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Insulin stimulates glucose uptake in muscle and adipose cells primarily by recruiting GLUT4
from an intracellular storage pool to the plasma membrane. Dysfunction of this process
known as insulin resistance causes hyperglycemia, a hallmark of diabetes and obesity. Thus
the understanding of the mechanisms underlying this process at the molecular level may
give an insight into the prevention and treatment of these health problems. GLUT4 in rat
adipocytes, for example, constantly recycles between the cell surface and an intracellular
pool by endocytosis and exocytosis, each of which is regulated by an insulin-sensitive and
GLUT4-selective sorting mechanism. Our working hypothesis has been that this sorting
mechanism includes a specific interaction of a cytosolic protein with the GLUT4 cytoplas-
mic domain. Indeed, a synthetic peptide of the C-terminal cytoplasmic domain of GLUT4
induces an insulin-like GLUT4 recruitment when introduced in rat adipocytes. Relevance

of these observations to a novel euglycemic drug design is discussed.
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Glucose homeostasis and GLUT4 function

In humans and mammals, the blood glucose level is
kept within a narrow concentration range, the regulation
known as glucose homeostasis (DeFronzo, 1988). A de-
rangement in this regulation results in hyperglycemia,
which is responsible for many vascular and neurological
complications seen in diabetes and obesity (Warram et
al, 1990; Garvey, 1992; Kahn, 1996). The results of
the Diabetes Control and Complication Trial (DCCT)
studies clearly show that more than 60% of diabetic
complications can be prevented by more precise control
of blood glucose levels (anonymous,1997)

Clucose utilization by muscle accounts for as much
as 70% of the total body glucose consumption, thus
representing a key control segment in glucose homeostasis
(DeFronzo et al., 1981). The muscle glucose utilization
is regulated at the point of entry (transport) of glucose
into the cell (Kahn, 1996). The process is mediated by
two isoforms of the facilitative glucose transporter
family, mostly by GLUT4 and in part by GLUT1 (Pessin
and Bell, 1992; Mueckler, 1994), and further regulated
by metabolites and hormones, most importantly by
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insulin (Birmbaum, 1992; Stephens and Pilch, 1995).
GLUT4 in these cells are mostly (90% or more) kept
idle in an intracellular compartment, and insulin recruits
GLUT4 from this storage compartment to the plasma
membrane (Cushman and Wardzala, 1980; Suzuki and
Kono, 1980). This GLUT4 recruitment is the major
mechanism by which insulin stimulates glucose uptake
in muscles and adipocytes, and represents a key control
point for glucose homeostasis (Birmbaum, 1992; Stephens
and Pilch, 1995). The dysfunction of this regulation is
known to be responsible for the insulin resistance seen
in diabetes and obesity (Garvey, 1992; Kahn, 1996).

Transmembrane topology of GLUT proteins; the cyto-
plasmic domain and GLUT4 regulation

Five functional isoforms (GLUT1-5) are known in this
glucose transporter family, which differ in terms of
tissue expression, transport kinetics, substrate specificity,
and metabolic and hormonal response (Pessin and Bell,
1992; Mueckler, 1994; Birmbaum, 1992). Molecular
biological, biochemical and biophysical data (Pessin and
Bell, 1992; Mueckler, 1994; Zheng et al., 1996} indicate
that all of these isoforms share a common transmembrane
topology (Fig. 1). Each has a large, transmembrane domain
(about 50% of the protein mass) made of twelve mem-
brane-spanning alpha helices (TMHs 1-12) forming a
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Fig. 1. GLUT1 transmembrane topology and tertiary structure
:GLUT 4 structure illustrating putative catalytic and
regulatory domains a GULT binding protein (GTBP)

water-filled glucose pathway (Mueckler, 1994; Zheng
et al., 1996; Chin et al., 1987; Oka et al., 1990) (the
catalytic domain). Each isoform has two nonmembrane
domains, the cytoplasmic domain and the exoplasmic
domain (about 35 and 15% of the protein mass,
respectively). The cytoplasmic domain is made of the
N- and C-termini, and a large central loop between
TMHs 6 and 7. The exoplasmic domain includes a
fairly large, glycosylated loop between TMHs 1 and 2.
These two nonmembrane domains show the isoform-
specific amino acid sequence divergence (Mueckler, 1994)
suggesting their roles in tissue-specific regulation of the
transporter function. Indeed, a large body of molecular
biological (Mueckler, 1994; Birnbaum, 1992; Oka et
al.,, 1990; Verhey and Birnbaum, 1994; Verhey et al.,
1993; James et al., 1994) and biochemical (Lawrence
et al., 1990) data suggest that this cytoplasmic domain is
important in isoform-specific regulation of GLUT function
(the regulatory domain) (Fig. 1). Exactly how, at the
molecular level, this domain participates in the regulation
is yet to be elucidated. Our working hypothesis has been
that a specific, cytosolic protein(s) is (are) involved in
this regulation; this putative protein may interact with
GLUT protein at the cytoplasmic domain and modulate
GLUT function in response to hormonal or metabolic
signals (Lee and Jung 1997; Jung, 1998).

GLUT4 constantly recycles via endocytosis and exocy-
tosis

Steady state kinetic measurements have revealed that
GLUT4 in rat adipocytes constantly recycles between
the plasma membrane and an intracellular storage pool
in a process essentially describable by two discrete firg-
order rate constants, one for internalization (k,), and
the other for externalization (k) (Jhun et al., 1992).
The study also revealed that insulin affect both rate
constants; it reduced k, by 2.8 fold and increased k.
by 3.3 fold. These findings indicate that insulin-induced
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GLUT4 recruitment results from modulation of GLUT4
endocytosis as well as its exocytosis, the biochemical
basis of which may also be distinct, thus should be
studied individually. Okadaic acid, a protein phosphatase
inhibitor which stimulates glucose transport and induces
insulin-like GLUT4 recruitment in basal adipocytes,
increases k., without affecting k,, (Rampal et al., 1995).
Okadaic acid at higher concentrations interferes with
the insulin effect (Lawrence et al., 1990). These findings
suggest that insulin may modulate GLUT4 recycling by
changing the phosphorylation state of a specific serine/
threonine phosphoprotein, if not GLUT4 itself, possibly
by modulating a specific phosphatase including PP1 or
PP2A (Begum, 1995; Ragolia and Begum, 1997).

Insulin signal transduction pathway that is responsible
for GLUT4 recruitment

Isolated rat adipocytes, when incubated with insulin,
increases glucose flux and the plasma membrane GLUT4
level typically by 6 and 10 fold, respectively, within 10
min. The insulin signal pathway leading to these effects
is only incompletely understood: When insulin binds
to its receptor, it activates the receptor tyrosine kinase
activity by autophosphorylation (Kasuga et al., 1982).
This causes tyrosyl-phosphorylation of IRS-1 (Rothenberg
et al., 1991). The IRS-1 in turn activates PI3-kinase
(Backer et al., 1992). This IRS-1-PI3-kinase interaction
has been suggested to be part of the signal transduction
pathway for insulin-induced GLUT4 redistribution (Kanai
et al., 1993; Katagiri et al., 1996). Recent studies also
implicated protein kinase B/Akt as an essential com-
ponent in this pathway (Kohn et al., 1996). Further
downstream elements in this pathway linking the signal
to GLUT4, however, are yet to be identified. It is quite
likely that this downstream pathway also involves a
series of protein-protein interactions, including one that
directly interacts with GLUT4 (GTBP) and modulates
GLUT4 subcellular redistribution (Fig. 1) (ung, 1998). This
putative, GLUT-regulatory protein (GTRP) could be an
enzyme such as a specific phosphokinase or phosphatase
that covalently modifies GLUT4, or an adapter protein
that indirectly participates in such a modulation.

Identification of cytosolic proteins that bind to GLUT
proteins (GTBP)

In an effort to identify this putative GTRP, we have
found a number of cytosolic proteins that bind to GLUT
proteins. These include an ATP-modulated association
of glyceraldehyde-3-phosphate dehydrogenase with GLUT1
(Lachaal et al., 1990) and an ADP- and glucose-6-pho-
sphate-dependent association of bacterial glucokinase
with GLUT1 (Lachaal and Jung, 1993). In the latter case,
the interaction increased glucokinase activity, suggesting
that a similar interaction may occur between GLUT2
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and glucokinase, thus may generate glucose signal for
insulin secretion in pancreatic beta cells. Using GST-
fusion proteins of the cytoplasmic domain, Liu et al.
(Liu et al., 1995) have identified an ATP-sensitive
interaction of a 70 kDa cytosolic protein (GTBP70) in
rat adipocytes with GLUT4. GTBP70 was identical to
HSC70, a cdlathrin-uncoating ATPase, and its role in
GLUT4 regulation is yet to be demonstrated. Also using
GST-fusion proteins, Shi et al. (1995) have identified the
interaction of the GLUT4 C-terminus with two cytosolic
proteins (CTBP28 and GTBP85) in Clone 9 cells, and
presented the evidence that this interaction may be
involved in azide-induced GLUT1 modulation. More
recently, a yeast-based, two hybrid system (Yanget al.,
1992) screening of a human skeletal muscle library
revealed an interactive protein with GLUT4 C-terminus
(unpublished observation by Shi, YW, et al.). This protein
(YP10) was 89% identical and 92% similar to pig heart
mitochondrial L-3-hydroxyacyl CoA dehydrogenase (HAD),
a fatty acid beta-oxidation enzyme. YP10 may regulate
GLUT4 function via a protein acylation as a part of
cross talk between glucose and fatty acid metabolism.

There is a number of interesting GTRP candidates
that have been implicated in regulation of GLUT4
recycling. These include clathrin (Corvera et al., 1994),
clathrin-associated proteins, APs (Moore et al., 1987),
AP medium chain subunits (Schmid, 1997), protein kinase
B/Akt (Kohn et al., 1996; Calera et al., 1998), protein
kinase C-zeta (Standaert et al., 1997), protein phosphatase-
1 and 2A (Ragolia et al., 1997; Tung et al., 1985), NSF
or SNAP (Warren, 1990), specific GTP binding proteins
(Keller et al., 1991) and specific kinases (Clancy et al.,
1990; Del Vecchio and Pilch, 1991). Whether any of
these proteins directly interact with GLUT4 is yet to be
studied.

A Novel assay system for GLUT4 regulatory protein
(GTRP) function

Successful identification of a CTRP requires an un-
equivocal demonstration of its expected role in an in
vivo assay system, ideally in a physiological insulin-
target cell such as rat adipocytes. The use of
transfected primary adipocytes to this end is currently
limited by low transfection efficiency (5-10%). We have
devised a versatile method to incorporate polypeptides
into adipocytes and study their effects on endogenous
GLUT4 in host cells. The method uses PEG-induced
fusion of polypeptide-loaded rabbit erythrocyte ghosts
with adipocytes (Fig. 2). The protein incorporation
efficiency is close to 100%. The protein concentration
in host cells can be readily adjusted. The rabbit
erythrocytes ghosts contain very little GLUTT with no
other GLUT isoforms, and the introduction of GLUT1
is minimal in our standard fusion protocol. The fusion
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Fig. 2. Red-cell-mediated microinjection. A method to incorpo-
rate polypeptides into adipocytes. Cell sizes in this drawing
are not to scale.

protocol by itself does not affect the GLUT4 function
and regulation in host adipocytes.

A GLUT4 C-terminus-derived peptide stimulates GLUT4
function in rat adipocytes

Using this ghost-adipocyte fusion procedure, we have
introduced a synthetic peptide of GLUT4 C-terminus
into adipocytes and shown that the peptide causes
insulin-like effects in rat adipocytes (Lee and Jung, 1997).
The C-terminal peptide was synthesized or prepared as
recombinant protein (95% pure based on mass spect-
roscopy). Low millimolar concentrations of GLUT4 C-
peptide in adipocyte cytosol greatly increased the native
GLUT4 level in the host cell plasma membrane with a
stoichiometric reduction in microsomal GLUT4 level.
The effect was dose-dependent. GLUT1 levels are not
affected. The effect is specific to GLUT4 C-peptide;
incorporation of GLUT1 C-peptide exerted no effect on
the levels of GLUT1 or GLUTA4. Significant stimulation of
3-O-methyl-D-glucose flux was also observed after incor
poration of GLUT4 -C-peptide but not of GLUT1 C-
peptide. These peptide effects on GLUT4 recruitment
and 30MG flux were not additive to the insulin effects.

These findings not only suggest the importance of the
C-terminus in GLUT4-regulation in rat adipocytes, but
also offer an insight into the molecular events underlying
CLUTA4 recycling (Fig. 3). The peptide may interfere with
either GLUT4 internalization andf/or GLUT4 sequestration,
which may be mediated by specific GTRPs. It may be
an endocytic adapter for the former case (Fig. 3, left
panel), or an intracellular retention molecule for the latter
(Fig. 3, right panel). In either case, GLUT4 C-peptide in
excess may exert the effect by competing with native
GLUT4 for the GTRP (dominant negative effect). This
interpretation can be tested once an appropriate GTRP
is identified. Steady-state kinetic measurements of GLUT4
recycling in host adipocytes may define which mechanism
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Fig. 3. Two possible interpretations of GLUT4C peptide-induced GLUT4 recruitment in adipocytes

(endocytosis or intracellular retention) is affected by the
peptide.

CONCLUISION

Understanding at the molecular level how insulin
causes GLUT4 recruitment in normal cells would give an
insight into the identification of the nature of the defect
underlying the insulin resistance. In this report we showed
an evidence that the cytoplasmic domain of GLUT4 is
involved in this insulin-induced GLUT4 recruitment by
interacting with a specific cellular protein (GTRP) or
proteins. These putative regulatory proteins are expected
to modulate the exocytosis, the endocytosis, or both
during GLUT4 recycling. The identification, cloning, and
characterization of this GLUT4 regulatory protein or
proteins will greatly enhance our understanding how
insulin regulates glucose transport in normal muscles and
adipose tissue. More importantly, it may lead to a novel
drug design and development in the prevention, diagnosis
and treatment of diabetes and obesity. Dissection of the
GLUT4 C-peptide to identify the minimal amino acid se
quence that may be responsible for its GLUT4 recruiting
effect is currently in progress.
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