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Transport function and ~ubcellular distribution of purified human 
erythrocyte glucose transporter reconstituted into rat adipocytes 
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In order to delineate the insulin-independent (constitutive) and insulin-dependent regulations of the plasma membrane glucose 
transporter conceptrafions in rat adipocytes, we introduced purified human erytbrocytc GLUT-I (HEGT) into rat adipocytes by 
poly(cthylenc glycol)-induced vesicle-cell fusion and its transport function and subcellular distribution in the host cell were 
measured. HEGT in adipocytes catalysed 3-O-methylglueose equilibrium exchange with a turnover number that is indistinguish- 
able from that of the basal adipocyte transporters, However, insulin did not stimulate significantly the HEGT function in 
adipocytes where it stimulated the native transporter function by 7-8-fold. The steady state distribution and the transmembrane 
orientation assays revealed that more than 85% of the HEGT that were inserted in the physiological, cytoplasmic side-in 
orientation at the adipocytcs plasma membrane were moved into low-density microsomes (LDM), while 90% of the HEGT that 
were insertcd in the wrong, cytoplasmic side-out orientation were retained in the plasma membrane. Furthermore, more than 
70% of the LDM-associatod HEGT were found in a small subset of LDM that also contained 80% of the LDM-associatod 
GLUT-4, the insulin-rogulatable, native adipocyte glucose transporter. However, insulin did not cause redistribution of HEGT 
from LDM to the plasma membrane under the condition where it recruited GLUT-4 from LDM to increase the plasma 
membrane GLUT-4 content 4-5-fold. These results demonstrate that the erythrocyte GLUT-I introduced 'in adipocytes 
transports glucose with an intrinsic activity similar to that of the adipocyte GLUT-I and/or GLUT-4, and enters the constitutive 
GLUT-4 translocation pathway of the host cell provided it is in physiological transmembrane orientation, but fails to enter the 
insulin-dependent GLUT-4 recruitment pathway. We suggested that the adipocyte plasma membrane glucose transporter 
concentration is constitutively kept low by a mechanism where a cell-specific constitutent interacts with a cytoplasmic domain 
common to GLUT-I and GLUT-4, while the insulin-depe,:dent recruitment requires a cytoplasmic domain specific to GLUT-4. 
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Transport of glucose across the plasma membrane 
of animal cells is a highly regulated process [1]. It is 
mediated by a family of tissue-specific transmembrane 
proteins (transporters) [2-5], and further regulated by 
insulin in muscle and adipose cells [1,6,7]. in ¢rythro- 
cytes and liver cells, where glucose transport is not 
regulated by insulin, the transport process is very fast, 
and does not limit the rate of cellular glucose utiliza- 
tion [8,9]. In muscle and adipose cells, on the other 
hand, the transport process is much slower in the 
absence of insulin (basal or constitutive regulation), 
and insulin regulates the cellular glucose utilization by 
stimulating the transport process [7,10]. Since insulin 
can only stimulate the transport process in these cells, 



the f:onstitutively maintained low level of the glucose 
transport activity in these cells is an essential pre- 
requisite for the insulin-mediated regulation. 

Glucose transporters in these insulin-sensitive cells 
are mostly (more than 90%) stored in intracellular 
vesicles in the absence of insulin, and insulin stimulates 
glucose transport function largely by recruiting trans- 
porters from this storage pool to the plasma membrane 
(Refs. 11 and 12; Hah, J.S., Jo, I.H. and Jung, C.Y., 
unpublished data). This is in contrast to the insulin-in- 
sensitive cells where glucose transporters are located 
mostly, if not entirely, in ihe plasma membrane even in 
the absence of insulin [13,147. It thus appears that both 
the constitutive and the insulin-mediated regulvtion of 
glucose transport function in animal cells are largely 
achieved by the regulation of the steady-state distribu- 
tion of glucose transporters between the intracellular 
storage pool and the plasma membrane. How adipo- 
cytes constitutively maintain most of thei~ glucose 
transporters in the storage pool and how insulin redis- 
tributes the transporters to the cell surface are cur- 
rently not known. 

Adipocytes express GLUT-4 as the major isoform 
with a small amount (5-10%) of GLUT-I [15]. Like 
GLUT-4, GLUT-I is largely stored intracellularly in 
the absence of insulin and recruited to the plasma 
membrane in response to insulin [15]. G[ UT-1 is the 
major isoform of transformed cells as well as of human 
erythrocytes where glucose transport is not regulated 
by insulin. GLUT-1 in these cells ate mostly in the 
plasma membrane [1], indic;,ting that an isoform can 
be distributed differently in different cells. 

Whether it is a particular transporter isoform, or a 
cell-specific environment that determines the constitu- 
tive and insulin-mediated distribution of glucose trans- 
porters is an important unanswered question. This 
question has been approached by transfecting GLUT-1 
transporter gene into oocytes [16] or cultured cell lines 
(3T3-LI cells or CHO cells) [17,18]. Results of these 
studies show that the GLUT-I gene products are ei- 
ther insulin-insensitive [16] or insulia-~e~siti,.,e [!7,18] 
in host cells. In these studies, transporter gene, rather 
than transporter protein, was introduced into host cells. 
Consequently, cell-specific, posttranslational modifica- 
tion may have modified the gene product, and thus its 
behavior. More importantly, the effects of insulin on 
the glucose transport function of these host cells could 
be quite different from those of freshly isolated rat 
adipocytes, the best studied cell model for the glucose 
transport regulations by insulin. 

We describe here a novel approach which would 
complement these, gene transfcction experiments: We 
introduced IIEGT (human erythrocytc glucose trans- 
porter), a GLUT-I protein purified from human ery- 
throcytes, directly into intact rat adipocytes by a PEG- 
induced, vesicle-cell fusion protocol, and studied its 

transport function and its subcellular distribution in 
host cells. Our results demonstrate that the erythrocyte 
GLUT-1 in adipocytes transports glucose with an in- 
trinsic activity similar to that of the basal adipocyt¢ 
GLUT-I and GLUT-4, and enters into the basal 
GLUT-4 translocation pathway of adipocytes, provided 
it is in physiological transmembrane orientation, but 
fails to enter into the insulin-mediated GLUT-4 
translocation pathway. 

Experimental procedures 

Materials. Monoclonal antibody, 64C7 specific to 
human erythrocyte GLUT-1 or HEGT, was prepared 
as described [19]. This antibody does not react with 
adipocytc GLUT-I. Monoclonal antibody, 1F8, specific 
t ,  GLUT-4 [20], was kindly supplied by Dr. D.E. 
James, Washington University, St. Louis, MO and also 
obtained from Eastacres (Boston, MA). Protein A, 
Staphylococcus aureus, was purchased from Cal- 
biochem (San DL~go, CA). Anti-mouse leG-coated 
Magnisort-M was obtained from DuPont (Wilmington, 
DE). Insulin (porcine, crystalline) was a gift from Eli 
Lilly & Co. (Indianapolis, IN). PEG, trypsin, phenyl- 
methyl~ulfonyl fluoride, cytochalasins B and E were 
supplied by Sigma (St. Louis, MO). Wheat germ agglu- 
tinin (WGA) was purchased from E-Y Laboratories. 
Sepharose 4B and Percoll were from Pharmacia. 
[3H]Cytochalasin B (22 Ci/mmol) was purchased from 
Amersham (Arlington Heights, IL). I~I-labeled goat 
anti-mouse lgG, ~ZSl-labeled protein A and [mC]PC 
were from New England Nuclear (Boston, MA). 
[Carboxyl- 14C]inulin and mC-labeled 3-O-MeGlc were 
from ICN Pharmaceuticals, Inc. (lrvine, CA). All other 
chemicals were reagent grade and from standerd 
sources. 

Preparation and radiolabeling of HEGT in t'esiclcs. 
HEGT vesicles were prepared as described [21]. The 
preparation contained protein and phospholipid at a 
mass ratio of 0.31 + 0.16 (mean + S.E., n = 6). For 
protein labeling of HEGT vesicles, photoincorporation 
of ['~H]CB was performed as described [21]. For lipid 
labeling, aliquots of [14C]PC in a mixture of toluene 
and ethanol (1 : 1, v/v) were dried under a stream of 
nitrogen gas, suspended directly with octylglucoside- 
solubilized HEGT and sonicated for 1 min. HEGT-iipid 
micellar solution was diluted 20-fold with 100 mM 
NaCI, 50 mM Tris-HCI (oH 7.4), containing 1 mM 
dithiothreitol and 0.1 mi~,i EDTA, and centrifuged at 
170000 x g  for 60 min to remove detergent. Protein- 
and lipid-labeled HEGT vesicles were washed twice 
with KRH (130 mM NaCI, 4.7 mM KCI, 1.25 mM 
MgSO 4, 2.5 mM NaH2PO 4, 2.5 mM CaCI 2 and 10 mM 
Hepes, adjusted to pH 7.4 with 10 M NzOH)': 

Isolation and sabcellular fractionation of rat adipo- 
cytes. Male Sprague-Dawley rats (160-220 body weight 



g) were killed. Adipocytes were isolated from epididy- 
real fat pads as described [22]. For subcellular fraction-. 
ation, cells were washed once with STEP buffer (0.25 
M sucrose, 2 mM EGTA and 10 mM Tris-HCI, pH 7.4 
at 20°C, with 10 izM phenyimethylsulfonyl fluoride) at 
room temperature, resuspended in 15-20 ml of this 
same buffer, and homogenized at 2000 rpm using 10 
up-and-down strokes of a teflon pestle (Thomas Scien- 
tific). Unless otherwise noted, all further steps in the 
fractionation procedure were carried out using STEP 
buffer and at 4°C. The homogenate was centrifuged at 
2000 X g for 30 s and all fat cake was removed, ln- 
franatant and pellet were again centrifuged at 16000 × 
~¢ for 15 min. The resulting pellet (NM-PM) was fur- 
ther fractionated into PM and NM, according to 
Belsham et al. [23]. HDM and LDM were prepared 
from the 16000 × g supernatant according to Simpson 
et al. [14], with a slight modification as detailed previ- 
ously [24]. 

Isolation and subcellular fractionation of hepatocytes. 
Rat hepatocytes were prepared from in situ collage- 
nase peffused liver as described by Seglen [25]. Iso- 
lated rat hepatocytes were subfractionated according 
to Belsham et al. [23], and Fleisher and Kervina [26]. 

Measurement of 3-O-MeGIc flux. Equilibrium ex- 
change influx of 3-O-MeGIc in adipocytes either before 
or after fusion was measured using 3-O-[~4ClMeGlc as 
a tracer, and a modification of oil flotation method [6] 
as detailed elsewhere [22]. 

Fusion of HEGT vesicles with adipocytes and hepato- 
cytes. HEGT vesicles were sonicatod in ice-cold water 
using a bath-type sonicator for 2 min. For fusion with 
adipocytes, the cell suspension was centrifilged at 230 
× g for 30 s using an International Clinical Centrifuge 
(Needham Heights, NY) to pack the cells at approx. 
50% cytocrit. 8-10 ml of this cell suspension (contain- 
ing adipoc~es from 8-10 rats) was mixed with a vary- 
ing amount (up to 200 p.I) of HEGT vesicle suspension 
(1 mg protein/ml), and transferred into 5 ml pipet tips 
whose bottoms were closed with parafihn (American 
Can Company, Greenwish, c r ) .  Each 5 ml pipet tip 
received 2 ml of the mixture at most. The mixtures 
were overlaid with 10% PEG 8000 (mol. wt. 1000-8000) 
in KRH buffer, shaken head-to-head twice and held 
for 2-3 rain. The mixtures were transferred into a 
syringe containing at least 10 times the mixture volume 
of KRH buffer, held for 3-5 min at room temperature 
to allow the cells to float, and the infranatant was 
removed. This washing procedure was repeated 3-5- 
times to remove all unfused vesicles. The entire fusion 
protocol including washing took 30-40 min. For the 
fusion with hepatocytes, 1 ml of cell hepatocyt¢ sus- 
pension (cytocrit of approx. 80% in KRH) was mixed 
with 50--100 p-g protein of sonicated HEGT vesicles. 
The mixture was overlaid with 20% (final) PEG 8000 
and incubated for 5 min at 20°C. The mixture was then 

diluted at least 10-fold with KRH buffer and held for 
10 min. Fused hepatocytes were recovered as pellets by 
centrifugation at 200 x g tbr 4 rain. This washing pro- 
cedure was repeated 4-5-times to free unfused HEGT 
vesicles and PEG. 

Incorporation of HEGT to adipocytes after fusion 
was assessed using HEGT vesicles photolabeled with 
[3H]CB. Fused cells were centrifuged at 9000 x g  for 1 
min with a Beckman Microfuge B (Beckman, Fuller- 
ton, CA). Cell layers were collected, dissolved with 
0.1% Triton X-100 and incubated in ice for 30 rain. 
Triton X-100 extracts were centrifuged and the fat 
cakes were removed carefully. Both infranatant and 
pellet were used to mevsure protein amounts and 
associated radioactivities. 

lmmunoadsorption assay. This was used to assess the 
transmembrane orientahon of HEGT in the plasma 
membrane of intact fused adipocytes. Cells were incu- 
bated with an excess of 64C7 (10 p-g/mg cell protein) 
at 4°C for 30 rain with occasional shaking, washed 
three times with 10 eel. oF KRH buffer, then incubated 
with p~I]protein A (5 p.g/mg cell protein, 7.3 p-Ci/p-g) 
at 4°C for 30 min with occasional shaking. After remov- 
ing the i~.f.~anatant, a portion of the cells was applied 
directly to a microfuge tube containing 100 p-I silicone 
oil, and centrifuged for 1 min. The remaining portion 
of the cells was used to measure cytocrit and protein. 
Cell-associated radioactivities were counted with a 
Packard gamma counter (Chicago, IL). Bound protein 
A was calculated from % bound radioactivitics and the 
specific radioactivity of the IZSl-protein A. The im- 
munoadsorption assay detected 51 ± 6% (mean ± S.E., 
n = 3) of total HEGT, or 93 ± 6% (mean ± S.E., n ffi 5) 
of accessible (cytoplasmic side out) HEGT in intact 
HEGT vesicles (assessed by susceptibility to tryptic 
digestion). 

Tryptic susceptibility assay. A mild digestion with 
trypsin which cleaves HEGT only from the ojtoplasmic 
side, was used to assess transmzr..,~:ane orientation of 
HEGT in HEGT vesicles or subcellular fractions of 
fused adipocytes, using [3H]CB-laboIOd HEGT. With- 
out son[cation or freezing-thawing, vesicles were resus- 
pended into 150 mM NaCI, 5 mM sodium phosphate 
buffer (pI~ 8.0), at protein concentrations of 1 mg/ml,  
and incub~ted with TPCK-treated trypsin (10 p-g/ml) 
at 37°C fo~ 60 min with occasional shaking. Proteolysis 
was stopped by the addition of 50 p-g/ml of phenyl- 
methylsulfonyi fluoride. The mixture was diluted 5-fold 
with 5 mM sodium phosphate buffer, and centrifuged 
at 170000 x g for 60 rain. The pellets were solubilized 
and the proteins were separated by gel electrophoresis 
according to Laemmli [27] using 12% polyacrylamide. 
A more rigorous digestion condition including sonica- 
tion wa,= used for digestion of the entire population of 
HEGT. 

WGA..Sepharose affinity column chromatography, 



WGA-Sepharose  was prepared by coupling W G A  to 
cyanogen bromide-activated Sepharose 4B (5 mg 
W G A / m l  gel) according to Porath et  al. [28], poured 
to a column (I x 10 cm), and equil ibrated with the 
buffer. Without  sonieation or freezing-and-thawing, 
fract ionated vesicles were resuspended into 150 mM 
NaCI, 5 mM sodium phosphate  buffer (pH 8.0) at a 
protein concentrat ion of ! m g / m l ,  applicd to the col- 
umn, and unbound vesicles were removed from the 
column by wash with the same buffer. The bound 
vesicle populat ion was eluted with N-acetyl-o-gluco- 
samine.  

Immtmoprecipitation o f  HEGT and GLUT-4 resicles 
in LDM. Anti-mouse lgG-coated Magnisort-M was 
washed four t imes with TBS (pH 7.4) using a magnet  
(Bio-Rad). Washed Magnisort-M was then incubated 
with 1% BSA at room tempera ture  for 1 h with shak- 
ing, and again washed four t imes with TBS. Microso- 
mal fractions (I ,DM or the 4 8 0 0 0 x g  supernatant )  
isolated from fused adipocytes were first incubated 
with prewashed Magnisort-M to remove any materials  
which bind nonspecifically to Magnisort-M. The washed 
mierosomes (200 ~ g  p r o t e i n / m l )  were then incubated 
with 64C7 or IF8 (25-30  # g  p r o t e i n / m l )  overnight at  
4°C. BSA-treated Magnisort-M was then added to this 
mixture and incubated at room tempera ture  for 2 h 
with shaking. The supernatant  was removed from Mag- 
nisort beads and the beads were washed four more 
t imes with TBS. The bound mierosomal vesicles were 
released by lowering pH to 3.1, solubilized by Laemmli  
solubilizing solution and applied to 10% S D S / P A G E  
for immunoblott ing.  

TABLE I 

Effctts of fusion on udipoote transport functiw~ 
Equilibrium exchange influx of 5 mM 3-O-MeGIc was measured at 
37"C by following the tracer equilibrium exchange time course mea- 
sared at six di,fferent time points (time zero, then every 3-4 s for 
insulin-treated cells and every 10-15 s for basal cells) and at 31) rain. 
Data were then analyzed in a semilog plot to obtain the hal[-cqui- 
libfaliaa ;.line (,i/.,) as described elsewhere [22]. Rates of exchange 
(k) were calculated from the relationship, k = 0.693/tj/2. and ex- 
pressed relative to that of the basal transport activity of unfused 
control. 

Experimental conditions ttl 2 (s) k. (relative) 
Control(non-treated) 95.0 ± 5.1a (22 )  1.00±0.08 
HEGT vesicles only 90.5 ± 15 (23) 1.05 ± (I.4(} 

+ PEG (10%, 8000) only 88.3 5:8.4 (7) 1.125:0.11 
+Insulin" 12.5 + 1.3 (5) 7.685:0.78 
+PEG+insulin II.0 5:1.12 (3) 7.915:0.81 

Fused c 23.6 5:2.1 (23) 3.525:0.28 
Fusea ~ + i::sulin 8.07 5:1.2 (3) I 1.90 + 1.71 

a Values are means + S.E., with the number of measurements shown 
in parentheses. 

b Incubated with 7 nM insulin for 30 rain at 37°C. 
c 20 ttg HEGT per ml ceils and 10% PEG 8(100 were used. 

f 
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Fig. I. Delermination of kinetic parameters Vm~,~ and K m by a linear 
transformation of d: ~ Michaelis-Menten equa(ion [22]. Equilibrium 
exchange time courses were measured at I, 5. 10 and 15 mM 
3-O-MeGlc, and :t/2 were calculated. Without (o) and with (o) 
fusion. Each data point r~.presents the tracer exchange time course 
measured at six different time points as detailed in the legend to 

Table I. 

SDS gel electrophoresis. SDS-polyacrylamide gel 
electrophoresis  was performed according to the method 
of Laemmli  [27]. After s taining and destaining,  gel 
lanes were serially sliced and radioactivities were 
counted in LKB liquid scintillation counter  (Pharmacia 
LKB 1209, Rackbeta,  MD) as described [21]. 

hnmunablot analysis. Proteins on SDS-polyacyl- 
amide gels were t ransferred to nitrocellulose paper  in 
buffer containing 20% methanol ,  192 mM glycine, 25 
mM Tris (pH 8.3). The paper  was blocked with 3% 
BSA in TBS containing 0.2% Tween 20 for 1 h, incu- 
bated with antibody in TBS with 2% BSA overnight at 
room temperature ,  and washed four t imes with TBS in 
the presence of 0.2% Tween 20 [29]. The antigen-anti-  
body complexes were quant i ta ted using (ZSl-protein A 
for 64C7 and with goat  anti-mouse (ZSl-lgG for IF8. 
Nitrocellulose paper  was washed four t imes with TBS, 
dried and autoradiographed at -70°C.  Radioactivit ies 
associated with blots were then  counted in Packard 
Auto-gamma counter.  Protein was assayed by the 
method of Bradford [30] using y-globulin as standard.  

R e s u l t s  

Ghwose transport function of  HEGT-fused adipocytes 
H E G T  was reconsti tuted into intact adipocytes by a 

PEG-induced fusion protocol as described in Experi- 
mental  procedures.  Equil ibrium exchange influx of 3- 
O-MeGIc by adipocytes was measured prior  to and 
after  fusion with H E G T  vesicles (Table I). The trans- 
port rate was increased significantly (3-4-fold) after 
fusion. The rate of 3-O-MeGIc exchange was not af- 
fected when adipocyt.es were incubated with H E G T  
vesicles without PEG, or with PEG in the absence of 
H E G T  vesicles. Kinetic analysis (Fig. 1) indicated that  



the sugar  exchange  in control  and  fused adipocytes  
show an  essentially identical  affinity with an  es t imated  
K m value o f  7 mM.  

The  effect  o f  insulin on  adipocytes  fused with H E G T  
was also s tudied  (Table i). In cont ro l  (nonfnsed)  
adipocytes ,  insulin t r e a tmen t  caused  a large  (7-8- fo ld)  
increase  in 3 -O-MeGlc  exchange  rate.  Adipocytes  
t r ea ted  with P E G  a lone  (wi thout  H E G T  vesicles) in- 
c reased  the t ranspor t  ra te  by the  same extent  a f te r  the  
insulin t r ea tment .  This  demons t ra t e s  that  the insulin- 
sensitivity o f  adipocytes  was  not  af fected by PEG.  
Fur the rmore ,  the 3 -O-MeGIc  exchange  in fused cells 
was  also s t imula ted  by insulin t r ea tment .  Fusion fol- 
lowed by insulin t r e a tmen t  increased  the  flux by 11.9- 
fold, whe rea s  fusion a lone increased  the flux by 3.5-fold 
(Table I). 

The  t r anspor t  activity o f  fused cells increased  with 
a n  increas ing  a m o u n t  of  H E G T  used  for  fusion (Table 
It). With  H E G T  up  to 100 p,g pe r  ml cell suspension,  
the  increase  was  l inearly p ropor t iona l  to the a m o u n t  o f  
H E G T  used (Table It). Fu r the r  increase in the  a m o a a t s  
of  H E G T  beyond  100 p,g per  ml o f  the  cell suspension,  
however ,  increased  t ranspor t  ra te  only slightly. 

Subcellular distribution o f  H E G T  in fused cells 
The  s teady-s ta te  subcel lu lar  d is t r ibut ions  o f  H E G T  

incorpora ted  in adipocytes  were  m e a s u r e d  with the  
cells fused with [ i3H]CB-labeled H E G T  vesicles a n d  
incuba ted  for  4 5 - 6 0  rain at  37°C (Fig. 2). The  relative 
specific dis t r ibut ions  (per  mg pro te in  a n d  normal ized  
agains t  tha t  o f  PM) of  H E G T  in NM,  PM, H D M  a n d  
L D M  were  0.06 + 0.01,1.00,  2.34 + 0.17 and  1.36 + 0.14 
(mean  + S.E., n = 3), respectively. More  than  32% of  
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Fig. 2. Subcellular distribution of HEGT. t~psin-digested-HEGT 
and lipid-components of HEGT vesicles after incorporation into 
adipocytes by fusiou. HEGT vesicles were labeled with [3H]CB and 
[~4C]PC to tag the protein and lipid, respectively. The trypsin-di- 
gested ItEGT was prepared by snnicating the digestion mixtme for 
10-20 s at 4°C to introduce trypsin into the inside of HEGT vesicles, 
then digesting in a low ionic-strength buffer containing 5 mM sodium 
phosphate (pH 8.0). Under these conditions the entire population of 
HEGT of the HEGT-vesicles was digested. Labeled HEGT vesicles 
were fused with adipocytes and incubated for 30 or 60 rain at 37 C 
(stabilization), followed by subcellular fractionation as described in 
Experimental procedures. Data were analyzed and calculated as 
relative distribution per mg protein in each fraction relative to that 
in PM. Essentially identical results were obtained for the 30 and 60 

rain post-fusion incubations. 

the  total  cel lular  H E G T  incorpora t ion  was recovered  
in LDM.  Very  little H E G T  was  found  in NM,  and  a 
large  por t ion  (up  to  4 9 %  of  the  total  cel lular  incorpo-  
ra t ion)  o f  H E G T  was found  in H D M .  Significantly, 
H E G T  was  more  concen t r a t ed  in L D M  than  in PM. 

TABLE II 

Calculation of the turnm'er number of fused HEGT relatice to that of the natit~e adipocyte glucose trat~porter 

I IEGT ~' Transporter con- Relative transport Relative specific 
added centrations in PM b activities ¢ transport activities a 

HEGT AGT overall HEGT HEGT AGT 
contribution 

Relative 
turnover 
numbers c 
HEGT/AGT 

0 0 7.96 1.0 0 0 0.125 
10 9.6 7.9f, 2.1 I.I 0.115 0.125 0,92 
20 18.7 7.96 3.4 2.4 0.128 0.125 1.036 
40 31.4 7.96 4.8 3.8 0.121 0.125 0.968 

100 49.6 7.96 7.1 6.1 0.123 0.125 0,984 
300 202 7.96 7.7 6.7 0.034 0.125 0.272 

a HEGT (p.g) used for fusion per ml of packed ceils. 
h Amounts of HEGT (pmol/mg of protein) were assessed from incorporation of the radioactivity of [13H]CB-labeled IIEGT vesicles in fusion, 

and from tbe specific CB binding activity (16 nmol per mg protein) of HEGT vesicles. The amount of native adipocyte glucose transporters 
~bbreviated as AGT here, was quanlitated by measuring glucose-sensitive cytochalasin B binding activity, which was 7,96+0.9 pmol/m8 of 
unfused adipocyie plasma membrane protein (mean + S.E., n = 5). This value is used for all fused adipocytes. 

c Equilibrium exchange influx of 5 mM 3-O-MeGle was measured at 37°C as illustrated in Fig, I, Relative transport activities are calculated as 
the ratio of the half-equilibration time (tz/2) of control to that of fused cells for overall, and (it~ 2 control/tw2 fused)-I for HEGT 
contribution. In this expression, eonl, ribution of native adipocyte transporter is 1.0. 

d Rat~o of relative contribution to transport activity to transporter concentration, 
Relative turnover numbers were calculated from the ratio of relative specific transport activity of HEGT to that of AGT, 



When [~4C]PC-labeled HEGT vesicles were used in 
fusion experiments, the subcellular dist~'ibution of the 
radioactivity in host cells was quite different from that 
of [~HJCB-labeled HEGT vesicles (Fig. 2), showing 
0.13 + 0.01, 1.(30, 1.74 + 0.09 and 0.41 + 0.14 (mean + 
S.E., n = 3) in NM, PM, HDM anti LDM, respectively. 
Less than 12% of the incorporated lipid label was 
recovered in LDM, this is significantly less than the 
[I31-[]CB label found in LDM (> 32%). This clearly 
indicates that the bulk lipid and the protein in fused 
HEGT vesicles went to LDM largely by separate and 
independent routes and not as an intact HEGT vesicle. 

Finally, the relative subcellnlar distribution of fused 
HEGT in adipocytes was found to be greatly affected 
by a pretreatment of HEGT vesicles with trypsin at a 
low ionic strength, the condition known to cleave the 
cytoplasmic domain of the entire population of HEGT 
regardless of its transmembrane orientation (see Fig. 2 
legends). When such a trypsin-digested, [3H]CB-labeled 
HEGT was used for fusion, the relative distribution of 
the truncated HEGT was shnwn to be 0.71 + 0.12, 1.00, 
1.81 + 0.21 and 0.32 + 0.04 ( : e a n  + S.E., n = 3) in NM, 
PM, HDM and LDM, respet i','~.ly (Fig. 2). Only 7-8% 
of the HEGT went. t.o I.DI.' Two i~oints should be 
not.ed here F;_-st, ~'here was a great reduction in HEGT 
distribution in LDM compared with that of the non-di- 
gested HEGT-fusion. Second. except for an increase in 
HEGT-association with the NM fraction, the distribu- 
tion pattertl was very similar to that of the [t4C]PC- 
labeled-lipid component of HEGT vesicles. 

When HEGT vesicles were fused to rat hepatocytes, 
very little HEGT went to the hepatocyte LDM (Fig. 3). 
A steady-state distribution of 1.00, 0.21 + 0.04, 0.05 :i: 
0.01 (mean + S.E., n = 3) in PM, HDM and .LDM, 
respectively, was calcuIated. Less than 2% of the total 
cellular incorpov ,,)n of HEGT was recovered in LDM 
fraction. 

G 

~s 

H~A~ M~l~nt ~'~ 

Fig. 3. Subcellular distribution of HEGT after incorporation into rat 
hepatocytes by fusion. HEGT-vesicles were labeled with [3H]CB. 
Fusion was performed using 60/~g HEGT for 3 ml of 80% hepeto- 
cyte suspension with 20% PEG 8000. Results of three independent 

experiments were shown ~parately (open, solid and hatched). 

TABLE 111 

Snsceptibilities of HE GTin the PM, HDM and LDM of fused adilu~cytes 
and in HEGT t'esicles to trypsin digestion and WGA.affiuity bbzding 

Adipocytes were fused with [13H]CB-tabeled HEGT and subjected In 
subcellular fractionation. Each fraction, and HEGT vesicles as well, 
was digested with trypsin and separated on SDS-gel t.lcctrophoresis, 
or subjected to WGA-Sepharose chromatography as detailed in 
Experimental procedures. The degree of the trypsin digestion was 
estimated from radioactivities of the 45-66 kDa band (undigested 
HEGT) and those of the 19 kDa band (digested fragment). The 
degree of WGA binding was calculated from the total radioactivity 
applied and the radioactivity retained in the column. Values are 
mean + S.E., with the number of experiments shown in parentheses. 

Samples % Trypsin Binding 
Digestion% to WGA 

Fused adipocyte PM ~ 71.9+9.5 (3) 32.2 =t:6.3 (3) 
Fused adipocyte HDM 60.7 _-i-9.4 (3) 41.6 t, 
Fused adipocyte LDM 86.7+8.8 (3) 10.9+ 2.1 (3) 
Intact HEGT vesicles 55.3+8.1 (4) 98.6:t: 6.5 (3) 

~ Relative adbundanccs of inside-out and right-side-out vesicles of 
the adipocyte plasma membrane are not known. 

b Single determination. 

Transmembrane orientation o f  fused H E G T  in ,dipocytes 
Because of the well-known molecular asymmetry of 

HEGT across the cell membrane [7], an interesting and 
relevant question in reconstitution of HEGT into cells 
via fusion concerns its transmembrane orientation in 
host cell membranes. The HEGT in the vesicle prepa- 
ration used here is known to be in a mixed transmem- 
brane orientation [32,33]. Results of controlled tryp- 
sin-digestion indicated that approx. 55% of HEGT in 
this preparation are in cytoplasmic side-out orientation 
and the remaining 45% are in cytoplasmic side-in ori- 
entation (Table Ill). 

The transmembrane orientation of fused HEGT in 
the host cell plasma membrane was determined by 
measuring the binding of a HEGT-specific monoclonal 
antibody 64C7 to intact, fitsed adipocytes (T~-blc IV). 
This antibody is known to bind to HEGT only at the 
cytoplasmic domain [19]. Analysis of the antibody bind- 
ing and other relevant data shown in Table IV indi- 
cated that the HEGT in the plasma membrane of 
fused adipocytes are mostly (88,3%) in non-physio- 
logical transmembrane orientation exposing its cyto- 
plasmic domain to the extracellular milieu. 

The transmembrane orientation of HEGT in the 
LDM of fused adipocytes was determined from the 
data of controlled trypsin digestion and WGA-Sep- 
harose affinity column chromatography (Table liD. 
LDM isolated from the adipocytes fused with [3H]CB- 
labeled HEGT vesicles was digested with trypsin under 
the controlled condition where only those HEGT whose 
cytoplasmic domain is exposed are digested as de- 
scribed in Experimental procedures. The results sum- 
marized in Table iii clearly indicate that the suscepti- 



bility of HEGT to the controlled trypsin digestion is 
much greater in LDM than in the intact HEGT-vesicles 
used for fusion. This demonstrates that HEGT in LDM 
of fused adipocytes are mostly (87%) in cytoplasmic 
side-out orientation in LDM. This is not expected if 
HEGT in LDM were largely contaminating intact 
HEGT vesicles entered through non-fusion pathways. 
The tryptic susceptibility of H E G T  in HDM, on the 
other hand, was only slightly greater than that of 
HEGT in intact HEGT vesicles (Table Ill). This sug- 
gests that H E G T  in HDM are largely contaminating 
intact HEGT vesicles. WGA binds to the cell surface- 
specific carbohydrate moiety (N-acetyI-D-glucosamine) 
of glycoproteins [27]. When LDM was isolated from 
adipocytes fused with [3H]CB-labeled HEGT,  then ap- 
plied to WGA-Sepharose columr~, very little radioactiv- 
ity was retained in the column (Table Ill), again indi- 
cating that H E G T  in LDM is mostly (89%) in the 
cytoplasmic-side-out orientation. 

Isolation of  HEGT-contabling intracellular storage vesi- 
cles #t fused adipocytes 

in an effort to identify the putative vesicular trans- 
port pathway for fused HEGT to enter into LDM in 
relation to the native, GLUT-4 transport pathway to 
the storage vesicles in adipocytes, we examined if fused 
HEGT and GLUT-4 share the storage vesicles in fused 
adipocytes. LDM was isolated from the adipocytes 
fused with [3H]CB-labeled H E G T  vesicles, then sub- 
jected to immunoadsorption with 64C7 in KRH buffer 
with no detergent. When immunoadsorbed vesicles 

TABLE IV 
Calculatio.,: of % abundance of fused HEGT tha t is in cytoplasmic 
side.out or~eatatioa at the plasma membrane of intact adipocytes based 
on 64C7 imnmaoudsorption data 

fidC7 binding to intact fused adipocytes 
(pmol/ml cells) 17.4 :l= 0.62 a (n = 3) 

HEGT incorporation 
(p.g/mg PM protein) 1.17 ±0.21 (a ffi 18) 

Total protein recovered in PM 
(mg/ml cells) 0,236 b 

PM protein recovery (%) 23.2 c 
Calculated PM protein (mg/ml cells) 1.052 (0.236/0.232) 
HEGT recovered (p.g/ml cells) 1.23 (I.17 x 1.052) 
HEGT (pmol/mt cells) 19.7 d (16.0 X 1.23) 
Calculated detectability (%) 88.3 (17.4/19.7)X 100 

" HEGT-specifie antibody, 64C7 was incubated with intact fused 
cells in suspension at 4°C for 30 rain. Bound antibody wa~ detected 
using I:Sl-prolein A as delliled in Experimental procedures. 

h Calculated from PM protein recovery (rag/rat) of 0.118+0.013 
(mean±S.E., n = 32) and adipocyle recovery (ml/rat) of 0.484± 
0,033 (mean + S.E., n = 31). 

c Data from Bulsham et al. [23]. 
d The total cytochalasin B binding activity of purified IIEGT mea- 

sured by Scatchard analysis was 16.0+0.12 pmol//tg protein 
(mean±S.E,, n = 12). 
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Fig. 4. Demonstration of HEGT and native adipocyte glucose trans- 
porter in a common subpopulation of microsomes of fused adipocytes 
by immonoblotting. 200 P-8 (protein) of LDM of fused adipocytes 
was immunopreclpitated with 25 p,g of 04C7 as described in the text. 
Both the immunoprecipRate and the superoate were divided into two 
equal parts, run on 10% acrylamide gel, transferred to nitrocellulose 
paper and immuno-blotted with 64C7 and IF8 (5 ,~g/ml each). 
Lanes P and S are immunopreclpitate and the corresponding super- 
natant, respectively. Positions of three molecular weight markers are 
indicated on the left margin of the blots with molecular masses in 
kDa. Nonimmune sera did not give any detectable blot (not illus- 

trated). 

were precipitated using anti-mouse igG-coated Mag- 
nisort-M beads, as much as 76.2 + 4.1% (mean + S.D. 
for four determinations) of [3H]CB radioacti~,ity of the 
LDM was recovered. This precipitate contained only 
4.2 + 1.2% (mean + S.D. for four measurements) of 
the total LDM protein. When this immunoprecipitat¢ 
and the resulting supernatant were subjected to semi- 
quantitative Western blot analysis using monoclonal 
antibodies spe¢if~ to H E G T  (64C7) and the native 
adipocyte glucose transporter (1F8), most of the im- 
munoreactivities in LDM were recovered in the precip- 
itate for both antibodies (72 + 11 and 81 + 9%, with 
64C7 and IF8, respectively, n = 4) and little remained 
in the supernatan~ (Fig. 4). When these experiments 
were repeated with LDM of unfused adipocytes, OIC7 
showed no immunoprecipitation and no reactivity in 
Western blots (not illustrated). Essentially similar find- 
ings were obtained when 11:8 instead of 64C7 was used 
for  the immunoprecip i tat ion step (not  i l lustrated), 
These results suggest that  the erythrocyte G L U T - I  in 
fused adipocyte share a coanuon intracel lular storage 
compartment wi th  the native adipocyte GLUT-4 .  

Effects o f  insulin on subcellular distribution o f  fused 
H E G T  in adipocytes 

Adipocytes fused with H E O T  were incubated with 
or without 7 nM insulin at 37°C for 20-40 min, and the 
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Fig. 5. Effects of insulin treatment on the steady-state distribution of 
HEGT (GLUT-I)and native adipocyte glucose transporter (GLUT-4) 
between NM-PM and LDM in fused adipocytes. NM-PM and LDM 
(45/zg protein each) were immunohloned as in Fig. 4 witb 64C7 and 
IF8. Fused adipocytes were incubated for 30 rain at 37°C with ( + ) or 

without ( - )  7 nM insulin prior to subeellular fractionation. 

subcellular distribution of native GLUT-4 and fused 
HEGT in NM-PM and LDM were measured by semi- 
quantitative Western blot analysis using 1F8 and 64C7, 
respectively (Fig. 5). The native adipocyte transporter 
in fused adipocytes was translocated from LDM to PM 
in response to insulin; ~I-goat  anti-mouse IgG associ- 
ated with the blots were 642 + 61 and 7388 + 980 cpm 
in NM-PM and LDM, respcctiwly, without insulin, 
and 3137 + 361 and 4088 + 781 cpm in NM-PM and 
LDM, respectively, with insulin (n = 3). HEGT distri- 

-]NS *INS 

PH ~ LDIt I~I 1~ LDM 

Fig. 6. The effects of insulin treatment on 'he subeellular redistzibu- 
tion of [3H]CB-labeled HEGT in fused adipocytes. Fused cells were 
prepared using 20 /.Lg HEGT protein for each ml of adilmcyte 
suspension of 50% cytocrit as described in Experimental procedures. 
and incubated with (+INS) or without (-INS) 7 nM of insulin at 
3"PC for I h prior to subcelluar fraclionation. Results of four 
independent sets of experiments were pooled. Values shown are 

mean with S.E. (vertical bars). 

bution, on the other hand, was not affected signifi- 
cantly by the insulin treatment under the same condi- 
tions; I~l-protein A associated with the blots were 
4863 + 663 and 6433 + 896 cpm in NM-PM and 5DM, 
respectively, without insulin, and 4804 + 731 and 5896 
+ 831 cpm in NM-PM and LDM, respectively, with 
insulin (n = 3). 

Effects of insulin on HEGT distribution in fused 
adipocytes were also studied using [3H]CB-labeled 
HEGT vesicles for fusion (Fig. 6). There was no signifi- 
cant redistribution of HEGT among different subcellu- 
lar fractions of fused adipocytes after the insulin treat- 
ment. In hepato~'5~cs, the subcellular distributions of 
both HEGT and the native hepatocyte transporter 
(GLUT-2) were also not affected by insulin (not illus- 
trated). 

Discussion 

Reconstilution of erythrocyte GLUT-I into adipocytes by 
fission 

Adipocytes incorporated with HEGT by PEG-in- 
duced fusion showed a large, dose-dependent increase 
in basal glucose transport function, and this was fur- 
ther stimulated by insulin (Table I). Treatment with 
PEG alone or HEGT vesicles alone did not produce 
any significant change in glucose transport activity for 
both basal and insulin-treated adipocytes (Table I), 
clearly demonstrating that the fusion protocol does no: 
derange either host cell glucose transport function or 
its response to insulin. Furthermore, the increase in 
transport activity is exclusively due to an increase in 
Vm~ x with no change in K m (Fig. 1). This increase is 
directly proportional to the amount of HEGT inserted 
in the host cell plasma membrane provided fusion does 
not exceed a specified maximum (Table II). These 
findings demonstrate that this PEG-induced, vesicle. 
cell fusion protocol can be used to reconstitute and 
study the function of a purified membrane protein in 
any given animal cell environment. 

Transport activity of erythrocyie GLUT-I in adib'ocyfes 
HEGT incorporated into adipocytes by fusion is 

highly funciional catalyzing 3-O-MeGlc exchange in 
host cells. Since no change in transport affinity was 
observed by fusion with HEGT, the turnover numbers 
of the native adipocyte glucose transporters and the 
fused HEGT in adipocytes can be compared by know- 
ing the amounts of the native transporter and fused 
HEGT in host cell plasma membrane, and the trans- 
port activities of nonfused adipocytes and HEGT-fuscd 
adipocytes. The calculation illustrated in Table II sug- 
gests that the turnover numbers of HEGT and of 
native adipocyte transporters are not greatly different 
if not equal for the basal adipo,:ytes. This calculation, 
however, assumes that fused H~:GT are equally func- 
tional regardless of their transm~ mbrane (inside-out or 



right-side-out) orientation (Table IV). The basal 
adipocyte plasma membrane contains approximately 
70% GLUT-4 and 30% GLUT-I [15]. The practically 
identical turnover numbers of HEGT and the native 
adipocyte transporters in fused adipocytes observed 
here demonstrate that the intrinsic activities of ery- 
throcyte GLUT-I and GLUT-4 are not too different. 
There have been conflicting findings on the turnover 
rates of GLUT-I and GLUT-4. It has been suggested 
that the adipocyte GLUT-1 has a greater intrinsic. 
activity than GLUT-4 in adipocyte [15], although a 
mRNA injection experiment suggested that the 
turnover number of GLUT-1 is 10-times larger than 
that of GLUT-4 in oocytes [39]. 

Cell-specific constituti~'e redistribution of fused erythro- 
cyte GLUT-! 

The subcellular distribution of HEGT was studied 
after 45-60 rain incubation at 37°C in KRH buffer. 
This incubation (stabilization incubation) was neces- 
sary for fused cells to regain a low basal transport 
activity typical to unfused adipocytes. During this incu- 
bation, like other fused integral proteins [40], HEGT 
fused to the host cell surface membrane have redis- 
tributed themselves from the plasma membrane to 
intracellular organelles (Fig. 2). Adipocyte glucose 
transporters photolabeled with cytochalasin B were 
shown to redistribute themselves in intact adipocytes in 
response to insulin [41] (Fig. 6). Immunoblotting data 
(not illustrated) show that the relative distribution of 
adipocyte GLUT-4 between LDM and PM in fused 
adipocytes is the same as that in unfused control 
adipocytes, demonstrating thai the fusion protocol did 
not damage the adipoeyte transporter distribution 
pathways. 

In adipocytes, a large portion (29-32%) of fused 
HEGT protein goes to LDM, while very little HEGT 
vesicle-lipid (10-12% of the cellular incorporation) goes 
to LDM (Fig. 2). This indicates that at least 80% of the 
HEGT association in LDM is via a protein-specific 
route. This pathway requires intact cytoplasmic domain 
of HEGT, as very little lrypsin digested HEGT (7-8% 
of the total cellular incorporation) goes to LDM (Fig. 
2). Very little HEGT goes to LDM in hepatocytes (Fig. 
3). This suggests that HEGT enters into LDM in 
adipocytes via a cell-specific pathway of adipocytes. 

Moreover, the fact that both the fused HEGT and 
the native adipocyte GLUT-4 are concentrated in the 
same small subset of LDM in adipocytes (Fig. 4) 
demonstrates that HEOT enters into this compartment 
via the host cell's GLUT-4 translocation pathway. It is 
important to note here that 64C7 does not immunore- 
act with the adipocyte (3LUT-1. In rat adipocytes, the 
native GLUT-I and GLUT-4 are known to occur in 
two distinct subsets of intracellular vesicles, the latter 
being the predominant isoform recruited by insulin 

[42]. in 3T3-LI adipocytes, however, the two isoforms 
apparently share a common intracellular pool [43]. 

Importance of the cytoplasmic domain for cell- 
specific redistribution of HEGT in adipocytes was fur- 
ther indicated by the fact that o~.!y the~e ~ f f~T  !~ 
physiological orientation is translocatable (Tables Ill 
and IV). The internalization of receptors for low-den- 
sity lipoprotein [44], epithelial growth factor [45] and 
transfcrrin [46] are all known to require intact, specific 
cytoplasmic domains, although the internalization of 
transporters and receptors are probably dictated by 
distinct structural determinants in cytoplasmic domain. 
The HEGT fused to adipocyte PM in cytoplasmic 
side-out, non-physiological orientation are mostly re- 
tained in PM (Table IV), whereas most of the HEGT 
fused to the host cells in cytoplasmic side-in, physio- 
logical orientation move to LDM (Table Ill). If only 
those HEGTs that are fused in the physiological trans- 
membrane orientation are considered, they are 9.8- 
times more concentrated in LDM than in PM. These 
relative, steady-state pool sizes are very similar to that 
of GLUT-4 in adipocytes in tile a~s~nce of insulin, 
7-10 times higher in LDM than in PM [42,47,48]. 

The following sequence of events is consistent with 
the observations discussed above. Upon fusion, HEGT 
in the host cell (adipocytes or hepatocytes) plasma 
membrane are expected to be oriented nearly ran- 
domly as in purified HEGT vesicles (where approx. 
45% are in the physiological orientation, Table III). 
For adipocytes, most the GLUT-1 fused in the physio- 
logical orientation at the plasma membrane move to 
the GLUT-4 specific intracellular storage compartment 
via the GLUT-4 specific vesicular transport pathway. 
For hepatocytes, very little of the fused GLUT-I are 
found intracellularly (Fig. 5). simulating the constitu- 
tive distribution of the native hepatocyte glucose trans- 
porter, GLUT-2 [11,12]. The findings elearl~ indicate 
that a cell-specific factor(s) rather than a specific trans- 
porter isoform is a primary determinant for the consti- 
tutive (non insulin-stimulated) distribution of glucose 
transporter in adipocytes. 

The large accumulation of HEGT found in HDM, 
on the other hand, most likely represents the contami- 
nation of intact (unfused) HEGT vesicles entered dur- 
ing subcellular fractionation through cell surface adhe- 
sion. The following observations support this con- 
tention: The accmuulation is not affected by trypsin-di- 
gestion of HEGT and is practically identical to the 
accumulation of HEGT vesicle-lipid (Fig. 2). The tryp- 
tic susceptibility of HEGT in HDM and that in free 
HEGT vesicles are very similar (Table liD, indicating 
that they are in the same randomc transmembrane 
orientation. The accumulation of HEGT in HDM was 
not affected by insulin either in immunoblot assay (not 
illustrated) or in [3H]CB label distribution assay (Fig. 
6). 



Insulin does not affect the transport activity att.4 the 
subcellular distribution of  erythrocyte GLUT-I bz adipo- 
cytes 

lnsuhn stimulated the 3-O-MeGlc flux of fused 
adipocytes by an increment of 8.38 + 2.01 in arbitrary 
units, while the same insulin treatment increase the 
flux in control adipocytes with an increment of 6.68 + 
0.92 units (Table 1): The difference between the two is 
not statistically significant. Since the fusion protocol of 
itself (in the absence of HEGT) did not affect the 
native adipocyte transporter function and its response 
to insulin stimulation (Table 1), one may attribute titis 
difference in increments to the response of HEGT to 
insulin. The increase in the flux rate due to the fused 
HEGT observed for the basal adipocytcs wa:~ 2.52_ 
0.30 units (Table I). Approx. 12% of the HEGT in the 
plasma membrane are in physiological orientation (Ta- 
ble IV). if only these HEGT were responding to insulin 
as the native adipocyte transporter did (7-fold), this 
difference in increments is expected to pc approx. 2.1 
units. These considerations indicate that our flux data 
are not exact enough to determine if HEGT in 
adipocytes is responding to insulin. 

Our immunoblot experiments, however, clearly 
demonstrate that erythrocyte GLUT-I reconstituted in 
adipocytcs does not move from LDM to PM in re- 
sponse to insulin (Figs. 5 and 6), where the native 
GI UT-S. arc highly responsive to the insolin treatment 
(Fig. 6). This suggests that a specific isoform of trans- 
porter is required for the insulin-mediated recruitment 
of glucose transporter in adipocytes. One cannot rule 
out, however, the possibility that HEGT may have lost 
its insulin responsiveness during fusion ploct;dm~,. 
The transport activity c,~" HEGT in human erythrocyte'- 
is not stimulated by imulin [l]. However, erythrocytes 
do not have any intracellular organelles, and the in- 
sulin-insensitivity in this cell does not necessarily mean 
that erythrocyte GLUT-l is inherently non-responding 
to insulin-mediated recruitment. Glucose transport in 
HepG2 cells is also shown to be insensitive to insulin 
[17]. This cell has intracellular organelles and the ma- 
jor glucose transporter isoform is GLUT- l [I 7]. HepG2 
cells, however, may lack the putative cellular factor(s) 
needed for the insulin-induced recruitment mecha- 
nism. 

Specific features of  glucose transporter recycling pathway 
Surface membrane receptors such as transferrin and 

mannose-6-phosphatc receptors are known to con- 
stantly recycle via the coated pit /coated vesicle path- 
way [49,50]. it is quite likely that the glucose trans- 
porters also recycle between the plasma membrane and 
the intracellular pool via a vesicle transport pathway 
similar (but may not be identical) to those known for 
many membrane proteins [51,52], and insulin may shift 
this steady state distribution toward the plasma mere- 

brane either by slowing down the endocytotie rate, or 
by enhancing the exocytotic rate, or both. It is also 
known that glucose transporters are much more con- 
centrated in the intracellular storage vesicles (where it 
amounts to 16% of the total protein) than in the 
plasma membrane (where it is only 0.1% of the total 
protein) [42]. Any useful model for the glucose trans- 
porter recycling pathway in adipocytes should account 
for this concentration mechanism. In addition, the 
model should account for the following two important 
features disclosed in the present study: First, insulin 
recruits GLUT-4 (Fig. o), l:ut not HEGT (Figs. 5 and 
6) in fused adipocytes even though both occur in the 
same intracelhdar vesicles (Fig. 4). This suggests that 
the recruitment involves not only vesicle transport but 
also an isoform-specific modulation of individual trans- 
porters in vesicles. How this isoform-spccific regulation 
of individual transporters is achieved is not known, and 
it may be only speculated at this time: '!t may involve 
an insulin-induced, selective retention of GLUT-4 but 
not HEGT at the plasma membrane. At the molecular 
level, this retention may be achieved by an isoform- 
specific modulation of the GLUT-4 movement (lateral 
diffusion) in the lipid bilayer either upon fusion or 
prior to endocytic scission. At the biochemical level, 
this modulation may involve an isoform-specific phos- 
phorylation-dephosphorylation by a protein kinase and 
a protein phosphatase. It is relevant to note here a 
recent proposal [53] that insulin may induce a change 
in GLIJT-4 protean conformation (unmasking) as an 
essential step of the recruitment mechanism. This study 
[53] indicates that glucose transporters in isolated rat 
adipot;yic~ art: ~ucatud mosc.ly (95%) in plasma mem- 
brane invaginations and surface-connected vesicle~ 
even in the absence of insulin, and that insulin treat- 
ment causes the flow of GLUT-4 in the plane of the 
membrane out of these specialized loci to the cell 
surface with little evidence for vesicle transport. Sec- 
ond, the physiological transmembrane orientation is 
required for fused HEGT to enter the host cell intra- 
cellular storage vesicles. This strongly suggests that the 
interaction of glucose transporter at its cytoplasmic 
domain with certain cytosolic constituents is required 
for the constitutive retainment of glucose transporter 
in the storage compartment. 

Usefab~ess of  cesick,-ceU fit~ton as an experinzental sys- 
tem 

l 'he  results discussed here strongly suggest that by 
the fusion protocol described here one can introduce 
in principle any purified membrane protein into any 
cell type. This is in contrast to protein expression by 
gene transfection which can be achieved only with 
propagating cell lines and oocytes; it is not possible, for 
example, to introdu,:e different glucose transporter iso- 
forms into rat adipocytes or hepatocytes by gone trans- 



fect ion.  I t  is qu i te  likely, on  t he  o t h e r  hand ,  tha t  
d i f fe ren t  t r a n s p o r t e r  i soforms such as G L U T - 4  a n d  
G L U T - 2  will soon be  pur i f ied  a n d  funct ional ly  r econ-  
s t i tu ted in vesicles.  O u r  fusion pro tocol  will t h e n  per -  
mi t  us to i n t roduce  a g iven i soform into a g iven cell 
type  such  as  ad ipocy tes  a n d  hepa toey tes ,  a n d  s tudy 
isoform-specif ic  and  t issue-specif ic  r egu la t ions  o f  this 
i m p o r t a n t  p ro t e in  funct ion  in detai ls .  

A c k n o w l e d g e m e n t s  

Th i s  s tudy was  s u p p o r t e d  in pa r t  by N I H  r e sea rch  
g r an t  D K  13376 a n d  by the  V e t e r a n s  A d m i n i s t r a t i o n  
Medica l  C e n t e r ,  Buffalo,  NY,  U S A .  
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