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Summary. Phloridzin-insensitive, Na+-independent D-glucose 
uptake into isolated small intestinal epithelial cells was shown to 
be only partially inhibited by trypsin treatment (maximum 20%). 
In contrast, chymotrypsin almost completely abolished hexose 
transport. Basolateral membrane vesicles prepared from rat 
small intestine by a Percoll | gradient procedure showed almost 
identical susceptibility to treatment by these proteolytic en- 
zymes, indicating that the vesicles are predominantly oriented 
outside-out. These vesicles with a known orientation were em- 
ployed to investigate the kinetics of transport in both directions 
across the membrane. Uptake data (i.e. movement into the cell) 
showed a K~ of 48 mM and a Vm~ of 1.14 nmol glucose/mg mem- 
brane protein/sec. Efflux data (exit from the cell) showed a lower 
Kr of 23 mM and a Vm~x of 0.20 nmol glucose/mg protein/sec, n- 
glucose uptake into these vesicles was found to be sodium inde- 
pendent and could be inhibited by cytochalasin B. The K, for 
cytochalasin B as an inhibitor of glucose transport was 0.11 /~M 
and the Ko for binding to the carrier was 0.08 /xM. D-glucose- 
sensitive binding of cytochalasin B to the membrane preparation 
was maximized with L- and D-glucose concentrations of 1.25 M. 
Scatchard plots of the binding data indicated that these mem- 
branes have a binding site density of 8.3 pmol/mg membrane 
protein. These results indicate that the Na+-independent glucose 
transporter in the intestinal basotateral membrane is functionally 
and chemically asymmetric. There is an outward-facing chymo- 
trypsin-sensitive site, and the Kt for efflux from the cell is smaller 
than that for entry. These characteristics would tend to favor 
movement of glucose from the cell towards the bloodstream. 
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Introduction 

The absorption of D-glucose across the epithelia of 
the small intestine is a two-stage process involving 
Na-dependent secondary active transport across 
the brush border and a Na-independent carrier- 
mediated diffusion mechanism located in the baso- 
lateral membrane. Considerable attention has been  
directed toward the Na-dependent carrier, while 
much less is known about the exit step in the net 
process of glucose absorption. Na-independent glu- 

cose transport by the intestine is sensitive to inhibi- 
tion by cytochalasin B [9], suggesting a similarity to 
the transporter found in nonepithelial cell types 
such as the erythrocyte and the adipocyte. Prelimi- 
nary evidence using isolated ceils [9] and purified 
basolateral membrane vesicles [19] indicates that 
the Kt for Na-independent glucose transport in the 
intestine is in the range of 35 to 55 mM. 

The detailed characteristics of Na-independent 
D-glucose transport in several nonepithelial cell 
types have been determined. In the red cell, the 
transporter is known to be functionally asymmetric, 
with a Kt for uptake into the cell of  t to 6 mM and a 
four- to 15-fold higher value for the Kt of efflux [8, 
13]. Further, it is thought that the red cell glucose 
transporter is oriented with a trypsin-sensitive site 
exposed on the inner (cytoplasmic) surface and a 
chymotrypsin-sensitive site exposed on the outer 
surface of the membrane [1, 3, 15]. Cytochalasin B 
is a potent inhibitor of D-glucose transport in the red 
cell, with a K/of  0.1 /XM [7]. The KD for D-glucose- 
inhibitable 3H-cytochalasin B binding is similar to 
the Ki for inhibition of transport and the measure of 
3H-cytochalasin B binding has proven to be useful 
for characterizing and quantifying D-glucose trans- 
port sites in red cells [11], adipocytes [17] and mus- 
cle cells [101. 

Recent observations have shown that Na-inde- 
pendent glucose transport across the intestine can 
be induced by hyperglycemia or streptozotocin-in- 
duced diabetes [4, 12]. These studies implicate the 
basolateral membrane as an important site for the 
regulation of intestinal glucose transport. However, 
the mechanism of induction, be it an increase in the 
number of functional transporters or an increase in 
the glucose translocation rate of individual trans- 
porters, is not known. 

Our objectives were to use isolated epithelial 
cells and purified basolateral membrane vesicles ob- 
tained from rat small intestine to (1) determine the 
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Fig. 1. D-glucose uptake into isolated intestinal epithelial cells at 
60, 90 and 120 sec. The incubation medium contained 1 mM L- 
and D-glucose and [3H] L-glucose and [~4C] D-glucose. Uptakes 
were performed at 37~ and the solutions were shaken at 90 
oscillations per rain. The points represent the mean values of net 
D-glucose uptake from four experiments. Open circles: control 
total uptake; filled circles, uptake in the presence of l mM 
phloridzin; filled triangles, uptake in the presence of l mM 
phloridzin + 100/d,M cytochalasin B. Error bars indicate SEM 

orientation of the D-glucose transporter in the baso- 
lateral membrane, (2) determine the kinetic parame- 
ters for D-glucose transport in both directions 
across the basolateral membrane, and (3) character- 
ize D-glucose-inhibitable 3H-cytochalasin B to the 
membrane. These experiments allow a comparison 
to be made between Na-independent D-glucose 
transport and cytochalasin B binding characteristics 
in nonepithelial cell types and the enterocyte, and 
they establish an assay procedure for the quantifica- 
tion of transporter in the basolateral membrane of 
the small intestine. 

Materials and Methods  

PREPARATION OF ISOLATED CELLS 

Cells were isolated from the whole jejunum and ileum using the 
technique of Watford et al. [18]. These were suspended in Krebs 
bicarbonate buffer containing 1 g % albumin and 5 mM glutamine 
as substrate. For the measurement of D-glucose uptake, all incu- 
bations were performed in the presence of L-glucose, which was 
used to estimate extracellular space and passive permeation. 1.0 
mM phloridzin was employed to block uptake across the brush- 
border membrane and cytochalasin B (100/~M) to block uptake of 
glucose across the basolateral membrane. Enzyme pretreatment 
experiments involved incubating 1 ml of cell suspension with 2 
ml of enzyme in the normal incubation medium at 37~ phlorid- 

zin was added 60 sec before determining uptake of glucose. Glu- 
cose uptake was initiated by adding 200/zl of 15 mM L- and D- 
glucose and ~4C D-glucose and 3H L-glucose. Uptakes were 
terminated by pouring the incubation medium containing the 
cells into 10 ml of ice-cold Krebs bicarbonate saline and centri- 
fuging for 3 rain at 1200 rpm. The supernatant was removed, the 
cells resuspended in 1 ml wash solution (Krebs saline at 4~ and 
an aliquot removed for protein determination before pelleting the 
cells. After removing the supernatant, 300 p~l of 0.05 N nitric acid 
was added to the cells, which were left for 1 hr before placing the 
plastic tube in a scintillation vial for liquid scintillation counting. 

At all stages of preparation and incubation, plastic contain- 
ers were employed to minimize cell clumping. 

PREPARATION 

OF BASOLATERAL MEMBRANE VESICLES 

Basolateral membrane vesicles (BLV) were prepared from rat 
small intestinal mucosal scrapings by differential centrifugation 
and final purification on a Percoll | gradient as described previ- 
ously [12]. The final BLV pellet showed a 17-fold enrichment in 
the specific activity of Na § with little contamination 
by brush-border or microsomal fractions [12]. 

TRANSPORT ACROSS B L V  

For Na-independent D-glucose transport assays, the final BLV 
pellet was resuspended in vesicle resuspension solution (125 mM 
KSCN, 2 mM Tris-HC1, pH 7.4) at a concentration of 8.4 mg 
protein/ml. 

Initial rates of D-glucose uptake across the vesicles were 
determined using 3-sec incubation periods. A 10-/zl drop of BLV 
and a 10-gl drop of uptake solution (125 mM KSCN, 2 mM Tris- 
HCI, pH 7.4, D-glucose + 3H-D-glucose) were placed in close 
proximity on the bottom of a polycarbonate tube. Uptake was 
initiated by vortexing the tube, and at the conclusion of the incu- 
bation period, 1.125 ml of ice-cold stop solution (125 mM NaC1, 2 
mM Tris-HC1, pH 7.4, 0. l mM HgCl2) was injected into the mix- 
ture and 1.0 ml of the diluted mixture was transferred to a cellu- 
lose acetate filter (0.45 tzm pore size). The filter was washed with 
5 ml ice-cold stop solution, then placed in a scintillation vial for 
liquid scintillation counting. Glucose actually held by the vesi- 
cles was calculated by correcting for 3H-D-glucose retained on 
the filter in the absence of vesicles. 

To measure D-glucose efflux, BLV's were preloaded with 
D-glucose and 3H-D-glucose during an overnight incubation at 
0~ The final concentration of preloaded vesicles was 8.4 mg 
protein/ml. A zero-time sample was taken by placing a 10-/A 
drop of preloaded B LV on the side of a plastic culture tube above 
the fluid line of 500 gl of ice-cold stop solution. The tube was 
then vortexed, the contents immediately transferred to a cellu- 
lose acetate filter and the glucose content of the vesicles deter- 
mined as described for uptake. Efflux samples were determined 
by placing 10 gl of preloaded BLV above 500/zl of room temper- 
ature vesicle resuspension solution. The tube was then vortexed 
for the required period of efflux and BLV glucose content was 
determined. 

3H-CYTOCHALASIN B BINDING TO B L V  

Cytochalasin B binding assays were performed using a modifica- 
tion of the technique of Cushman and Wardzala [5] as applied to 
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Table 1. Effect of trypsin and chymotrypsin pretreatment on phloridzin-insensitive D-glucose uptake into isolated enterocytes a 

Control Trypsin Chymotrypsin 

Enzyme activity (U/ml) Enzyme activity (U/ml) 
40,000 80,000 120,000 160,000 200 400 600 800 

3.60 • 0.44 2.87 • 0.76 2.91 • 0.55 3.22 • 0.60 2.92 • 0.37 2.15 • 0.17" 0.79 • 0.49** 0.88 • 0.34** 0.58 • 0.42*** 
% 100 80 81 89 81 60 22 24 16 

a Isolated enterocytes were incubated with trypsin or chymotrypsin for 5 min before measuring D-glucose uptake in the presence of 1 
mM phloridzin. Uptake (nmol/mg protein) was measured using a 2-rain incubation period and L-glucose was employed to correct for 
extracellular space and passive permeation. Values are the means of four experiments -+ SEM. t-tests showed means were significantly 
different at P < *0.05, *'0.01 or **'0.001. 

adipocytes. BLV's  were resuspended in 250 mM mannitol and 2 
mM Tris-HCl, pH 7.4, at a concentration of 4.0 mg BLV protein/ 
ml. For each determination of D-glucose-inhibitable 3H-cytocha- 
lasin B binding, matching assays were carried out in the presence 
of L-glucose and D-glucose. A 10-min glucose preincubation pe- 
riod was initiated by transferring (i) 200 /zl BLV to 500 /zl L- 
glucose solution (L-glucose and cytochalasin E as required, 2 mM 
Tris-HC1, pH 7.4), and (ii) 200 ~l BLV to 500/xl D-glucose solu- 
tion (D-glucose and cytochalasin E, 2 mM Tris-HCl, pH 7.4). 
After the preincubation period, 50/xl of 3H-cytochalasin B solu- 
tion (3H-cytochalasin B and ~4C-urea as required [3H/I4C cpm 
ratio = 2 : 1], 2 mM Tris-HCl, pH 7.4) were added to each of the 
L-glucose and D-glucose incubation mixtures. Triplicate samples 
of 25 ~1 were removed from each mixture and added directly to 
scintillation vials to determine total 3H and ~4C dpm. Aliquots of 
3 x 200/zl were then transferred from each mixture to a total of 
six airfuge tubes and the tubes were loaded into a six-well rotor 
and centrifuged for 30 min at 30 PSI in a Beckman airfuge (Beck- 
man Instruments). For each airfuge tube, duplicate 25-/xl sam- 
ples of supernatant were transferred to scintillation vials and the 
remaining supernatant was removed by aspiration. Fifty ~1 of 1.0 
M NaOH was added to dissolve the pellet and the tube was 
placed in a drying oven for 1 hr. The dissolved pellet was neutral- 
ized with HC1 and the airfuge tube and contents were placed in a 
scintillation vial. 3H and ~4C dpm were determined by liquid scin- 
tillation counting for total, supernatant and pellet samples, pmol 
of cytochalasin B bound to BLV was calculated after correcting 
for unbound 3H-cytochalasin associated with the pellet by using 
~4C-urea as a nonbinding aqueous space marker. 

MATERIALS 

Protein was determined using the Sigma assay kit following the 
method of Bradford [2]. 

3H-D-glucose, 14C-D-glucose, 3H-L-glucose, 3H-cytochalasin 
B and ~4C-urea were purchased from Amersham. Cytochalasin 
B, cytochalasin E, D-glucose, L-glucose, trypsin and chymotryp- 
sin were purchased from Sigma Chemical Company. 

for extracellular space and diffusion. One mM 
phloridzin was able to inhibit a sizeable component 
of the uptake, but the remaining uptake could be 
abolished by 100/xM cytochalasin B. This indicates 
that the phloridzin-insensitive uptake represents 
transport across the basolateral membrane (see also 
vesicle data below). 

Pretreatment of the cells for 5 rain with varying 
concentrations of trypsin and chymotrypsin had 
markedly different effects. Trypsin may have 
caused a marginal (10 to 20%) inhibition of phlorid- 
zin-insensitive D-glucose uptake, although this ef- 
fect was not statistically significant at any one con- 
centration. In contrast, chymotrypsin at only 200 
units/ml reduced uptake by 40%, and at 400 to 800 
units/ml transport was reduced to 20% of control 
values (Table 1). 

D-GLUCOSE TRANSPORT ACROSS PURIFIED 

BASOLATERAL MEMBRANE VESICLES 

Previous work in this laboratory established condi- 
tions for measuring the initial rate of Na-indepen- 
dent D-glucose uptake across purified BLV [12]. D- 
glucose was shown to equilibrate into an 
osmotically active intravesicular space with no sig- 
nificant binding to the membrane. Incubation peri- 
ods of 3 sec or less gave consistent estimations of 
the initial rate of D-glucose uptake across BLV. 

Figure 2 shows the time-course for Na-indepen- 
dent D-glucose efflux from preloaded BLV. In sub- 
sequent experiments a 10-sec incubation period was 
used to measure initial rates of D-glucose efflux. 

R e s u l t s  

D-GLUCOSE UPTAKE BY ISOLATED CELLS 

F i g u r e  1 s h o w s  t h e  u p t a k e  o f  D - g l u c o s e  i n t o  t h e  

i s o l a t e d  c e l l s  o v e r  a p e r i o d  o f  2 m i n  a f t e r  c o r r e c t i n g  

Sidedness of BL V Preparation 

We designed experiments to determine the sided- 
ness of our BLV preparation by measuring the sus- 
ceptibility of glucose uptake to inactivation by tryp- 
sin versus chymotrypsin. Preliminary experiments 
established a range of enzyme concentrations which 
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Fig. 2. Time-course of D-glucose efflux from 
preloaded BLV. BLV were prepared, 
preloaded with D-glucose + 3H-D-glucose 
(final concentration = 2.0 mM), and efflux was 
performed as described in Materials and 
Methods. The points represent the mean -+ 
standard error of triplicate determinations at 
each of the indicated periods of efflux 
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Fig. 3. Effect of chymotryptic and tryptic digestion of basola- 
teral membrane vesicles on the initial rate of carrier-mediated D- 
glucose uptake. For a given experiment, BLV's were preincuba- 
ted for 5 min with control, cytochalasin B or enzyme-containing 
solutions. The final concentrations in the various digestion mix- 
tures were as follows: BLV, 8.4 mg protein/ml; cytochalasin B, 
25 /zM; trypsin and chymotrypsin, as indicated. Triplicate D- 
glucose uptakes were performed as described in Materials and 
Methods on each digestion mixture using a final concentration of 
2.0 mM D-glucose + 3H-D-glucose. Carrier-mediated uptake was 
calculated by correcting for the diffusion component of total up- 
take as determined in the presence of excess cytochalasin B and 
the results were expressed as a percentage of the initial rate 
across control vesicles. The data points indicate the means and 
standard error obtained from four preparations of BLV 

caused a specific inactivation of  transport after a 5- 
min digestion period. Longer  incubation periods 
(>30 min) or excessive concentrations of enzyme 
resulted in a nonspecific deterioration of the vesi- 
cles. 

Figure 3 shows the effects of varying concentra- 
tions of  trypsin and chymotrypsin on the initial rate 
of  transport-mediated D-glucose uptake when ex- 

pressed as a percentage of uptake across control 
vesicles. Chymotrypt ic  digestion (100 to 250 units/ 
ml) caused an 80% inactivation of transport, while 
tryptic digestion resulted in an average loss of 15% 
of D-glucose transport activity in the four batches of 
BLV tested. 

Kinetic Parameters of  D-Glucose Transport 
Across BL V 

The initial rate of  o-glucose uptake across BLV is 
composed of transport plus noncarrier-mediated 
diffusion. Figure 4 shows a Hofstee transformation 
of  initial rate data illustrating the two components 
of  total uptake. At D-glucose concentrations over 25 
mM, transport-mediated uptake is saturated. Prein- 
cubating the vesicles with 25 /J,M cytochalasin B 
abolished transport  and allowed for an estimate of 
noncarrier-mediated diffusion. After correcting for 
diffusion, the kinetic parameters of Na-independent 
o-glucose transport were determined using the Hof- 
stee transformation. This plot gives a Vmax of  0.87 -+ 
0.06 nmol glucose/mg BLV protein/sec and a Kt of 
35 --- 3 mM o-glucose. 

Table 2 summarizes the data obtained from four 
separate determinations of  Kt and Wma x for trans- 
port-mediated D-glucose uptake and efflux across 
BLV. These experiments indicate an asymmetry in 
D-glucose transport  with a twofold higher Kt and a 
fivefold higher V m a  x for flux in the uptake direction. 

Ki for Cytochalasin B Inhibition of  Transport 

The previous experiments indicate that cytochala- 
sin B is an effective inhibitor of D-glucose transport 
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Table 2. Kinetic parameters of carrier-mediated D-glucose trans- 
port across BLV 

Expt. # Uptake a Expt. # Eff]ux b 

Kt Vmax Kt Vmax 
(mM) (nmol/ (mM) (nmol/ 

mg/sec) mg/sec) 

1 36 870 1 28 197 
2 54 1232 2 21 200 
3 56 1429 3 19 185 
4 46 1011 4 22 231 
X •  SE 48 • 5 1138 • 141 X •  SE 23 • 2 203 • 11 

Fig. 4. Hofstee plot of initial rates of D-glucose uptake across 
BLV. A series of uptake media were prepared containing D- 
glucose + 3H-D-glucose to give final concentrations, after mixing 
with the vesicles, of 125, 100, 75, 50, 25, 10, 5 mM D-glucose. 
Mannitol was added to the uptake media such that in all cases the 
final concentration of D-glucose + mannitol equaled 125 mM. 
Triplicate initial rate determinations were made for each uptake 
media across control BLV and BLV pretreated for 5 min with 25 
~M cytochalasin B. The filled circles represent the Hofstee trans- 
formation of the mean values obtained across control BLV and 
the open circles represent the carrier-mediated component of 
uptake after correcting for unsaturable diffusion as determined in 
the presence of excess cytochalasin B 

across  BLV.  F igure  5 shows a Dixon  plot of  cyto-  
cha las in  B c o n c e n t r a t i o n  versus  the initial  rate of 
t r a n s p o r t - m e d i a t e d  up take  of 1.0 and  2.5 mM o-glu- 
cose.  The  X-va lue  at the po in t  of  in te r sec t ion  of the 
two l ines is an  es t imate  of  - K ;  for the inhibitor�9 
F r o m  this expe r imen t ,  the Ki for cy tocha las in  B as 
an inh ib i to r  of  o -g lucose  t r anspor t  is 0.11 /zM. 

CHARACTERISTICS OF 3H-CYTOCHALASIN B 

BINDING TO B L V  

3H-cytocha las in  B b ind ing  has p r o v e n  to be a useful  
me thod  for charac te r iz ing  and  quan t i fy ing  the o-  
g lucose  t r anspo r t e r  in n u m e r o u s  cell types  such as 
the red cell and  the ad ipocyte .  We  found  that  cyto-  
cha las in  B is a po t en t  inh ib i to r  o f  t r anspor t  across  
B L V  and  hence  we set out  to deve lop  a 3H-cytocha-  
lasin B b ind ing  assay  us ing  BLV.  

In  o rder  to e n s u r e  that  3H-cytochalas in  B bind-  
ing does  r ep re sen t  a rel iable  es t imate  of o -g lucose  
t r anspo r t e r  sites, a n u m b e r  of  essent ia l  cr i ter ia  mus t  
be es tab l i shed .  Firs t ,  3H-cytochalas in  B is k n o w n  to 
in te rac t  with mul t ip le  c lasses  of  b ind ing  sites, in- 
c luding  the o -g lucose  t ranspor te r .  It  is poss ib le  to 
se lec t ive ly  inhib i t  b ind ing  to the D-glucose t rans-  
por te r  by  the add i t ion  of D- bu t  no t  L-glucose. By 
sub t rac t ing  3H-cytocha las in  B b ind ing  in the pres-  
ence  of  D-glucose f rom total  b ind ing  in the p resence  
of  L-glucose,  it is poss ib le  to ca lcula te  D-glucose- 

a Kinetics of carrier-mediated D-glucose uptake across BLV 
were determined on each of four batches of vesicles as described 
in Fig. 4. 
b Initial rates of D-glucose efflux from preloaded BLV were de- 
termined as described in Materials and Methods using a 10-sec 
efflux period. Vesicles were preloaded with the same concentra- 
tions of D-glucose + 3H-D-glucose as used for the uptake experi- 
ment in Fig. 4. Carrier-mediated efflux was calculated by cor- 
recting for diffusion and the kinetic parameters were determined 
on each of four batches of BLV as described for kinetics of 
uptake. 
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Fig. 5. Dixon plot of the effect of cytochalasin B on the initial 
rate of 1.0 and 2.5 mM carrier-mediated D-glucose uptake across 
BLV. Vesicles were preincubated for 5 min at the indicated con- 
centrations of cytochalasin B and initial rates of carrier-mediated 
uptake were determined as described in Fig. 3. Each point repre- 
sents the mean value obtained from four determinations of car- 
der-mediated uptake 

inh ib i tab le  3H-cytochalas in  B b inding.  In  order  to 
es tab l i sh  that  o -g lucose - inh ib i t ab le  3H-cytochalas in  
B b ind ing  does not  unde re s t ima te  the n u m b e r  of  
t r anspor te r s ,  it is neces sa ry  to de t e rmine  the con-  
cen t r a t ion  of  D-glucose that  causes  comple te  satu- 
ra t ion (i.e. maximal  inhibi t ion)  of the b ind ing  sites. 
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Table 3. Effect of  cytochalas in  E on the binding of  0.1 /zM 3H- 
cytochalasin to BLV 

Cyt  E (/./,M) Bound cytochalas in  B a L-D 
(pmol /mg  BLV protein) 

L-glucose D-glucose 

0.00 25.97 -+ 1.28 21.86 -+ 1.21 4.11" 
0.50 22.44 -+ 1.13 19.42 _+ 1.31 3.02 
1.00 20.79 -+ 1.02 16.36 -+ 1.04 4.43* 
2.50 18.82 -+ 1.05 14.22 -+- 1.04 4.60* 
5.00 16.20 -+ 0.67 13.61 -+ 1.01 2.58 

10.00 11.65 -+ 0.62 12.35 _+ 0.55 - 0 . 7 0  

Figure 7 shows a Scatchard plot of D-glucose- 
inhibitable 3H-cytochalasin B binding data obtained 
from three separate preparations of BLV. In each 
experiment, four concentrations of 3H-cytochalasin 
B were used and ancova analyses of the regression 
lines for bound versus bound/free indicate no signifi- 
cant differences between preparations. When the 
data were grouped and a single regression plotted, 
the number of o-glucose-inhibitable 3H-cytochala- 
sin binding sites was found to be 8.3 -+ 1.1 pmol/mg 
BLV protein and the Ko of 3H-cytochalasin B bind- 
ing is 0.08 + 0.02/~M. 

a Binding de termined in the presence of  1.25 M L- or D-glucose 
with various concentra t ions  of cytochalasin E added to the incu- 
bation media.  Values represent  the mean  -+ s tandard error of  a 
triplicate determinat ion under  the indicated conditions.  
* Statistically significant L- D-glucose calculation (P < 0.05). 

Further, it is possible to improve the efficiency of 
the assay by the addition of cytochalasin E, an ana- 
log of cytochalasin B, to the incubation media. Op- 
timal concentrations of cytochalasin E act to de- 
crease 3H-cytochalasin B binding to sites other than 
the D-glucose transporter. 

Table 3 shows the effects of various concentra- 
tions of cytochalasin E on the binding of 0.1/ZM 3H- 
cytochalasin B to BLV in the presence of L- and D- 
glucose. Ten /ZM cytochalasin E caused a 50% 
decrease in 3H-cytochalasin B binding; however, 
this high concentration of cytochalasin E eliminated 
D-glucose-inhibitable 3H-cytochalasin B binding. 
Concentrations up to 2.5 /ZM cytochalasin E were 
effective in reducing total binding without altering 
o-glucose-inhibitable binding. We incorporated 2.0 
/ZM cytochalasin E in all subsequent experiments to 
improve the efficiency of the assay. 

Early experiments indicated that D-glucose 
concentrations up to 500 mM were not sufficient to 
maximize o-glucose-inhibitable 3H-cytochalasin B 
binding. Figure 6 shows the effect of very high con- 
centrations of L- and D-glucose on the binding of 0.1 
/zM 3H-cytochalasin B. At L-glucose concentrations 
over 500 mM, an increase in binding is seen. This 
effect is likely related to the osmolarity of the me- 
dium and reaches a maximum at 1.0 M L-glucose. 
Similarly, more 3H-cytochalasin B is bound to the 
vesicles at high concentrations of D-glucose. How- 
ever, o-glucose-inhibitable 3H-cytochalasin B bind- 
ing does increase with glucose concentration and 
reaches a plateau at concentrations of 1.0 M and 
greater. Hence, we deemed it necessary to preincu- 
bate the vesicles with 1.25 M L- and D-glucose for 
reliable determinations of the number of D-glucose 
transporters. 

Discussion 

Susceptibility to proteolytic digestion has been used 
to determine the orientation of the cytochalasin B- 
sensitive D-glucose transporter in intact cells, vesi- 
cle preparations and after reconstitution in lipo- 
somes. Tryptic digestion of intact cells versus in- 
side-out vesicles demonstrates that, in the red cell, 
the transporter is orientated with a trypsin-sensitive 
site exposed on the inward-facing surface of the 
membrane [1]. Shanahan and D'Artel-Ellis [15] 
have shown that low concentrations of chymotryp- 
sin caused identical fragmentation of the trans- 
porter in sealed and unsealed red cell ghosts, sug- 
gesting that the transporter has a chymotrypsin 
cleavage site exposed on the outward-facing surface 
of the membrane. Further, Chen et al. [3] found that 
trypsin and chymotrypsin treatment eliminated cy- 
tochalasin B binding and transport function in un- 
sealed ghosts. These authors used susceptibility to 
tryptic and chymotryptic digestion to determine the 
orientation of the transporter after reconstitution in 
liposomes. Cytochalasin B binding and D-glucose 
transport were resistant to trypsin but sensitive to 
chymotrypsin leading to the conclusion that the 
transporter retained a right-side-out orientation. 

In our experiments with isolated intestinal epi- 
thelial cells, we found that phloridzin-insensitive D- 
glucose transport was sensitive to chymotryptic di- 
gestion, while high concentrations of trypsin had 
little effect on transport. These data suggest that the 
Na+-independent D-glucose transporter in the baso- 
lateral membrane of the small intestine has a similar 
structural orientation to that seen in the red cell in 
that a chymotrypsin-sensitive site is exposed on the 
outward-facing surface of the membrane while the 
trypsin cleavage site is located on the inner surface 
and thus inaccessible to digestion. 

One of the objectives of this project was to de- 
termine the kinetic parameters for D-glucose trans- 
port in both directions across the basolateral mem- 
brane. The difficulties inherent in measuring 
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Fig. 6, Effect of varying concentrations of g- 
and D-glucose on 3H-cytochalasin B binding to 
BLV. Binding was performed as described in 
Materials and Methods with 2.0/xN 
cytochalasin E and 0.1 ~M 3H-cytochalasin B 
incorporated in the mixture. Each value 
represents the mean -+ SE of a triplicate 
determination and * indicates a significant L-D 
glucose calculation (P = 0.05) 

transport across isolated intestinal epithelial cells 
make it impossible to achieve reliable measures of 
uptake and efflux kinetics. As such, we used a prep- 
aration of purified basolateral membrane vesicles to 
estimate initial rates of glucose flux across the mem- 
brane. If one wishes to extrapolate uptake and ef- 
flux kinetics obtained using basolateral vesicles to 
the situation as it exists in vivo, it is essential to 
know the orientation of the vesicle preparation. We 
determined the susceptibility of glucose uptake 
across our basolateral vesicles to predigestion with 
trypsin and chymotrypsin. In the four batches of 
vesicles tested, chymotrypsin inhibited between 75 
and 95% of the transport while tryptic digestion de- 
creased transport by 5 to 20%. These data are com- 
parable to that obtained with isolated cells and indi- 
cate that the protocol used in this laboratory 
generates a preparation of predominant fight-side- 
out vesicles. 

The kinetics of Na-independent D-glucose 
transport have been studied extensively in the red 
blood cell and the adipocyte. The transporter in the 
red cell is functionally asymmetric, with a Kt for 
uptake in the range of 1 to 6 mM and a Kt for efflux 
of four- to 15-fold higher [8, 13]. In the adipocyte, 
the transporter exhibits much less asymmetry, with 
a Kt for uptake similar to that seen in the red cell but 
a Kt for efflux variously reported to be from equal 
up to twofold higher than that of uptake [6, 16]. The 
kinetics of D-glucose transport in the basolateral 
membrane of the small intestine differ from that 
seen in other cell types. Kimmich and Randles [9] 
estimated the Kt for phloridzin-insensitive D-glu- 
cose uptake in isolated small intestinal epithelial 
cells to be in the order of 50 to 100 mM. Similarly, 
Wright et al. [19] reported a Kz of 44 mM for Na- 
independent transport across purified basolateral 
membrane vesicles. In our preparation of predomi- 
nantly right-side-out vesicles, we found an average 
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Fig. 7, Scatchard plot of D-glucose-inhibitable 3H-cytochalasin B 
binding to BLV. For a given preparation of vesicles, triplicate 
determinations of D-glucose-inhibitable 3H-cytochalasin B bind- 
ing were performed at each of four concentrations of 3H-cytocha- 
lasin B as described in Materials and Methods. All assays were 
performed using 1.25 M D- or L-glucose and 2.0 tXM cytochalasin 
E. The experiment was repeated on three batches of vesicles and 
common symbols represent mean values obtained from the same 
experiment. Ancova analysis indicated no significant difference 
between regression lines drawn for each experiment. As such, a 
single line was calculated (r = -0.94) which showed saturation 
of binding sites at 8.3 -+ 1.1 pmol/mg BLV protein with a Ko of 
0.08 + 0.02 txM 3H-cytochalasin B 

Kt for uptake of 48 mM. These values are approxi- 
mately 10-fold higher than the Kt for uptake as re- 
ported in the red cell. The Kt for efflux from our 
vesicle preparation averaged 22 mM and is similar 
to that reported in the red cell. 
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Detailed studies of 3H-cytochalasin B binding 
and inhibition of glucose transport by cytochalasin 
B has led to the specific characterization of the Na- 
independent D-glucose transporter in the red cell 
[14, 15], adipocyte [5, 17] and cultured muscle cell 
[10]. In these cell types, the KD for D-glucose-inhib- 
itable 3H-cytochalasin B binding approximates 0.1 
/.~M and is similar to the Ki for cytochalasin B inhibi- 
tion of transport. Such studies indicate that D-glu- 
cose-inhibitable 3H-cytochalasin B binding can be 
used as a specific assay for quantifying the number 
of transporters in the membrane. In our experi- 
ments using intestinal basolateral membrane vesi- 
cles, we found a similar KD for 3H-cytochalasin B 
binding and Ki for inhibition of D-glucose transport 
as reported in other cell types. Hence, there ap- 
pears to be considerable similarity in the cytochala- 
sin B binding site on the D-glucose transporter 
found in the intestinal basolateral membrane and 
the red cell and adipocyte plasma membranes. We 
found the concentration of transporter per mg pro- 
tein in the intestinal basolateral membrane to be 
similar to that reported in the adipocyte [5]. 

The difference in the kinetics of D-glucose 
transport in basolateral vesicles when compared to 
the red cell or the adipocyte is reflected in the con- 
centration of D-glucose required to achieve maxi- 
mum inhibition of 3H-cytochalasin B binding. In our 
system, we required over 1.0 M D-glucose to maxi- 
mize D-glucose-inhibitable 3H-cytochalasin B bind- 
ing, while in the adipocyte, concentrations, be- 
tween 250 and 500 mM are sufficient for this purpose 
[5, 17]. This difference correlates with the higher Kt 
for D-glucose uptake (hence higher KD for glucose 
binding) seen in the basolateral membrane. 

The kinetics of D-glucose transport in the baso- 
lateral membrane of the intestinal epithelium may 
reflect the specialized function of the tissue. A Kt of 
22 mM for efflux from the cell coupled with the 
action of the Na-dependent transporter in the brush 
border of the cell may facilitate an efficient system 
for net transport from lumen to blood. A relatively 
high Kt for backflux may act to minimize flow from 
blood to cell cytoplasm and thus improve the effi- 
cient of glucose absorption. 
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