
the presence of 2 mM MgATP, 5 mM phosphocreatine, 5 U ml21 creatine kinase and 2 mM

succinate.
To carry out simultaneous measurements of [Ca2þ]c and DWm, the permeabilized cells

were supplemented with 0.5 mM fura2FF/FA and 800 nM JC1. Fluorescence was

monitored in a multi-wavelength-excitation dual wavelength-emission fluorimeter

(DeltaRAM, PTI) using 340- and 380-nm excitation and 535-nm emission for fura2FF

whereas 490-nm excitation/535-nm emission and 570-nm excitation/595-nm emission

were used for JC1. DWm is shown as the ratio of the fluorescence of J-aggregate (excitation

570 nm/emission 595 nm) and monomer (excitation 490 nm/emission 535 nm) forms of

JC1. Calibration of fura2FF signal was carried out by adding CaCl2 (2.5 mM) and

subsequently EGTA/Tris (10 mM) at pH 8.5. Experiments were carried out at 35 8C and

with simultaneous stirring.
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Insulin stimulates glucose uptake in fat and muscle by mobilizing
the GLUT4 glucose transporter. GLUT4 is sequestered intracellu-
larly in the absence of insulin, and is redistributed to the plasma
membrane within minutes of insulin stimulation1,2. But the
trafficking mechanisms that control GLUT4 sequestration have
remained elusive. Here we describe a functional screen to identify
proteins that modulate GLUT4 distribution, and identify TUG as
a putative tether, containing a UBX domain, for GLUT4. In
truncated form, TUG acts in a dominant-negative manner to
inhibit insulin-stimulated GLUT4 redistribution in Chinese
hamster ovary cells and 3T3-L1 adipocytes. Full-length TUG
forms a complex specifically with GLUT4; in 3T3-L1 adipocytes,
this complex is present in unstimulated cells and is largely
disassembled by insulin. Endogenous TUG is localized with the
insulin-mobilizable pool of GLUT4 in unstimulated 3T3-L1
adipocytes, and is not mobilized to the plasma membrane by
insulin. Distinct regions of TUG are required to bind GLUT4 and
to retain GLUT4 intracellularly in transfected, non-adipose cells.
Our data suggest that TUG traps endocytosed GLUT4 and tethers
it intracellularly, and that insulin mobilizes this pool of retained
GLUT4 by releasing this tether.

The proportion of GLUT4 at the surface of individual living cells
was assayed by using flow cytometry to measure fluorescence
intensities corresponding to cell surface and total GLUT4. For
this, we used a previously described GLUT4 reporter protein
containing epitope tags in its first extracellular domain and green
fluorescent protein (GFP) at the carboxy terminus3. To identify
proteins that alter GLUT4 distribution, we constructed a 3T3-L1
adipocyte complementary DNA library in a retroviral vector. We
used the pMX-IRES-CD2 vector because it produces a bicistronic
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message encoding both the cloned cDNA and the extracellular
portion of CD2 antigen, which makes it easier to identify infected
cells4. We infected a clonal Chinese hamster ovary (CHO) cell line
expressing the GLUT4 reporter and the murine ecotropic retrovirus
receptor, such that 34% of ,5 £ 107 target cells became CD2
positive. At this viral titre, statistics suggest that almost all of the
infected cells received only one retrovirus from the library.
Expression of each cDNA is stable because the retrovirus integrates
into the genome. We enriched particular cDNAs within the library
that, when overexpressed, alter trafficking of the GLUT4 reporter.

Our previous data support the notion that, in CHO cells cultured
with abundant amino acids, insulin mobilizes GLUT4 to the plasma
membrane from endosomes and a poorly defined, highly insulin-
responsive compartment that may be similar to that found in 3T3-
L1 adipocytes3. We considered that 5 min after insulin addition, but
not necessarily after more prolonged stimulation, most of the
increased GLUT4 at the cell surface will come from the highly
insulin-responsive compartment. Thus, to bias our cloning strategy
towards proteins involved in trafficking through this compartment,

we cultured CHO cells containing the cDNA library in an abun-
dance of amino acids and stimulated cells with insulin for 5 min
only. We then chilled the cells and prepared them for flow cyto-
metry. To identify cells that had either enhanced or diminished
translocation of GLUT4, we used an iterative enrichment process in
which we first sorted the ,0.2% of cells with the highest or lowest
ratio of fluorescence intensities. We expanded the sorted cells in
culture, then restimulated the expanded cells with insulin and
subjected them to further enrichment by flow sorting. Figure 1a
illustrates this approach to enriching cells with diminished translo-
cation of GLUT4. For the third flow cytometry step, our sorting
criteria were less stringent, and we cloned individual cells in 96-well
plates if they fell within the ,1% of the population with the highest
or lowest ratio of fluorescence intensities. We predicted that after
three iterations of sorting and expansion, the overall enrichment
would be .107-fold, which is sufficient to isolate individual cDNAs
from the library. Of the 150 clonal cell lines isolated, 77% were CD2
positive. Most (142/150) of these cell lines had increased GLUT4 at
the cell surface, because cloning efficiency was poor for cells with

 

Figure 1 Expression cloning of TUG. a, Enrichment process in cells with a low ratio of

surface to total GLUT4. See main text and Methods for more details. Note that the upper

diagonal edge of the population (high surface:total GLUT4) is sharper than the lower

diagonal edge of the population (low surface: total GLUT4) owing to fewer dead or poorly

stained cells, permitting a more stringent sorting gate. b, PCR of proviral insertions from

genomic DNA of two clones yielded identical 1.2-kb products. This sequence contained a

partial-length open reading frame, which spans TUG residues 267–550 and contains a

UBX domain. Translation beginning at the first methionine is predicted to produce a

protein fragment known as UBX-Cter (residues 377–550). The full-length TUG protein is

present in two splice forms. The longer of these forms contains a region at its N terminus

with similarity to ubiquitin. c, Expression of TUG UBX-Cter inhibits the ability of insulin to

redistribute GLUT4 in CHO cells. d, The short form of TUG is downregulated during

adipose differentiation, whereas the long form persists and is expressed together with

GLUT4 in differentiated adipocytes. e, Opposite effects of expression of the long form of

TUG and of TUG UBX-Cter on GLUT4 trafficking in 3T3-L1 adipocytes. Measurements

were made in triplicate, and error bars indicate standard deviation.
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decreased GLUT4 translocation. We prepared genomic DNA from
selected CD2-positive cell lines with consistently altered GLUT4
trafficking, and used polymerase chain reaction (PCR) with primers
from sequences in the retroviral vector to identify the inserted
cDNAs.

Two out of the eight clones isolated in the screen for cells with a
low fraction of GLUT4 at the cell surface had a particularly robust
phenotype, and PCR of genomic DNA from these clones yielded
identical 1.2-kilobase (kb) products. Sequencing identified an 852-
nucleotide reading frame encoding the C terminus of a novel
protein, which we call TUG (tether, containing a UBX domain,
for GLUT4) (Fig. 1b). We reasoned that the cloned sequence would
produce a protein fragment initiated at the first encoded methion-
ine; this fragment would correspond to the C terminus of full-length
TUG. Searches of the murine expressed sequence tag (EST) database
identified two splice forms of TUG. The longer of these contains a
sequence at the amino terminus with similarity to ubiquitin, and is
predicted to be 550 residues long. The probable start codon in the
short form is equivalent to methionine 78 of the long form. By this
numbering, the C-terminal fragment might start at methionine 377,
which is normally an internal residue. Database searches identified a
79-residue UBX domain in the predicted TUG protein. Other
proteins containing this domain include p47, an adaptor protein
that recruits the NSF (N-ethylmaleimide-sensitive factor)-like p97
ATPase in the fusion of Golgi and transitional endoplasmic reticu-
lum (ER) membranes with FAF1 (Fas-associated factor 1), a protein
that binds to Fas and regulates apoptosis5,6. The structures of the
UBX domains in p47 and FAF1 indicate that they form a ubiquitin-
like, b-grasp structure7,8.

The C-terminal TUG fragment we predicted to be produced by
our initial clone contains this UBX domain (Fig. 1b), and we
therefore refer to this fragment as TUG UBX-Cter. We further
considered that production of UBX-Cter might alter the insulin-
stimulated translocation of GLUT4. Consistent with this hypoth-

esis, expression of UBX-Cter substantially inhibits the ability of
insulin to redistribute GLUT4 in CHO cells (Fig. 1c). These results
show that our cloning strategy was successful and, together with the
data presented below, indicate that this fragment acts in a domi-
nant-negative manner to block the insulin signal required to
redistribute GLUT4.

During our study, the probable human homologue of TUG was
identified as part of a fusion protein found in alveolar soft-part
sarcomas9. This protein, termed ASPL, is 76% identical to murine
TUG and also undergoes alternative splicing. Both TUG and ASPL
are widely expressed9 (Supplementary Fig. 1). Antisera raised
against the C terminus of TUG/ASPL were specific when used for
immunoblotting or immunofluorescence microscopy (Supplemen-
tary Fig. 2). In 3T3-L1 cells, immunoblotting shows that the short
form of TUG is downregulated during adipose differentiation,
whereas the long form persists and is expressed together with
GLUT4 in differentiated adipocytes (Fig. 1d). We conclude, from
this and the data below, that it is the long form of TUG that controls
GLUT4 distribution in 3T3-L1 adipocytes.

To determine whether the C-terminal fragment of TUG inhibits
insulin-stimulated GLUT4 translocation in 3T3-L1 adipocytes as
well as in CHO cells, we expressed UBX-Cter by retrovirally
infecting cells expressing the GLUT4 reporter. As shown in Fig.
1e, expression of this truncated protein substantially inhibits the
degree to which insulin increases GLUT4 at the plasma membrane.
Some of this effect is due to increased GLUT4 at the plasma
membrane in the absence of insulin; this increase was not observed
in CHO cells, which are a poorer adipocyte model. Overexpression
of the full-length TUG long form in 3T3-L1 adipocytes increases the
rapidity and initial magnitude of GLUT4 movement to the surface
after insulin stimulation. Thus, truncated and full-length forms of
TUG have opposite effects on insulin-stimulated movement of
GLUT4 when they are expressed exogenously in 3T3-L1 adipocytes.
The full-length TUG protein enhances the normal action of insulin,

Figure 2 Interaction of TUG with GLUT4. a, Immunoprecipitation of either the long or short

form of TUG co-purifies myc-tagged GLUT4 in transfected 293T cells. b, The interaction of

TUG with GLUT4 is specific, because GLUT1 containing an identical epitope tag is not

co-immunoprecipitated. c, Interaction of endogenous TUG with GLUT4 in 3T3-L1

adipocytes. Insulin decreases the amount of TUG immunoprecipated with GLUT4.

Expression of the TUG long form increases the amount of TUG that is co-purified with

GLUT4, and expression of TUG UBX-Cter decreases this amount. d, Insulin decreases the

amount of TUG complexed with GLUT4. Measurements were in quadruplicate, and error

bars indicate standard deviation.
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whereas the UBX-Cter fragment acts in a dominant-negative
fashion to inhibit the insulin-stimulated movement of GLUT4. As
detailed below, we believe that overexpression of TUG increases the
fraction of GLUT4 that accumulates in an intracellular, insulin-
mobilizable pool in unstimulated cells.

To determine whether the effects of truncated and full-length
TUG overexpression in 3T3-L1 adipocytes are specific to GLUT4,
we immunoblotted plasma-membrane fractions to detect endogen-
ous GLUT4, GLUT1 and the transferrin receptor (TfnR). We treated
cells briefly with insulin to detect the peak of the translocation
response. As shown in Supplementary Fig. 3, insulin markedly
increases GLUT4 in plasma membranes of control cells, and this
effect is enhanced by overexpression of full-length TUG and is
blocked by expression of the UBX-Cter fragment. These data are
consistent with the results shown in Fig. 1e. Insulin slightly increases
the amounts of GLUT1 and TfnR in plasma membranes of control
cells. Exogenous expression of full-length TUG or UBX-Cter frag-
ment has little effect on the insulin-stimulated increase in plasma-
membrane GLUT1 and TfnR. We immunoblotted the insulin
receptor b-subunit as a negative control; as expected, insulin did
not alter the amount of b-subunit present in the plasma
membranes.

We also examined whether TUG influences the ability of insulin
to regulate 2-deoxyglucose uptake in 3T3-L1 adipocytes. We found

that insulin stimulates glucose uptake by 3.6-fold in control cells
(95% confidence interval, 1.6-fold to 8.3-fold), by 3.5-fold in cells
stably expressing the long form of TUG (1.9-fold to 6.3-fold) and by
0.73-fold in cells stably expressing the TUG UBX-Cter fragment
(0.54-fold to 1.0-fold). Total amounts of GLUT4 and GLUT1 were
similar in all samples as judged by immunoblotting, and exogenous
expression of TUG or of the UBX-Cter fragment had no effect on
3T3-L1 differentiation (data not shown). Thus, TUG UBX-Cter
blocks the ability of insulin to stimulate glucose uptake, and this
effect cannot be attributed to altered glucose transporter levels.
Taken together, the data indicate that TUG specifically links insulin
action with GLUT4 movement, and its action modulates deoxyglu-
cose uptake in 3T3-L1 adipocytes.

To gain insight into how a UBX-domain-containing protein
controls GLUT4 trafficking, we reviewed the functions of other
proteins containing this domain. One such protein, FAF1, binds to
wild-type Fas but not to the allele of Fas found in lprcg mice, which
has a single point mutation in its cytoplasmic domain6. Comparison
of the sequences of GLUT4 and Fas revealed a small region of local
similarity (236-EAKKFARENNI-246 in Fas and 263-EKRKLER-
ERPL-273 in GLUT4) within the large cytoplasmic loop between
the sixth and seventh transmembrane domains of GLUT4. More
significantly, the I246N mutation in the Fas lprcg allele falls within
this motif and corresponds to a similar residue (L273) in GLUT4. In

Figure 3 Subcellular localization of TUG. a, Basal and stimulated 3T3-L1 adipocytes were

subjected to differential centrifugation to isolate fractions enriched in plasma membranes

(PM), low-density microsomes (LDM), high-density microsomes (HDM) and mitochondria

and nuclei (M/N). Equal amounts of protein from each fraction were immunoblotted with

anti-TUG and anti-GLUT4 antibodies. b, Basal and stimulated 3T3-L1 adipocytes

expressing the GLUT4 reporter were stained to detect anti-GLUT4 (green) and anti-TUG

(red) antibodies. Images were acquired by confocal microscopy. Arrowheads indicate

colocalization. Arrows show regions of plasma-membrane staining for GLUT4 but not

TUG. Bar, 10 mM. c, Basal and stimulated 3T3-L1 adipocytes were stained using anti-

TfnR (green) and anti-TUG (red) antibodies. Images were acquired by confocal

microscopy. Bar, 10 mM.
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addition, Ubc9, a conjugating enzyme for the ubiquitin-like protein
Sumo, binds to Fas and GLUT4 (refs 10–12). Daxx is another
protein recently reported to interact with GLUT4 as well as with
Fas13. Therefore, we proposed that similar complexes involving
Ubc9, Daxx and a UBX-containing protein form with Fas and
GLUT4. To test the prediction that GLUT4 and TUG interact, we
performed co-immunoprecipitation experiments using transiently
transfected 293T cells. Immunoprecipitation of either the long or
the short form of TUG co-purifies myc-tagged GLUT4 (Fig. 2a).
This interaction is specific for GLUT4, because GLUT1 is not co-
purified in similar co-transfection experiments (Fig. 2b); some
GLUT4 is even immunoprecipitated with endogenous TUG.
These data are consistent with those in Supplementary Fig. 3,
which implicate TUG in GLUT4 but not GLUT1 trafficking.
Thus, TUG complexes interact specifically with GLUT4 in trans-
fected cells, and the N-terminal ubiquitin-like domain of TUG is
not required for this interaction.

To determine whether endogenous TUG interacts with GLUT4 in
3T3-L1 adipocytes, we used cells expressing the GLUT4 reporter;
this tagged protein is expressed at approximately fivefold higher
levels than endogenous GLUT4 in mature 3T3-L1 adipocytes (data
not shown). We stimulated cells with insulin for various times, then
prepared lysates and immunoprecipitated the reporter using an
anti-myc affinity matrix. TUG was present in the eluted material
(Fig. 2c), which further demonstrates that insulin decreases the
amount of TUG that immunoprecipitates with GLUT4. Densito-
metric analysis indicates that insulin reduces by two-thirds the
amount of TUG that is complexed with GLUT4 (Fig. 2d). In cells
overexpressing the long form of TUG, which accelerates the mobil-
ization of GLUT4 after insulin addition, more TUG immunopre-
cipitates with GLUT4. Conversely, in cells expressing TUG UBX-
Cter, less TUG is co-immunoprecipitated. In all cases, insulin

decreases the association between TUG and GLUT4. Thus, TUG
and GLUT4 form complexes in 3T3-L1 adipocytes, and insulin
stimulates disassembly of most of these complexes.

To assess the subcellular distribution of endogenous TUG, we
fractionated 3T3-L1 adipocytes using a standard differential cen-
trifugation protocol. TUG is present in approximately equal
amounts in the cytosol and in membranes (data not shown);
membrane-associated TUG is present predominantly in the low-
density microsomal fraction (Fig. 3a); the same fraction contains
the highly insulin-responsive pool of GLUT4. In contrast to GLUT4,
we observed no marked movement of TUG after insulin stimu-
lation. In addition to the expected 60-kDa band corresponding to
the long form of TUG, we observe an 80-kDa band in the plasma-
membrane fraction. This 80-kDa band may be a cross-reacting
protein. Another possibility is that it is a form of TUG that is
modified by covalent addition of a ubiquitin-like protein, because
our antisera seem to be specific (Supplementary Fig. 2a) and the
Sumo-conjugating protein Ubc9 also binds to GLUT4 (ref. 10). The
80-kDa protein is not present in material immunoprecipitated with
GLUT4, and therefore does not form a stable complex with GLUT4
(Fig. 2c).

To test the colocalization of TUG and GLUT4, we performed
confocal immunofluorescence microscopy of 3T3-L1 adipocytes
expressing the GLUT4 reporter. As shown in Fig. 3b, TUG has a
homogeneous distribution, corresponding to cytosolic protein, and
an overlying punctate and perinuclear distribution, corresponding
to membrane-associated TUG. In unstimulated cells, most TUG
punctae localize with GLUT4 (arrowheads), which is present in its
characteristic vesicular and perinuclear pattern. After insulin
addition, GLUT4 is clearly visible at the plasma membrane, and
there seem to be fewer intracellular punctae where GLUT4 and TUG
overlap. TUG is also present at or near the plasma membrane,

Figure 4 Mapping of TUG domains in non-adipose cells. a, Expression of either the long or

the short form of TUG reduces the appearance of GLUT4 at the surface, as detected by

flow cytometry. The histograms to the right indicate the distribution of phycoethrin (PE),

which corresponds to cell-surface GLUT4. b, Deletion of the N terminus to residue 165

slightly reduces retention of GLUT4, as assessed by PE fluorescence. Deletions beyond

residue 270 prevent TUG from sequestering GLUT4. Deletion of the C terminus also

prevents sequestration. c, Truncation of C-terminal residues 377–550 and 463–550

does not impair immunoprecipitation of GLUT4. N-terminal truncations of residues 1–269

do not impair immunoprecipitation either. d, A summary of the regions of TUG that are (1)

sufficient to bind GLUT4 in immunoprecipitation experiments, (2) necessary for this

interaction, and (3) necessary to sequester GLUT4 in transfected cells but not required to

form a complex with GLUT4.
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although to a lesser extent than GLUT4 in insulin-stimulated cells;
there are clear regions at the cell surface that stain for GLUT4 but
not TUG (arrows). The TUG observed at the plasma membrane
may correspond to the 80-kDa band seen by subcellular fraction-
ation (Fig. 3a). To determine whether the punctae labelled with the
TUG antibody correspond to endosomes, we acquired confocal
images of 3T3-L1 adipocytes stained to detect endogenous TUG
and TfnR. These proteins have distinct and non-overlapping dis-
tributions (Fig. 3c). Thus, TUG and GLUT4 colocalize on intra-
cellular, insulin-responsive membranes that are distinct from TfnR-
containing endosomes, and TUG may also be present at or near the
plasma membrane in a covalently modified form.

Our data suggest that TUG is an essential part of the mechanism
by which GLUT4 is sequestered in unstimulated cells. In this model,
intracellular GLUT4 is trapped by a complex comprising TUG and
probably other proteins, which stably associates with GLUT4 and
retains it in intracellular, non-endosomal membranes by binding to
an unknown anchoring protein. To test directly whether TUG
sequesters GLUT4 in non-adipose cells, we performed flow cyto-
metry of 293T cells transiently transfected with the GLUT4 reporter
with or without TUG. Co-expression of either form of TUG greatly
reduces the appearance of GLUT4 at the surface (Fig. 4a). In these
co-transfections, the fluorescent signal corresponding to cell-sur-
face GLUT4 is only 3–5% of that in control cells not transfected with
TUG. These data are consistent with those in Fig. 1e and Sup-
plementary Fig. 3, in which overexpression of the full-length form of
TUG apparently increased the size of the rapidly insulin-mobiliz-
able intracellular pool of GLUT4 in unstimulated 3T3-L1 adipo-
cytes. Co-transfection of the truncated TUG UBX-Cter fragment
does not cause intracellular retention of GLUT4 in 293T cells,
consistent with the idea that this fragment blocks formation of a
complex required for GLUT4 retention.

To map the regions of TUG required to sequester GLUT4, we co-
transfected 293T cells with various truncations of TUG and the
GLUT4 reporter, and, similar to Fig. 4a, assayed cell-surface GLUT4
by flow cytometry. Deletion of the N terminus to residue 165
modestly decreases the ability of TUG to retain GLUT4 intracellu-
larly (Fig. 4b). Further deletions of the N terminus, from residue 270
to 313 or beyond, prevent TUG from sequestering GLUT4, as does
deletion of residues to 462 or beyond from the C terminus of TUG.
In complementary experiments, we sought to determine by co-
immunoprecipitation which regions of TUG complex with GLUT4.
Truncation of the C terminus of TUG (residues 377–550 or 463–
550) does not impair its ability to co-immunoprecipitate GLUT4
(Fig. 4c). Likewise, an N-terminal truncation (of residues 1–269)
still co-immunoprecipitates GLUT4. Thus, residues 1–376 of TUG
are sufficient to complex with GLUT4, but not sufficient to retain it
in non-adipose cells. Within this region, residues 313–376 are
necessary to form the complex: truncation of these residues abro-
gates GLUT4 co-immunoprecipitation. Finally, the C terminus of
TUG (residues 463–550) is required to retain GLUT4 intracellularly
within non-adipose cells but not for the interaction of TUG with
GLUT4. This region may bind an intracellular anchor to retain the
TUG–GLUT4 complex within cells.

Insulin regulates glucose homeostasis on a minute-to-minute
basis by controlling glucose use by muscle and fat1,2,14. Trafficking of
GLUT4 is crucial for this regulation, and insulin probably acts at
several steps in the GLUT4 recycling pathway to control its sub-
cellular distribution. After endocytosis from the plasma membrane,
GLUT4 is sorted away from endosomes to a highly insulin-respon-
sive compartment, where it is selectively retained. Some data suggest
that endocytosed GLUT4 moves through the trans-Golgi network
(TGN); if so, this step might precede its arrival in the insulin-
responsive compartment, or the insulin-responsive pool might
participate in an intracellular cycle through the TGN1,15. Our data
are compatible with these models, and TUG could retain GLUT4 in
post-TGN membranes or constrain a dynamic intracellular cycle.

Most biochemical and kinetic data are consistent with a three-
compartment model in which GLUT4 is present predominantly in
the plasma membrane, endosomes/TGN and insulin-responsive
membranes2,3. In this model, TUG binds endocytosed GLUT4
through its N-terminal and central domains and retains it in
post-endocytic, insulin-responsive membranes through its C ter-
minus; presumably, the C terminus binds an unidentified intra-
cellular anchor. Insulin mobilizes this pool of retained GLUT4 by
disrupting the interaction between TUG and GLUT4. Thus, the data
suggest that in adipocytes the long form of TUG tethers a highly
insulin-responsive pool of GLUT4.

The effects of TUG overexpression on the transient characteristics
of insulin-stimulated GLUT4 translocation are consistent with the
above interpretation. Our previous data show that insulin-stimu-
lated movement of GLUT4 is characterized by a brief overshoot of
the steady-state distribution3. This response is cell-type-specific,
and is consistent with a three-compartment model for GLUT4
trafficking. GLUT4 mobilized from the insulin-responsive, non-
endosomal compartment accounts for the overshoot. It is signifi-
cant that overexpression of TUG increases the rapidity and initial
magnitude of GLUT4 translocation, which is exactly what would be
predicted if the size of the insulin-mobilized pool were increased.
Therefore, the data in Fig. 1e and Supplementary Fig. 3 provide an
essential functional corroboration of the binding and colocalization
data in Figs 2 and 3. Moreover, confocal microscopy indicates that
most intracellular, non-endosomal GLUT4 localizes with TUG,
consistent with the idea that this represents a relatively stable pool
in the absence of insulin.

We do not yet know the insulin signaling pathway(s) that causes
dissociation of TUG and GLUT4. This dissociation occurs soon
after insulin addition and precedes significant movement of GLUT4
(ref. 3). Insulin signals through at least two distinct mechanisms to
redistribute GLUT4; these involve phosphatidylinositol-3-kinase
activation, which signals to Akt and perhaps to other proteins, as
well as a CAP–Cbl–TC10 pathway leading to the mammalian
exocyst complex and probably to other effectors16,17. These path-
ways may act on different steps in the GLUT4 recycling pathway; for
example, one signal may move GLUT4 out of an intracellular,
insulin-responsive compartment, and another may stimulate fusion
of vesicles containing GLUT4 at the plasma membrane2. We find
that the TUG UBX-Cter fragment disrupts the interaction of
GLUT4 and native TUG; unstimulated cells expressing this frag-
ment have slightly increased GLUT4 at the plasma membrane, and
insulin-induced GLUT4 translocation is markedly inhibited.
Expression of the UBX-Cter fragment probably prevents GLUT4
from being retained in an insulin-responsive pool but is not
sufficient to bypass other regulated steps in the recycling pathway.
GLUT4 might pass through the insulin-regulated compartment to
be loaded onto molecular motors containing the unconventional
myosin Myo1c, which could maintain a rapid exocytosis rate
(compared with endosome recycling) in the presence of insulin18.

The observation that some TUG is at or near the plasma
membrane of cells treated with insulin raises the possibility that
TUG positions GLUT4 near the plasma membrane after insulin
stimulation. It is interesting that the TUG antisera detect an 80-kDa
band in the plasma membrane fraction. Given the likely presence of
Ubc9 in the complex, it may be that this band represents TUG that
has been modified with a ubiquitin-like protein. Sumo and other
ubiquitin-like modifications regulate the intracellular targeting of
proteins19. Insulin might stimulate the covalent modification of
TUG; this may be transient but nonetheless sufficient to target it,
together with GLUT4, to the plasma membrane.

Our data show that both forms of TUG can bind and sequester
GLUT4 in transfected cells, yet only the long form is expressed in
mature 3T3-L1 adipocytes. One possibility is that the relative
amounts of long and short TUG forms control the ability of insulin
to mobilize tethered GLUT4. For example, it may be that only
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GLUT4 that is retained by the long form of TUG is mobilized by
insulin, and that the short form of TUG tethers GLUT4 in a non-
insulin-responsive pool. If so, the ability of insulin to control
glucose uptake might be controlled at the level of TUG transcrip-
tion. We do not know whether the long or short splice forms of TUG
are targets of insulin action in muscle, nor whether TUG has any
role in contraction-mediated GLUT4 translocation. Nonetheless,
TUG may have an important role in controlling organism-level
glucose homeostasis, and variations in this protein may predispose
humans to insulin resistance characteristic of type 2 diabetes
mellitus. A

Methods
Library construction, retroviral infection and cell culture
A cDNA library was constructed from 3T3-L1 adipocyte poly-A þ RNA using a
combination of oligo-dT and random hexamer priming for first-strand synthesis
(Superscript, Life Technologies). cDNAs were cloned non-directionally in the BstXI sites
of the pMX-IRES-CD2 vector4. The total complexity of the library was calculated at
.2.4 £ 106 independent clones, with .90% of clones having inserts. The retrovirus was
produced by transient transfection of 293-based packaging lines as described previously3,
except that pCL-Eco was co-transfected to increase viral titres20. Virus was used to infect
CHO cells expressing the GLUT4 reporter as described previously3. For experiments in
which cloned forms of the TUG cDNA were expressed from a retrovirus, the pBICD2
vector was used. pBICD2 was identical to pMX-IRES-CD2 except that point mutations
were introduced to eliminate two potential translation start sites 5

0
of the cloning site

(J.S.B., A.E.M., X. Liu and H.F.L., unpublished data). Cell culture and flow cytometry,
including measurement of GLUT4 trafficking, were performed as described previously3.

Cloning and database searches
Genomic DNA was prepared from clonal cell lines using a Qiagen kit, and proviral
insertions were amplified by PCR primed from retroviral vector sequences. The full-length
TUG short form cDNA was cloned from an arrayed liver cDNA library (Origene).
Additional sequence for the full-length TUG long-form cDNA was identified using
overlapping ESTs, and this sequence was PCR-amplified from skeletal muscle cDNA
(Invitrogen). Truncated cDNAs were cloned using pcDNA3.1-TOPO (Invitrogen), and all
constructs were verified by DNA sequencing. Database searches used the SMART (http://
smart.embl-heidelberg.de/) and Pfam (http://www.sanger.ac.uk/Software/Pfam/)
databases. CD-Blast searches identify the UBX domain with an E ¼ 2 £ 1025 and the
N-terminal ubiquitin-like domain in the long form with E ¼ 0.046.

Antisera and biochemistry
Antisera were raised in rabbits using a peptide corresponding to the TUG C terminus,
CSLGKVPKWLKLPASKR, conjugated to KLH (Covance). TUG antisera were used at
dilutions of 1:1,000–2,000 on western blots. Other antibodies used included those directed
to the myc epitope (9E10, Roche), Flag epitope (M2, Sigma), V5 epitope (Invitrogen),
GLUT4 C terminus (gift of M. Charron), GLUT1 (Chemicon), insulin receptor b-subunit
(Transduction Labs) and transferrin receptor (Pharmingen and Santa Cruz
Biotechnology). Phycoerythrin-conjugated secondary antibodies were from Jackson
Immunoresearch. Human GLUT4 and GLUT1 clones tagged identically with the V5
epitope at their C terminus were from Invitrogen. 293T cells were transfected using Fugene
6 reagent (Roche). Immunoprecipitations were done in TNET or HNET (20 mM Tris
pH 8.0 or 40 mM HEPES pH 7.5, with 150 mM NaCl, 2 mM EDTA, 1% Triton X-100)
containing one Complete protease inhibitor tablet (Roche) per 20 ml, 20 mM
iodoacetamide (Sigma), and (for 3T3-L1 cells) 50 mM octylglucoside (Roche) and
5 mg ml21 MG-132 (Calbiochem). Cells were lysed for .30 min before pelleting of
insoluble debris, and immunoprecipitations were allowed to proceed from 6 h to
overnight at 4 8C. Immunoprecipitates were washed six times with the same buffer, and
were eluted in SDS–PAGE (polyacrylamide gel electrophoresis) sample buffer for
10–15 min at 42 8C. Western blotting and subcellular fractionation were performed as
described previously3.

2-Deoxyglucose uptake
Assays were modified from ref. 21. 3T3-L1 adipocytes were seeded to 24-well plates,
starved, washed with Krebs–Ringer phosphate buffer21, and stimulated using 100 nM
insulin for 20 min at 37 8C. 1 mCi ml21 2-deoxy-D-[2,6-3H]glucose and 0.2 mCi ml21

D-
[1-14C]mannitol were added so that the final concentration of 2-deoxyglucose was 50 mM.
Uptake was at 37 8C for 6 min, then cells were washed with cold PBS and lysed in 300 ml per
well TNET. [14C]mannitol counts were used to control for residual extracellular 2-
deoxyglucose, and nonspecific uptake was measured in the presence of 20 mM cytochalasin
B. A portion of each lysate was used in a micro-BCA protein assay (Pierce), and counts
were normalized to this measurement to control for variation in the number of cells in
each well. Lysates were also immunoblotted to demonstrate equivalent expression of
GLUT1 and GLUT4. Assays were done in quadruplicate. All cells contained the dual-
tagged GLUT4 reporter, and control experiments showed that the presence of this protein
did not contribute to glucose transport activity. Confidence intervals for the ratio of
insulin-stimulated to basal deoxyglucose uptake were calculated using a t-test on log-
transformed data.

Microscopy
3T3-L1 adipocytes expressing the GLUT4 reporter were reseeded to coverslips and used

for microscopy as described previously22. Polyclonal anti-TUG antisera (1:250) and either

monoclonal anti-myc (1:250) or anti-TfnR (5 mg per ml) antibodies were used with

Alexa594-conjugated goat anti-rabbit IgG and Alexa488-conjugated goat anti-mouse or

anti-rat IgG secondary antibodies (Molecular Probes). The myc epitope was stained to

increase the signal over that due to GFP alone. Control images were acquired with each

antibody individually and in the absence of primary antibody. Images were acquired on a

Zeiss LSM 510 laser scanning confocal microscope.
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