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Tryptic and papain digestion have been employed to investigate the structure and function of the human 
erythrocyte glucose transporter. Trypsin cleaves the native protein into two large, membrane-embedded 
fragments and a number of small peptides that are released from the membrane. These fragments have been 
isolated and located within the transporter sequence by fast atom bombardment mass spectrometry and 
amino acid analysis. The results indicate that the segments of the sequence comprising residues 213-269 and 
457-492 are cleaved from the cytoplasmic surface of the membrane by trypsin treatment. These findings are 
compatible with a model previously proposed for the arrangement of the polypeptide in the membrane 
(Mueckler, M., et al. (1985) Science 229, 941-945). Despite the loss of these 93 residues, the portion of the 
protein remaining embedded in the membrane is still able to bind cytochalasin B. This binding is inhibited by 
D-glucose, indicating that the membrane-embedded fragments retain the substrate-binding site. Fourier 
transform infrared spectroscopic analysis of the protein before and after proteolytic digestion shows that the 
intramembranous part of the protein is largely a-helical, although some t-sheet  structure appears also to be 
present. The spectroscopic findings also indicate that the extramembranous, cytoplasmic domain of the 
transporter, which is removed by trypsin, contains a-helical structure. 

Introduction 

Glucose transport across the human erythro- 
cyte membrane is the best understood of all 
facilitated diffusion processes. The protein re- 

Abbreviations: SDS, sodium dodecyl sulphate; Mr, relative 
molecular mass; HPLC, high-pressure liquid chromatography; 
FAB, fast atom bombardment; FTIR, Fourier transform in- 
frared; dansyl, 5-dimethylamino-l-naphthalene sulphonyl; 
NTCB, 2-nitro-5-thiocyanobenzoic acid; Hepes, 4-(2-hydroxy- 
ethyl)-l-piperazineethanesulphonic acid; E-64, L-trans-epoxy- 
succinyl-leucylamido(4-guanidino)butane. 

sponsible for transport has been purified to near 
homogeneity, and extensively characterised [2,3]. 
The isolated protein retains the ability to trans- 
port glucose, with kinetics similar to those seen in 
the intact erythrocyte [4,5]. It also binds the potent 
inhibitor of transport cytochalasin B [3]. The 
transporter is a glycoprotein, and migrates as a 
rather broad band of apparent M r 55000 on 
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SDS-polyacrylamide gels [3,6,7]. Infrared spectro- 
scopic and circular dichroism studies carried out 
by ourselves and others have shown that the pro- 
tein is predominantly a-helical in structure, with 
some random coil conformation, although we have 
suggested that there may also be some B-structure 
present [8-10]. 

Recently, the complete amino acid sequences of 
the glucose transporters from the human hepatoma 
cell line HepG2 and from the rat brain were 
deduced from analyses of cDNA clones [1,11]. 
The two sequences are almost identical. Structural 
studies on the human erythrocyte glucos e trans- 
porter have shown that this protein is probably 
identical in sequence to the hepatoma protein. 
Examination of the sequence for hydrophobic seg- 
ments that could form membrane-spanning a- 
helices, together with the results of vectorial pro- 
teolytic digestion experiments, allowed a model to 
be proposed for the arrangement of the poly- 
peptide in the membrane [1]. In this model the 
polypeptide crosses the lipid bilayer 12 times in 
the form of largely hydrophobic a-helices. The 
N-terminal region (residues 1-12), the central re- 
gion (residues 207-271) and the C-terminal region 
(residues 451-492) of the protein are predicted to 
lie on the cytoplasmic side of the membrane. We 
have recently confirmed the cytoplasmic location 
of the C-terminus through the use of antibodies 
raised against a synthetic peptide corresponding 
to residues 477-492 [12]. 

The aim of the work described in the present 
paper was to obtain direct evidence for the loca- 
tion of the proposed extramembranous segments 
of the protein through examination of their sus- 
ceptibility to proteolytic cleavage. The native 
transporter is known to be susceptible to tryptic 
cleavage only at the cytoplasmic surface of the 
membrane [13,14], cleavage at several places near 
the mid-point and near the C-terminus of the 
sequence yielding two large membrane-bound 
fragments [15,16]. One of the fragments is glyco- 
sylated, and migrates as a broad band of apparent 
M r 23 000-42 000 on SDS-polyacrylamide gels. We 
have recently shown, using antibodies raised 
against a synthetic peptide, that this fragment is 
derived from the N-terminal half of the protein 
[12]. The other fragment migrates as a sharp band 
of apparent M r 18000, and is derived from the 

C-terminal half of the protein [12,15,16]. If the 
protein is photoaffinity labelled with cytochalasin 
B before digestion, the label is found solely associ- 
ated with this latter fragment, suggesting that it 
encompasses a part of the inhibitor binding site 
[15,16]. 

In this paper we identify the sites of tryptic 
cleavage that give rise to the two large tryptic 
fragments of the transporter. Tryptic cleavage of 
the protein has also enabled us to examine the 
separate roles and structures of the in- 
tramembranous and extramembranous portions of 
the transporter sequence. 

A preliminary report of some of these findings 
was presented in the form of a poster at the 616th 
meeting of the Biochemical Society, 1985 (Bio- 
chem. Soc. Trans. (1986) 14, 747-748). 

Materials and Methods 

Materials 
Diphenylcarbamyl chloride-treated trypsin, 

papain, 2HzO and iodoacetamide were obtained 
from Sigma (Poole, Dorset, U.K.). Bovine lung 
aprotinin and the papain inhibitor E-64 were ob- 
tained from the Boehringer Corporation (London) 
Ltd., (Lewes, East Sussex, U.K.). Pre-stained 
molecular weight standards for SDS-polyacryla- 
mide gel electrophoresis were purchased from Bio- 
Rad (Watford, U.K.). [4-3H]Cytochalasin B (10.3 
Ci /mmol)  was obtained from New England 
Nuclear (Southampton, U.K.). Trifluoroacetic acid 
was supplied by Rathburn Chemicals Ltd. 
(Walkerburn, Peebleshire, U.K.) and HPLC grade 
acetonitrile by Koch-Light Ltd., (Genzyme) 
(Haverhill, Suffolk, U.K.). Ammonium acetate for 
HPLC was provided by the Aldrich Chemical Co. 
Ltd. (Gillingam, Dorset, U.K.). Outdated human 
blood was provided by the blood bank of the 
Royal Free Hospital. 

Preparation and assay of alkali-stripped erythrocyte 
membranes and the purified glucose transporter 

Alkali-stripped human erythrocyte membranes 
were prepared by the method of Gorga and Lien- 
hard [17]. The human erythrocyte glucose trans- 
porter was purified and reconstituted in erythro- 
cyte membrane lipids by the method of Baldwin et 
al. [3] with the modifications introduced by Cairns 



et al. [15]. Its cytochalasin B binding activity 
before and after proteolytic digestion was mea- 
sured by equilibrium dialysis using 4 .10  -8 M 
[4-3H]cytochalasin B as previously described [18]. 
Under these conditions the ratio of bound to free 
cytochalasin B is approximately equal to the con- 
centration of binding sites divided by the dissocia- 
tion constant for cytochalasin B, and is referred to 
as the cytochalasin B binding activity. For accu- 
rate determination of the dissociation constant 
and the concentration of binding sites, the binding 
was measured over a range of cytochalasin B 
concentrations and the data analysed by the 
LIGAND procedure of Munson and Rodbard 
[19]. Protein was measured by the procedure of 
Lowry et al. [20] except that 0.5% (w/v) SDS was 
included to solubilise membranous samples. Pro- 
teolytic digests of the transporter were analysed 
by SDS-polyacrylamide gel electrophoresis, using 
either the procedure of Laemmli [21] and 12% 
acrylamide gels, or the gradient gel method of 
Hashimoto et al. [22]. 

Tryptic digestion of alkali-stripped erythrocyte mem- 
branes 

In order to examine the effect of tryptic clea- 
vage of the tranpsorter on its cytochalasin B bind- 
ing activity, alkali-stripped erythrocyte mem- 
branes at a protein concentration of 2 mg /ml  in 
50 mM sodium phosphate, 100 mM NaC1, 1 mM 
EDTA (pH 7.4) were digested with 50 /~g/ml 
trypsin at 25 ° C. After 16 h, digestion was halted 
by the addition of 100 # g / m l  bovine lung 
aprotinin. 

Isolation of the large tryptic fragments of the trans- 
porter 

Purified glucose transporter (275/~g/ml) in 50 
mM sodium phosphate, 100 mM NaC1, 1 mM 
EDTA (pH 7.4) was incubated at 25°C with 4 
/~g/ml trypsin. Two further identical additions of 
trypsin were made after two and four hours. After 
six hours digestion was halted by the addition of 
24 /~g/ml bovine lung aprotinin. The digest was 
then dialysed against 100 mM Tris-HC1, 1 mM 
EDTA (pH 8.3) and concentrated to 2.75 mg/ml  
by centrifugation for 1 h at 126000 x g (% 5.6 
cm) at 4 ° C. Dithiothreitol (1 mM) was added and 
the mixture incubated for 30 min at 25 °C under 
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nitrogen. SDS was next added to give a concentra- 
tion of 1.1% (w/v) and the mixture incubated for 
a further 30 min under nitrogen. Thiol groups 
were then alkylated by the addition of 10 mM 
iodoacetamide followed by incubation for a fur- 
ther hour in the dark under nitrogen at 25°C. 
Excess reagents were then removed by the ad- 
dition of 2-mercaptoethanol and dialysis at 4 °C  
against 50 mM Tris-HC1 (pH 7.4). 

The large tryptic fragments were then separated 
by electrophoresis on a 3 mm thick, 12% acryla- 
mide gel in SDS, according to the procedure of 
Laemmli [21]. The fragments were located by ref- 
erence to pre-stained mo-lecu]ar weight standards, 
and excised from the gel. They were then recovered 
from the gel pieces by electroelution using a Bio- 
Trap apparatus from Schleicher and Schuell, 
according to the manufacturers instructions. After 
extensive dialysis against distilled water, samples 
were taken for analytical gel electrophoresis and 
for acid hydrolysis. 

Isolation of the small tryptic fragments of the trans- 
porter 

Purified glucose transporter (2 mg/ml)  in 0.5% 
(w/v) ammonium bicarbonate (pH 8.0) was 
incubated at 25°C with 20 /~g/ml trypsin. A 
second identical addition of trypsin was made 
after 2 h. After 4 h the digestion was halted by 
lyophilisation. The lyophilised digest was extracted 
three times with chloroform/water (1"1, v/v)  to 
remove lipids, and then lyophilised again. Peptides 
soluble in 0.1% (v/v) trifluoroacetic acid were 
separated by reverse phase HPLC on a C-18 col- 
umn (300 ,~ pore size; Aquapore RP-300, Brown- 
lee) using a gradient of acetonitrile in 0.1% (v/v) 
trifluoroacetic acid. An Altex HPLC system with 
model 420 solvent programmer was used. Peaks, 
detected by absorption at 220 nm, were collected 
and vacuum-dried. Some peptides were redis- 
solved in a small volume of 25 mM ammonium 
acetate (pH 6.0) and then rechromatographed on 
the same column using a gradient of acetonitrile in 
25 mM ammonium acetate (pH 6.0). 

In some experiments, the transporter prepara- 
tion (275 #g /ml)  was centrifuged at 126000 x g 
(rav 5.6 cm) for 1 h at 4 °C  after tryptic digestion 
(2.75/~g trypsin per ml added initially and again 
after 2 h during a 4 h digestion), to separate 
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soluble from membrane-associated tryptic frag- 
ments. The supernatant was lyophilised then dis- 
solved in 0.1% (v/v)  trifluoroacetic acid directly 
for HPLC. The membranous pellet was delipi- 
dated as described above before analysis by HPLC. 

Peptide characterisation 
Fast atom bombardment (FAB) mass spec- 

trometry of both peptide mixtures and individual 
peptides was caried out using a V.G. ZAB high- 
field instrument equipped with an M-SCAN fast 
atom bombardment  ion gun as previously 
described [23,24]. Mass spectra were recorded up 
to a mass of 3000 a.m.u, at full accelerating volt- 
age. In order to confirm the assignment of signals 
in the spectra to particular peptides, soluble 
peptides in the tryptic digest of the transporter 
were subjected to up to two rounds of Edman 
degradation before analysis. The digest (ap- 
proximately 5 nmol of each peptide) in 100 /~1 
H20 and 200 #1 pyridine was incubated at 45°C 
for 1 h with 10 /~1 phenylisothiocyanate. After 
extraction with toluene and drying, the phenyl- 
thiocarbamyl peptides were cleaved with trifluoro- 
acetic acid at 52°C for 15 min, dried in vacuo, 
then extracted with butyl acetate before analysis 
by mass spectrometry. 

For amino acid analysis, peptides were hydro- 
lysed for 24-96 h at l l 0 ° C  in 6 M HC1, contain- 
ing 0.04% (v/v)  2-mercaptoethanol and 0.04% 
(v/v)  phenol. Analysis of the hydrolysates was 
performed on an LKB 4151 Alpha Plus analyser 
linked to a Trilab 2000 multi-channel chromatog- 
raphy data system. N-terminal analysis of the 
peptides was carried out by dansylation [25]. 

Infrared spectroscopy 
For infrared spectroscopic studies, the purified 

giucose transporter (180/~g/ml) in 50 mM sodium 
phosphate, 100 mM NaC1, 1 mM EDTA (pH 7.4) 
was incubated for 2 h at 25°C with 20 /~g/ml 
trypsin. A second, identical addition of trypsin 
was then made, and the incubation continued for 
another 16 h. Digestion was halted by centrifuga- 
tion and resuspension of the membranes twice in 5 
mM Hepes, 160 mM NaC1 (pH 7.4). For papain 
treatment, reconstituted glucose transporter at 1.8 
mg /ml  in 50 mM sodium phosphate, 100 mM 
NaC1, 1 mM EDTA, 10 mM L-cysteine (pH 7.4) 

was incubated with 0.5 m g /m l  papain at 37 ° C. 
The digestion was terminated after 2 h or 3 days 
by the addition of 0.1 mM E-64, and the mem- 
branes washed and resuspended in 5 mM Hepes, 
160 mM NaC1 (pH 7.4). 

For infrared spectroscopy, samples of intact or 
protease-digested transporter were centrifuged 
then resuspended in 5 mM Hepes, 160 mM NaC1, 
(pH 7.4) at a protein concentration of 10-15 
mg/ml.  For deuterium exchange, the recon- 
stituted transporter was lyophilised at - 60 ° C, 7 
mmHg from a suspension in water and then resus- 
pended in 5 mM Hepes, 160 mM NaC1 (p2H 7.4) 
in 2H20. The cytochalasin B binding activity of 
the transporter treated in this way was > 90% of 
that for an untreated sample. Buffer and protein 
samples were scanned under the same temperature 
and scanning conditions in a Perkin-Elmer FTIR 
1750 spectrometer, using a Perkin-Elmer 7300 data 
station for data acquisition and analysis. Samples 
were placed in a thermostatted Beckman FH-01 
CFT microcell fitted with CaF 2 windows and a 6 
~m tin spacer. Each sample was equilibrated at 
20°C for 15 min, and 200 scans with a resolution 
of 2 cm-1 were then averaged for a period of 1 h. 
A sample shuttle was used to average the back- 
ground spectrum over the period of data collec- 
tion. The spectrometer was continuously purged 
with dry air to eliminate interference from water 
vapour absorptions in the amide regions of the 
spectra. Difference spectra were obtained by digit- 
ally subtracting buffer spectra from the corre- 
sponding sample spectra. Second derivative spec- 
tra were generated from the difference spectra by 
using an OBEY program available from Perkin- 
Elmer. Noise in the second derivative spectra was 
reduced by smoothing over a 13 data point range 
(13 cm-1). Spectra were deconvoluted using the 
Perkin-Elmer ENHANCE function, which is anal- 
ogous to the method developed by Kauppinen et 
al. [26]. Deconvolution parameters o (half-width 
at half-height) and K (relative reduction in band 
width) are given in the figure legends. Because the 
protein concentration in the various samples 
analyzed differed, the absorbance scales used in 
Figs. 4, 5 and 7 for each sample differ, and are 
indicated in the legends. 



Results 

For isolation of small tryptic peptides from the 
glucose transporter, digestion was performed in 
the volatile buffer, ammonium bicarbonate. The 
cytochalasin B binding activity of the transporter 
in this buffer was comparable to that in 50 mM 
sodium phosphate, 100 mM NaC1, 1 mM EDTA 
(pH 7.4). Upon digestion with trypsin, the cyto- 
chalasin B binding activity was decreased to the 
same extent as previously reported for digestion in 
the phosphate buffer [15] (data not shown). In 
addition, the digest yielded a pattern of fragments 
on an SDS-polyacrylamide gel identical to that 
previously reported for digestion in the non-vola- 
tile buffer [15]: two fragments were seen, one a 
sharp band of apparent M r 18 000 and the other a 
broad band of apparent M r 23000-42000 (data 
not shown). 

Reverse-phase HPLC of the peptides from the 
delipidated digest which were soluble in 0.1% (v /v )  
trifluoroacetic acid yielded the separation shown 
in Fig. 1. Peptides A, B, E, F, G, H and I yielded a 
single N-terminal amino acid by dansylation (Ta- 
ble I). From the masses of the quasi-molecular 
ions [M + H] + determined by FAB mass spec- 
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trometry and from their amino acid compositions 
it was possible to locate each peptide in the amino 
acid sequence of the transporter (Table I). Amino 
acid analysis indicated that peaks C, D and J were 
not pure, and so they were rechromatographed 
using the ammonium acetate/acetonitr i le  system 
described in Materials and Methods. The major 
components of peaks D and J were purified by 
this procedure, and could be located in the trans- 
porter sequence by mass spectrometry, N-terminal 
analysis and  amino acid analysis (Table I). Peptide 
C was obtained in low yield, so that insufficient 
material was available for mass spectrometry and 
N-terminal analysis. However, the amino acid 
composition of the peptide suggested that it com- 
prised residues 265-269 of the transporter (Table 
I). 

In order to determine whether the small tryptic 
peptides were actually released from the mem- 
brane during digestion, or remained attached to 
the remainder of the transporter, another tryptic 
digest was fractionated by centrifugation at 
126000 × g  (rav 5.6 cm) for 1 h at 4°C.  Analysis 
of the supernatant by HPLC yielded a pattern of 
peptides identical to that shown in Fig. 1 (data not 
shown). The pellet, containing the membrane-  
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Fig. 1. Separation of the small tryptic peptides of the transporter by reverse-phase HPLC. Purified glucose transput,-r (2 mg/ml) in 
0.5% (w/v) ammonium bicarbonate was incubated at 25 °C with 20 #g/ml trypsin. A second addition of trypsin was made after 2 h, 
and incubation continued for a further 2 h. After extraction of lipid, the peptides in the digest soluble in 0.1% (v/v) trifluoroacetic 
acid were separated using the illustrated gradient ( - - - - - )  of acetonitrile in 0.1% (v/v) trifluoroacetic acid, as described in 

Materials and Methods. Peptides were detected by their absorbance at 220 nm ( ). 
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T A B L E  I 

P R O P E R T I E S  O F  P E P T I D E S  I S O L A T E D  F R O M  A T R Y P T I C  D I G E S T  O F  T H E  H U M A N  E R Y T H R O C Y T E  G L U C O S E  

T R A N S P O R T  P R O T E I N  

A m i n o  m o l  r e s i d u e s / m o l  p e p t i d e  a in p e p t i d e  

ac id  
H B E F A D C G I J 

A s x  1.4 (1) 2.2 (2)  - 1.8 (2)  - 0 .9 (1)  1.9 (2)  1.2 (1) 

T h r  - 1.6 (2) - 0 .6 (1) 1.0 (1)  0 .9  (1) 

Ser  - 0 .6 (1) - 0 .8 (1) - 0 .9  (1)  0.6 (1) 2.1 (3)  1.0 (1)  

G l x  2.3 (2) 2.0 (2) 2.0 (2) 1.2 ( l )  1.0 (1)  5.2 (5)  3.0 (3)  

P ro  . . . .  1.1 (1) - 2.1 (2) 1.7 (2)  

G l y  - 1.4 (1) - 0.9 (1) 2.9 (3) 1.3 (1)  

A l a  - - 1.1 (1) - 1.3 (1) 0.9 (1) 1.9 (2) 1.0 (1)  

Val  - 0 .9 (1) 1.1 (1) - 1.1 (1) 1.3 (1) 

M e t  - - 0.7 (1) 1.6 (2) - - - 

l ie 1.1 (1) - - - 0 .6 (1) - - 

L e u  2.1 (2)  - 0 .9 (1) 1.2 (1) - - 2 .4 (2)  1.8 (2) 

T y r  . . . .  1.0 (1) - - - 

Phe  1.0 (1) - - - 0 .9 (2) 1.2 (1) 1.0 (1)  

Lys  - 1.0 (1) 1.0 (1) - - 1.0 (1) 0.3 

H i s  - - - 0.9 (1) . . . .  1.0 (1) 0.8 (1)  

A r g  1.0 (1) 1.0 (1) - - 1.0 (1) 1.0 ( l )  1.0 (1) 0.4 (1) 

N - t e r m i n u s  b Phe  A s x  Ser  G l y  G l x  G lx  n.d.  T h r  G l x  n.d.  

[ M + H ] +  c 775 661 446 1444 520 565 n.d.  1142 2497  1639 

L o c a t i o n  in 

s e q u e n c e  a 2 1 3 - 2 1 8  2 1 9 - 2 2 3  2 2 6 - 2 2 9  2 3 3 - 2 4 5  2 4 6 - 2 4 9  2 5 0 - 2 5 3  2 6 5 - 2 6 9  4 5 9 - 4 6 8  4 6 9 - 4 9 2  4 7 8 - 4 9 2  

a P e p t i d e s  w e r e  h y d r o l y s e d  for  24  h b e f o r e  ana lys i s .  V a l u e s  in p a r e n t h e s i s  a r e  t hose  e x p e c t e d  for  

b D e t e r m i n e d  b y  d a n s y l a t i o n ,  n .d . ,  n o t  d e t e r m i n e d .  

F r o m  F A B  m a s s  s p e c t r o m e t r y .  

d P r e d i c t e d  l o c a t i o n  in t he  e r y t h r o c y t e  p ro te in ,  b a s e d  o n  t he  h e p a t o m a  p r o t e i n  s e q u e n c e  [1]. 

e a c h  p e p t i d e .  

bound fragments, yielded no peptides soluble in 
0.1% (v/v) trifluoroacetic acid after delipidation. 
Therefore, all the peptides described above must 
have been released from the membrane during 
digestion. In order to ensure that all the small 
tryptic peptides liberated from the transporter had 
been identified, the tryptic digest supernatant was 
also examined by FAB mass spectrometry, yield- 
ing the quasi-molecular ions listed in Table II. In 
most cases the assignments of the signals to par- 
ticular regions of the transporter sequence were 
confirmed by the changes in mass observed after 
one or two rounds of Edman degradation carried 
out on the peptide mixture (Table II). Although 
many of the signals corresponded to peptides that 
had been isolated by HPLC, others were derived 
from overlapping peptides and one (m/z 990) 
represented a region of the sequence (residues 
257-264) that had not previously been detected in 
the digest. 

Preparative gel electrophoresis was used suc- 
cessfully in the isolation of the large, membrane- 
bound tryptic fragments of the glucose transporter 
(Fig. 2). Samples of each fragment were hydro- 
lysed in duplicate for 24, 48 or 96 h and then 
subjected to amino acid analysis. The amino acid 
compositions of the fragments are given in Table 
III. That of the glycosylated fragment was found 
to correspond reasonably closely to that predicted 
for residues 1-212, although the yields of some 
amino acids such as methionine, serine and iso- 
leucine were lower than expected. These findings 
may have resulted from oxidative damage to the 
polypeptide during electrophoresis and from in- 
complete hydrolysis of some of the peptide bonds 
even after 96 h. The N-terminus of the fragment 
could not be identified by dansylation, possibly 
because of its modification during isolation of the 
polypeptide. However, the ratio of arginine to 
lysine determined by amino acid analysis, 1.24, 
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TABLE II 

IDENTIFICATION OF PEPTIDES IN A TOTAL TRYPTIC DIGEST OF THE TRANSPORTER BY FAB-MASS SPECTROME- 
TRY 

m/z  Assignment in the amino acid sequence ~ 

N-terminal Lys or Gln after 1 cycle of Edman 416 230-232 
446 8-11 or 226-229 
574 7-11 or 226-230 
775 213-218 
990 257-264 

1142 459-468 
1444 233-245 
1639 478-492 
1713 231-245 
1945 233-249 
2480 469-492 
2497 469-492 

N-terminal Phe then Leu or Ile confirmed after two cycles of Edman 
N-terminal Val then Thr confirmed after two cycles of Edman 
N-terminal Thr then Phe confirmed after two cycles of Edman 
N-terminal Gly then Thr confirmed after two cycles of Edman 

N-terminal Leu or lie then Arg confirmed after two cycles of Edman 
N-terminal Gly confirmed after one cycle of Edman 
cyclized Gin 
N-terminal Gin confirmed after one cycle of Edman 

a Assignments were confirmed in many cases by the change in mass seen following one or two cycles of Edman degradation. Residue 
numbers refer to the sequence of the human hepatoma glucose transporter [1]. 

was close to that of 1.33 predicted for a fragment 
containing residues 1-212. If the fragment had 
arisen by cleavage at residues 6, 7 or 11, arginine 

66 -0  

£ 
x 

¢o 
i 
o 

45.0 
36.0 l 29.0 

20-I 

12.4 

T.D 

(a) (b) 

tO lys ine  ra t ios  o f  1.60, 2.00 and  1.75, respec t ive ly ,  

shou ld  have  b e e n  o b t a i n e d .  

T h e  a m i n o  ac id  c o m p o s i t i o n  o f  the  M r 18000  

f r a g m e n t  c o r r e s p o n d e d  r e a s o n a b l y  wel l  to tha t  

p r e d i c t e d  for  res idues  2 7 0 - 4 5 6 ,  a l t h o u g h  s o m e  

a m i n o  ac ids  were  o b t a i n e d  in l ow yield,  as was  

f o u n d  for  the g lycosy la t ed  f r agmen t .  T h e  N -  

t e rminus  o f  the  f r a g m e n t  cou ld  n o t  be  i den t i f i ed  

also,  poss ib ly  because  o f  cyc l i za t ion  o f  Gln-270 .  

H o w e v e r ,  the  ra t io  o f  a rg in ine  to lys ine  de-  

t e r m i n e d  by  a m i n o  ac id  analysis ,  1.33, was iden t i -  

cal  to tha t  p r e d i c t e d  for  a f r a g m e n t  c o n t a i n i n g  

res idues  270 -456 .  I f  the  f r a g m e n t  h a d  ar isen  by  

c l eavage  at res idues  264, 451 or  458, ra t ios  r a n g i n g  

f r o m  1.67 to 2.50 w o u l d  h a v e  b e e n  expec ted .  

I n  a p r ev ious  s tudy  we  s h o w e d  tha t  t ryp t i c  

c l eavage  o f  the  g lucose  t r a n s p o r t e r  l o w e r e d  the  

aff ini ty ,  b u t  d id  n o t  abo l i sh  the  b i n d i n g  of  cy to -  

Fig. 2. SDS-polyacrylamide gel electrophoresis of the large 
tryptic fragments of the transporter. Samples of (a) the glyco- 
sylated and (b) the non-glycosylated large tryptic fragments of 
the glucose transporter, isolated by preparative gel electro- 
phoresis, were electrophoresed on a 12% SDS-polyacrylamide 
gel and then stained with Coomassie blue. The positions of the 
following molecular weight markers are indicated: bovine serum 
albumin (M r 66000); ovalbumin (M r 45000); glyceraldehyde- 
3-phosphate dehydrogenase (M r 36000); carbonic anhydrase 
(M r 29000); soyabean trypsin inhibitor (M r 20100) and cyto- 

chrome c (M r 12400). TD, tracking dye. 
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TABLE III 

AMINO ACID COMPOSITION OF THE LARGE TRYPTIC 
FRAGMENTS OF THE GLUCOSE TRANSPORTER 

Amino acid Residues/fragment a 

M~ 2 3 0 0 0 - 4 2 0 0 0  M r  1 8 0 0 0  

f r a g m e n t  ~ f r a g m e n t  c 

Cys b 2.1 --+0.2 (3) 2.3-+0.1 (3) 
Asx 10.6 -+ 0.2 (9) 5.6 -+ 0.1 (4) 
Thr 10.0-+0.3 c ( 1 1 )  8.8-+0.3 c (10) 
Ser 11.7-+0.5 c ( 1 7 )  12.3-+0.4 c (11) 
Glx 13.8+0.4 (13) 14.1-+0.2 (17) 
Pro 8.1-+0.3 (10 )  8.6_+0.3 (10) 
Gly 20.5-+0.2 (25) 14.2_+0.3 (15) 
Ala 11.9-+0.2 (10) 14.9_+0.4 (15) 
Val 15.8 d (19) 16.8 d (21) 
Met 5.2-+0.2 (10)  3.0-+0.1 (4) 
Ile 12.1 d (16) 12.8 d (18) 
Leu 26.6 d (30) 19.2 d (19) 
Yyr 4.9-+0.02 (5) 5.5-+0.1 (7) 
Phe 11.5_+0.2 (15) 15.0 d (19) 
His 2.8_+0.1 (2) 1.5-+0.04 (1) 
Lys 7.9_+0.2 (6) 5.7_+0.1 (3) 
Arg 9.8 -+ 0.5 (8) 7.6 _+ 0.3 (4) 

a Unless noted, mean + S.D. for six determinations (duplicate 
24, 48 and 96 h hydrolyses). Compositions calculated on the 
assumption that ]E Glx, Gly, Ala, Arg = 56 residues for the 
fragment of apparent M T 23000-42000, and that 
Glx, Gly, Ala, His, Lys, Arg = 58 residues for the fragment 
of apparent M r 18000. 

b Determined as S-(carboxymethyl)cysteine. 
Extrapolated to 0 h hydrolysis, + S.E. 

'~ Means of duplicate values from hydrolysis for 96 h. 
c Values in parenthesis are those expected for fragments com- 

prising residues 1-212 and 270-456, respectively. 

chalas in  B to the residual ,  m e m b r a n e - b o u n d  frag- 
ments  of the p ro te in  [15]. However ,  we d id  not  
invest igate whether  this b ind ing  was still sensit ive 
to inhibi t ion  by  D-glucose. Inves t iga t ion  of  this 
quest ion in the present  s tudy m a d e  use of alkal i -  
s t r ipped  ery throcyte  membranes ,  in which the glu- 
cose t ranspor te r  comprises  abou t  10% of  the to ta l  
p ro te in  and which are k n o w n  to be  unsealed [17]. 
Tryp t ic  digest ion of  these membranes  as descr ibed  
in Mater ia l s  and  Methods  was found  to cleave 
essent ial ly  all of the glucose t r anspor te r  molecules  
present ,  as revealed by  Wes te rn  b lo t t ing  using 
an t i - t r anspor te r  an t ibodies  (da ta  not  shown).  
Sca tchard  plot  analysis  of  the b ind ing  of cyto-  
chalas in  B to the t ryps in- t rea ted  membranes  
showed that  they still b o u n d  cy tocha las in  B (Fig.  
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F i g .  3. S c a t c h a r d  p l o t  a n a l y s i s  o f  c y t o c h a l a s i n  B b i n d i n g  to 

trypsin-digested, alkali-stripped erythrocyte membranes. Bind- 
ing to trypsin-digested erythrocyte membranes (1.8 mg pro- 
tein/ml) was measured in the absence (©) and presence (O) of 
30 mM D-glucose. The data points shown are not corrected for 
non-specific binding. Straight lines are computerised best fits 
for the specific component of binding, after correction for 

non-specific binding by the LIGAND procedure [19]. 

3). The  da t a  gave a good fit to a mode l  compr i s ing  
a single set of  h igh-aff in i ty  b ind ing  sites together  
with a non-specif ic  componen t .  Tryps in  t r ea tmen t  
decreased the associa t ion  cons tan t  for b ind ing  
f rom 4.96 + 0.72 (S .E. ) /~M -a  to 3.32 +_ 0.29 (S.E.) 
/~M -1 wi thout  affect ing the number  of cy tocha la-  
sin B b ind ing  sites, a resul t  s imilar  to that  previ-  
ously  repor ted  for t rypt ic  d iges t ion  of  the pur i f ied  
t ranspor te r  [15]. In  the presence of 30 m M  o-g lu -  
cose the appa ren t  associa t ion  con tan t  was reduced  
further,  to 0.19 _+ 0.10 (S .E. ) /~M -1, ind ica t ing  that  
glucose inhib i ted  the b ind ing  with  an appa ren t  K i 
of  about  2 m M  (Fig.  3). This value was somewhat  
smal ler  than  the appa ren t  K i of  20 m M  measured  
for inhib i t ion  b y  D-glucose of b ind ing  to undi -  
gested membranes  (da ta  not  shown), ind ica t ing  
that  glucose b inds  wi th  higher  aff ini ty  to the 
t ryps in- t rea ted  than  to the undiges ted  t ranspor ter .  

The  abi l i ty  of the t ryps in- t rea ted  t ranspor te r  to 
b ind  cytochalas in  B in a D-glucose- inhibi table  



manner suggested that the structure of the mem- 
brane-bound fragments had not been greatly al- 
tered by tryptic cleavage. It was therefore felt that 
information about the structure, in the intact 
transporter, of both these regions of the sequence 
and those released by trypsin, could be gained by 
comparing the FTIR spectra of the intact and the 
trypsin-treated protein. Fig. 4 shows the effect of 
tryptic digestion on the infrared spectrum of the 
glucose transporter in HzO solution. Because the 
transporter was repeatedly washed by centrifuga- 
tion before spectroscopy, only the membrane- 
bound fragments of the protein were present. Sec- 
ond-derivative spectra show that the same bands 
are present before and after treatment, indicating 
that the same types of structure are present in 
both cases. Deconvolution, on the other hand, 
shows that the relative intensity of the bands is 
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different i.n both cases. Absorption at about 1630 
cm -1, corresponding to fl-sheet structure, is 
stronger in the trypsin-treated sample than in the 
intact transporter when compared with the ab- 
sorption at 1657 cm-~, which corresponds to both 
a-helical and random coil structure. This observa- 
tion suggests that those portions of the transporter 
that are released as soluble peptides upon tryptic 
digestion include mainly either a-helical or ran- 
dom coil segments. 

Random coil and a-helical structure can usu- 
ally be distinguished by hydrogen-deuterium ex- 
change: the frequency at which a-helical structure 
absorbs barely alters upon exchange [10,27], but 
the random coil structure band shifts to consider- 
ably lower wavenumbers (some 15-20 cm-~). In 
the case of the glucose transporter, a strong band 
remains after exchange at 1657 cm -~, consistent 
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Fig. 4. FTIR spectra of the native and trypsin-digested glucose transporter in H 2 0  buffer. Spectra of (A) the native and (B) the 
trypsin-digested glucose transporter were recorded in 5 m M  Hepes, 160 m M  NaCl (pH 7.4). 200 scans were averaged at 2 cm -1 
resolution for both the sample and the buffer at 20 o C. (a) Difference spectra; (b) spectra deconvoluted using parameters o = 10 
c m - l ,  K = 2.75; (c) second derivative spectra. The ordinate scale represents absorbance for (a) and (b), and absorbance /wavenumber  2 
for (c). Scale divisions in (A) are 0.030 and 0.060 absorbance units for (a) and (b), respectively, and 0.015 absorbance u n i t s / c m - 2  for 
(c). Scale divisions in (B) are 0.023 and 0.045 absorbance units for (a) and (b), respectively, and 0.011 absorbance u n i t s / c m  -2  for (c). 
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with the presence of a-helical secondary structure 
(Fig, 5A). There also appears to be an increase in 
intensity near 1641 cm -~ (see Fig. 5A (b)), indi- 
cating that there may be some random coil struc- 
ture. After digestion with trypsin, a relative in- 
crease in the intensity of the band at around 1630 
cm-~ with respect to the absorption at both 1656 
cm 1 and 1644 cm 1 can be seen (Fig. 5). This 
indicates that tryptic digestion has removed mainly 
a-helical structure and perhaps some random coil 
structure. 

From the studies described above concerning 
the sites of tryptic cleavage of the transporter, it is 
clear that the membrane-bound fragments of the 
transporter may contain a considerable number of 
extramembranous residues, in loops connecting 
the membrane-spanning segments of the protein. 
The apparent presence of fl-structure revealed by 
FTIR spectroscopy of the trypsin-treated trans- 
porter might therefore result either from the in- 

tramembranous or extramembranous portions of 
the two large fragments. In an attempt to localise 
this structure, more vigorous digestion of the 
transporter was carried out using the less specific 
protease papain. Digestion of the transporter with 
this enzyme for 2 h or 3 days, as described in 
Materials and Methods, decreased the cytochala- 
sin B binding activity by about 75% and by 90%, 
respectively. These values can be compared to the 
loss of 75% seen upon tryptic digestion by the 
procedure described in Materials and Methods. 

The pattern of fragments seen upon SDS-poly- 
acrylamide gels of the transporter after 2 h of 
papain digestion resembled that seen with trypsin. 
On a 12% acrylamide gel, the digest showed a 
broad band of apparent M r 23 000-42000,  and a 
sharp band of apparent M r 20000 (Fig. 6). A 
number of less intense bands of lower apparent 
Mr were also present. Upon gradient gel electro- 
phoresis, a broad band of apparent M r 17000 to 
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Fig. 5. FTIR spectra of the native and trypsin-digested glucose transporter in 2H20  buffer. Spectra of (A) the native and (B) the 
trypsin-digested glucose transporter were recorded in 5 mM Hepes, 160 mM NaC1 (p2H 7.4). (a) Difference spectra, (b) deconvoluted 
spectra, (c) second derivative spectra. Scale divisions in (A) are 0.023 and 0.035 absorbance units for (a) and (b), respectively, and 

0.006 absorbance un i t s / cm-  2 for (C). Other details were as described for Fig. 4. 
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Fig. 6. SDS-polyacrylamide gel electrophoresis of the glucose 
transporter and the fragments produced by digestion with 
trypsin and papain. Cleavage with trypsin and papain was 
carried out as described in Materials and Methods. Samples 
(a)-(d) were electrophoresed on a 12% acrylamide gel, samples 
(e) and (f) on a gel containing gradient of 10-18% acrylamide. 
The gels were stained with Coomassie blue. The positions of 
marker proteins of known Mr, described in the legend to Fig. 
2, are indicated. In addition, myoglobin and its cyanogen 
bromide fragments were used as markers: these had M r values 
of 17200, 14632, 8235, 6383, and 2556, respectively. (a) Intact 
transporter, (b) trypsin-digested transporter, (c) and (e) trans- 
porter digested with papain for 2 h, (d) and (f) transporter 

digested with papain for 3 days. 

29 000 was seen, corresponding to the glycosylated 
tryptic fragment of the transporter (Fig. 6). The 
major sharp band seen on 12% acrylamide gels 
was resolved on gradient gels into two bands with 
apparent M r values of 16000 and 17000. In ad- 
dition, less intense sharp bands were present with 
apparent M r values of 12000, 10000 and 9000 
(Fig. 6). A broad band of apparent M r 3000-4000 
was also present. 

Digestion of the transporter with papain for 
three days led to the almost complete disap- 
pearance from the gel of the fragments of M r 
16000 and greater (Fig. 6). There was a corre- 
sponding increase in the staining intensity of the 
lower M r fragments, particularly those that 
migrated as a diffuse band of apparent M r 
3000-4000 (Fig. 6). Unfortunately, the presence of 
lipids in the samples distorted the pattern of these 
fragments which migrated near the dye front, and 
so precluded accurate estimation of their relative 
molecular mass. 
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The FTIR spectrum of the transporter digested 
with papain for 2 h resembled that seen after 
tryptic digestion (Figs. 4, 5 and 7). With the 
membrane i n  2H20 , both the a-helical band seen 
at 1657 cm -1 and the random coil absorption at 
about 1645 cm -1 were decreased in intensity rela- 
tive to the /~-structure band at about 1630 cm -1 
(Fig. 7). However, despite the much more exten- 
sive fragmentation of the protein produced by 
papain digestion for 3 days (Fig. 6), little further 
change in the FTIR spectrum was seen (Fig. 711. 
The presence of a strong band at 1657 cm -1 in 
:H20 ,  together with bands at 1691, 1679, 1641 
and 1630 cm t in the spectrum in H20  indicated 
that the residual membrane-bound protein still 
retained both a-helical and/~-sheet structure. 

Conclusions 

Tryptic digestion of the native, membrane- 
bound glucose transporter from the human 
erythrocyte membrane was found to yield a num- 
ber of small, soluble peptides in addition to two 
large, membrane-bound fragments. By a combina- 
tion of HPLC, N-terminal and amino acid analy- 
sis, and FAB mass spectrometry, peptides derived 
from regions 213-223, 226-253, 257-269 and 
459-492 were identified in the supernatant of a 
tryptic digest of the transporter after removal of 
the membranes by centrifugation. Peptides de- 
rived from residues 224-225 (Ala-Lys) and from 
residues 254-256 (Glu-Lys-Lys) were not identi- 
fied: these small hydrophilic peptides probably 
were not retained at all by the HPLC column and 
so could not be separated. The dipeptide Gly-Arg, 
corresponding to residues 457 and 458 was like- 
wise not identified. However, its presence in the 
digest could be inferred from the fact that the 
large tryptic fragment of apparent M r 18000 was 
shown by amino acid analysis, and in particular 
by its Arg/Lys  ratio, to comprise residues 270 to 
456 of the transporter sequence. Similarly, the 
overall amino acid composition and more particu- 
larly the Arg /Lys  ratio of the large glycosylated 
tryptic fragment of the transporter of apparent M r 
23 000-42 000 indicated that it comprised residues 
1-212. 

Fig. 8 shows the model we previously proposed 
for the arrangement of the transporter polypeptide 
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Fig. 7. FT1R spectra of the native and papain-digested glucose transporter in H 2 0  and 2 H 2 0  buffers. Spectra were recorded in (A) 5 
mM Hepes, 160 mM NaC1 (pH 7.4) or (B) 5 mM Hepes, 160 mM NaC1 (p/H 7.4). Control spectra were deconvoluted using 
parameters o = 10 cm -1, K = 2.25. Scale divisions in (A) are 0.065, 0.030 and 0.026 absorbance units for the control, the 2 h 
papain-digested and the 3 day papain-digested samples, respectively. Scale divisions in (B) are 0.040, 0.002 and 0.006 absorbance 

units for the control, the 2 h papain-digested and the 3 day papain-digested samples, respectively. 

in the membrane, with potential sites for tryptic 
cleavage at the cytoplasmic surface of the mem- 
brane indicated. The findings described above are 
fully compatible with this model, where residues 
207 to 271 and 450 to 492 are predicted to be 
exposed on the cytoplasmic surface of the mem- 
brane. All the potential sites of tryptic cleavage in 
the central hydrophilic region of the sequence 
were found to be cleaved, confirming the cyto- 
plasmic location of this part of the protein (Fig. 
8). Similarly, most of the potential sites of clea- 
vage in the C-terminal hydrophilic region of the 
protein were cleaved by trypsin. The lack of clea- 
vage at Lys-451 may have resulted from the prox- 
imity of this residue to the phospholipid 
headgroups in the membrane. 

Although there are potential sites of tryptic 
cleavage at Lys-6, Lys-7 and Arg-l l ,  no cleavage 
at these residues was detected. This finding indi- 

cates that the N-terminal region of the protein is 
not readily accessible to proteases in the native 
protein. This conclusion is supported by the find- 
ing that antibodies raised against a synthetic 
peptide corresponding to residues 1-15 cannot 
bind to the protein in its native conformation, but 
do recognise the denatured protein [12]. These 
antibodies do recognise the glycosylated tryptic 
fragment of the transporter on Western blots, 
confirming that it retains at least some of the 
N-terminal 15 amino acid residues of the protein. 

The extramembranous loops predicted to con- 
nect helices 2 and 3, 4 and 5, and 8 and 9 
(numbered from the N-terminus of the protein, 
according to the model proposed in Ref. 1) on the 
cytoplasmic side of the membrane were not cleaved 
by trypsin under the conditions used, although 
they contain several potential sites of cleavage 
(Fig. 8). Lack of cleavage may stem from their not 
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Fig. 8. A model for the arrangement of the glucose transporter polypeptide in the lipid bilayer. The model is based on that previously 
proposed [1]. Arrows indicate potential sites of tryptic cleavage on the cytoplasmic side of the membrane. Circles with a heavy outline 
indicate regions of the sequence identified in the form of small, soluble peptides in a tryptic digest of the native transport protein. 

Amino acids are identified by the single letter code. 

extending far enough away from the phospholipid 
head groups to allow access to trypsin. We have 
found that if the digestion is performed in the 
presence of 0.1% Triton X-100, further fragmenta- 
tion of the protein is obtained, indicating that at 
least some of these potential sites of tryptic clea- 
vage are not intrinsically resistant to trypsin 
(Cairns, M.T. and Baldwin, S.A., unpublished ob- 
servations). 

In previous studies, we and others showed that 
the tryptic fragment of the transporter of apparent 
M r 18000 contained the site(s) photolabelled by 
cytochalasin B [15,16]. It follows that this site(s) 
must lie between residues 270 and 456. We further 
showed that cleavage of the cytochalasin B-photo- 
labelled transporter at its cysteine residues with 
2-nitro-5-thiocyanobenzoic acid (NTCB) yielded 

predominantly an unlabelled, glycosylated frag- 
ment of apparent M r 38 000 and a labelled, non- 
glycosylated fragment of apparent M r 15 500 [15]. 
Preferential cleavage of the protein at Cys-347 
would yield a glycosylated fragment of M r 38 000 
comprising residues 1-346, and a non-glyco- 
sylated fragment of M r 16000 corresponding to 
residues 347-492. This pattern of fragments could 
not be generated by cleavage at other cysteine 
residues. It follows that the site of cytochalasin B 
labelling must lie between residues 347 and 456. 

In addition to the major labelled fragment of 
apparent M r 15 500, we also found small amounts 
of labelled material of lower M r on SDS-poly- 
acrylamide gels of the NTCB-cleaved transporter 
[15]. Recently Holman and Rees [28], in a study of 
the cleavage of the cytochalasin B-photolabelled 



308 

transporter in human erythrocyte membranes, 
established conditions under which a substantial 
yield of a labelled fragment of apparent M r 5500 
was produced by NTCB cleavage. They proposed 
that this fragment comprised residues 347-420 of 
the protein (predicted M r 8007). They also showed 
that cleavage of the labelled protein with N- 
bromosuccinimide, which preferentially cleaves at 
tryptophan residues, yielded a labelled fragment 
of apparent M r 3000. It was suggested that this 
fragment comprised residues 388 to 412. However, 
since N-bromosuccinimide cleaves at the C-termi- 
nal side of tryptophan, the fragment (if correctly 
identified) must in fact comprise residues 389 to 
412 (predicted M r 2549). 

Deziel and colleagues [29] have proposed that 
photolabelling proceeds via photoactivati0n of an 
aromatic amino acid residue on the transporter, 
rather than by photoactivation of the cytochalasin 
B molecule itself. The segment of the protein 
identified above contains four aromatic residues 
which might represent the site of photolabelling 
by cytochalasin B (Phe-384, Phe-395, Phe-409 and 
Trp-412). Only Trp-412 is conserved in the se- 
quence of the homologous arabinose transport 
protein from Escherichia coli [30], which can also 
be photolabelled by cytochalasin B (Smith, G., 
Cairns, M.T., Maiden, M.C.J., Henderson, P.J.F. 
and Baldwin, S.A., unpublished observations). It 
is therefore possible that this tryptophan residue is 
the site of labelling, although its definitive identi- 
fication will of course require the isolation and 
characterisation of the labelled fragment itself. 

FTIR spectroscopy of the trypsin-digested 
transporter indicated that the parts of the protein 
cleaved by this enzyme contain a-helical structure. 
Chin et al. [9] have previously predicted the pres- 
ence of a significant portion of a-helical structure 
in the extramembranous domain of the protein, 
from a comparison of the a-helical content of the 
intact transporter, determined by circular dichro- 
ism, with the amount of a-helix required to form 
12 membrane-spanning segments. However, our 
findings represent the first direct evidence for 
extramembranous a-helix. In support of these 
findings, the secondary structure prediction meth- 
ods of Chou and Fasman [31] and of Garnier et al. 
[32] predict that the central hydrophilic region of 
the transporter sequence is predominantly a-heli- 

cal, with residues 220-232 and 235-265 probably 
forming helices. The C-terminal hydrophilic seg- 
ment of the protein (residues 451-492) is also 
predicted to contain short stretches of a-helix, 
together with B-turn and random coil structure 
(data not shown). Although the application of 
such methods to the prediction of the secondary 
structures within the hydrophobic domains of 
membrane proteins has been shown to be invalid, 
they have met with some success when applied to 
the extramembranous parts of such proteins [33]. 
We therefore feel that it is not unreasonable to 
apply them to the analysis of the very hydrophilic 
cytoplasmic domain of the glucose transporter. 

We have previously interpreted the absorption 
bands found in the FTIR spectrum of the native 
transporter at approximately 1630 cm 1 and 1640 
cm 1 as indicative of the presence of B-structure 
in this protein [10]. The presence of additional 
bands at about 1680 cm -~ and 1690 cm 1 sug- 
gests that at least some of the fl-strands form 
anti-parallel chains [34], although absorptions near 
these frequencies have also been reported for B- 
turns [35,36] and amino acid side chains [36]. All 
four bands were seen in increased intensity rela- 
tive to the a-hel ix / random coil band at 1657 
cm -1 in the spectrum of the trypsin-digested 
transporter in H20 (Fig. 4). It is therefore likely 
that the two large tryptic fragments of the trans- 
porter comprising residues 1-212 and 270-456 
retain the B-structure present in the native trans- 
porter. In addition, the retention of a substantial 
proportion of the a-helical structure was indicated 
by the spectra, as would be predicted from the 
model that we have proposed for the transporter 
structure [1]. The fact that the membrane-bound 
tryptic fragments of the transporter are still able 
to bind both cytochalasin B and D-glucose, with 
apparent affinities similar to those seen with the 
intact protein, suggests that the conformation of 
the fragments is not drastically affected by tryptic 
digestion. 

Although the membrane-spanning segments of 
integral membrane proteins are often presumed to 
be a-helical, there are some transmembrane pro- 
teins, such as porin, that are considered to be 
dominated by fl-sheet structure [37,38]. Some of 
the membrane-spanning segments of the glucose 
transporter may therefore have a B-sheet confor- 



mation. However, the model that has been pro- 
posed for the arrangement of the transporter poly- 
peptide in the membrane predicts that the large 
tryptic fragments of the protein contain several 
extramembranous loops connecting the mem- 
brane-spanning segments [1]. These loops, rather 
than the intramembranous parts of the protein, 
may give rise to the/3-structure bands seen in the 
FTIR spectra. For example, the postulated ex- 
tracellular loop comprising residues 34-66, which 
bears the oligosaccharide chain of the transporter, 
is predicted by both the Chou and Fasman [31] 
and the Robson [32] algorithms to contain /3- 
structure (data not shown). 

In an attempt to differentiate between the two 
possible locations of the/3-structure in the trans- 
porter discussed above, we subjected the trans- 
porter to exhaustive treatment with papain, which 
has a broad substrate specificity. Cleavage with 
papain for three days converted most of the trans- 
porter preparation to material that migrated near 
the tracking dye on 12% acrylamide gel (Fig. 6d). 
On gradient acrylamide gels, a substantial propor- 
tion of this material was found to migrate as a 
diffuse band between an apparent M r 3000-4000 
and the tracking dye (Fig. 6f). A fragment of the 
transporter derived from a single membrane-span- 
ning a-helix would be predicted to have an M r of 
2000-3000, whereas a fragment containing a pair 
of linked helices would be predicted to have an 
M r of at least 5000. It is therefore apparent that 
most of the predicted extramembranous loops of 
the transporter polypeptide were cleaved during 
prolonged exposure to papain. However, the four 
bands in the FTIR spectrum at about 1630, 1640, 
1680 and 1690 cm -1 that we have attributed to 
/3-sheet structure remained in the spectrum of the 
papain-digested protein (Fig. 7). These bands are 
therefore likely to arise from parts of the trans- 
porter sequence that are buried in the lipid bi- 
layer, and which may be membrane-spanning. 

In summary, we have shown that several fea- 
tures of the model previously proposed for the 
arrangement of the glucose transporter poly- 
peptide in the membrane are correct. These in- 
clude the presence of large extramembranous seg- 
ments near the middle and at the C-terminus of 
the sequence. The membrane-spanning portions of 
the sequence appear to be largely a-helical, as 
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predicted, but evidence has been obtained for the 
additional presence of some B-structure in this 
part of the protein. The large hydrophilic seg- 
ments of the protein which are exposed at the 
cytoplasmic surface of the membrane do not ap- 
pear to be essential for substrate or inhibitor 
binding, since the trypsin-digested protein is still 
able to bind both cytochalasin B and D-glucose. 
However, they are essential for transport itself, 
since tryptic digestion of inside-out erythrocyte 
membrane vesicles destroys their ability to carry 
out stereospecific hexose transport [39]. 
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