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Chromatofocussing was used for the separation of brush-border membrane proteins from calf kidney into 4 
or 5 fractions over the pH range 4.0 to 7.4. These fractions were reconstituted into proteoliposomes by 
gradient centrifugation. Determination of the sodium-dependent solute uptake by proteoliposomes recon- 
stituted from different chromatofocussed fractions showed that the sodium-D-glucose cotransport system was 
present in the fraction eluted between pH 5.3 and 5.8, and that the sodium-phosphate cotransport was present 
in fractions eluted between pH 4.6 and 5.3 and between pH 5.8 and 6.6, sodium-alanine cotransport, could be 
detected in almost all fractions. Marker enzymes of the brush-border membrane, such as alkaline phos- 
phatase, y-glutamyltransferase and aminopeptidase M etc. were also found to be eluted at pH 7.0-7.4,  
4.0-4.1 and 5.6-5.8,  respectively. These results suggest that chromatofocussing is a promising tool for the 
separation of membrane proteins and for pre-purification of the sodium-D-glucose cotransport system. It can 
be further concluded that the sodium-dependent phosphate transport across the brush-border membrane is 
not dependent upon alkaline phosphatase activity. 

Introduction 

Studies of isolated brush-border membranes 
from kidney and intestine [1-3] have shown that a 
variety of sodium-solute cotransport systems and 
enzymes are present in these membranes. On SDS 
gels, complex polypeptide patterns are visible when 
stained with Commassie blue R or Amido black 
[4-6]. In order to isolate the sodium-D-glucose 
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cotransport system, an affinity chromatographic 
method utilizing phlorizin has been introduced [4] 
based on the high affinity of phlorizin for the 
sodium-D-glucose cotransport system [7]. How- 
ever, only a partial purification of the sodium-de- 
pendent D-glucose transport activity has been 
achieved [4]. Since the D-glucose transport proteins 
represent only about 0.1% of the total membrane 
protein a K D of 1.2 /~M for phlorizin for the 
sodium-D-glucose cotransport system [8] appears 
to be too low to allow a one-step purification of 
the system by affinity chromatography on the 
phlorizin polymer. 

In the present study we have used chromatofo- 
cussing to pre-purify the sodium-D-glucose 
cotransport protein of brush-border membranes in 
the presence of a non-ionic detergent, fl-octyl- 



glucoside. Fractions thus obtained during the 
chromatofocussing were then reconstituted into 
proteoliposomes using a gradient centrifugation 
method described by Brethrs and his co-workers 
[9]. This reconstitution method is faster and more 
reproducible than the classic dialysis method [10]. 

As described here, reconstitution of chro- 
matofocussed fractions into artificial liposomes by 
using the centrifugation method served as a useful 
tool to study the sodium-dependent transport ac- 
tivities. 

Materials and Methods 

Chemicals. D-[3H]Glucose, fl_[3H]octylgluco_ 
side, L-[14C]alanine and [33P]phosphate were 
purchased from New England Nuclear. fl-Octyl- 
glucoside was synthesized in our laboratory [11]. 

Membrane preparation. Brush-border mem- 
branes were prepared from calf kidney cortex using 
the calcium-precipitation method described previ- 
ously [12]. The D-glucose uptake of the membranes 
in a sodium gradient (100 mM NaSCN) showed an 
overshoot of 450% versus equilibrium. 

Enrichments of marker enzymes, such as al- 
kaline phosphatase, aminopeptidase M and y- 
glutamyltransferase were found to be 11-, 14- and 
11-fold, respectively. 

Chromatofocussing. Brush-border membranes 
were solubilized in 20 mM Hepes-Tris buffer (pH 
7.4), containing 1% fl-octylglucoside at 4°C for 
one hour. The ratio of detergent to membrane 
protein was 4:1  (w/w) as described previously 
[11]. Residual non-solubilized protein was re- 
moved by centrifugation at 100000 x g for 1 h. In 
previous studies, no D-glucose transport activity 
was found in the pellet fraction; therefore it was 
discarded. The supernatant was then subjected to 
chromatofocussing. An ion-exchange column (15 
cm × 1 cm) of type PBE-94 (Pharmacia Co.) was 
pre-equilibrated with a starting buffer (20 mM 
imidazole-HC1, 0.1% azide, 0.5% fl-octylglucoside, 
pH 7.4 at 4°C). Before applying the solubilized 
protein to the column, approx. 6 ml of limit buffer 
(Poly-buffer 74, Pharmacia Co., 1 : 8 dilution with 
water, 0.5% fl-octylglucoside, adjusted pH 4.0 at 
4 °C with HCI) was pumped to the column, there- 
after protein (60 mg) was applied to the column, 
and the column was eluted with the limit buffer. 
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The pH in the effluent was assessed at intervals 
during the chromatography process by a pH-sensi- 
tive electrode. The appearance of protein was fol- 
lowed by an UV-monitor (280 nm wavelength). 
The chromatofocussing was considered complete 
when the effluent pH was 4 and no further protein 
absorption was noted. 

Reconstitution. For the reconstitution a slight 
modification of the centrifugation method de- 
scribed by Brethrs and co-workers [9] was used. 
Fractions obtained from chromatofocussing were 
reconstituted separately into artificial liposomes. A 
discontinuous sucrose gradient (dissolving various 
amounts of solid sucrose in a 20 mM Hepes-Tris 
buffer (pH 7.4), containing 100 mM NaC1, 0.1 
mM Ca 2÷ and Mg 2÷) was formed as follows: 
starting from the bottom of a 15 cm centrifuge 
tube, 2 ml of 60% sucrose; 3 ml of 40% sucrose 
involving liposomes (5 mg lipid/ml), prepared 
from asolectin/cholesterol (see below); 1 ml of 
20% sucrose containing 0.1% fl-octylglucoside; 9 
ml of 10% sucrose containing 1% fl-octylglucoside 
and 10 mM sodium borate. Protein from fractions 
obtained during chromatofocussing (fraction 1 to 
4) or membrane crude extract (fraction 0) was 
mixed into the 10% sucrose zone at a level of 0.5 
mg/ml.  In order to detect the distribution of 
detergent (fl-octylglucoside) after reconstitution, 5 
/~ Ci of r-J3 H]octylglucoside (0.1 mCi/ml)  was also 
added to the 10% sucrose zone before centrifuga- 
tion. 

Samples in the sucrose gradient were then 
centrifuged at 200000 × g for 20 h at 10°C. After 
centrifugation, sequential I ml fractions were taken 
starting from the top of the tube. Fractions 11 to 
13 with maximal turbidity and the highest protein 
content as shown in Fig. 3 were collected, com- 
bined, and diluted with a large excess amount of 
vesicle-buffer (200 mM mannitol /20 mM Hepes- 
Tris (pH 7.4)). The proteoliposome suspensions 
were centrifugated at 160000 x g for 1 h, and 
resulting pellets were again resuspended in a small 
amount of vesicle buffer and stored at - 8 0 ° C  
before peorforming the transport assay. 

Preparation of liposomes. Purified asolectin [4] 
and cholesterol (20% in wt.) were dissolved in 
chloroform (10 mg/ml),  the chloroform was then 
evaporated under high vacuum (0.01 Torr) at 
40°C. The solvent-free lipid mixture was sus- 
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pended in a Hepes-Tris buffer (20 mM, pH 7.4) to 
give a final lipid concentration of 45 m g / m l .  Two 
sonications of 3 min each with a 1 min interval, 
were carried out with a cell disrupter, model W-220 
F (Heat System, Ultrasonic Inc.) at 8°C. The 
suspension was centrifuged at 30000 x g for 15 
min. The liposomes were then centrifuged at 
100 000 x g for 1 h and the pellet resuspended in 
the vesicle buffer. 

Protein and enzyme assays. Protein concentra- 
tions in chromatofocussed fractions and in proteo- 
liposomes were determined according to Lowry et 
al. [13]. Protein content of the sucrose gradient 
fractions were determined by the biuret method 
(Bio-Rad Laboratories, CA, U.S.A.). Alkaline 
phosphatase (EC 3.1.3.1), aminopeptidase M (EC 
3.4.11.2.) and y-glutamyltransferase (EC3.2.2.2.) 
were measured as described previously [4]. 

Transport studies. Sodium-dependent D-glucose, 
phosphate, and Dalanine uptake by membrane 
vesicles and proteoliposomes were determined un- 
der gradient conditions using the millipore filtra- 
tion technique [14]. Millipore filters of pore size 
0.22 /~m and 0.45 ~m, type GSWP were used in 
the transport studies with membrane vesicles and 
proteoliposomes, respectively. 

Results 

The chromatofocussing profile of the solubi- 
lized calf brush border membrane (in 1% fl-oc- 
tylglucoside) is shown in Fig. 1. A linear pH-gradi- 
ent of 7.4-4.3 was formed during the chro- 
matofocussing. Routinely, four or five protein 
fractions, monitored at 280 nm wavelength, could 
be collected. In order to maintain the biological 
activity, the pH of the collected fractions were 
adjusted to 7.4, and the fractions were kept at 
- 8 0  o C for further use. The total protein recovery 
was between 45 and 70%, depending on the col- 
umn conditions. Also resolution of the ion-ex- 
change column could be altered in a small extent if 
a larger column (30 cm x 1.2 cm) was used instead 
of the regular one (15 cm x 1.0 cm) and the similar 
amount  of solubilized membrane proteins was sub- 
jected. Under  this condition, five fractions were 
obtained (Table I). Most of the protein (30 to 40%) 
was recovered in the first fraction, which was 
eluted between pH 6.8 and 7.4. The distribution of 
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Fig. 1. Chromatofocussing of renal brush-border membrane 
proteins between pH 4 and 7.4. Membrane crude extracts (60 
mg protein) of fl-octylglucoside in 20 mM Hepes-Tris buffer 
(pH 7.4) were applied to a PBE -94 column (15×1 cm) 
pre-equilibrated with 25 mM imidazole buffer (pH 7.4 at 4 o C) 
containing 0.5% fl-octylglucoside. Protein fractions were eluted 
with the limit buffer (Polybuffer 74, pH 4.0, Pharmacia) con- 
taining 0.5% fl-octylglucoside with an elution rate of 6 ml/h; 5 
ml in each tube was collected. 

protein in the various chromatofocussed fractions 
during chromatofocussing is shown in Table I and 
II. Electrophoresis of the fractions on SDS-gradi- 
ent gels (4/30% gel, Pharmacia), at pH 5.6 showed 
significant differences in the polypeptide pattern 
between the fractions (Fig. 2). An actin-like band 
(43 kDa) was mainly found, for example, in frac- 
tion 2. Bands between 50 kDa and 60 kDa were 
visible in fraction 3, which was found to contain 
D-glucose transport activity (see below). 

In order to examine specific transport proteins, 
fractions obtained during the chromatofocussing 
were incorporated into artificial liposomes. The 
sodium-dependent transport activity of D-glucose, 
phoshate and L-alanine of each fraction was de- 
termined. As shown in Fig. 3, after centrifugation, 
a continuous sucrose gradient was obtained. The 
turbidity maximum which indicates the presence 
of proteoliposomes and the protein absorption 
maximum were identicial, indicating an incorpora- 
tion of protein into the liposomes fractions. Ap- 
proximately 70% of the initial protein in the 10%- 
gradient fraction was found under the peak area 
(in the region between 20 to 30% sucrose). In 
contrast, most of the detergent, indicated by fl- 
[3H]octylglucoside, remained in the upper part  of 
the gradient. In other words, only a small amount 
of fl-octylglucoside was incorporated into the pro- 
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TABLE I 

DISTRIBUTION OF BRUSH-BORDER (CALF KIDNEY) ENZYME ACTIVITIES ( m U / m g  PROTEIN) DUR ING CHRO- 
MATOFOCUSSING 

Solubilized brush border membrane protein (71 mg) was subjected to a PBE-column (30 cm × 1.2 cm) that was pre-equilibrated with 
the starting buffer containing 0.5% fl-octylglucoside. Aliquots of membrane crude extract (fraction 0) and fractions obtained at 
different pH ranges during chromatofocussing (fractions 1 to 5) were taken for enzyme assay. Data in parentheses show the protein 
recovery and the enrichment of enzyme activity, respectively. After chromatofocussing the pH of the protein fractions was adjusted to 
7.4. 

Fraction pH Protein (mg) Enzyme activity 

No. Alkaline Aminopeptidase M 7-Glutamyl- 
phosphatase transferase 

0 7.4 71 667 471 2580 
(100%) (1.00) (1.00) (1.00) 

1 7.0-7.4 27 584 253 1672 
(38%) (0.87) (0.54) (0.65) 

2 6.5-7.0 1.6 0 242 332 
(5.9%) - (0.51) (0.12) 

3 5.6-5.8 0.4 0 1657 727 
(1.4%) - (3.51) (0.28) 

4 4.9-5.3 0.75 0 856 500 
(2.7%) - (1.81) (0.19) 

5 4.0-4.1 1.15 0 413 10937 
(4.4%) - (0.87) (4.23) 

Recovery 44% 33.4% 27% 32% 

MR 

220 K 

94 K 

- 67K 
60 K 

43 K 
30 K 

" 20K 

0 I 2 3 4 
Fig. 2. Gradient SDS-gel (4/30% polyacrylamide gel) pattern. 
Electrophoresis was carried out in 10 mM sodium acetate/acetic 
acid buffer (pH 5.0), containing 2 mM Na-EDTA and 0.2% 
SDS. Samples were solubilized in 5% mercaptoethanol, 8% SDS 
and 20 mM Tris-HCl (pH 8.0) at 60 o C for 30 min. Approxi- 
mately 80-100 ~g protein per sample were applied to the gel: 

teoliposomes. The turbid fractions (proteo- 
liposomes fractions) were collected, diluted with a 
large excess of vesicle-buffer (10- to 30-fold dilu- 
tion) and sedimented at 150000 x g for 1 h. After 
resuspension, the proteoliposomes did not contain 
measurable 3H (i.e., were free of detergent). 
Freeze-fracture of proteoliposomes showed a 
monolaminar structure and particles indicating an 
effective incorporation of protein (fig. not shown). 
The D-glucose uptake by proteoliposomes de- 
creased linearly with increased osmolarity, varied 
from the external medium, indicating the presence 
of an intravesicular space and a translocation of 
D-glucose across the lipid bilayer of proteolipo- 
somes [15]. However, the size of proteoliposomes 
was found to be heterogeneous and ranged be- 
tween 0.2 to 1.0 /~m. This heterogeneity may be 
due to a different lipid/protein ratio in the proteo- 
liposomes. 

The initial sodium dependent uptake of D-glu- 
cose, L-alanine and phosphate by proteoliposomes 

0, membrane crude extract; 1, fraction between pH 6.8 and 7.4; 
2, fraction between pH 6.3 and 6.8; 3, fraction between pH 5.5 
and 6.3; 4, fraction between 4.0 and 5.5. 
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TABLE II 

SODIUM-DEPENDENT SOLUTE-UPTAKE BY PROTEOL1POSOMES RECONSTITUTED FROM FRACTIONS DURING 
CHROMATOFOCUSSING 

1. Proteins of one representative run of chromatofocussing on the PBE-column (15 cm × 1.0 cm) were used for the reconstitution. 2. 
Solute-uptake (glucose, L-alanine and phosphate) after 30 s incubation in the transport medium was performed under gradient 
conditions in the presence of 100 mM KNO 3 or NaNO 3 and either with 0.1 mM D-glucose, or 0.1 mM L-alanine or 0.5 mM 
phosphate. 3. Data represent the means_+S.D, of triplicate measurements. 4. Sodium-dependent uptake represents the difference 
between uptake in the presence of NaNO 3 and of KNO 3. 5. Data in parenthesis indicate the recovery of activity calculated on the base 
of protein recovery of fractions. 

Fraction Protein pH Protein D-Glucose L-Alanine Phosphate 
(recovery (mg/ml)  in ( p m o l / m g / 3 0  s) ( n m o l / m g / 3 0  s) (nmol /mg/30  s) 
%) proteoliposomes 

0 100 7.4 0.42 71 __+ 2.65 (100) 4.6 __+ 0.24 (100) 13.6 __+ 0.78 (100) 
1 40 6.6-7.4 0.98 7__+1.4 (3.9) 1.3__+0.21 (11.1) 6.1__+0.46 (17.9) 
2 5 5.8-6.6 0.2 84 __+ 3.5 (5.9) 4.6 __+ 0.32 (5.0) 26.2 __+ 1.04 (9.6) 
3 5.5 5.3-5.8 0.24 638__+8.62 (49.4) 4.7_+0.35 (5.6) 16.2_+1.23 (6.5) 
4 28.3 4.6-5.3 0.29 126_+6.58 (35.3) 4.4_+0.28 (26.8) 27.9_+2.50 (58.0) 

reconstituted from different protein fractions was 
evaluated as the difference in uptake in the pres- 
ence of sodium and potassium under concentra- 
tion gradient conditions as described in Methods 
and are summarized in Table II. Sodium-depen- 
dent D-glucose uptake was found to be highest in 
the chromatofocussing fraction obtained between 
pH 5.3 and 5.8, while proteins obtained at a pH 
above 5.8 showed only minimal D-glucose trans- 
port activity. The former fraction contained only 
2-5% of the total protein applied to the column. 
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Fig. 3. Profile of the sucrose gradient after centrifugation. After 
centrifugation 1 ml fractions were taken, starting from the top 
of the centrifugation tube. Turbidity of the fractions were 
measured using a fluorescence spectrophotometer (Perkin Elmer 
650-40). The wave length of excitation/emission was 450/450 
nm. The sucrose gradient was determined in terms of the 
refraction indices at 22 ° C, using the ABBE-3L refractometer 
(Baush and Lomb). 100 /~1 of each sample were mixed with 2 
ml scintillation liquid and the radioactivity in the samples was 
determined as counts per minute (cpm). The initial protein 
level (approx. 0.5 mg/ml)  is indicated by the arrow. 

The sodium-dependent phosphate uptake was 
found to be present in the fraction eluted between 
pH 5.8 and 6.6, and in the fraction obtained at pH 
4. This result suggests the possible existence of two 
phosphate transport systems or of two different 
forms (monomer-dimer) of one transport system, 
with different charge characteristics, in the brush- 
border membrane. 

The sodium-dependent L-alanine uptake was 
present in all the other three protein fractions 
shown in Table II, except the fraction obtained 
above pH 6.6. This behaviour might reflect the 
multiplicity of transport systems for neutral amino 
acids in the brush-border membrane [3]. 

The results shown above indicate that most of 
the sodium cotransport proteins may have a nega- 
tive charge under physiological conditions (pH 
7.4), confirming the suggestion of Semenza et al. 
[16], Crane and Dorando [17] and Hilden and 
Sacktor [18] that the sodium-D-glucose cotransport 
system carries a net negative charge that may 
facilitate the suger transport process. 

Analysis of the enzymatic activities of each 
fraction, as shown in Table I, reveals that alkaline 
phosphatase is localized in the protein eluted be- 
tween pH 7.0 and 7.4, whereas phosphate trans- 
port was found in other fractions as mentioned 
above. This result indicates that different molecu- 
lar entities catalyze phosphatase activity and phos- 
phate transport. In accordance with this finding, 
Dousa and his associates [19] found that no effect 



on the sodium-dependent phosphate transport ac- 
tivity was observed when alkaline phosphatase was 
removed from the brush-border membranes iso- 
lated from the kidneys of rabbits kept on normal 
Pi (inorganic phosphate) diet. 

Aminopeptidase M was found in the fractions 
eluted between pH 5.0 and 6.0, and the activity of 
"~-glutamyltransferase was enriched in the fraction 
eluted at pH 4.0. 

Discussion 

We have demonstrated that an effective separa- 
tion of functional proteins of brush-border mem- 
branes can be achieved between pH 7.4 and 4.0 by 
chromatofocussing in the presence of fl-octyl- 
glucoside, fl-Octylglucoside has a relatively high 
critical micell concentration (about 27 mM) [20] 
and the solubilization of membranes by fl-octylg- 
lucoside is not affected by pH [21]. These two facts 
lead to a low interference of fl-octylglucoside on 
the interaction between proteins and ion-ex- 
changer over a wide pH-range during chro- 
matofocussing. A control experiment showed that, 
for example, albumin was eluted at the same pH 
range (pH 4.5 to 5.5) from the chromatofocussing 
column in the presence and absence of fl-octyl- 
glucoside (data not shown). 

In a previous study [11], we demonstrated that 
most of membrane lipids were found in the super- 
natant after solubilization of brush border mem- 
branes with octylglucoside. Because of the high 
lipid content of this supernatant membrane pro- 
teins may not be separated strictly in order of their 
isoelectric points. Even so, useful separation of 
membrane proteins was achieved. Results of chro- 
matofocussing indeed were reproducible in five 
independent runs. 

The total recovery of protein during chro- 
matofocussing can be affected by the size of ion- 
exchange column. While running chromatofocuss- 
ing on a 15 cm x 1.0 cm column gave a 80% of 
protein recovery (Table II), only 44% recovery was 
obtained with a double length column (Table I). 
Taking loss of protein in the column into account, 
the recovery of alkaline phosphatase, amino- 
peptidase M and "t-glutamyltransferase was found 
to be 75%, 61% and 72%, respectively. An inactiva- 
tion of enzyme activity due to the low pH or the 
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possible removal of metal ions which are required 
for some enzymes in activated forms [22] could be 
the causes for the slight loss of enzyme activities. 
The total recovery of D-glucose and phosphate 
transport (see (Table II) are 95% and 92%, calcu- 
lated on the basis of the total protein recovery, 
providing another information about the enrich- 
ment of transport activities in some fractions ob- 
tained during chromatofocussing. The recovery of 
t-alanine was low and enrichment in the transport 
activity was observed in all fractions. Amino acid 
transport systems are more complicated by the 
fact that at least three different amino acid trans- 
port systems are present in the brush-border mem- 
brane. The L-alanine uptake might not be repre- 
sentative for the entire amino acid transport sys- 
tems. Another reason might be the sensitivity of 
the amino acid transporter to the pH-shift or to 
the possible removal of metal ions. 

Our primary purpose was to isolate the sodium- 
D-glucose cotransport system of the renal brush- 
border membrane [4]. A protein fraction enriched 
in the sodium-dependent (D-glucose transport ac- 
tivity was obtained (see Table II). This fraction 
represents only 2-5% of the total membrane pro- 
teins subjected to chromatofocussing, that is, more 
than 95 % of membrane proteins that are not related 
to the sodium-D-glucose cotransport were removed 
by chromatofocussing. Thus, it seems that chro- 
matofocussing in fact can be regarded as a power- 
ful tool to enrich the sodium-D-glucose cotrans- 
port system of the brush-border membrane. 

Another interesting finding is that the sodium- 
D-glucose cotransport protein that was eluted be- 
tween pH 5.3 and 5.8 should be negatively charged 
under physiological conditions, pH 7.4. The sodium 
coupled D-glucose translocation across the brush 
border membrane might be facilitated by this 
negative charge. We believe that this is a valuable 
insight for the understanding of the transport pro- 
cess across biomembranes. 
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