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A Double Leucine within the GLUT4 Glucose Transporter
COOH-Terminal Domain Functions as an Endocytosis Signal
Silvia Corvera,* Anil Chawla, Ranjan Chakrabarti, Marguerite Joly,* Joanne Buxton,

and Michael P. Czech

Program in Molecular Medicine and Departments of Biochemistry and Molecular Biology, and *Cell Biology, University of

Massachusetts Medical Center, Worcester, Massachusetts 01605

Abstract. The unique COOH-terminal 30-amino acid
region of the adipocyte/skeletal muscle glucose trans-
porter (GLUT4) appears to be a major structural de-
terminant of this protein’s perinuclear localization,
from where it is redistributed to the cell surface in
response to insulin. To test whether an underlying
mechanism of this domain’s function involves glucose
transporter endocytosis rates, transfected cells were
generated expressing exofacial hemagglutinin epitope
(HA)-tagged erythrocyte/brain glucose transporter
(GLUTI) or a chimera containing the COOH-terminal
30 amino acids of GLUT4 substituted onto this
GLUTI construct. Incubation of COS-7 or CHO cells
expressing the HA-tagged chimera with anti-HA anti-
body at 37° resulted in an increased rate of antibody
internalization compared to cells expressing similar
levels of HA-tagged GLUTI, which displays a cell sur-

face disposition. Colocalization of the internalized
anti-HA antibody in vesicular structures with internal-
ized transferrin and with total transporters was estab-
lished by digital imaging microscopy, suggesting the
total cellular pool of transporters are continuously re-
cycling through the coated pit endocytosis pathway.
Mutation of the unique double leucines 489 and 490
in the rat GLUT4 COOH-terminal domain to alanines
caused the HA-tagged chimera to revert to the slow
endocytosis rate and steady-state cell surface display
characteristic of GLUTI. These results support the hy-
pothesis that the double leucine motif in the GLUT4
COOH terminus operates as a rapid endocytosis and
retention signal in the GLUT4 transporter, causing its
localization to intracellular compartments in the ab-
sence of insulin.

clearly defined the stimulatory effect of insulin on

membrane transport of glucose as a key aspect of this
hormone’s physiological function. This acute action of insu-
lin is maximal within a few minutes, leads to over tenfold in-
creases in hexose influx rates, and is largely restricted to
muscle and fat cells in vivo (8, 32). Using fat cell fraction-
ation techniques, it was shown that insulin-stimulated glu-
cose uptake is associated with a rapid redistribution of func-
tional glucose transporters from an intracellular membrane
fraction to plasma membranes (5, 35). Subsequently, direct
demonstration of the rapid increase in glucose transporter
proteins on the cell surface of intact cells in response to insu-
lin has been accomplished using transporter affinity labeling
(16, 20, 28) and trypsin cleavage (6) techniques, immuno-
electron microscopy (33, 34), and an antibody binding assay
using an epitope-tagged glucose transporter construct (24).
In addition, a cloned (2, 4, 10, 19, 23) insulin-regulated glu-

EXPERIMENTS reported over the last four decades have
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cose transporter isoform denoted as GLUT4 was shown to
be expressed exclusively in fat and muscle cells, and ac-
counts for most of the increased transporter protein recruited
to the plasma membrane by insulin (40). A second glucose
transporter isoform denoted as GLUTI is present in pri-
mary insulin-sensitive cells at a much lower concentration
than GLUT4. Despite substantial sequence similarity with
GLUT4, GLUTI displays a predominantly cell surface local-
ization even in the absence of insulin (15, 40).

The distinct differences in the cellular localization of
GLUTI and GLUT4 has allowed microscopic and biochemi-
cal analysis of GLUTI/GLUT4 chimera transporters to iden-
tify regions of GLUT4 that confer its intracellular disposi-
tion. Our laboratories recently engineered a number of such
chimera ¢cDNA constructs with an insert encoding the
hemagglutinin (HA)! epitope YPYDVPDYA positioned in
the major exofacial loop of the transporter protein structure
(7). Binding of a monoclonal anti-HA antibody to intact cells
expressing these HA-tagged constructs permits quantitative

1. Abbreviations used in this paper: GLUTA4, adipocyte/skeletal muscle glu-
cose transporter; GLUT], erythrocyte/brain glucose transporter; HA, hem-
agglutinin epitope.
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analysis of the transporter protein levels present on the cell
surface. Such analysis in transfected COS-7 and CHO cells
revealed the 30-amino acid COOH-terminal domain of
GLUT4 confers a strong intracellular localization signal
when substituted onto the GLUT!1 transporter protein. Con-
versely, a chimera containing the 29 residue COOH termi-
nus of GLUT] substituted onto exofacial epitope-tagged
GLUTH4 resulted in a predominant cell surface distribution.
Similar results have now been reported in cultured PC-12
cells (17) and frog oocytes (26) expressing GLUTI/GLUT4
chimera transporter proteins. Although other GLUT4 do-
mains have also been reported to be important in determin-
ing its characteristic perinuclear localization (1, 29, 30), the
combined data from three laboratories now strongly support
a major role of the 30-amino acid GLUT4 COOH terminus
(7, 17, 26).

The experimental documentation that a major intracellu-
lar localization signal in the GLUT4 protein resides in its
COOH terminus raises the hypothesis that this structure in-
teracts with one or more cellular components involved in cel-
lular membrane trafficking of GLUT4. An important advan-
tage of the exofacial HA epitope-tagged glucose transporter
proteins is that their cellular internalization rates can be
quantified by monitoring the uptake of anti-HA antibody
added to intact cells expressing these constructs. The aim of
the present work was to determine whether the GLUT4
COOH-terminal domain contains endocytic targeting prop-
erties by exploiting this unique feature of the HA-tagged
transporter proteins. The experiments reported here demon-
strate a striking enhancement of exofacial HA epitope-
tagged GLUTI endocytosis when the GLUT4 COOH-termi-
nal 30 amino acids are substituted for the corresponding
GLUT1 COOH terminus. Furthermore, we demonstrate a
requirement for an intact double leucine motif in this
GLUT4 COOH-terminal region to confer the rapid endocy-
tosis rate. The data suggest an important role for the coated
pit-mediated endocytosis pathway in the steady-state intra-
cellular disposition of the GLUT4 transporter protein.

Materials and Methods

Cell Culture

COS-7 and CHO-KI cells were obtained from American Type Culture Col-
lection (Rockville, MD). Media, trypsin, antibiotics, and G418 were from
GIBCO/BRL (Gaithersburg, MD), and FBS was purchased from Upstate
Biotechnology, Inc. (Lake Placid, NY). COS-7 cells were maintained in
DME with 10% FBS, 50 U/ml penicillin, and 50 ug/ml streptomycin in a
37°C humidified CO; incubator. The cells were subcultured before reach-
ing confluence. CHO-K1 cell lines were maintained in Ham’s F-12 medium
with 10% FBS, 50 U/ml penicillin, and 50 ug/ml streptomycin in a 37°C
humidified CO; incubator.

Construction of HA-tagged Chimera Transporters

The construction of GLUTIX and 1(1-462)/4 was described previously (7).
The construct 1(1-462)/4LL was made in the following manner. Oligonucle-
otides corresponding to the amino acids 480-509 of GLUT4 containing the
mutations to change 1489 and 1490 to alanine residues were synthesized.
The double stranded oligonucleotide fragment was cloned into the BgliI-
Sall site of the original 1(1-462)/4 construct in pUC19. The mutated con-
struct was then transferred to the expression vector pCMVS5. Construct
1(1-462)/4Y was made by truncating the original 1(1-462)/4 construct at
amino acid 503 in the following way. A double stranded oligonucleotide cor-
responding to amino acids 480-503 of GLUT4 was inserted at BglII and Sall
of the original 1(1-462)/4 construct in pUC19. The new construct was trans-
ferred to pCMVS5.

The Journal of Cell Biology, Volume 126, 1994

Transient Expression of HA-Epitope-tagged Chimera
Transporter cDNAs in COS-7 Cells

COS-7 cells were seeded at 100,000 cells per 22-mm round, glass coverslip
and transfection of HA-epitope-tagged chimera transporter cDNAs was per-
formed by the calcium phosphate precipitation method as described (11).
Cells were analyzed by immunofluorescence 48 h later.

Stable Expression of Chimera Transporter cDNAs in
CHO-K1 Cells

Subconfluent CHO-K1 cells were cotransfected with pRSVneo and chimera
transporter cDNA by the calcium phosphate method described. G418-
resistant colonies were picked up with the use of cloning cylinders and ex-
panded. Positive cell lines were identified using immunofiuorescence with
anti-HA or anti-GLUT4 antibodies. Expression was confirmed by Western
blotting of total cellular membranes.

Immunofluorescence of Transfected Cells

Forty-eight hours after transfection, COS-7 cells were washed three times
in PBS (171 mM NaCl, 10 mM Na;HPOQ,, 3.3 mM KC}, 1.8 mM KH;PO,),
fixed for 10 min at room temperature in 4% formaldehyde in PBS, and re-
washed three times in PBS. The fixed cells were then incubated with PBS
containing 1% FBS and anti-HA antibody (mouse monoclonal 12CAS,
BAbCO, Berkeley, CA) diluted 1:1,000, for 2-3 h at room temperature. The
cells were washed and exposed to FITC-coupled goat anti-mouse IgG for
30 min at room temperature. After washing, the cells were postfixed with
4% formaldehyde in PBS for 5 min at room temperature. Cells were then
permeabilized by incubating with PBS containing 1% FBS and 0.5% Triton
X-100 for 30 min at room temperature. Cells were then incubated with a
1:1,000 dilution of either rabbit anti-GLUT4 IgG (R1288) or monoclonal
anti-HA antibody (12CAS) depending on the COOH-terminal structure of
the chimera for 18 h at 4°C. The cells were then again washed, and exposed
to a 1:1,000 dilution of rhodamine-coupled goat-anti-rabbit or anti-mouse
IgG (Tago, Inc., Burlington, CA). The cells were thoroughly washed and
the coverglasses were mounted on slides in 90% glycerol + 2.5% DABCO.

CHO-KI cell lines were analyzed by immunoftuorescence essentially as
described above, except that the cells on coverslips were permeabilized
directly after fixation and total cellular staining was detected with anti-HA
antibody and anti-GLUT4 antibody (R1288). Primary antibodies were de-
tected with FITC-conjugated goat anti-mouse and rhodamine-conjugated
goat anti-rabbit second antibodies as above.

Iodination of HA Antibody

Monoclonal antibody (12CAS) was purchased from BAbCO and the IgG
fraction was purified. 75 ug of the anti-HA IgG was jodinated using a lac-
toperoxidase kit (ICN) according to manufacturer’s instructions.

Iodinated Antibody Uptake

Cells were grown to 80% confluence in 24 well dishes. Cells were equili-
brated in buffer A (serum-free F12 media) for 30 min at 37°C. The buffer
was then replaced with ice-cold buffer A containing 30 ug/ml anti-HA IgG
and 10° cpm of '?5I-anti-HA IgG. The plates were incubated at 4°C for 1 h,
and then washed several times with ice-cold buffer A. The cells were then
incubated with buffer A at 37°C for 2-10 min. Surface bound antibody was
eluted in two sequential two minute washes with acidic buffer (100 mM Gly-
cine, 20 mM Magnesium Acetate, 50 mM Potassium Chloride, pH 2.2).
The two washes were saved and pooled, and cell monolayers were solubi-
lized in 1% SDS. The radioactivity present in the acid labile and resistant
pools was measured by gamma counting.

Antibody Uptake Detected with Immunofluorescence

Cells grown on glass coverslips were equilibrated at 37°C for 30 min in
buffer A. The buffer was aspirated and replaced with fresh buffer A contain-
ing 30 pg/ml anti-HA IgG for 10 or 60 min. The cells were then washed
two times for 2 min each with ice cold acidic buffer as above, and then
washed with ice cold PBS and fixed in 4% formaldehyde for 10 min. The
cells were permeabilized for 1 min in room temperature methanol and
briefly air dried. The fixed cells were incubated in PBS + 1% FBS for 15
min, and then incubated with a 1:1,000 dilution of FITC-coupled
anti-mouse secondary antibody in the same buffer for 30 min. After several
washes with PBS + 1% FBS, the celis were postfixed in 4% formaldehyde
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for 10 min. Total expressed transporter was detected with a 1:1,000 dilution
of anti-HA or anti-GLUT4 (R1288) antibody, washed in PBS + 1% FBS,
and bound antibodies detected with a 1:1,000 dilution of Rhodamine cou-
pled anti-mouse (anti-HA) or anti-rabbit (GLUT4). After extensive washes
with PBS + 1% FBS, the coverslips were mounted on slides using 90%
glycerol + 2.5% DABCO.

Antibody and Transferrin Uptake

Cells grown as described above were assayed similarly except that 2.5 pg/ml
Texas red-labeled transferrin was included in the incubation. Internalized
antibody was detected with FITC-coupled anti-mouse antibody as above.
Total expression was not measured in these experiments.

2-Deoxyglucose Uptake

Cells were assayed for 2-deoxyglucose uptake as described previously (13).
Nonspecific uptake, measured in the presence of 20 uM cytochalasin B and
300 uM phloretin, was subtracted and the cpm were normalized per 10°
cells.

Digital Imaging Microscopy

Samples were visualized on a Zeiss IM-35 microscope using a Nikon Apo
60/1.4 oil immersion lens and an 8X eyepiece. Two-dimensional images
were recorded using a thermoelectrically cooled charge-coupled device
camera (Photometrics Ltd., Tucson, AZ). To determine colocalization of
signals, a powerful deconvolution algorithm that reverses the blurring intro-
duced by the microscope optics was used. For these experiments, 30 serial
two-dimensional images were recorded at 0.25 pum intervals. Each image
was corrected for lamp intensity variations and photobleaching. Blurring of
fluorescence from regions above and below the plane of focus was reversed
using an iterative constrained deconvolution algorithm based on the theory
of ill-posed problems.

Results

To further define the role of the GLUT4 COOH-terminal
30-amino acid domain as a signal for intracellular localiza-
tion, the present studies focused on glucose transporter chi-
meras in which this GLUT4 COOH-terminal domain is
substituted onto GLUTI (Fig. 1 A4). The chimera denoted
1(1-462)/4 contains native sequences of human GLUT1
(residues 1-462) and the rat GLUT4 COOH terminus (resi-
dues 480-509), and has previously been shown to display a
GLUT4-like perinuclear disposition when expressed in
COS-7 or CHO cells (7). Under similar experimental condi-
tions, native GLUTI is primarily a cell surface protein. In
comparing the amino acid sequences of the GLUTI and
GLUT4 COOH-terminal regions (Fig. 1 B), two motifs
unique to GLUT4 were noteworthy based on studies related
to membrane trafficking of other proteins. Double leucine
motifs present in many membrane receptors (21, 22, 25, 27,
31, 37) are required for normal movements through mem-
brane compartments, while tyrosine residues in juxtamem-
brane domains have been implicated in receptor endocytosis
(18, 25, 36). These considerations led us to engineer mutant
chimera constructs in which the double leucines 489 and 490
were converted to alanines (construct 1(1-462)/4LL) or the
GLUT4 COOH terminus was truncated at position 503 so
that tyrosine 504 is missing (construct 1(1-462)/4Y). Addi-
tionally, each of the constructs depicted in Fig. 1 4 were en-
gineered to contain the HA epitope sequence YPYDVPDYA
within the major exofacial loop. The native chimera (1(1-
462/4) and double leucine mutant (1(1-462)/4L.L) constructs
depicted in Fig. 1 encode functional transporter proteins be-
cause their overexpression in stably transfected CHO cells
confers severalfold increases in glucose transport activity to
these cell lines (data not shown).

Corvera et al. A Dileucine-based Sorting Motif in GLUT4

A EXOFACIAL CYTOPLASMIC C-TERMINAL
LOOP LOOP 30 RESIDUES

GLUTIX

114624 % ]

480

waeuie I~ |
] LL-AA

1(1-462)/4Y 7 [

503

GLUT4X % ]

HA

EPITOPE: YPYDVPDYA

480 * %
rGLUT4C SATFRRTPSLLKVEQEPSTELG
hGLUT1IC IASGFRQGGASQSDKTPEELFH

* 509
rGLUT4C PLYEPEND
hGLUTIC PLGADSQV

Figure 1. HA epitope-tagged chimeras and mutant chimeras and
their comparison to the full length GLUT] and GLUT4 trans-
porters. The location of the HA epitope-tag insert (IDYPYDVP-
DYA) in the exofacial loop is indicated by the hatched area. This
epitope is inserted after amino acid 53 in all transporters except
GLUT4X in which the HA sequence is inserted after amino acid
83. GLUTIX and GLUT4X contain the entire sequence of the ap-
propriate isoform. The construct 1(1-462)/4 contains the first 462
amino acids of GLUTI and the last 30 amino acids of GLUT4. For
1(1-462)/4LL, the leucines indicated by asterisks in B have been
mutated to alanine residues. Construct 1(1-462)/4Y is truncated at
amino acid number 503 so that the tyrosine at position 504 and the
rest of the molecule is missing.

GLUT#4 Perinuclear Localization Requires the
COOH-Terminal Dileucine

To determine the steady-state cellular localization of native
and mutant glucose transporter chimeras, the exofacial HA-
tagged constructs depicted in Fig. 1 A were transiently ex-
pressed in COS-7 cells (Fig. 2). The cell surface concentra-
tion of each construct was analyzed by immunofluorescence
microscopy of non-permeabilized cells using a monoclonal
anti-HA epitope antibody (12CA5) followed by a FITC-
coupled anti-mouse immunoglobulin secondary antibody.
Subsequently, the cellular localization of all expressed trans-
porters in the same cells was determined by permeabilization
with 0.5% Triton, an exposure to anti-GLUT4 or anti-HA
antibody, and then incubation with a rhodamine-coupled
anti-rabbit or anti-mouse immunoglobulin secondary anti-
body. That this procedure quantifies the cell surface comple-
ment of expressed transporters was previously verified by the
finding that exofacial HA-tagged GLUTI, but not GLUTI
tagged at its cytoplasmic NH,-terminus, was readily detected
by anti-HA antibody bound to nonpermeabilized cells (7).

Fig. 2 shows that at similar levels of cellular expression,
much higher levels of GLUTIX are detected at the cell sur-
face compared to the 1(1-462)/4 construct, confirming our
previous findings that the GLUT4 COOH terminus confers
an intracellular disposition. The marked perinuclear appear-
ance of the 1(1-462)/4 chimera visualized in permeabilized
cells (upper panel) resembles the results obtained with na-
tive GLUT4 (not shown, see references 7, 17, 26, 29). Simi-
lar data are obtained when the 1(1-462)/4Y protein is ex-
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GLUT1X 1(1-462)/4
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1(1-462)/4LL 1(1-462) 4Y

Figure 2. Immunofluores-
cence microscopy of HA-
tagged transporter constructs
transiently expressed in COS-7
cells. COS-7 cells were fixed
in4 % formaldehyde 48 h after
transfection with the indicated
constructs. Transporters pres-
ent at the cell surface (SUR-
FACE) were detected with
anti-HA antibody (12CAS)
and FITC-conjugated anti-
mouse second antibody before
permeabilizing the cells. The
cells were permeabilized and
total transporter expression
(TOTAL) was detected with
anti-HA (for GLUTIX) or
anti-GLUT4 (RI288) (for
chimeras) antibody and rho-
damine-coupled anti-mouse
(for anti-HA) or anti-rabbit
(for anti-GLUT4) second anti-
body. To accurately quantify
the proportion of each trans-
porter present at the cell sur-
face of translocated cells, the
fluorescence intensity (Rho-
damine and FITC) of all trans-

fected cells found in 10 fields (10-15 cells) for each construct was measured. The ratios of surface/total fluorescence obtained were ex-
pressed as mean + SEM, and were 0.51 £ 0.08, 0.18 + 005, and 0.51 + 0.10 for GLUT 1X, 1(1-462)/4 and 1(1-462)/4LL, respectively.

Bar, 10 um.

pressed in COS-7 cells. In contrast, at equal levels of expres-
sion, mutation of the double leucines in this construct to ala-
nines (construct 1(1-462)/4LL in Fig. 1 A4) results in a large
increase in the levels of transporter at the cell surface, as
visualized by the intense signal from anti-HA antibody in
nonpermeabilized cells (Fig. 2, lower cell in lower panel),
similar to GLUTIX. In permeabilized cells this mutant con-
struct is distributed throughout the cell rather than restricted
to the perinuclear region, again similar to the GLUTIX
transporter protein (Fig. 2). Quantifications of the immuno-
fluorescence intensities by digital image microscopy to ob-
tain surface transporter content/total transporter ratios
found in 10 fields each (10-15 cells) for GLUTIX, 1(1-462)/4
and 1(1-462)/4LL yielded the values of 0.51 + 008, 0.18
4 005, and 0.51 + 0.10, respectively. Taken together, these
data indicate that the capability of the GLUT4 COOH termi-
nus to confer a steady-state intracellular localization when
substituted onto the GLUTIX construct requires intact leu-
cines 489 and 490.

The validity of this conclusion was tested using indepen-
dent methodology in a different cell type. As depicted in Fig.
3, CHO cells stably transfected with GLUTIX, 1(1-462)/4 or
1(1-462)/4LL were fixed, permeabilized, and analyzed with
anti-HA antibody and an anti-GLUT4 COOH-terminal pep-
tide antibody. GLUTIX protein exhibited a dispersed pattern
of anti-HA immunoreactivity, with high intensity at cell
borders characteristic of its cell surface concentration. As
expected, these same cells were devoid of anti-GLUT4 anti-
body-mediated immunofluorescence (Fig. 3, top panel). In
sharp contrast, the chimera containing the native GLUT4
COOH-terminal region was largely restricted to a perinuclear
localization when permeabilized cells were probed with ei-

The Journal of Cell Biology, Volume 126, 1994

ther anti-HA (lower panel) or anti-GLUT4 (fop panel) anti-
bodies. Again, mutation of the double leucines 489 and 490
to alanines caused reversion of this distribution to a GLUTIX-
like, cell surface phenotype, as evidenced by probing with
either antibody (Fig. 3). Quantification of data obtained
from other experiments on CHO cells (not shown) for SUR-
FACE/TOTAL values also confirmed similarly increased cell
surface content of GLUTIX and 1(1-462)/4LL over 1(1-462)/4.
These data demonstrate that the double leucine motif is a
necessary element of the cellular localization signal in the
GLUT4 COOH terminus.

The GLUT4 COOH-Terminal Dileucine Signals
Rapid Endocytosis

In the next series of experiments, we took advantage of the
fact that anti-HA antibody binds to exofacial-tagged trans-
porter proteins in intact living cells. The ability of HA-
tagged transporters to direct the internalization of antibody
can be used as a direct means of estimating transporter endo-
cytosis. Transiently transfected COS-7 cells (Fig. 4) and sta-
bly transfected CHO cells (Fig. 5) expressing GLUTIX, chi-
mera 1(1-462)/4, or the double leucine mutant chimera
1(1-462)/4LL were incubated with 12CAS5 antibody at 37°
for 10 or 60 min. Cells were then fixed, permeabilized, and
incubated with FITC-labeled anti-mouse immunoglobulin
antibody to visualize the internalized monoclonal 12CAS
(panels labeled “10 min” and “60 min” in Figs. 4 and 5). Dis-
tribution of total transporter proteins in the same fixed per-
meabilized cells were visualized by a subsequent incubation
with anti-HA (for GLUTIX) or anti-GLUT4 (for chimeras)
followed by rhodamine-conjugated anti-mouse or anti-rab-
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GLUTIX

anti-GT4

anti-HA

bit immunoglobulin antibody (panels labeled “total” above
the 10 min or 60 min panels, respectively). Time-dependent
uptake of the anti-HA antibody directed by the glucose trans-
porter proteins was observed in both COS-7 (Fig. 4) and
CHO (Fig. 5) cells, but was much more pronounced with
cells expressing the 1(1-462)/4 chimera compared to
GLUTIX or the double leucine mutant chimera. In COS-7
cells, 12CA5 antibody uptake in GLUTIX or 1(1-462)/4LL
expressing cells was virtually undetectable at 10 min, while

GLUT1X 1(1-462)/4

Corvera et al. A Dileucine-based Sorting Motif in GLUT4

1(1-462)/4LL

Figure 3. Immunofluores-
cence microscopy of CHO
cells expressing GLUTIX,
1(1-462)/4, and 1(1-462)/4LL.
CHO cells expressing the in-
dicated chimeras were fixed in
4% formaldehyde and perme-
abilized. Immunoreactivity
with anti-HA (lower panels)
and anti-GLUT4 (R1288) anti-
bodies (upper panels) was de-
tected with FTTC-coupled anti-
mouse and rthodamine-coupled
anti-rabbit antibodies, re-
spectively. Bar, 10 um.

the 1(1-462)/4 chimera mediated a relatively strong signal by
this time (Fig. 4). By 60 min of incubation, cells expressing
the 1(1-462)/4 chimera exhibited intense accumulation of the
12CAS antibody in the perinuclear region as well as in punc-
tate, peripheral structures. Mutation of the double leucines
in this chimera abolished detectable uptake of the anti-HA
antibody into the perinuclear region. No internalized anti-
body could be detected in non-transfected cells (not shown).

The significantly elevated rates of 1(1-462)/4 protein inter-

1(1-462)/41L 1

Figure 4. Anti-HA antibody
internalization in COS-7 cells
transiently expressing HA-
tagged transporter chimeras.
48 h after transfection with the
indicated constructs, cells
were incubated at 37°C with
anti-HA IgG for 10 min (up-
per panels) or 60 min (lower
panels). Cell surface antibody
was released by washing two
times for 2 min each with ice
cold acidic buffer. Cells were
then washed with PBS on ice,
fixed in 4% formaldehyde,
and permeabilized. Internal-
ized antibody was detected
with FITC-conjugated anti-
mouse antibody. Total trans-
porter expression (TOTAL)
was analyzed as indicated in
the legend of Fig. 2. Bar,
10 um.
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GLUT1X

1(1-462)/4

Total

10 min

Total

60 min

nalization observed in Figs. 4 and 5 relative to those of
GLUTIX and the mutant 1(1-462)/4LL chimera seemed par-
ticularly remarkable because much less of the former chi-
mera protein is present on the cell surface at steady-state
compared to the latter proteins (Fig. 2). Thus, a much
smaller pool of surface bound 12CAS5 antibody is available
to be internalized in cells expressing the 1(1-462)/4 chimera
compared to those expressing GLUTIX or 1(1-462)/4LL
(Fig. 1), even though in fact the former cells do internalize
more 12CAS antibody than the latter (Figs. 4 and 5). Using
digital imaging microscopy, the fluorescence intensity as-
sociated with the newly internalized anti-HA antibody in
COS-7 cells was quantified. When normalized to the calcu-
lated cell surface content of transporter protein, we obtained
internalization values (anti-HA Uptake/Steady-state Cell
Surface Transporter Content) for 1(1-462)/4 that were three
times greater than GLUTIX and 1(1-462)/4LL at 10 min and
over 10-fold greater at 60 min. Experiments were also con-
ducted to quantify the 12CAS antibody internalization rate
relative to its steady-state cell surface binding using method-
ology previously established for comparison of receptor en-
docytosis rates (9). Antibody 12CAS labeled with !>5] was
incubated with stably transfected CHO cells expressing
transporter proteins GLUTIX, 1(1-462)/4 or 1(1-462)/4LL
for 1 h at 4° to bind cell surface transporters. Unbound anti-
body was washed away and cells were incubated at 37° for
various times (2-10 min) to allow endocytosis to proceed.
The amount of 12CAS antibody remaining on the cell surface
at each time point was removed by acid washing, and
quantified. The amount of internalized radioactivity still as-
sociated with the cells was also determined.
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1(1-462)4L 1

Figure 5. Anti-HA antibody
internalization in CHO cells
expressing HA-tagged trans-
porter chimeras. CHO cells
expressing the indicated trans-
porters were incubated at
37°C with anti-HA IgG for 10
min (upper panels) or 60 min
(lower panels). Cells were
washed on ice, fixed in 4% for-
maldehyde, and permeabilized.
Internalized antibody was de-
tected with FITC-conjugated
anti-mouse antibody. Total
transporter expression (70-
TAL) was analyzed as indi-
cated in the legend of Fig. 2.
Bar, 10 um.

The data obtained for each time of internalization in these
experiments was plotted as a ratio of internalized 12CAS an-
tibody to cell surface bound antibody (In/Sur) in Fig. 6.
About half of the initial surface bound 12CAS antibody was
already internalized within only two min of incubation at 37°
when directed by the 1(1-462)/4 transporter chimera, and in-
ternalization continued to proceed rapidly through the 10
min incubation period. In contrast, the In/Sur ratio calcu-
lated for the GLUTIX containing cells was about twofold
lower at 2 min and fivefold lower at the 10 min time point
(Fig. 6). Cells expressing the mutant chimera with the
double leucines converted to alanines displayed a low in-
ternalization rate indistinguishable from that measured in
GLUTIX-expressing cells. Taken together, the data pre-
sented in Figs. 4-6 demonstrate that the steady-state peri-
nuclear localization conferred by the 30 residue GLUT4
COOH-terminal domain when substituted onto GLUTI is
associated with an elevated rate of internalization compared
to native GLUT!I. Both of these functions are directed by the
GLUT4 COOH terminus, and are abolished upon mutation
of the double leucine motif in the GLUT4 domain.

Newly Internalized and Total Cellular Chimera
Transporters Colocalize

The results described above indicate that the GLUT4 COOH
terminus contains a signal for internalization, and suggests
that the predominantly intracellular localization of GLUT4
is the result of efficient retrieval from the plasma membrane.
However, an alternative possibility could be that GLUT4 is
targeted to two different cellular compartments, one being

984

8002 ‘v'T AInc uo Bio gol-mmm wolj papeojumoq


http://www.jcb.org

Published August 1, 1994

2.5
1(1-462)/4
2.0-
. 1.5 5
@
1.017
0.5 1 GLUT1X
1(1-462)/4LL
0.0 - —— G :
0 2 4 & 8 10 12

TIME (min)

Figure 6. Antibody internalization initial rate determinations from
CHO cells expressing GLUTIX, 1(1-462)/4, and 1(1-462)/4LL.
CHO cells expressing the indicated constructs were incubated at
4°C for 60 min with 2 HA IgG and washed on ice. The cells
were then incubated at 37°C for 2, 5, or 10 min. After washing,
the surface bound antibody was released using acidic buffer and
counted. The cells were solubilized, and internalized counts were
determined. The cpm were corrected for cell number. The ratio of
internalized counts to surface counts (/N/SUR) was determined and
plotted vs time for each cell line.

the endocytic pathway, and another being a specialized in-
tracellular storage pool which keeps the transporter seques-
tered from the plasma membrane. To determine whether the
pool of transporters that internalize antibody is separated
from a non-recycling pool, we used digital imaging micros-
copy to assess rigorously the degree of colocalization of re-
cycling vs total cellular pools of transporters. Transfected
COS-7 cells producing 1(1-462)/4 chimera protein were in-
cubated with the anti-HA antibody for 60 min followed by
acid washing, fixation, permeabilization, and probing with
FITC-anti-mouse immunoglobulin antibody. After this
treatment, the same cells were incubated with anti-GLUT4
antibody followed by rhodamine-labeled anti-rabbit immu-
noglobulin antibody to visualize the cellular distribution of
the total pool of chimera transporter proteins. Three dimen-
sional images of the total pool of transporters (two represen-
tative fields visualized in red in left panels of Fig. 7) and of
the fluorescein signal associated with transporters internal-
ized during the 60 min incubation (visualized in green in the
middle panels of Fig. T) were generated. Areas of colocaliza-
tion of rhodamine-based and fluorescein-based signals ob-
served after overlapping both images are displayed in white
(right panels of Fig. 7).

Three important findings emerge from this analysis: First,
the 1(1-462)/4 chimera protein in these cells appears as a dis-
tinct punctate pattern, suggesting its sorting into discrete
vesicular structures (left panels). Second, while many of
these chimera-containing structures are situated in the peri-
nuclear region of the cells, they are clearly present through-
out the cytoplasm. Third, newly internalized 1(/1-462)/4 chi-
mera proteins distributed within 60 min to most of the same
vesicular structures that contain the bulk transporter protein
pool (right panels of Fig. 7). These data are consistent with
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the hypothesis that most if not all of the 1(1-462)/4 chimera
transporters are continually recycling between intracellular
vesicular structures and the cell surface membrane in COS-7
cells.

Newly Internalized Chimera Transporters and
Transferrin Colocalize

The efficient endocytosis of 1(1-462)/4 chimera transporter
proteins demonstrated by the present work is consistent with
morphological (30) and biochemical (3) evidence that sig-
nificant amounts of GLUT4 is present in clathrin-coated
membrane structures. We tested whether the 1(1-462)/4 chi-
mera is internalized via the endocytic pathway through
which transferrin receptor and other receptors are internal-
ized. COS-7 cells expressing 1(1-462)/4 chimera were in-
cubated simultaneously with Texas red-tagged transferrin
and anti-HA antibody for 60 min at 37°C. Cells were acid
washed, fixed, permeabilized, and primary 12CA5 antibody
was detected with FITC-labeled anti-mouse immunoglobu-
lin antibody. The same three dimensional reconstruction and
colocalization of Texas red vs fluorescein-based fluorescence
analysis were performed as described above for Fig. 7. The
data in Fig. 8 depicting two distinct fields (upper vs lower
panels) show quite similar distribution profiles for the inter-
nalized transferrin (visualized in red in left panels) and anti-
HA antibody (visualized in green in middle panels). Note
that in the upper panels a single cell is visualized, whereas
in the lower panels, multiple cells are present. Only one cell
among the latter has been transfected with the chimera trans-
porter cDNA, whereas all the cells contain endogenous
transferrin receptors and internalized Texas red-labeled
transferrin. Numerous vesicular structures harboring inter-
nalized transferrin also contain chimera transporter protein,
as visualized in white in the right panels of Fig. 8.

Discussion

The GLUT4 COOH Terminus Confers a Rapid
Endocytosis Rate

Recent work has led to a consensus among several groups
(7, 17, 26) that cytoplasmic sequences in the GLUT4 COOH
terminus play a major role in the predominant perinuclear
localization of the GLUT4 transporter protein observed in
many cell types. We have previously reported that an exofa-
cial HA-tagged GLUTI/GLUT4 chimera containing the 30
residue GLUT4 COOH terminus displays a predominantly
intracellular localization when expressed either in COS-7 or
CHO cells (7). A primary focus of the present studies was
to examine the cellular trafficking properties of the GLUT4
COOH terminus that influence its subcellular distribution.
A key finding reported here is that expression of the 1(1-
462)/4 chimera caused a pronounced intracellular accumula-
tion of anti-HA antibody added to the cell culture medium.
The accumulation mediated by the 1(1-462)/4 chimera was
much greater than that mediated by GLUTI (Figs. 4-6).
These data suggest that a mechanism involving rapid re-
trieval from the cell surface may account for the intracellular
localization of chimeras containing the GLUT4 COOH ter-
minus.

Several independent experiments further reinforce the
conclusion that the GLUT4 COOH terminus contains struc-
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TOTAL UPTAKE OVERLAP

Figure 7. Colocalization of internalized antibody and expressed transporter 1(1-462)/4 in transiently transfected COS-7 cells. 48 h after
transfection, cells were incubated in anti-HA IgG for 60 min at 37°C. The cells were washed on ice with acidic buffer and fixed in 4%
formaldehyde. Permeabilized cells were then incubated with FITC-conjugated anti-mouse antibody (green, UPTAKE). Total transporter
expression (red, TOTAL) was analyzed as indicated in the legend of Fig. 2. Thirty two-dimensional images were taken at 0.25 um intervals.
The background was subtracted and blurring above and below the plane of focus was reversed. Images shown are single optical sections
from the middle of the cell. Obvious areas of correspondence were observed in all optical planes, and the coordinates of these areas were
used to overlap the images. Colocalization of signal is represented by the white areas in the OVERLAP panels. Bar, 10 ym.

TRANSFERRIN anti-HA UPTAKE OVERLAP
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Figure 8. Colocalization of in-
ternalized anti-HA antibody
and transferrin in COS-7 cells
transiently expressing  1(I-
462)/4. 48 h after transfection,
cells were incubated with Texas
red-labeled transferrin (red,
TRANSFERRIN) and anti-HA
IgG far 60 min. After washing
with acidic buffer, fixation,
and permeabilization, inter-
nalized antibody was detected
with FITC-conjugated anti-
mouse antibody (green, UP-
TAKE). Images were analyzed
as described in Fig. 7. Colocal-
ization of signal is represented
by the white areas in the OVER-
LAP panels. Bar, 10 um.
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tural elements recognized by cells as a signal for rapid en-
docytosis: First, similar results are obtained when either
transiently transfected COS-7 (Fig. 4) or stably transfected
CHO (Fig. 5) cells were analyzed for anti-HA antibody up-
take. Second, the marked stimulatory influence of the GLUT4
COOH terminus on transporter internalization is observed
with both microscopic (Figs. 4 and 5) and biochemical (Fig.
6) methods. Third, an effect of the GLUT4 COOH terminus
is readily measured when cells are incubated with anti-HA
antibody for only two minutes, making it unlikely that later
events in the membrane recycling pathway are contributing
to this assay. Fourth, our assays involve binding of the same
anti-HA antibody preparation to the identical HA-tagged
GLUTI1 domain in both GLUTIX and chimera 1(1-462)/4.
Thus, it is unlikely that differences in kinetics of association
of antibody with these transporter proteins contribute to the
observed differences in antibody internalization rates medi-
ated by the two transporters.

The endocytosis rate of the expressed 1(1-462)/4 chimera
reported here in CHO cells agrees remarkably well with
previous reports on the endocytosis rate of endogenous
GLUT4 in insulin-sensitive cells. This indicates the anti-HA
antibody does not effect transporter internalization rates.
Thus, Fig. 6 reveals the loss of about two thirds of the initial
cell surface-bound anti-HA antibody after a 10-min incuba-
tion of CHO cells at 37°C. This is virtually identical to the
values reported in 3T3-L1 cells (39) and rat adipocytes (6)
for fractional movement of affinity-labeled or trypsin-
cleaved cell surface GLUT4 from plasma membranes to in-
tracellular membranes, respectively, under basal conditions.
In another study, affinity-labeled GLUT4 in primary fat cells
was reported to be internalized at a somewhat faster rate than
reported in the above studies (20). Taken together, the data
are consistent with the hypothesis that the GLUT4 COOH
terminus is a major signal within the GLUT4 structure that
confers its characteristic rapid endocytosis rate. This
hypothesis will require rigorous testing by comparing en-
docytosis of native GLUT4 vs chimera 1(1-462)/4 in insulin-
sensitive cultured 3T3-L1 adipocytes. Appropriate trans-
fected cell lines are currently being developed for this
analysis.

In contrast to the general agreement that GLUT4 internal-
izes rapidly, our results suggesting a lower GLUT1 endocy-
tosis rate is inconsistent with data published by Yang and
Holman (39). These workers reported that GLUT1 was in-
ternalized as rapidly as GLUT4 in 3T3-L1 adipocytes. This
discrepancy may be due to the different cell types used in
their studies, or to the disparate methods used to quantify
endocytosis. Yang and Holman (39) rely on affinity labeling
of cell surface transporter proteins with an impermeant bis-
mannose photolabel to follow internalization of GLUTI and
GLUTA. It has not been established that the small fraction
of labeled transporters in those studies are directed into the
same cellular membrane microcompartments as are the na-
tive transporters. In this regard, evidence that a large fraction
of cell surface GLUTI proteins may not be catalytically ac-
tive in unstimulated 3T3-L1 adipocytes has been reported
(12, 14). These suppressed transporter proteins may not react
with a probe directed to their extracellular glucose binding
site. Thus, affinity photolabeling may not be an appropriate
method for monitoring the membrane dynamics of the total
pool of GLUTI proteins in 3T3-L1 adipocytes. Additionally,
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Yang and Holman (39) determine endocytosis rates in-
directly using cell fractionation techniques, which might
lead to results that differ from direct measurements on intact
cells as reported here.

The finding that the COOH terminus of GLUT4 contains
information for rapid endocytosis raises the question of
whether the different steady-state subcellular localizations of
GLUT4 and GLUTI are entirely due to differences in endo-
cytic rates of these two molecules. The present finding that
GLUT! endocytosis is relatively slow appears to explain, at
least in part, this high cell surface display of GLUTI in the
basal state. The rapid endocytosis of GLUT4 would explain
its predominantly intracellular distribution. However, an-
other possibility is that a subfraction of GLUTA4 transporters
are targeted to a distinct intracellular membrane pool which
does not cycle to and from the plasma membrane, whereas
another pool, which is revealed by antibody uptake, is inter-
nalized and recycles continually to the plasma membrane.
This issue was addressed by assessing the degree to which
the pool of newly internalized anti-HA antibody-bound 1(1-
462)/4 chimera segregated into the same cellular membrane
compartments as the bulk chimera transporter proteins. This
analysis showed a striking colocalization of these two trans-
porter populations (Fig. 7). These data argue against the idea
that sub-populations of GLUT4 transporters with vastly
divergent trafficking characteristics coexist in the same cell,
and suggest that rapid endocytosis can account for the pre-
dominantly intracellular distribution of the chimeras with
the GLUT4 COOH terminus.

Glucose Transporter Endocytosis as a Target
of Insulin Action

It is well established in fat and muscle cells that insulin ac-
tion exerts a much more dramatic effect on GLUT4 redistri-
bution to the cell surface compared to that of GLUTI (15,
40). The much larger proportion of GLUT! vs GLUT4 pro-
tein already at the cell surface membrane in unstimulated
cells largely accounts for this difference. The observed rapid
endocytosis rate signaled by the GLUT4 COOH terminus in
these studies in turn implicates endocytosis as a potentially
important point for regulation by insulin. Three recent
papers report such regulation, indicating a 30-66% inhibi-
tion of GLUT4 internalization by insulin (6, 20, 39). The de-
gree to which this effect might contribute to the overall
10-20-fold increase in GLUT4 concentration in the cell sur-
face membrane is not resolved by the present results because
we have not employed insulin-sensitive cell types. However,
the rate of 1(1-462)/4 endocytosis measured in our studies
implies a rate of basal exocytosis that is not rapid enough to
account for insulin action if only endocytosis were inhibited
by the hormone. Evidence from similar studies also suggests
a major effect of insulin on the process of exocytosis or other
intracellular steps in the glucose transporter membrane cy-
cling pathway (20, 39). These considerations raise the ques-
tion whether the COOH terminus of GLUT4 functions
specifically at the endocytosis step of GLUT4 trafficking, or
also plays a role in one or more other stages of the over-
all recycling pathway. Evidence in favor of the latter in-
cludes our observation that differences between internalized
GLUT1 vs 1(1-462)/4 increased with time (twofold greater
for the latter after 2 min vs fivefold after 10 min of anti-HA
uptake in Fig. 6). Thus, transit of GLUTI through the mem-
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brane recycling pathway and back to the cell surface may be
more rapid than that for GLUT4.

GLUT4 Trafficking Involves the Clathrin-coated Pit
Endocytosis Pathway

Studies directed towards understanding the molecular basis
of endocytosis have demonstrated that clathrin-coated pits on
the cell surface membrane mediate entry of many cell sur-
face proteins into complex intracellular membrane traffick-
ing pathways. Recent work has focused on identifying motifs
present in receptor cytoplasmic tails that govern routing
through such cellular membrane systems. One such identi-
fied motif consists in the presence of one or more tyrosine
residues in the juxtamembrane region of several receptor
proteins (18, 36). Another cytoplasmic structural element
that appears to mediate coated pit-mediated endocytosis and
lysosomal targeting consists of a leucine doublet (21, 22, 25,
27, 31, 37). The presence of leucines 489 and 490, and tyro-
sine 504 in the COOH terminus of GLUT4 but not GLUTI
(Fig. 1 B) prompted our evaluation of their possible func-
tional roles within the GLUT4 COOH-terminal domain. Mu-
tation of the dileucine motif in the GLUT4 COOH terminus
to dialanine was accompanied by loss of the rapid endocyto-
sis rate of 1(1-462)/4, and by a parallel loss of its steady-state
intracellular distribution (Figs. 4-6). In contrast, truncation
of tyrosine 504 was without effect, suggesting that the dileu-
cine motif is the key determinant of the sorting properties of
the GLUT4 COOH terminus. During the final preparation
of our manuscript, a report by Verhey and Birnbaum (38) ap-
peared which also demonstrates the steady-state perinuclear
distribution directed by the GLUT4 COOH terminus re-
quires an intact double leucine motif. Importantly, the pres-
ent data are consistent with the postulate that disruption of
the rapid endocytosis rate by mutation of the GLUT4 COOH
terminus double leucine causes the cell surface display of the
mutant 1(1-462)/4LL chimera, although the abolition of
other functions such as localization to a sequestered mem-
brane compartment by the mutation may also occur.

The finding that endocytosis of the 1(1-462)/4 chimera is
impaired by mutation of the double leucines to alanines also
further implicates a coated-pit based mechanism for cellular
internalization of this chimera. This concept derives from
the fact that several other receptors that require intact dileu-
cines for appropriate delivery of their ligands to lysosomes,
including the insulin-like growth factor I (IGF-)/man-
nose-6-phosphate (M6P) receptor (22), the cation-depen-
dent M6P receptor (21), CD3 (25), and CD4 (31) polypep-
tides, and the lysosomal integral membrane protein II (37)
appear to employ this pathway. This hypothesis gains fur-
ther strong support from recent studies showing direct as-
sociation of GLUT4 transporters with cell surface coated
pits (30) and with isolated coated vesicles (3). Furthermore,
it is well documented that the transferrin receptor is present
in coated pits and is internalized by this mechanism. The
1(1-462)/4 chimera was found to colocalize with internal-
ized transferrin upon its endocytosis in COS-7 cells (Fig. 8),
indicating a common pathway of cell entry. These consider-
ations suggest the hypothesis that one or more components
associated with coated membranes may directly interact
with the double leucine region of the GLUT4 COOH termi-
nus. Identifying these hypothetical partners for the dileucine
motif in GLUT4 is an important objective. A key question
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also raised by these studies is whether insulin action directly
modulates the interaction between this GLUT4 COOH-ter-
minal domain and cellular components involved in protein
sorting and trafficking.
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