
blue/100 mM Tris-HC1, pH 6.8. Electrophoresis 
was performed according to the procedure of 
Laemmli [10], with 3 and 10% acrylamide in the 
stacker and separating gels, respectively. For both 
sample preparation and electrophoresis a mixture 
of 12, 14, and 16 carbon alkyl sulfates ('lauryl 
sulfate' from Pierce Chemical) was substituted for 
pure sodium dodecyl sulfate, in order to decrease 
aggregation of the transporter [9]. 

Gels were stained with Coomassie blue as de- 
scribed in Ref. 11, with the exception that alkyl 
sulfates were first removed from the gels by a 6 h 
incubation with isopropanol/acetic acid/water 
(25 : 10 : 65, by volume). Tube gels were scanned at 
550 nm, and the relative areas of peaks were 
obtained by cutting and weighing copies of the 
scans. In each instance where quantitation of the 
various peaks was desired, at least two gels were 
run, one with twice the volume of sample as the 
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other. It was found that the areas of the various 
peaks were proportional to the amount of protein 
loaded; and the values given in Results, which are 
the averages of at least duplicate determinations, 
do not differ from the individual values by more 
than ±5%. The gels that contained radiolabeled 
transporter were sliced into 2 mm segments; the 
segments were digested with 600 /~1 30% (w/v) 
hydrogen peroxide in 20 ml glass vials at 75°C for 
12 h; and the samples were counted with 10 ml 
Aquasol II (New England Nuclear). 

Protease treatment of intact erythrocytes 
Erythrocytes from human blood freshly drawn 

into citrate were washed three times with 150 mM 
NaC1/20 mM Hepes, pH 7.8, by centrifugation at 
2500 × g for 10 min. Washed cells at 20% hema- 
tocrit (500/~1 total volume) were incubated with 1 
mg/ml  of each protease for 2 h at 23°C. Calcium 
chloride at 2 mM was included with the thermo- 
lysin. At the end of the incubation the cells were 
pelleted; the supernatant was aspirated; and the 
cells were resuspended in 500/~1 of the buffer to 
which was introduced 4 mM EDTA and 1 mM 
diisopropyl fluorophosphate. After 15 min, the 
cells were again pelleted and resuspended in 1 ml 
of the buffer. A small portion of the resuspended 
cells (80 ttl) was added directly to 1 ml of 2% alkyl 
s u l f a t e s / 7 5 0  mM m e r c a p t o e t h a n o l / 1 0 %  
glycerol/1 mM EDTA/0.002% bromophenol 
blue/50 mM Tris-HC1, pH 6.8, already at 95°C, 
and the mixture was held at this temperature for 
1.5 min. Portions of these samples (7-/L1 amounts) 
were used for slab gel electrophoresis and subse- 
quent detection of the transporter by the Western 
blot procedure. The remaining cells were pelleted 
and then lysed at 2°C by the addition of 2 ml of 5 
mM sodium phosphate, pH 8. The erythrocyte 
membranes were washed three times with 5 mM 
sodium phosphate, pH 8, by centrifugation at 
27000 x g for 15 min and then prepared for elec- 
trophoresis by solubilization at 100°C for 2 min in 
400/~1 of the denaturing buffer given above. Por- 
tions of these samples (15 ILl) were run on slab gels 
and stained with Coomassie blue or subjected to 
the Western blot procedure. 

The methods for slab gel electrophoresis and 
for identification of the transporter by the means 
of rabbit anti-transporter antiserum in the West- 
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ern blot procedure were those that we have previ- 
ously described [12]. The antiserum used was also 
the one employed previously [12]. We have shown 
that antibodies in this serum combine with the 
transporter, by demonstrating that the IgG frac- 
tion will immunoprecipitate the cytochalasin B 
binding sites on the transporter [9]; the im- 
munoprecipitation procedure was similar to the 
one that we used to characterize the immune serum 
from another rabbit [13]. 

Results and Discussion 

Endoglycosidase F treatment of the glucose trans- 
porter 

When the purified glucose transporter, solubi- 
lized in 0.5% Triton X-100/0.05% SDS, was treated 
with endoglycosidase F, its behavior upon gel elec- 
trophoresis was dramatically altered. The treated 
protein migrated as a sharp band with a mobility 
corresponding to M r 46000 in contrast to the 
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Fig. 1. SDS gel electrophoresis of the purified glucose trans- 
porter alone (A, 2.5/~g), of the transporter (2.5 Atg) treated with 
endoglycosidase F (B), and of the endoglycosidase alone (C). 
See Methods for details. In each case, the protein was in- 
cubated for 18 h in Triton X-100/SDS/mercaptoethanol .  The 
scale, which is given in kilodaltons, shows the mobilities of the 
following standard polypeptides (from the top): rabbit muscle 
myosin, E. coli fl-galactosidase, rabbit muscle phosphorylase B, 
bovine serum albumin, egg albumin, and bovine erythrocyte 
carbonic anhydrase (kit SDS 6H, from Sigma Chemical). 

untreated transporter, which runs as a very broad 
band in the M r range 76000 to 49000 (Fig. 1). 

In order to be certain that this change in the 
electrophoretic behavior of the transporter is due 
to the release of the oligosaccharides linked to the 
transporter, we treated transporter radiolabeled in 
its oligosaccharides with the glycosidase. The ra- 
diolabeled transporter had been prepared by label- 
ing the surface oligosaccharides of intact erythro- 
cytes with galactose oxidase/NaB3H4 and then 
purifying the transporter therefrom [2]. The results 
in Fig. 2 show that there is virtually no label in the 
46 kDa band. Moreover, most of the labeled 
oligosaccharide in the preparation was released by 
endoglycosidase F. In two experiments of this 
type, the percentages of label that remained in the 
region of the gel between the origin and M r 40 000 
after enzyme treatment were 23 and 19% of the 
total, respectively. 

For many purposes, it would be useful to be 
able to release the oligosaccharides from the trans- 
porter without solubilizing the transporter with 
detergent. Our preparation of purified transporter 
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Fig. 2. The effect of endoglycosidase F upon the oligosac- 
charides of the glucose transporter. Transporter labeled in its 
carbohydrate (50 p.g/ml; 20500 cpm 3H/ml)  was incubated in 
the absence (©)  and presence (e) of the glycosidase, as de- 
scribed in the Methods; and 2.5 #g amounts were applied to 
each gel. Slices 1-5 comprise the stacking gel. The horizontal 
and vertical arrows mark the main peaks of Coomassie blue 
stain for the glycosylated and deglycosylated transporter, re- 
spectively. The small peak of label at slice 42 is probably due to 
radiolabeled lipids that fractionate with the transporter. The 
radiolabel in slices 6-14 of the untreated transporter is due to 
aggregates that form under the incubation condition (see Fig. 
3). 



consists of the transporter reconstituted into a 
phospholipid bilayer [9]. It was treated with the 
glycosidase exactly as described in Methods, with 
the exception that Triton X-100/SDS was omitted 
from the mixture. In this case, the Coomassie blue 
profile of the treated transporter upon SDS elec- 
trophoresis was virtually identical with that of an 
untreated control (data not shown), and thus un- 
fortunately no significant cleavage occurred. This 
result probably cannot be explained by the as- 
sumption that the oligosaccharide chains are 
located within sealed vesicles, since 84% of the 
sialic acid in our preparation that is released by 
neuraminidase can be released without solubiliza- 
tion with Triton X-100 (Appleman, J.A. and 
Lienhard, G.E., unpublished results). 

The percentage of glucose transporter polypeptide in 
the purified preparation 

Because the glucose transporter runs as such a 
broad band upon electrophoresis, it has been dif- 
ficult to establish the purity of our preparation. 
The findings that the purified transporter binds 
0.70 tool of cytochalasin B per 46 kDa, that N- 
terminal analysis gave only methionine, albeit in a 
yield of only 0.4 mol per mol 46 000 kDa protein, 
and that C-terminal analysis with carboxypepti- 
dase A released 0.63 mol valine and 0.09 tool 
alanine per mol protein [9] indicate that the pre- 
paration consists of at least 70% of one poly- 
peptide chain. In an effort to obtain more infor- 
mation concerning purity, gels of the transporter 
were analyzed quantitatively through spectropho- 
tometric scanning of the Coomassie blue stain and 
measurement of the areas beneath peaks. 

Scans of gels of the glycosidase-treated trans- 
porter, of the glycosidase alone, and of the un- 
treated transporter alone are presented in Fig. 3. 
In addition to the sharp main band at M r 46 000 
(band d, Fig. 3A), the scan of the treated trans- 
porter shows a number of minor bands due to the 
polypeptides in the endoglycosidase F preparation 
(compare Fig. 3A and Fig. 3B) and other bands 
(designated a, b, c, e) that must arise from the 
transporter preparation itself. The scan of the un- 
treated transporter (Fig. 3C) shows the main peak 
centered at M r 55000 (designated d), as well as 
other bands (a, b, c) of lower mobility that appear 
to correspond to bands a -c  seen with the glyco- 
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Fig. 3. Spectrophotometric scans of SDS gels. (A) Glucose 
transporter (5 /xg) and endoglycosidase F (0.4/~g) after 18 h 
incubation in the Triton X-100 mixture (see Methods). (B) 
Endoglycosidase F (0.4/~g) after 18 h incubation in the Triton 
X-100 mixture. (C) Glucose transporter (5 /~g) after 18 h 
incubation without glycosidase in the Triton X-100 mixture. 
(D) Glucose transporter (2.5/~g) after 18 h incubation in 100 
mM sodium phosphate/50 mM EDTA, pH 6.1, without Triton 
X-100/SDS/mercaptoethanol. The gels in A-C were scanned 
with the fullscale absorbance setting at 2.0 on the recorder; the 
height of peak d in A is 1.76 absorbance units. The gel in D 
was scanned with the full scale setting at 0.8 units, and the peak 
height is 0.34. TD marks the position of the tracking dye. 

sidase-treated transporter. Bands a -c  probably 
arise from aggregation of the transporter poly- 
peptide under the solubilizing conditions required 
for the glycosidase treatment (see below). In the 
case of each of these, the mobility seen with the 
glycosidase-treated sample is greater than that seen 
with the untreated one. This finding and the disap- 
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pearance of radiolabel from this region of the gel 
(Fig. 2) indicate that some oligosaccharide has 
been cleaved from the aggregates. 

The results shown in Fig. 3, as well as those in 
Fig. 1 and 2, are those for the limit reaction 
catalyzed by the glycosidase. When the treatment 
was carried out under identical conditions, except 
for 2 h rather than 18 h, the SDS gel of this 
incubation mixture showed peaks of glycosylated 
and deglycosylated transporter that were about 
equal in area (data not given, but these peaks are 
the same as peak d in Figs. 3C and A, respectively); 
thus in 2 h about 50% conversion occurred. When 
the treatment was for 12 h, rather than 18 h, about 
90% conversion occurred. 

The main polypeptide seen after glycosidase 
treatment (peak d, Fig. 3A) constitutes 67% of the 
total area of the scan, after subtraction of the 
contribution from the glycosidase itself (area of 
Fig. 3B). Most of the remaining stain occurs in the 
region of the putative aggregates (a-c,  Fig. 3A), 
which constitute 29% of the total area. The last 4% 
of the area occurs in peak e. In the case of the 
untreated transporter, 63% of the area is located in 
the main peak (d, Fig. 3C) and 37% in the aggre- 
gates (a-c,  Fig. 3C). The glycosidase treatment did 
not result in any loss of protein, since the total 
area of the scan of the treated sample, after sub- 
traction of the contribution of the enzyme (Fig. 3, 
A - B) is the same as the total area of the scan of 
the untreated protein (Fig. 3C). Thus, on the basis 
of this analysis, it is certain that at least 67% of the 
protein in the purified preparation is the trans- 
porter polypeptide. The true value may be higher 
if, as appears to be the case (see below), the 
aggregates contain the transporter polypeptide. 

Aggregation of polypeptides in the glucose trans- 
porter preparation 

Fig. 3D shows the scan of a gel of the trans- 
porter preparation that has been incubated under 
the conditions for endoglycosidase F treatment, 
with the exception that 0.5% Triton X-100/0.5% 
SDS/75  mM mercaptoethanol was omitted from 
the incubation mixture. 94% of the stain is located 
in the major broad band, and it is evident by 
comparison with Fig. 3C that incubation in the 
Triton X-100 mixture leads to the formation of a 
series of aggregates. The band designated c has a 

mobility corresponding to M r 120000 and is thus 
probably a dimer. We have attempted, without 
success, to find conditions under which the trans- 
porter preparation would be solubilized and so be 
a substrate for the glycosidase, but would not 
show aggregates upon electrophoresis. It seems 
worthwhile to state briefly the results and conclu- 
sions without providing experimental details. 

Aggregation is not an artifact of the method of 
sample preparation, since when Triton X-100/  
mercaptoethanol was added to the transporter just 
after the 10% alkyl sulfate mixture (see Methods), 
no aggregation was seen. The aggregation requires 
more than several minutes, since when the 0.5% 
Triton X-100/0.05% SDS/75  mM mercaptoetha- 
nol was added just before the 10% alkyl sulfate 
mixture, no aggregation occurred. It seems un- 
likely that the aggregation is due to the formation 
of disulfide bonds because (i) the SH concentra- 
tion in the incubation mixture, measured colori- 
metrically [14], did not change during the 18 h 
period; (ii) preparation of samples for electro- 
phoresis with 100 mM dithiothreitol, rather than 
the normal 37 mM, with or without heating at 
100°C for 2 rain, did not significantly decrease the 
amount of the aggregates; (iii) the extent of aggre- 
gation was the same when the 18 h incubation 
mixture contained transporter at 100 and 200/xg/  
ml. It also seems unlikely that aggregation is due 
to the formation of reactive radicals or aldehydes 
arising from the oxidation of unsaturated lipids in 
the preparation, since neither the omission of the 
reductant mercaptoethanol from the incubation 
mixture nor the inclusion of 100 mM semicarba- 
zide, an aldehyde trapping reagent [15], substan- 
tially altered the degree of aggregation. 

A number of other detergents were examined in 
an attempt to find one in which aggregation did 
not occur. However, roughly the same extent of 
aggregation as seen with Triton X-100 was ob- 
served when the transporter, at 100-200 /xg/ml, 
was incubated for 18 h in 100 mM sodium phos- 
pha te /50  mM E D T A / 5 0 - 7 5  mM mercaptoetha- 
nol, pH 6.1, with the following: 1% octyl fl-D-glu- 
copyranoside; 0.5% octaethyleneglycol n-dodecyl 
ether; 0.5% p-(1,1,3,3-tetramethylbutyl)phenoxy- 
nonaoxyethylene glycol (purified from Triton 
X-100); 1% N-dodecyl-N,N-dimethyl-3-ammonio- 
1-propanesulfonate; 1% N-tetradecyl-N,N-di-  



methyl-3-ammonio-l-propanesulfonate; 1% N- 
hexadecyl-N, N-dimethyl-3-ammonio-l-propane- 
sulfonate; and 1.25% 3-[(3-cholamidopropyl)di- 
methylammonio]-2-hydroxy-l-propanesulfonate. 

Protease sensitivity of the extracellular domain of 
the glucose transporter 

If the oligosaccharides were linked to the poly- 
peptide chain near its amino or carboxy terminus, 
protease treatment of the extracellular domain of 
the glucose transporter, where the carbohydrates 
are located [2], might release them but leave a 
major portion of the polypeptide intact. Moreover, 
as an initial step in the elucidation the transmem- 
brane folding pattern of the glucose gransporter 
polypeptide, it would be useful to be able to 
introduce specific cleavages at sites in the ex- 
tracellular domain. The effect of protease treat- 
ment of intact erythrocytes upon the transporter 
polypeptide cannot be determined simply by SDS 
electrophoresis of the membrane proteins followed 
by Coomassie blue staining because the trans- 
porter constitutes only 3% of the total membrane 
protein and runs as such a broad band [9]. How- 
ever, very small amounts of transporter on SDS 
gels can be detected through the use of antiserum 
against the transporter [12] in the Western blot 
procedure [16]. In this procedure the polypeptides 
are electrophoretically transferred from the gel to 
nitrocellulose paper, and the blot is treated 
sequentially with rabbit antiserum against the 
transporter and t25I-labeled goat anti-rabbit IgG. 

The results of treating intact erythrocytes with 
chymotrypsin, trypsin, elastase, V8 protease, ther- 
molysin, pronase, and proteinase K are shown in 
Fig. 4. In agreement with the literature [17] 
chymotrypsin, thermolysin, and pronase cleaved 
band 3 of the erythrocyte membrane to yield a 60 
kDa fragment, whereas trypsin did not. Proteinase 
K also split band 3 (upper panel, Fig. 4). On the 
other hand the glucose transporter was resistant to 
all of the proteases (lower panel, Fig. 4). In each 
case, the intensity of the transporter band upon 
the autoradiogram is about the same as the con- 
trol; and it was found by cutting and counting the 
radioactive transporter band and an adjacent blank 
area that the lavel in the lane from each protease- 
treated sample was 70% or more of the corre- 
sponding control value. Moreover, no new poly- 
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Fig. 4. The effect of external proteases upon the glucose 
transporter. Upper panel. Coomassie blue stained SDS gels of 
membranes isolated from human erythrocytes that had been 
incubated with: (a) no addition, (b) chymotrypsin, (c) trypsin, 
(d) elastase, (e) V8 protease, (f) thermolysin, (g) no addition, 
(h) pronase and (i) proteinase K. Lanes a-f and g-i are 
separate gels. The band numbers on the left are those according 
to Steck [21]. Lower panel. Autoradiograms of the nitrocellu- 
lose blots of SDS gels of the total protein from erythrocytes 
incubated as described directly above. The blots were treated 
with rabbit antiserum against the glucose transporter and 1251- 
goat anti-rabbit lgG. Lanes a-f and g-i are separate blots. The 
major labeled band has the mobility expected for the glucose 
transporter. See Methods for the details. 

peptides of lower molecular weight, which would 
be expected if cleavage had occurred, are evident 
in the autoradiograms. 

The blots shown in the lower panel of Fig. 4 are 
those of whole ceils denatured at 100°C. These 
were used in order to avoid proteolysis, known to 
occur at the cytoplasmic domain of the transporter 
[18], by residual protease during isolation of the 
erythrocyte membranes. In fact, the membranes 
isolated after the protease treatments were also 
carried through the Western blot procedure; and 
these also showed no cleavage of the transporter, 
with the exception of the appearance of a very 
weak band at about M r 30000 in the case of 
trypsin (data not presented). It is worth noting 
that these experiments were performed with a high 
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concentration of each protease (1 mg/ml) that was 
only slightly less than the concentration of the 
erythrocyte membrane protein (20% v /v  cells is 
equivalent to about 1.6 mg/ml  membrane protein 
[19]). Thus, the extracellular domain is very re- 
sistant to proteolysis. 

Conclusions 

Our results show that endoglycosidase F cleaves 
the complex oligosaccharides from the glucose 
transporter polypeptide. Since the anion trans- 
porter of the human erythrocyte, band 3, probably 
bears the same type of oligosaccharides [5,6,20], 
the endoglycosidase may prove able to release the 
oligosaccharides from this protein also. The find- 
ing that the extracellular domain of the glucose 
transporter is resistant to proteolytic cleavage is 
disappointing, since it appears that large peptides 
cannot be obtained in this way. However, the 
experimental approach of combining protease 
treatment with the Western blot procedure may be 
useful in the investigation of other membrane pro- 
teins that are present in small amounts. 
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