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Several
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lent

binding

in

of Biochemistry,

Molecular

have been used in attempts

the

human

erythrocyte

to identify

membrane

which

catalyzes facilitated
diffusion of n-glucose across the membrane (1). One approach, based on covalent labeling by a
substrate analog or an inhibitor,
indicated that Bands 3 and 4
(2) (nomenclature
according to Steck (3)) or a protein with
molecular weight 180,000 (4) or 65,000 to 70,000 (5) catalyze Dglucose transport.
Another approach was based on noncovato

extracted

studies with n-glucose

membrane

(6) or cytochalasin
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The n-glucose transporter
from human erythrocytes
was
solubilized
from washed membranes
using Triton X-100.
After removal of the Triton X-100 with Bio-Beads
SM-2, the
protein was incorporated
into phospholipid
vesicles by a
sonication
method previously described (Kasahara,
M., and
Hinkle, P. C. (1976) Proc. N&l. Acad. Sci. II. S. A. 73, 39%
400), but including
a freeze-thaw
step after adding the
protein to the phospholipids.
This modification
improved
the reproducibility
and increased the extent of o-glucose
transport.
Using the reconstitution
of o-glucose transport
as the
assay, the component
catalyzing
transport
was purified
from the Triton extract by UEAE-cellulose
chromatography. The active fraction contained one major protein (96%)
with apparent
molecular
weight from sodium dodecyl sulfate-polyacrylamide
gel electrophoresis
of 55,000. It had a
high lipid content. The protein stained with periodic acidSchiff reagent, indicating
that it is probably a glycoprotein.
Antibody absorption
experiments
indicated that the protein
is exposed to the inner face of the erythrocyte
membrane.
D-Glucose transport
into liposomes reconstituted
with the
purified protein fraction was inhibited
by mercuric ions or
cytochalasin
B. but not by phloretin
or stilbestrol.
The
specific activity of n-glucose transport
was 85 nmol/min/mg
of protein at 0.2 mM o-glucose, which is IO-fold higher than
that of reconstituted
liposomes with crude Triton extract.
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3, although

membrane residues which bound these compounds contained several proteins. Thus these results based on covalent
or noncovalent
labeling of the protein have been ambiguous.
We have developed a more direct method to identify the
erythrocyte
membrane
component responsible
for D-gh.ICOSB
transport. The membrane was solubilized with nonionic detergents and the solubilized
fraction
was incorporated
into liposomes

paper,
using

to

we describe

reconstitution

preliminary

D-glucose

the purification
of transport

permeability

(8).
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in liposomes

account of this work was reported
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as the

(9).

In

this

protein

assay.

A

PROCEDURES

Materials

DEAE-cellulose

(DE52) was purchased from Whatman,

collodion

bags (cut off J4, = 25,000) from Schleieher
and Schuell,
stilbestrol
from Sigma,
phloretin
from ICN, and rabbit
immunoglobin
raised
against
human
erythrocyte
membranes
(Lot 024) as described
by

Bjerrum

and Lundahl

(10) and normal rabbit

124) from DAK0
through
Accurate
Chemical
ville, N. Y.). The sources
of other materials
previous
paper
(8). Outdated
human
blood

American

Red Cross, Syracuse, N. Y.

of Triton

immunoglobin

(Lot

and Science
(Hickswere described
in a
was a gift from the

Methods

ExtmcGhosts were prepared from human
erythrocytes and washed with EDTA and NaCl (8). The washing
procedure
was scaled
up to twice
that
described.
NaCl-washed
vesicles
were incubated
with 0.5% Triton
X-100 in 10 mM Tris/HCl
(pH 7.4) for 20 min at 4” at a protein
concentration
of 2 mg/ml.
Purification
of Triton
X-100 as described
previously
(8) was found
unnecessary.
After
centrifugation
at 100,000 x g for 60 min, the
supernatant
was treated
with Bio-Beads
SM-2 overnight
(6 g wet
weight
of beads/20
ml) at c and stored at -70”.
DEAE-Cellulose
Column
ChromatographyFor further
puriiication the Triton
extract
was made with 0.5% Triton
X-100, 50 mM
Tris/HCl
(pH 7.4), and the supernatant
after centrifugation
(50 to
160 ml) was applied
to a DEAE-cellulose
column
(1.5 x 20 cm)
equilibrated
with 0.5% Triton
X-100, 50 mM TrislHCl
(pH 7.4) at 4”.
After application
of the sample,
the column
was washed
with 50 to
100 ml of 0.5% Triton
X-100, 50 mM Tris/HCl
(pH 7.4). followed
by
the same solution
also containing
1 M NaCI.
The eluent
of the
column
was collected
in 6-ml fractions
at a flow rate of 20 ml/h.
After measurement
of the protein
content
of each fraction,
the flowthrough
containing
protein
and the fractions
containing
the protein
peak eluted with NaCl were pooled separately
to make two fractions.
Both were dialyzed
overnight
against
more than 30 volumes
of 10
mM TrislHCl
(pH 7.4), during
which
Bio-Beads
SM-2
(6 g wet
weight/20
ml) were added inside the dialysis
bags. After removal
of
the salt and Triton
X-100, the fractions
with low protein
concentration were concentrated
to more than 0.4 mg/ml with collodion
bags,
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the

Cornell

Preparation

o-Glucose
divided
into small portions,
and stored at -70”.
Reconstitution
of D-Glucose
Transport
~ The present
reconstitution
method
is a modification
of that reported
previously
(8). Acetonewashed
soybean
phospholipids,
22.5 mg in 0.5 ml of 10 rnM Trisl
HCI, pH 7.4, were flushed
with nitrogen
and sonicated
in a covered
test tube for 20 min at 20-35” in a bath-type
sonicator.
To obtain
reproducible
sonication
conditions,
the bath was filled with 0.02%
Triton
X-100 in deionized
water
and the level in the bath was
adjusted
to give maximal
agitation
of the solution.
The Triton
extract
(0.1 to 0.35 mg of protein)
or fractions
from the DEAEcellulose
column
(0.05 to 0.3 mg of protein)
were added to the
sonicated
liposomes
(7.5 mg of phospholipid)
in a final volume
of 0.5
ml. The mixture
in a test tube was quickly
frozen
in a dry ice/
ethanol
bath and thawed
at room temperature
for 5 min, followed
by a brief
sonication
of 20 or 30 s in the bath sonicator.
After
sonication,
the mixture
was diluted
with 10 rnM Tris/HCl
and MgCl,
added to make a final solution
of 2 rnM MgCl, and 3.8 to 4.3 mg of
phospholipids/ml.
Transport
Assay - Transport
was measured
at room temperature
(21-25”) and was initiated
by addition
of 15 ~1 of radioactive
D- or Lglucose
(0.4 &i;
final concentration,
0.2 mM) to 185 ~1 of reconstituted liposomes.
The uptake
of L-glucose
served
as a control
for
nonspecific
permeability.
The concentration
of sugars
was kept
below the half-saturation
concentration
of n-glucose
transport
to
maximize
the ratio of specific
n-glucose
transport
to the nonspecific
L-glucose
permeability
(8). Transport
was stopped
with 5 ml of a
cold stopping
solution
(0.5 rnM HgCl,,
2 mM MgCl,,
10 mM Tris/
HCl, pH 7.4, 4”) and the mixture
was applied
to a membrane
filter
(0.22 I*, type GSWP,
Millipore)
and washed
once with 10 ml of the
cold stopping
solution.
Absorption
of Antibodies
with Intact
Er,ythrocytes
and Inside-out
VesiclesIntact erythrocytes
were obtained
from fresh human blood
after washing
four times
with phosphate-buffered
saline.
Packed
erythrocytes
(200 ~1) were mixed with 200 ~1 (5.2 mg of protein)
of
rabbit
antibodies
raised
against
human
erythrocyte
membranes.
After incubation
at 37” for 30 min, the mixture
was centrifuged
at
5,000 x g for 20 min. The supernatant
was recovered
and stored at
4”. These conditions
were similar
to those used in a previous
study
(11).
Inside-out
vesicles
from fresh human
erythrocytes
were made
according
to Steck and Kanl (12). Inside-out
vesicles
(0.5 ml in 0.5
rnM Nap,,
pH 8.0) derived
from 1 ml of pelleted
unsealed
ghosts
were mixed with 0.5 ml of the antibodies.
The absorbed
antibodies
were obtained
as described
above and stored at 4’.
Zmrnunodifluusion
- Immunodiffusion
was performed
on Ouchterlony plates containing
1% agarose,
0.15 M NaCl,
0.05% Triton
X100, 25 rnM Tris/HCl
(pH 7.5). Erythrocyte
membrane
fractions
were dissolved
in 1% Triton
X-100 and applied to the plates.
After
overnight
incubation
at 37”. plates
were dried and stained
with
Coomassie
blue R-250 as described
(13).
Aual.ytical
Methods
- Protein
was measured
by the method
of
Lowry
et al. (14). Background
due to Tris was subtracted
and
interference
by Triton
X-100 was overcome
by addition
of 0.3%
SDS.’ Phosphorus
was measured
as described
(15). SDS-polyacrylamide gel electrophoresis
(5% acrylamide,
0.2% SDS) was performed
as described
(16, 17). Ten per cent polyacrylamide
gels were prepared
keeping
the ratio of acrylamide
to bisacrylamide
the same as 5%
gels.

Transporter

7385

specificity
and sensitivity
to the inhibitors,
mercuric
ions,
and cytochalasin
B similar
to erythrocytes.
Modified
Reconstitution
Method
- With
the original
reconstitution
method,
the extent
of transport
varied
from
18 to
60% of the internal
volume
of the liposomes
(8). Later
experiments
showed
that this variation
correlated
with
the batch
of
Triton
extract.
The present
method,
described
under
“Experimental
Procedures,”
includes
a freeze-thaw
step after
adding
the protein
fraction
to the liposomes.
This
improved
the
reproducibility
of transport
activity
and increased
the specific
activity.
With
the new method,
six preparations
of the Triton
extract
showed
specific
activities
of 0.59 to 1.74 nmol/mg
of
protein/l5
s (1.1 ? 0.5 (mean
f S.D.)
nmol/mg
of protein/l5
s). With
the previous
method,
four preparations
of the Triton
extract
showed
specific
activities
from
0.07 to 1.1 nmol/mg
of
protein/l5
s (0.33 + 0.3 nmol/mg
of protein/l5
s).
The transport
activity
is fairly
sensitive
to sonication
time
after the freeze-thaw
step. The optimum
time was found
to be
about
15 s (Fig. lB). In three other
experiments,
the optimum
time was between
15 and 30 s. Upon
sonication,
the turbidity
of the mixture
decreased,
indicating
formation
of smaller
vesicles
(Fig.
lA).
Sonication
for a long time
(3 min) lowered
the transport
activity.
However,
performing
a second
freezethaw
step and a 20-s sonication
restored
50% of the transport
activity
(Table
I). These
observations
indicate
that the loss of
transport
activity
during
long sonication
is mainly
due to the
decrease
in vesicle
size and reduced
internal
volume.
The
presence
of salt
influenced
the freeze-thaw
process.
With
0.15 M KCl, 10 mM Tris/HCl
pH 7.4, large round
vesicles
up to 7 pm in diameter
were observed
after
the freeze-thaw
step with
a phase
contrast
microscope.
In a low salt medium
of 10 mM Tris/HCl,
pH 7.4, the freeze-thaw
step resulted
in
an amorphous
flocculent
aggregation.
In both
cases,
sonication quickly
broke
up the larger
structures
to make
unilamellar vesicles
with
200 to 2,000 A diameter
(Fig.
2). Transport
of
D-glucose
was measured
in vesicles
prepared
with and without

RESULTS

We previously
described
a method
to reconstitute
the Dglucose
transport
system
of human
erythrocytes
into sonicated
liposomes
(8). It was shown
that a membrane
protein
fraction
solubilized
with
0.5% Triton
X-100
or 30 mM octylglucoside
catalyzed
D-glucose
uptake
when
incorporated
into liposomes
made
from
soybean
phospholipids.
Evidence
was presented
that
the uptake
of D-glucose
represents
transport
into the
liposomes
rather
than binding
to protein
or lipids.
Entry
of Lglucose
was much
slower
and appeared
to be due to nonspecific
Permeability
of the liposomes.
D-Glucose-specific
transport
was defined
as the difference
of D-glucose
transport
and Lglucose
transport.
The reconstituted
system
showed
substrate
’ The
Deriodic

abbreviations
acid-Schiff.

used

are:

SDS,

sodium

dodecyl

sulfate;

PAS,

FIG. 1. Effect
of sonication
time on reconstitution
of n-glucose
transport.
The Triton
extract
(0.34 mg of protein)
was mixed with
sonicated
liposomes,
frozen and thawed
as described
under “Experiand then sonicated
for the indicated
times at
mental
Procedures,”
30”. In A, aliquots
of the reconstitution
mixture
containing
0.3 mg
of lipids were mixed with 1 ml of 10 mM Tris/HCl
(pH 7.4) and the
absorbance
at 350 nm was measured.
In B, aliquots
containing
36
pg of protein
(0.8 mg of lipids)
were used for a 15-s and 2-min
glucose
transport
assay as described
under
“Experimental
Procedures.”
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TABLE
transport

I
activity

after

long

sonication

The Triton extract (0.35 mg of protein) was mixed with soybean phospholipids and sonicated for 20 or 180 s in duplicate as described
under “Experimental Procedures.” One of the samples at each time was frozen and thawed again and sonicated for 20 s. An aliquot of 37 pg
of protein (0.8 mg of lipids) was used for a 15-s transport assay. n-Glucose specific transport was calculated as the difference between D- and
kglucose transport.
TKlDSpWt
Transport after second freeze-thaw
sonic&ion
First sonication

~-Glucose
specific
nmollmgll5
s

PGlUCOR?

1rG1ucose

1.6

0.24

s

20

180

0.41

0.14

1.4
0.27

%

~Glucoee
specific
nmollmgll5
s

~-Glucose

100

~-Glucose

0.24
0.24

1.2

19

0.89

Effect

TABLE
of salt on reconstitution

%

0.96
0.64

69
46

II
of D-&COse

transport

The Triton extract (0.42 mg of protein) was reconstituted as
described under “Experimental Procedures” except for the addition
of 0.15 M KC1 where indicated. An aliquot of 60 fig of protein (1.2
mg of lipids) was used for a 30-s transport assay, in which 0.15 M
KC1 was included when the reconstituted liposomes contained the
salt. Transport was stopped with a stopping solution which contained salt when the assay mixture contained salt, and the membrane filter was washed with the same stopping solution.
Addition
Befo;;wfeeze-

of 0.15 M KC1
After freezethaw
-

+

+
+

Transport
n-Glucose

1.2
0.42
0.95

nmollmgB0

L-Glucose
s

0.14
0.12
0.13

FIG. 2. Electron micrograph of reconstituted vesicles. Vesicles
were prepared from the Triton extract and soybean phospholipids as
described under “Experimental Procedures.” Thin sectioning was
performed as described (IS).

FIG. 3. DEAE-cellulose column chromatography of erythrocyte
membrane proteins solubilized with Triton X-100. The Triton extract
(160 ml) was prepared with 0.5% Triton X-100, 50 mM TrislHCl (pH
7.4) and applied to a DEAE-cellulose column as described under
1)
“Experimental Procedures.” A flow-through fraction (Fraction
was obtained from tubes 6 to 42 and a retained fraction (Fraction
2)
from tubes 54 to 60. The protein concentration shown on the left
applies to tubes 1 to 49, and that at the right applies to tubes 50 to 66.

0.15 M KC1 (Table II). The best activity was obtained under
the low salt conditions. The addition of 5% glycerol or 20 mM
sucrose during the freeze-thaw step inhibited the flocculation
of lipids and resulted in much lower n-glucose transport
activity (not shown).
The maximum amount of reconstituted liposomes that could
be used in the assay was limited by the fact that too many
liposomes clog the membrane filter. The transport activity
increased linearly with the amount of reconstituted
vesicles
up to 0.7 mg of phospholipid/assay.
This limit is less than
half of that reported previously (8). The difference is probably
due to the fact that the vesicles formed by the present method
are larger than those used previously.
The Dglucose transport activity was proportional
to the
amount of phospholipids
added during reconstitution
(up to

20 mg/ml) when the amount of Triton extract was constant at
0.6 mglml. The activity was also proportional
to the protein
fraction added during reconstitution
(up to 0.8 mg/ml) when
the phospholipids
were constant at 15 mg/ml.
Purification of D-GlucoseTransporter - For purification experiments,
NaCl-washed
ghosts were extracted with 0.5%
Triton X-100, 50 mM Tris/HCl, pH 7.4. The Triton extract
was applied to a DEAE-cellulose
column equilibrated
with
0.5% Triton X-100, 50 mM Tris/HCl, pH 7.4 (Fig. 3). The
column was washed with the same buffer and a flow-through
fraction was collected (Fraction 1). The adsorbed proteins
were then eluted with 1 M NaCl in the buffer (Fraction 2).
Fraction 1 was active in n-glucose transport
as described
below and Fraction 2 was inactive.

D-~h.LCOS?

On SDS-polyacrylamide
gel electrophoresis,
Fraction
1
showed one major protein, a small amount of a protein
corresponding
to Band 7 and a fairly large amount of lipids
(11 pmol of PJmg of protein). The major protein corresponded
to a component of Zone 4.5 and showed a rather broad band
(Figs. 4 and 5). The yield of Fraction 1 was about 1% of the
ghost protein (Table III).
From scans of absorbance of Coomassie blue-stained
gels
(Fig. 5B), the major protein comprised 96% of the protein in
Fraction 1. The apparent molecular
weight of the protein
determined from its R,. in 5% and 10% a&amide
gels stained
with Coomassie blue was 55,000. PAS staining of Fraction 1
showed one broad band corresponding
to the band stained by
Coomassie blue, and a dense lipid band (Fig. 6B). This
indicates that the protein is probably a glycoprotein.
With
10% polyacrylamide
gels the major protein in Fraction 1 was
clearly distinguished
from PAS Band 2 (not shown). The
possibility that the high lipid content of Fraction 1 changed
the appearance of the major band is unlikely since the minor
component (Band 7) had the same R, and appearance as in

3
4-l
4-2
-

7

Transporter
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the Triton extract. In addition,
Fraction 1 extracted with
ether to remove most of the lipids showed the same broad
profile of the major band, and mixtures of the Triton extract
and Fraction 1 showed an additive Coomassie blue profile. It
is not clear, however, which if any of the PAS bands observed
with discontinuous
SDS-polyacrylamide
gels (19) corresponds
to the major protein.
SDS-polyacrylamide
gel electrophoresis
of Fraction
2
showed a polypeptide composition of Bands 3, 4.1, 4.2, part
of Zone 4.5, 7, and other minor components when stained
with Coomassie blue (Fig. 4C); staining of Fraction 2 with the
PAS reagent showed two PAS bands above PAS Band 1 and
one additional
band between PAS Band 1 and PAS Band 2
(Fig. 60.
Fraction 1 showed a precipitation
line on Ouchterlony
plates with a rabbit antibody fraction raised against human
erythrocyte membranes (Fig. 7A). The control immunoglobin
fraction showed no precipitation
lines with ghosts, the Triton
extract, or Fraction 1 (not shown). The precipitation
reaction
was optimal with 0.05 to 0.1% Triton X-100 in 1% agarose.
Fraction 1 delipidated
with chloroform:methanol
(2:l) also
showed a precipitation
line with the antibody.
The lipid
fraction extracted from Fraction 1 did not show the line (not
shown). The antibody fraction absorbed with washed erythrocytes formed the precipitation
line with Fraction 1 (Fig. 7B).
However, the antibody fraction absorbed with inside-out vesicles did not form a precipitation
line with Fraction 1, whereas
it did react with ghosts (Fig. 70. The results indicate that an
antigenic site on the protein in Fraction 1 is exposed inside
the erythrocyte membrane.
Several attempts were made to improve the yield and to
remove the lipids from the purified fraction. Extraction of the
membrane in more dilute Tris/HCl buffer (10 mM) resulted in
better yield of the protein but later DEAE-cellulose
chromatography did not give a better purification.
Chromatography
on hydroxyapatite
equilibrated
with 0.5% Triton X-100, 10
mM Tris/HCl (pH 7.4) separated the protein from the lipids
but the recovery of the activity was considerably lower. Few
proteins in the Triton extract were retained on CM-cellulose
at pH 7.5. Delipidation
by organic solvents (chloroform
or
acetone) led to a loss of transport activity.
Reconstitution
of D-Glucose
tein - The purified
protein

Transport

TABLE

Purification

Pro-

III

of D-glucose

transporter

C

SDS-polyacrylamide gel electrophoresis. A, Triton extract
(50 fig); B, purified protein fraction (Fraction 1 from DEAE-cellulose
column, 20 pg); C, Fraction 2 from DEAE-cellulose column (50 pg).
SDS, 5% polyacrylamide gels were run and stained with Coomassie
blue G as described previously (8, 16, 17). The major bands are
labeled according to Steck (3).

Ghost
NaCl vesicles
Triton extract
DEAE-cellulose
Fraction 1
Dialysis with BioBeads
Concentration

Specific
activity

Protein

VOllUIl.2

B

4.

Purified

Solubilization of membranes, purification, reconstitution procedures and the transport assay are described under “Experimental
Procedures.”

PYY

FIG.

with

fraction from the DEAE-cellulose
column (Fraction 1) catalyzed n-glucose transport when reconstituted with soybean phospholipids.
A time course of Dglucose transport showed a half-time of less than 5 s (Fig. 8).
GGlucose was taken up slowly by the nonspecific permeability

ml

w

%

162

630
341
82

100

74

164
197
180
5.1

5.9

54
13

0.9

4.6

0.7

3.5

0.6

nmollminl
%

3.8

36.7

Total
activity
nmollmin

313

129 (41%)
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0

80

E
8
P 0

8-

0

I

20
FIG. 5. Absorbance
590 nm with a Gilford

1

40
Migration

1

1

60
(mm)

1

80

1

0

scans of SDS-polyacrylamide
gels. Gels A (Triton
extract)
spectrophotometer
with a linear transporter.
The tracking

A

-

T

G

P

PAS2
Ab

PAS3
BT

Ab

G
Ab

i

P

Ab

Lipid

C
FIG. 6 clefi). PAS staining
of SDS-polyacrylamide
gels. SDS, 5%
polyacrylamide
gel electrophoresis
was run with (A) Triton
extract,
U?) puriiied
fraction,
and (C) Fraction
2 from the DEAE-cellulose
column
(Fig. 3). The gels were stained
with PAS reagent
according
to Fairbanks
et al. (16).
FIG. 7 (right).
Absorption
of erythrocyte
membrane
antibodies
with intact
erythrocytes
and inside-out
vesicles.
Immunodiffusion
vas performed
on Ouchterlony
plates as described
under “Experimental
Procedures.”
Antibodies raised against erythrocyte mem-

20

40
Migration

60

(mm)

and B (purified
protein fraction)
dye (TD), pyronin
Y, was marked

1

80
from Fig. 4 were scanned
with a fine wire.

of liposomes and after 3 h, both D and kglucose reached the
same level corresponding to an internal volume of the vesicles
of 0.98 pllmg of phospholipid.
The extent of rapid n-glucose
transport was more than 80% of the total internal
volume
which is considerably higher than that reported previously (8).
The initial rate of nglucose transport calculated from the
5-s transport was 85 nmol/mg of proteimmin.
If the apparent
half-saturation
concentration of 2.2 mM determined previously
with the Triton extract (9) is applied to this case, the maximum velocity at infinite nglucose concentration
is 1.0 pmol/
mg of protein/min.
The reported maximum rates of nglucose
transprt
rates by erythrocytes at 20” range from 83 to 260
mmol/min/cell
unit under various assay conditions (20, 21).
These values correspond to 3 to 25 pmol/min/mg
of membrane
protein when we use published values of 1.6 x 1OL3cells/cell
unit (6) and 0.66 pg protein/ghost
(22). Thus the specific
activity of the reconstituted system corresponds to 4 to 13% of
the specific activity of erythrocyte
membranes.
An exact
comparison of activities remains to be resolved, however,
since the assay conditions used in this study tend to underestimate the maximum velocity of n-glucose transport (23). The
specific activity of n-glucose transport
measured at 15 s
branes (A; 15 pl; 390 pg of protein),
antibodies
absorbed
with intact
erythrocytes
(B; 15 ~1; 200 pg of protein),
and antibodies
absorbed
with inverted
vesicles
(C; 15 ~1; 200 pg of protein)
were applied to
the antibody
wells
(Ab). Additions
to the other
wells were: G,
ghosts (31 pg of protein);
T, Triton
extract
(7.4 M of protein);
P,
puritied
protein
fraction
(Fraction
1) (10 pg of protein
or 4.7 pg of
protein to the Zefi well in Cl.

D-~hcose

T------T

Transporter
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TABLE

Requirement

I

I

for protein

IV

and

lipid for reconstitutiorl
of I)-glucose
transport
Transport
of D- or L-glucose
was measured
for 15 s as described
under
“Experimental
Procedures.”
In line 1, the purified
protein
fraction
(0.13 mg) was reconstituted
with sonicated
liposomes
as
described
under
“Experimental
Procedures.”
A sample
of 12 c(g of
protein
(0.7 mg of lipids) was used for each transport
assay. In line
2, the reconstitution
was performed
without
sonicated
liposomes.
A
sample of 12 pg of protein
was used for a transport
assay. In line 3,
the reconstitution
was performed
without
the purified
protein
fraction, and 0.7 mg of lipids were used for the transport
assay.
TMlSpo~t
I.-Glucose

D-GIllCOW

FIG. 8. Time course of D-glUCOW transport
in reconstituted
liposomes. The purified
protein
fraction
from a DEAE-cellulose
column
(Fraction
1) (0.13 mg of protein)
was reconstituted
with sonicated
liposomes.
An aliquot of 12 pg of protein
(0.7 mg of lipids) was used
for a transport
assay as described
under “Experimental
Procedures.”

I

I

,

pmolll5

1. Complete
2. -Lipid
3. -Protien

system

I

s

137
20
6.4

TABLE

8.7
7.5
7.8

V

Effect of inhibitors
on reconstituted
system
The purified
protein
fraction
(92 yg) was reconstituted
with
sonicated
liposomes.
Of this, 8.6 pg (0.7 mg of lipids)
was used for
each 15-s transport
assay. In A, an inhibitor
was added to the assay
mixture
where indicated
and incubated
for 20 min at 21” before the
addition
of the radioactive
sugar.
In B, each assay mixture
was
incubated
in the presence
of 10 mM nonradioactive
o-or L-glucose
for
1 h and with the inhibitor
where
indicated
for another
10 min
before the transport
assay was started
by addition
of 10 rnM radioactive o-or L-glucose.
Trtln~port
Protein

Additions

(mg/ml)

FIG. 9. Glucose
t,ransport
by vesicles
made
with
different
amounts
of protein.
The Triton
extract
(0.05 mg to 0.21 mg) or the
purified
protein
fraction
(0.05 mg to 0.23 mg) was reconstituted
with sonicated
liposomes.
An aliquot
of 0.7 mg of lipids was used for
a 15-s transport
assay
as described
under
“Experimental
Procedures.”
The activity
is expressed
as picomoles
per 15 s per 0.7
mg of lipids.
The protein
concentration
is that at sonication.
DGlucose
(0) or L-glucose
(a) transport
in reconstituted
liposomes
with the purified
protein
fraction,
and D-glUCOSe (A) or L-glucose
(A) transport
in liposomes
with the Triton
extract
are shown,

increased
about
IO-fold
with
purification
from
the Triton
extract
(Table
III and Fig. 9). Transport
activity
was proportional
to the amount
of protein
at reconstitution
up to 0.25
mg/ml.
The
transport
activity
of Fraction
1 was dependent
on
added
phospholipids
during
reconstitution
(Table
IV).
The
protein
fraction
alone
has
10% of the n-glucose
transport
activity
of the complete
system,
unlike
previous
experiments
with the Triton
extract
which
showed
a complete
dependence
on added
phospholipids.
Probably
the higher
lipid content
of
Fraction
1 allowed
some vesicle
formation
without
additional
lipids.
Liposomes
reconstituted
with
the purified
fraction
had the
same sensitivity
to inhibitors
as those reconstituted
with the
Triton
extract
(8) (Table
V).
Mercuric
ions
(50 FM) and
cytochalasin
B (5 FM) inhibited
more than 90%. The antibody
fraction
which
was shown
to react
with
the purified
protein
fraction
also inhibited
the transport.
Addition
of more
than
130 pg of the antibody
fraction
was not examined
since
it
tended
to clog
the membrane
filter
during
the
transport
assay.
The effects
of phloretin
and stilbestrol
which
inhibit
D-

~-Glucose

bGlUCO842

nmollmgll5
A.

B.

HgCl,,
50 FM
Cytochalasin
B, 5 PM
Antibody
(26 pg)
Antibody
(130 pg)
Phloretin,
Stilbestrol,

10 ~CLM
10 pM

9.8
0.7
1.4
6.1
3.3
577
607
614

0.4
0.6
0.7
0.2
0.2
33
33
42

-~
% Activitv

~~
s

100
1
7
63
33
100

106
105

glucose
transport
in erythrocytes
and ghosts
(24, 2.5) were
examined
extensively
in liposomes
reconstituted
with
the
Triton
extract
or with the purified
protein
fraction.
Stilbestrol
did not inhibit
D-glucose
transport
when
tried
at concentrations
from
1 to 100 PM.
Addition
of 10 PM phloretin
or
stilbestrol
during
a transport
assay
at equilibrium
exchange
conditions
or 10 pM stilbestrol
under
exit conditions
had no
effect.
Table
VB shows
an experiment
with
10 mM n-glucose
under
equilibrium
exchange
conditions.
Neither
phloretin
nor
stilbestrol
inhibited
the n-glucose
transport.
Fraction
2 from the DEAE-cellulose
column
was inactive
in
reconstitution
of the n-glucose
transport
(9). In addition,
fractions
containing
Band
3, Band
7, or PAS Fractions
1, 2,
and 3 eluted
from
a DEAE-cellulose
column
with
less than
0.2 M NaCl
were also found
to be inactive
in glucose
transport.
DISCUSSION

The
reconstitution
method
reported
is a modification
that
described
previously
(8) which
was derived
from
sonication
procedure
(26). The advantages
and disadvantages

of
the
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n-Glucose

of the sonication
method
have been discussed
(27). The major
advantage
is that reconstitution
is performed
without
detergents.
This
is particularly
suitable
for membrane
proteins
extracted
with nonionic
detergents
such as Triton
X-100 since
removal
of nonionic
detergents
requires
treatments
other
than
the dialysis
procedure
which
has been widely
used for
reconst
it&ion
experiment,s.
The major
disadvantages
of the
original
sonication
procedure
are variability
and inactivation
of activity
by long
sonicat,ion.
The
freeze-thaw
sonication
method
described
here overcomes
these
problems
because
the
results
are fairly
reproducible
and the sonication
times
required
are very
short.
Cytochrome
oxidase
has also been
reconstituted
to give uncoupler-stimulated
respiration
rates
using
the new procedure’
and the sodium/potassium
ATPase
from
Electrophorus
electricus has been reconstituted
to give
sodium
transport.”
It was also reported
that
a Triton
X-IOOsolubilized
protein
fraction
from
intestine
(28) or kidney
(29)
catalyzed
sodium-dependent
o-glucose
transport
aft.er reconstitution
by the previous
method
(8). Thus the new procedure
may
be generally
applicable
to reconstitution
of membrane
transport
systems.
The active
fraction
from
DEAE-cellulose
chromato&Taphy
appeared
to contain
one major
protein
which
showed
a broad
symmet.rical
band on SDS-polyacrylamide
gel electrophoresis
with an apparent
molecular
weight
of 55,000.
This molecular
weight
is close
t.o the component
recently
identified
as the
glucose
transport
prot.ein
by labeling
with
an impermeant
maleimide
(5) and is clearly
different
from
Band 3 which
has
been claimed
to contain
the glucose
transport
activity
(6, 30).
The protein
was also stained
with
PAS reagent,
indicating
that
it is a glycoprotein.
The breadth
of the band
may
be
accounted
for by the carbohydrate
component.
Since
the
purified
protein
fraction
contains
lipids
and a small
amount
of Band
7, it is necessary
t.o carry
out further
studies
before
unequivocally
concluding
that
the major
protein
is the Dglucose
transport
protein.
The
purified
protein
fraction
(Fraction
1) had a specific
activity
of D-g!UCOSe transport
IO-fold
higher
than the original
Triton
extract
and 40% of the act,ivity
in the Triton
extract,
was recovered
in t.he fraction.
The other
fractions
from
the
column
eluted
with higher
salt were completely
inactive
and
addition
of other
fractions
to the purified
protein
fraction
did
not increase
the transport
act.ivity.
The
characteristics
of
glucose
transport
catalyzed
by liposomes
reconst,ituted
with
the purified
fraction
were
similar
to those
for the Triton
extract,.
Mercuric
ions,
cytochalasin
B or antibodies
against
erythrocyte
membranes
inhibited
transport
at the same concentration
as in the reconstituted
system
with
the Triton
extract.
Phloretin
or stilbestrol,
however,
did not
inhibit
glucose
transport
in the reconstitut,ed
system
with
the Triton
extract
or the purified
fraction
under
a variety
of condit.ions.
These
compounds
were
originally
proposed
to be specific
competitive
inhibitors
of glucose
transport
(24). However,
it
was later
shown
that
phloretin
inhibits
several
transport
systems
and binds
to membrane
proteins
and lipids
(31) and
that it affects
the dipole
potential
at the membrane
surface
(32). Thus,
the lack of inhibition
by phloretin
and stilbestrol
in the reconstituted
system
may
be caused
by the different
structure
and lipid composition.
All the major
glycoproteins
of the erythrocyte
membrane
are exposed
to the outside
of the cell (3, 33), and it is likely
’ M. Kasahara,
3 D. E. Cohn,

unpublished
and E. Racker.

observations.
personal
communication.

Transporter
that the carbohydrate
portion
of the glucose
transport
protein
is also external.
In addition,
the fact that the antibody
which
reacted
with
the purified
protein
was absorbed
by inside-out
vesicles
suggests
that the protein
is exposed
on the inside
of
the cell. It seems
reasonable
that a transport
protein
should
span the erythrocyte
membrane.
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