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of integral membrane proteins from human red cells,
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Integral membrane proteins from human red cells were fractionated in sodium dodecyl sulfate solutions by
high performance gel filtration on the small-bead cross-linked agarose gel Superose 6 ™. The components
were identified by acrylamide gel electrophoresis in the presence of sodium dodecyl sulfate. The combination
of Superose chromatography with electrophoresis afforded high resolution. As expected the gel filtration
elution volumes depended essentially on the molecular mass, but the elution volumes decreased stepwise as
the detergent concentration was increased from 0.6 to 100 mM, with the largest decrease for the glucose
transporter. The resolution increased as the flow rate was decreased from 60 to 1 ml-cm™2-h™". The M,
values for the anion and glucose transporters as estimated by Superose 6-chromatography at 50 mM
detergent were 75-80% of the corresponding M, values obtained by electrophoresis. At 50 mM dodecyl
sulfate the proteins were resolved into four fractions (a—d) which mainly contained: (a) dimer and (b)
monomer of the anion transporter, (c) the glucose transporter and (d) components of M, below 40000.
Monoclonal antibodies that possibly are directed against the glucose transporter (Lundahl, P., Greijer, E.,
Cardell, S., Mascher, E. and Andersson, L. (1986) Biochim. Biophys. Acta 855, 345-356) interacted only
with part of the 4.5-material in fraction ¢ in immunoblotting (Western blotting). Superose 6-chromatography
of red cell glucose transporter that had been partially purified on DEAE-cellulose and Mono Q resolved one
major and two minor fractions. Electrophoretic analysis showed that components of M, 90000, 50000, and
25000 had been separated from the major M,-55000-4.5-material and revealed size heterogeneity within the
major chromatographic fraction. Heating of the glucose transporter in the presence of dodecyl sulfate caused
an unexpected retardation of monomeric transporter on Superose 6. The apparent M, decreased from 44 000
to 29000.

Introduction the sulfate group and peptide bond nitrogens
(Lundahl, P., Greijer, E. and Cardell, S., unpub-
lished hypothesis). Furthermore, this detergent

solubilizes most membrane proteins into mainly

Membrane proteins can be solubilized in deter-
gents for the purpose of fractionation. Among the

most powerful dissociating detergents is sodium
dodecyl sulfate, which denatures water-soluble
proteins by a special stoichiometric binding, possi-
bly by hydrogen bonding between the oxygens in

di- and monomeric forms [1-3].

Membrane proteins can, for chemical investiga-
tion, be separated in sodium dodecyl sulfate for
instance by gel electrophoresis [4], hydroxyapatite
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chromatography [5] or gel filtration [6-10]. Im-
proved resolution can be expected in molecular-
sieve chromatography by the use of the recently
introduced small-bead Superose 6™ gel. Gel elec-
trophoresis gives unsurpassed resolution, but gel
filtration affords simpler recovery of the separated
proteins and is easier to scale up. Chromatography
of water-soluble proteins in sodium dodecyl sulfate
on another type of small-bead cross-linked agarose
gel has recently been described by Eriksson [11].

We have here investigated fractionation of in-
tegral membrane proteins from human red cells.
Due to heterogenous glycosylation, some of these
proteins elute in relatively broad peaks and the
separation of the major components might be
incomplete. The aim of our work has been to
analyze the resolution of integral membrane pro-
teins upon chromatography on a small-bead
agarose gel in sodium dodecyl sulfate, with special
emphasis on the purification of the glucose trans-
porter from human red cell membranes.

Materials and Methods

Materials

Human red cell concentrate (4-5 weeks old)
was supplied by the Blood Bank at the Academic
Hospital, Uppsala, Sweden. Sodium dodecyl
sulfate for chromatography was Merck-Schuchardt
(F.R.G.) No. 13760 (‘fur biochemische Zwecke")
and No. 822050 (90% detergent and 10% inorganic
salts) for electrophoresis. Dithioerythritol, No.
8255 was purchased from Sigma (U.S.A.). Calibra-
tion proteins for chromatography and electro-
phoresis (high- and low-molecular weight markers)
were from Pharmacia (Sweden).

All solutions were filtered through 0.2 pm filters
(Sartorius, SM11107) and degassed. Other chem-
icals were pro analysi unless otherwise stated.

Methods

Preparation of integral membrane proteins. Hu-
man red cell membranes were prepared and
stripped of peripheral proteins by a tandem-col-
umn procedure combined with centrifugation [12].
The integral membrane proteins and membrane
lipids were immediately frozen in liquid nitrogen
and stored at —70°C.

Solubilization. All procedures, except storage,

were done at 21-24°C. Membranes were stirred
for 15 min with 0.1 M sodium dodecyl sulfate in
solution P containing 0.1 M phosphate, pH 7.4, 1
mM EDTA and 1 mM dithioerythritol. The mem-
brane protein concentration was 2 mg/ml. A
minimal insoluble residue was sedimented down
during 60 min at 160000 X g. The supernatant
was collected in small aliquots and stored at
—20°C.

Gel filtration. Gel filtration (molecular-sieve
chromatography) was done at 21-24°C on a Su-
perose 6™ gel consisting of 13 + 2 pm beads of
cross-linked agarose. A prepacked 22 ml Superose
6-column, 28 X 1.0 cm (column no. 5045120) was
connected to a pump, a sample injection valve and
a detector for light absorbance at 280 nm; P-500,
V-7 and UV-1 respectively, from Pharmacia
(Sweden).

The routine chromatographic experiments were
done at a flow rate of 9 ml/h (11 ml-cm*-h™ ).
Studies of the effect of flow rate on resolution
were done at flow rates from 45 to 1 ml/h. When
the concentration of dodecyl sulfate was to be
changed, the column was equilibrated for at least
10 h at 3 ml /h. Before each day’s experiments one
column volume of fresh buffer was pumped
through the system. At room temperature, sodium
dodecyl sulfate concentrations up to at least 100
mM can be used. A sample volume of 100 pul was
applied to the column, unless otherwise stated.
The column was calibrated at 5 mM and 50 mM
detergent with: Blue dextran 2000, B-galactosi-
dase (M, 116000), serum albumin (66 200),
ovalbumin (43 800), aldolase (39 500), chymotryp-
sinogen A (25000), RNAs (13700) and NaCl. All
calibration proteins were reduced at 95°C and
S-carboxymethylated. Calibration diagrams were
plotted as —log K, versus M?*? (Refs. 11 and
13) and gave straight lines.

After several experiments adsorbed material was
removed by passing 400 pl of 70% formic acid
through the column. This caused some retardation
and partial adsorption of the integral membrane
proteins and the yield decreased to 35% (Table I).
Chromatography of another 100 pl aliquot of in-
tegral membrane proteins (200 pg protein with
about 550 pg membrane lipids) or one 500 pl
aliquot of egg yolk phospholipids (1 mg) restored
the yield (Table I), but two additional 100 pl



TABLE 1

YIELD OF INTEGRAL MEMBRANE PROTEINS FROM
HUMAN RED CELLS, UPON SUPEROSE 6-CHRO-
MATOGRAPHY

Before chromatography of sample 1, the column was washed
with (A), 70% formic acid or (B), 70% formic acid followed by
egg yolk phospholipids (see Methods). Eluent: solution P (see
Methods) with 50 mM sodium dodecyl sulfate. Protein amount:
200 pg per experiment.

Sample No. Yield (%) *

(A) (B)
1 35 92
2 100 100

“ Estimated by the peak areas of eluted material.

aliquots of the membrane protein-lipid mixture
were needed to restore the normal elution patterns.

Electrophoresis. Electrophoretic analyses were
done as described in Ref. 12 (cf. Ref. 14) at
65-300 V, 18 mA, for 24 h. The separation gel had
a linear gradient in acrylamide concentration of
8-25%. The gel slabs were silver-stained as in Ref.
14 (cf. Ref. 15).

Fractionation of a glucose transporter prepara-
tion. Purified glucose transporter (preparation
OG-P in Ref. 12) was dissolved with 0.1 M sodium
dodecyl sulfate in solution P (see ‘Solubilization’
in this section) to give a final protein concentra-
tion of 0.8 mg/ml. A 200 pl sample was applied
to the Superose 6-column which was equilibrated
in 5 mM or 50 mM sodium dodecyl suifate.

Immunoblotting. Monoclonal antibodies were
prepared after immunizing Balb /c mice with octyl
glucoside solubilized 4.5-material (preparation
OG-A in Ref. 12). Chromatographically separated
integral membrane proteins were fractionated by
gel electrophoresis and transferred to a nitrocellu-
lose paper. The nitrocellulose paper was then in-
cubated with the monoclonal antibodies and sub-
jected to an enzyme-linked immunosorbent assay
(ELISA). A detailed account of the production of
the monoclonal antibodies and the immunoblot-
ting procedures is given in Ref. 12.

Results

A. Chromatographic fractionation of integral mem-
brane proteins
Integral membrane proteins from human red

507

As[ A B
01} L

A € b

0.1

T
T

0051 r

- ] 1 ]
0 10 15 20 10 15 20
Elution volume (ml) Elution volume (ml)

Fig. 1. Chromatography of integral membrane proteins from
human red cells prepared as in Ref. 12, on Superose 6™.
Eluent: solution P (see Methods) with 2.5 mM (A and C) or 50
mM sodium dodecy! sulfate (B and D). Flow rate: 9 ml/h (A
and B) or 1 ml/h (C and D). The protein concentration was 2
mg,/ml and 100 pl samples were applied. The arrows in B and
D indicate the elution volume of the monomer of the anion
transporter at 2.5 mM sodium dodecyl sulfate (A and C). The
fractions a—d. panel B, were analyzed by gel electrophoresis
(Fig. 5, below). The dashed lines in C and D indicate the
baseline slope caused by oxidation of dithioerythritol. Elution
time in A and B was about 2.5 h and in C and D around 23 h.
Each panel comprises elution volumes from ¥, =82 ml to
V=222 ml

cells were fractionated by molecular-sieve chro-
matography on a Superose 6-column in sodium
dodecyl sulfate. Superose 6 afforded higher resolu-
tion than the similar, but denser el Superose 12.

A.l. Effect of sodium dodecyl sulfate concentra-
tion on elution pattern. At 2.5 mM sodiun, dodecyl
sulfate the integral membrane proteins separated
into two main fractions on Superose 6, whereas
chromatography in 50 mM detergent achieved
separation of three major fractions, b-d (Fig. 1,
panels A and B). The elution volumes for the
integral membrane proteins as well as water-solu-
ble proteins decreased stepwise when the con-
centration of sodium dodecyl sulfate increased
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Fig. 2. Elution volumes for the major fractions of human red
cell integral membrane proteins on Superose 6 as a function of
the concentration of sodium dodecyl sulfate. (a A),
low-molecular-weight components, (® @), the glucose
transporter and (M ), the anion transporter (d, ¢ and b,
respectively, in Fig. 1B). For comparison, the curves for al-
dolase (a— — -2) and ovalbumin (O- -~ -Q) are shown. Ex-
cept for the varying detergent concentration the conditions
were as in Figs. 1A and B. At low detergent concentration
fractions ¢ and d (see Fig. 1B) were not resolved and the
elution volumes were estimated by electrophoresis (- —-—-).

(Fig. 2). The decrease was most pronounced with
the glucose transporter (Fig. 2, ®). The largest step
occurred between 1 and 2.5 mM dodecyl sulfate
and might correspond to the conversion from bi-
nding of 0.4 g to binding of 1.4 g detergent per g
protein, that has been reported for some reduced
proteins, including red blood cell membrane pro-
teins [16,17]. Integral membrane proteins may bind
still more detergent. Our results indicate that a
second smaller transition might take place be-
tween 5 mM and 10 mM dodecyl sulfate (Fig. 2).

Partially purified glucose transporter (see
Methods) was eluted in one major fraction at a
volume corresponding to fraction ¢ in Fig. 1B at
50 mM and 0.75 ml later at 5 mM sodium dodecyl
sulfate (Fig. 3).

A.2. Chromatographic resolution as a function of
flow rate. A decrease in flow rate increased the
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Fig. 3. Chromatography on Superose 6 of partially purified
glucose transporter from human red cell membranes. The
material applied was the transporter preparations OG-P de-
scribed in Ref. 12, (cf. Methods). Eluent: solution P (see
Methods) and 5 mM (thick line) or 50 mM (thin line) sodium
dodecyl sulfate. Sample volume: 200 pl. Amount of protein:
170 pg. Fractions I, II and IIl were analyzed by gel electro-
phoresis (Fig. 7) and corresponded to apparent chromato-
graphic M, values of 71500, 37000 and 20500, respectively.
The total protein yield in the chromatographic experiment at 5
mM detergent was about 100% as determined by quantitative
amino acid analysis. Fraction II corresponds to about 80% or
135 pg of protein.

resolution of the integral membrane proteins and
sharpened the peaks (Fig. 1, panels B and D).
However, at low concentration of sodium dodecyl
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Fig. 4. The peak width in Superose 6-chromatography for the
anion transporter as a function of flow rate. Conditions as in
Fig. 1, except that the detergent concentration was 5 mM and
that the flow rate was varied. The widths were measured at half
the height of the peaks.



sulfate fractions ¢ and d were not resolved even at
1 ml/h (Fig. 1, panels A and C). The peak width
increased linearly with increasing flow rate in the
interval 1-18 ml/h (Fig. 4). At 9 ml/h the resolu-
tion was reasonably good and fractionation was
completed in approx. 2.5 h. The large sizes of the
protein-detergent complexes give slow mass
transfer which obviously lowers the resolution at
high flow rates.

B. Analyses of chromatographic fractions

B.1. Integral membrane proteins. Fractions a
and b in Fig. 1B contained relatively pure anion
transporter (Fig. 5), probably as dimer and mono-
mer, respectively. Fractions ¢ and d were found to
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contain several components each, although the
glucose transporter dominated in fraction ¢ (Fig.
5). The electrophoretic pattern showed in all about
30 bands. The anion and glucose transporters
formed the well-known broad bands 3 and 4.5,
respectively (denotations according to Steck, Ref.
18).

The immunoblotting experiments showed that
the monoclonal antibodies interacted only with
material, mainly the glucose transporter, in the
band 4.5-region and not with other proteins (Fig.
6A). Furthermore, the monoclonal antibodies
bound only with the upper two-thirds of this
region (Fig. 6B), in the M, interval 52 000-65 000
(compare with Table II). Since the glucose trans-
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Fig. 5. Sodium dodecyl sulfate gel electrophoresis of human red cell integral membrane proteins fractionated on Superose 6. All
conditions as in Fig. 1B. About 5 ug of protein was applied in a well of cross-section 1.0 6 mm. The proteins were silver-stained.
Calibration proteins: thyroglobulin (M, 330000), phosphorylase B (94000), serum albumin (66 200), catalase (60000), ovalbumin
(43800), lactate dehydrogenase (36000), carbonic anhydrase (29000), soybean trypsin inhibitor (20100) and a-lactalbumin (14400).
Positions a, b, ¢ and d correspond to the fractions in Fig. 1B. For electrophoretic conditions and sample preparation see Methods. The
positions of the anion transporter (AT), the glucose transporter (GT) and the dimer (GA, ) and monomer (GA) of glycophorin A are

indicated in the figure.
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Fig. 6. Identification of immunoreactive 4.5-material in electro-
phoretic analysis of Superose 6-fractions of integral membrane
proteins from human red cells. The Superose 6-chromatog-
raphy was done as in Fig. 1B. The chromatographically sep-
arated proteins were transferred to a nitrocellulose paper and
were incubated with monoclonal antibodies [12] and the im-
munoreactive material was detected by use of an enzyme-lin-
ked immunosorbent assay. (A) The silver-stained gel, after
transfer; (B) the immunoblotting pattern; (C) detail of A and
B. Interaction is seen only with proteins in the band 4.5-region
(Fig. A and B), arrow. Fractions b, ¢ and d correspond to
fractions b, ¢ and d in Figs. 1B and 5. The white bands above
the 4.5 zone in B and C correspond to glycophorin A dimers.

porter is the major 4.5 component the antibodies
probably are directed against this protein.

B.2. Glucose transporter preparation. The elec-
trophoretic analysis of the fractions I-III in Fig. 3
showed that the glucose transporter (II in Fig. 7)
was separated from a minor amount of an un-
known component, I, with an approximate M, of
90000. The origin of component I will be dis-
cussed in section D, below.

At the front of fraction II (Fig. 3) some material
of higher apparent M, is eluted (Fig. 7). This,
together with the broad shape of the bands is
probably due to heterogeneity in glycosylation of
the glucose transporter [{19,20]. The amino acid
composition of the purified glucose transporter
was essentially the same as reported by Baldwin
and co-workers [21] and was also similar to the
composition of the glucose transporter in human
HepG?2 hepatoma cells [22].

C. Effect of heating

C.1. Integral membrane proteins. The proteins
were heated for 5 min with 0.1 M sodium dodecyl
sulfate in solution P (see Methods), except that
dithioerythritol was excluded, and were
fractionated on Superose 6 in 50 mM sodium
dodecyl sulfate. Contrary to the case with non-
heated proteins (Fig. 1B) the heated components
separated only into two major fractions (Fig. 8).
The 4.5-material corresponding to fraction c (Fig.
1B) was unexpectedly retarded and eluted at an
apparent M, of 29000 (elution volume 15.0 mi,
Fig. 2), whereas the anion transporter was slightly
retarded (Table II). Reduction and S-carboxy-
methylation in combination with heating gave the
same result.

C.2. Glucose transporter preparation. Purified
glucose transporter was heated and chromato-
graphed in the same way as the integral membrane
proteins in section C.1, above. Normally molecu-
lar-sieve chromatography of the glucose trans-
porter gives one major fraction (Fig. 9, thin line,
cf. Fig. 3), but chromatography of heated trans-
porter resulted in two fractions (Fig. 9, thick line).
The broad peak « in Fig. 9 (thick line) was found
to contain tetra-, tri-, and dimers of the glucose
transporter whereas the fraction S that eluted
afterwards contained mainly the monomer (Fig.
10A). In agreement with the results in the section



above, the fraction B-monomer was strongly re-
tarded compared to the non-heated transporter.
Even here reduction and S-carboxymethylation
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Fig. 8. Chromatography of heated integral membrane proteins
from human red cells on Superose 6. The material was heated
to 95°C and kept at this temperature for 5 min in solution P
(see Methods) with 0.1 M sodium dodecyl sulfate. Chromato-
graphic conditions as in Fig. 1B. Elution volumes a, b and d
correspond to those of the fractions in Fig. 1B.
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Fig. 7. Sodium dodecyl sulfate gel elec-
—20 trophoresis of partially purified glucose trans-
porter that had been fractionated on Superose
6, as illustrated in Fig. 3. Electrophoresis and
calibration were done as in Fig. 5. I, II and
III indicate the positions of the corresponding
fractions in Fig. 3. The positions of the dimer
(GT,) and the monomer (GT) of the glucose
transporter are given in the figure.

combined with heating did not alter the result
(compare section C.1).
When the glucose transporter was incubated at
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Fig. 9. Chromatography on Superose 6 of partially purified
and heated glucose transporter from human red cell mem-
branes. Transporter preparation OG-P (see Fig. 3) was heated
to 95°C for S min at a protein concentration of 0.8 mg/ml in
solution P (see Methods) with 0.1 M dodecyl sulfate (cf. Fig.
8). Thick line, heated transporter; thin line, non-heated trans-
porter, fractionation identical with that in Fig. 3. Chromatog-
raphy was done at 50 mM detergent as in Fig. 1B. Electro-
phoretic analyses of fractions 1-16 of heated transporter are
shown in Fig. 10. a and 8 symbolizes the two main fractions
of heated transporter.
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Fig. 10. Sodium dodecyl sulfate gel electrophoresis of Superose 6-fractions of partially purified, heated and non-heated, glucose
transporter. (A) Fractions 1-16 of heated transporter (Fig. 9, thick line); (B) II’, fraction 1I" (Fig. 9, thin line); II'N, fraction II" (Fig.
9, thin line), not heated before electrophoresis; 10N, fraction 10 (fig. 9, thick line), not heated before electrophoresis. In each well was
a sample volume of 20 pl applied.

95°C, either before chromatography or before D. Review of apparent molecular weights
electrophoresis, the electrophoretic migration dis- The apparent M, values at which the integral
tance was the same as for non-heated transporter membrane proteins eluted were found to be about
(Fig. 10B). 17% higher in 50 mM sodium dodecyl sulfate than
TABLE 11

APPARENT M, VALUES ON SUPEROSE 6 OF MAJOR HUMAN RED CELL INTEGRAL MEMBRANE PROTEINS

According to calibrations with water-soluble proteins (see “ Methods”) at sodium dodecyl sulfate concentrations of 5 mM and 50 mM
and by sodium dodecyl sulfate gel electrophoresis.

SDS Apparent M, value (x107?)
(mM) Anion transporter Glucose Components
Dimer Monomer transporter of low M,
Fraction *: a b c d
Chromatography 5 120 68 36.5,37° -
50 145 78,70 44°, 29 9 29,29 9
Electrophoresis 230 105 55 (45-65), (50-70) * 20-40

o

Notation as in Figs. 1B, 5 and 8.

P Purified glucose transporter (Fig. 3).

9 Heated proteins (Fig. 8).

" Purified glucose transporter (Fig. 7).

Peak ¢ in Fig. 1B and purified glucose transporter (Figs. 3 and 9).
' Heated purified glucose transporter (Fig. 9).

s



in 5 mM detergent (Table II) using calibration
curves for chromatography of water-soluble pro-
teins at 5 mM and 50 mM detergent, respectively
(cf. Fig. 2). For instance, the M, values of the
anion and the glucose transporter were 78 000 and
44000 in 50 mM sodium dodecyl sulfate whereas
the values obtained in S mM detergent were 68 000
and 36 500, respectively (Table II).

Heating of the purified glucose transporter had
a striking effect (Fig. 9, thick line). After incuba-
tion for 5 min at 95°C the transporter eluted at
29000 instead of 44000, in 50 mM sodium dode-
cyl sulfate (Table II). In the analysis (Fig. 7) of
fractions collected from the experiment shown in
Fig. 3 (thick line) the glucose transporter was
found to be separated from two minor compo-
nents. The component III eluted after the glucose
transporter in 5 mM sodium dodecyl sulfate
molecular-sieve chromatography (Fig. 3, thick
line), but seems to have almost the same apparent
M, as the glucose transporter (component II) in
electrophoresis (Fig. 7). Possibly small amounts of
the glucose transporter are converted to a form
resembling that of the heated transporter even at
room temperature (cf. Fig. 9). The material in
fraction III (Fig. 3) would thus be the glucose
transporter altered as if by heating,.

The M, values differed markedly in determina-
tions by chromatography as compared to de-
terminations by electrophoresis (Table II). For
example, the apparent M, values corresponding to
fractions b and c (Fig. 1B) were estimated at
78000 and 44000, respectively, as mentioned
above. In electrophoresis (Fig. 5) the same frac-
tions were estimated to 105000 and 55 000, respec-
tively (see Table II).

Discussion

Gel filtration (molecular-sieve chromatogra-
phy) as well as acrylamide gel electrophoresis sep-
arate complexes between proteins and sodium
dodecyl sulfate essentially according to shape and
size. However, in the two-dimensional pattern
provided by combination of these two methods
integral membrane proteins did not fall strictly on
a diagonal line and at least 30 components from
the stripped red cell membrane were resolved. In
fact, the glycosylated anion and glucose trans-
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porter were separated better by the molecular-sieve
chromatography on the small-bead agarose gel
Superose 6 in combination with multi-well
acrylamide electrophoresis, both in the presence of
sodium dodecyl sulfate (Figs. 1 and 5), than by
two-dimensional electrophoresis with electrofocus-
ing in the first dimension [12]. In the latter meth-
ods the glucose transporter focuses at varying pH
values depending on the sample treatment [12].
Similarly, Superose chromatography gave a con-
siderably increased elution volume for the glucose
transporter after heating of the protein sample.
This indicates a drastic change in the conforma-
tion of the transporter-dodecy! sulfate-complex
upon heating. The nature of this change is not yet
known, but it seems that heating induces irreversi-
ble release of some detergent. A similar, but
smaller, effect in electrophoresis has been reported
by Allard and Lienhard [23]. However, our gradi-
ent gel electrophoresis showed no difference be-
tween heated and non-heated samples (Fig. 10B).

The chromatographic resolution of protein-
dodecyl sulfate complexes on the cross-linked
small-bead agarose gel was high at moderately
high flow rates. The elution volumes for all pro-
teins that were chromatographed decreased with
increasing dodecyl sulfate concentration. The
stepwise pattern for the elution volume as a func-
tion of detergent concentration for the anion
transporter, aldolase and ovalbumin indicates that
the dodecyl sulfate might bind to the proteins
causing stepwise conversion from one conforma-
tion to another (cf. Ref. 16). It is also possible that
dodecyl sulfate micelles compete with dodecyl
sulfate-protein complexes for interaction with cer-
tain groups on the cross-linked agarose gel. The
integral membrane proteins were somewhat
retarded compared to water-soluble proteins,
probably by virtue of a different structure of the
protein-detergent complex. It has been reported
that dodecyl sulfate binds to water-soluble pro-
teins in the ratio 1.4 g detergent per g protein
[16,17] whereas integral membrane proteins may
bind detergent in a ratio that varies from protein
to protein [16,24-27]. A model for stoichiometric
binding of dodecyl sulfate to water-soluble pro-
teins was mentioned in Introduction. Some in-
tegral membrane proteins, for instance the human
red cell anion and glucose transporters, may have
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several hydrophobic helices as basic structural ele-
ments, for example 12 as is the case for the murine
red cell anion and the human hepatocyte glucose
transporters [28,22]. It is tempting to speculate
that these helices might be included in a detergent
micelle. The deviant detergent binding and the
presence of sizeable carbohydrate moieties in in-
tegral membrane proteins affect gel filtration and
electrophoresis behaviour in different ways. In
fact, the electrophoretically estimated M, values
for the red cell anion and glucose transporters
appear to be nearly correct [12,28,22], whereas the
corresponding values from Superose 6-chromatog-
raphy are lower.

Washing of the Superose gel with 70% formic
acid (see Methods) seemed to expose some groups
with fairly high affinity for integral membrane
proteins and lipids. These groups were easily
saturable and presented no major problem.

Immunoblotting after fractionation of the in-
tegral membrane proteins (Figs. 6A and B) showed
that the silver-stained 4.5-region was heteroge-
neous; only the two upper thirds reacted with the
monoclonal antibodies which had been prepared
after immunization with a preparation of glucose
transporter. Reaction with other components in
the electrophoretic pattern could not be detected
(cf. Refs. 29 and 30), and the two sharp bands in
the lower part of the 4.5-material that were pre-
sent before chromatographic fractionation [12]
were not observed. The lower third of the 4.5-
material that did not react with our monoclonal
antibodies might correspond to part of the
nucleoside transporter.

Superose 6-chromatography proved to be effi-
cient for a final purification of the red cell glucose
transporter and revealed heterogeneity of the di-
mer as well as the monomer zones seen in one-di-
mensional electrophoresis (Fig. 7, cf. Ref. 12).
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