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Insulin-regulated aminopeptidase (IRAP) is an abundant cargo protein of Glut4 storage vesicles (GSVs) that traffics to and
from the plasma membrane in response to insulin. We used the amino terminus cytoplasmic domain of IRAP, residues
1–109, as an affinity reagent to identify cytosolic proteins that might be involved in GSV trafficking. In this way, we
identified p115, a peripheral membrane protein known to be involved in membrane trafficking. In murine adipocytes, we
determined that p115 was localized to the perinuclear region by immunofluorescence and throughout the cell by
fractionation. By immunofluorescence, p115 partially colocalizes with GLUT4 and IRAP in the perinuclear region of
cultured fat cells. The amino terminus of p115 binds to IRAP and overexpression of a N-terminal construct results in its
colocalization with GLUT4 throughout the cell. Insulin-stimulated GLUT4 translocation is completely inhibited under
these conditions. Overexpression of p115 C-terminus has no significant effect on GLUT4 distribution and translocation.
Finally, expression of the p115 N-terminus construct has no effect on the distribution and trafficking of GLUT1. These data
suggest that p115 has an important and specific role in insulin-stimulated Glut4 translocation, probably by way of
tethering insulin-sensitive Glut4 vesicles at an as yet unknown intracellular site.

INTRODUCTION

Insulin normalizes blood glucose levels by mobilizing the
muscle and adipocyte glucose transporter isoform, GLUT4,
from intracellular storage vesicles and moving it to the
plasma membrane (Simpson et al., 2001; Bryant et al., 2002).
Various models of GLUT4 trafficking suggest that GLUT4
must exist in more than one intracellular compartment and
the major insulin sensitive pool is localized to a compart-
ment that is distinct from endosomal markers and is com-
monly referred to as glucose transporter storage vesicles
(GSVs), or insulin responsive vesicle (IRVs). Despite the
critical function of glucose transport in glucose homeostasis,
many of the details by which adipocytes and muscle form a
pathway of insulin-sensitive GLUT4 trafficking remain un-
known. However, it is virtually certain that the major cargo
proteins of GSVs must interact with a number of cytosolic
and membrane proteins, such as adaptors and tethers, in
order to be properly sorted and regulated by insulin.

Insulin-responsive aminopeptidase (IRAP) was identified
as an abundant cargo protein associated with GLUT4 vesi-

cles that translocates in response to insulin in a manner
seemingly identical to GLUT4 (Kandror and Pilch, 1994;
Kandror et al., 1994; Mastick et al., 1994; Keller et al., 1995;
Malide et al., 1997; Martin et al., 1997; Ross et al., 1997). In
fact, it is more abundantly expressed in vesicles than the
transporter (Kupriyanova et al., 2002). When the cytoplasmic
N-terminus of IRAP was microinjected into 3T3-L1 adipo-
cytes, GLUT4 was localized on the plasma membrane even
in the basal state (Waters et al., 1997), suggesting IRAP can
play a role in GSV movement/targeting. A chimeric protein
containing the intracellular domain of IRAP and the extra-
cellular and transmembrane domains of the transferrin re-
ceptor displays IRAP- and GLUT4-like trafficking in 3T3-L1
adipocytes (Subtil et al., 2000). IRAP displays similar traf-
ficking kinetics to GLUT4 in 3T3-L1 adipocytes (Garza and
Birnbaum, 2000), although there may be some differences in
the internalization rate of these two proteins in rat adipo-
cytes (Kandror, 1999). In any case, these citations document
considerable evidence that IRAP is a marker for insulin-
dependent GLUT4/GSV trafficking.

IRAP undergoes increased intracellular sequestration
upon differentiation of 3T3-L1 adipocytes in correlation with
the development of an insulin responsive compartment
whose formation precedes GLUT4 expression during the
differentiation process (Ross et al., 1998; El-Jack et al., 1999).
Recently, we reported that GLUT4 is not absolutely neces-
sary for the formation of GSVs in engineered adipocytes and
that it is targeted to a preexisting vesicle, which can form
independently of GLUT4 as adipocytes differentiate (Gross
et al., 2004). Similarly, IRAP fractionates and responds nor-
mally to insulin in denervated muscle under conditions
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where GLUT4 expression is decreased by 90% (Zhou et al.,
2000). All this strongly suggests the involvement of IRAP
with the retention and sorting machinery of GSVs and its
potential association with the targeting and tethering pro-
teins involved in this process.

IRAP has a single transmembrane domain with the N-
terminus projecting into the cytosol (Keller et al., 1995),
whereas GLUT4 has potential sorting and targeting motifs in
three cytosolic domains corresponding to N- and C-termini
as well as the central loop that connects helices 6 and 7
(Fukumoto et al., 1989). The N-terminus of IRAP has di-
leucine motifs and an acidic cluster domain similar to that
found in the C-terminus of GLUT4, which is thought to be
important region for its trafficking (Verhey et al., 1993, 1995;
Corvera et al., 1994; Verhey and Birnbaum, 1994; Haney et
al., 1995; Marsh et al., 1995). In this study, we used the
N-terminal cytoplasmic domain of IRAP, residues 1–109,
conjugated to a chitin-binding protein in order to find cyto-
solic proteins involved in GSV trafficking, and we identified
p115 as one such protein. p115 is known to be involved in
vesicular traffic, for example, by tethering vesicle in the
process of docking and fusing in the Golgi apparatus and in
in vitro membrane trafficking protocols (Waters et al., 1992;
Barroso et al., 1995; Sapperstein et al., 1995). Here, we docu-
ment that p115 binds GLUT4 storage vesicles via IRAP and
plays an important role in GLUT4 trafficking.

MATERIALS AND METHODS

Dexamethasone, 3-isobutyl-methylxanthine, insulin, sodium fluoride, sodium
orthovanadate, fetal bovine serum (FBS; Australian origin), benzamidine, and
mouse immunoglobulin G (IgG) antibody were purchased from Sigma (St.
Louis, MO). LB broth, ampicillin, kanamycin, aprotinin, leupeptin, and pep-
statin A were obtained from American Bioanalytical (Natick, MA). Calf serum
was purchased from Life Technologies (Gaithersburg, MD), and DMEM was
from Mediatech (Herndon, VA). Lipofectamine 2000 reagent and the pcDNA
3.1 expression vector were purchased from Invitrogen (Carlsbad, CA). BCA
protein assay kit was from Pierce (Rockford, IL). Protein A-agarose was from
Santa Cruz Biotechnology (Santa Cruz, CA). Penicillin, streptomycin, and
trypsin were purchased from Life Technologies (Carlsbad, CA). pGEX-3X and
pGEX-5X-1 vectors were purchased from Amersham Biosciences (Piscataway,
NJ), and the IMPACT fusion protein system was from New England Biolabs
(Beverly, MA). Collagenase B was purchased from Roche Applied Sciences
(Indianapolis, IN). pEGFP-N3 and pEGFP-C3 vector were purchased from BD
Bioscience Clontech (Palo Alto, CA).

Cell Culture
3T3-L1 fibroblasts were maintained in DMEM containing 4.5 g/liter glucose
and l-glutamine supplemented with 10% calf serum and 100 U/ml penicillin,
and 100 �g/ml streptomycin. Two days after confluence, cells were induced
to differentiate by changing media to DMEM with 10% FBS, 0.5 mM 3-isobu-
tyl-methylxanthine, 1 �M dexamethasone, and 1.7 �M insulin. After 48 h, the
induction medium was removed and cells were maintained in DMEM with
10% FBS as described (Stephens et al., 1997). COS7 cells were maintained in
DMEM with 10% FBS in 5% CO2. When they reached 90% confluence, they
were transfected with 2 �g of the cDNA of interest by means of the Lipo-
fectamine 2000 reagent.

Expression Vectors
The pTYB4 IRAP 1–109 construct (IMPACT) was made by PCR and ligated
via NcoI and SmaI sites. The pcDNA3.1 rat p115 cDNA construct was a kind
gift from Dr. E. Sztul (University of Alabama, Birmingham, AL). The
pcDNA3.1 N-terminal p115 construct (1–766 amino acid) was ligated with a
BamHI site. The pcDNA3.1 C-terminal p115 construct (325–959 amino acid)
was ligated with EcoRI and NotI sites. pEGFP-C3 C-terminal p115 was made
(EcoRI and ApaI site) by PCR from pcDNA3.1 C-terminal p115 and pEGFP-N3
N-terminal p115 was made (ApaI and KpnI site) by PCR from pcDNA3.1
N-terminal p115.

Antibodies
In this study we used the monoclonal anti-GLUT4 antibody 1F8 (James et al.,
1988) for Western blotting, and a polyclonal anti-GLUT1 antibody (a kind gift
from Dr. C. Carter-Su, University of Michigan, Ann Arbor, MI). Monoclonal
anti- p115 antibody 7D1 (a kind gift from Dr. G. Waters, Princeton University,

Princeton, NJ) was used for immunofluorescence, and polyclonal anti-p115
antibodies made by immunizing rabbits with synthetic peptides correspond-
ing to amino acids 40–57 and 888–905 of murine p115 and recognizing N- and
C-terminal residues, respectively, were used for Western blots (see Figure 4).
Polyclonal anti-Syntaxin 6 antibody was a kind gift from Dr. E. M. van Dam
(Garvan Institute of Medical Research, Darlinghurst, Australia), antimono-
clonal anti-IRAP antibody (a kind gift from Dr. M. Birnbaum, University of
Pennsylvania, Philadelphia, PA), antipolyclonal IRAP antibody obtained
from Dr. S. Waters (Metabolex, Hayward, CA) was used for immunoprecipi-
tation (see Figure 3) and anti-goat polyclonal GLUT4 antibody (C20) for
immunofluorescence purchased from Santa Cruz Biotechnology. The GM130
antibody was made as described in Alvarez et al. (2001).

Bacterial Expression and Purification of IRAP1–109
Peptide
LB media containing ampicillin (100 �g/ml) was inoculated with Escherichia
coli ER2566 cells harboring pTYB1 IRAP 1–109 or CBD only at 37°C until the
OD600 was 0.5–0.6. Isopropyl thiogalactoside was added to the culture at a
final concentration of 0.5 mM to induce expression of the fusion protein, and
then the culture was grown for 6 h at 30°C. Bacteria were concentrated by
centrifugation, and the cell pellet was resuspended in 1/20 culture volume of
column buffer (phosphate-buffered saline [PBS], 1 mM EDTA, 2 mM phenyl-
methylsulfonyl fluoride [PMSF]) and sonicated with a probe sonicator. A 10%
solution of Triton X-100 was added at a 1:10 dilution and the extract was
incubated 30 min with shaking. The bacterial extract was spun at 16,000 � g
at 4°C for 30 min to remove debris, and the supernatant was loaded onto a
column of chitin beads. The column was washed with at least 15 volumes of
column buffer and was used for affinity chromatography as described below.
For peptide cleavage, the column was quickly flushed with 3 column volumes
of PBS containing 50 mM dithiothreitol, and the flow was stopped and kept
at 4°C overnight. The IRAP 1–109 peptide was eluted with PBS and passed
through a Microcon column (10-kDA cutoff) to remove the reducing agent.
The purity of IRAP peptide was confirmed by SDS-PAGE.

Affinity Purification of p115 with the IRAP-CBD Column
The IRAP-CBD column was equilibrated with 10 bed volumes of HES buffer
(20 mM HEPES, pH 7.4, 250 mM sucrose, 1 mM EDTA) containing the
protease inhibitors, aprotinin and pepstatin (each 1 �M), leupeptin 10 �M,
and 2 mM PMSF. Nine 10-cm2 dishes of differentiated 3T3-L1 adipocytes
(8–10 d) were washed two times in ice-cold PBS and one time in HES buffer.
The cells were scraped from the dishes in ice-cold HES (1 ml/dish) and lysed
by Potter-Elverhjem homogenization. The homogenate was spun at 16,000 �
g for 10 min at 0°C, the fat layer was carefully removed, and the supernatant
was transferred and centrifuged at 220,000 � g for 60 min at 4°C to yield a
membrane pellet and supernatant (cytosol). The cytosol was passed over CBD
beads to remove nonspecific CBD binders and applied to the IRAP-CBD
column. The IRAP-CBD column was washed with 10 volumes of HES, and
adherent proteins were eluted with three column volumes of HES containing
5 �M NT-IRAP 1–109 peptide. The eluates were concentrated using a Cen-
tricon-3 device followed by a Microcon-3 device and solubilized in Laemmli
sample buffer, separate by SDS-PAGE, and visualized with Bio-Safe Coomas-
sie Blue-G250 or Western blotting.

Total cell lysates of COS7 cells overexpressing p115 proteins were subjected
to pulldown assays with IRAP-CBD beads in protocols similar to the above.

Subcellular Fractionation of Adipocytes
This was performed on differentiated 3T3-L1 adipocytes (Kandror et al., 1995)
essentially as described for rat adipocytes (Simpson et al., 1983). Cells were
treated with insulin (100 nM) or carrier for 15 min at 37°C. Hormonal action
was stopped with 2 mM KCN and cells were transferred to HES and homog-
enized with a Potter-Elverhjem Teflon-glass tissue grinder. Subcellular frac-
tions (plasma membrane [PM], heavy microsomes [HM], and light micro-
somes [LM]) were obtained by differential centrifugation and resuspended in
HES. Buffers used with subcellular fractionation contained a mix of protease
inhibitors consisting of 1 �M aprotinin, 10 �M leupeptin, 1 �M pepstatin, and
5 mM benzamidine.

Western Blotting
Adipocytes or COS7 cells were rinsed three times with ice-cold PBS and lysed
in buffer of 25 mM Tris, pH 7.4, 50 mM NaCl, 0.5% sodium deoxycholate, 2%
Nonidet P-40, 0.2% SDS, 1 �M aprotinin, 10 �M leupeptin, 1 �M pepstatin, 0.1
�M PMSF, 50 mM sodium fluoride, and 1 mM sodium orthovanadate. Cell
lysates were incubated on ice for 15 min and then soluble proteins were
obtained by centrifugation at 12,000 � g for 20 min at 4°C and separated by
SDS-PAGE (Laemmli, 1970). After electrophoresis, the proteins were trans-
ferred to a 0.2 � PVDF membrane and incubated in PBS-T (PBS with 0.1%
Tween20) containing 10% nonfat evaporated milk for 1 h at room tempera-
ture. The membranes were then incubated with the primary antibodies de-
scribed above. Horseradish peroxidase–conjugated secondary antibodies
(Sigma Chemical) and either an enhanced chemiluminescent substrate kit
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(NEN) or Super signal West Femto Maximum Sensitivity Substrate kit (Pierce)
was used for detection.

Immunofluorescence
3T3-L1 fibroblasts were split onto glass coverslips, grown, and differentiated
as described above. The cells were washed twice with warm DMEM, serum-
starved for 4 h, and then exposed to 100 nM insulin or carrier for 15 min at
37°C. They were then washed once with ice-cold PBS and fixed with 3.7%
formaldehyde in PBS for 20 min at room temperature. They were blocked and
permeabilized for 10 min at room temperature in buffer P (PBS with 5% FBS
and 1% Triton X-100). The cells were then incubated for 2 h with primary
antibody at a dilution of 1/100 in the buffer P solution at room temperature.
Then the cells were washed four times in buffer P and incubated with Cy3 or
Cy2-conjugated second antibody at a dilution of 1/250 for 30 min at room
temperature. Then the cells were washed four times in buffer P solution. The
stained cells were mounted with Vectashield and fixed with nail polish. The
cells were observed using a Zeiss LSM510 confocal fluorescence microscope
(Carl Zeiss, Thornwood, NY). Images were imported into an ISM5 image
browser (Carl Zeiss) for processing and analysis.

Electroporation of 3T3-L1 Adipocytes
This protocol was performed as described by Okada et al. (2003). Briefly,
differentiated 3T3-L1 adipocytes from one 15-cm dish were dislodged by
incubation with trypsin-EDTA and transferred to conical tubes. The cells were
washed twice with PBS by centrifugation at 900 rpm at room temperature.
The cells were resuspended in PBS to a final concentration of about 1.0 � 107

cells/500 �l. EGFP DNA plasmid (50 �g) was transferred to a 0.4-mm cuvette
and then the cell suspension (500 �l) was added to the cuvette. The cuvette
was placed in a Gene Pulser II apparatus and charged with 975 �F capacitance
at 0.16 kV. The cells were immediately diluted with 1 ml of DMEM and
transferred to conical tube. The cell suspensions were adjusted to 6 ml with
DMEM and incubated for 10 min at room temperature. After a 10-min
incubation, the cells were plated onto glass coverslips in a six-well dish. After
a 48-h incubation, the cells were visualized by confocal microscopy.

RESULTS

Identification of p115 as an IRAP-binding Protein
To orient the 109 residue cytoplasmic amino terminus of
IRAP in the same way as it would be in the cell cytoplasm,
we used the IMPACT fusion protein system to create an
IRAP-CBD chimera. We then passed cytosol from rat adipo-
cytes and 3T3-L1 cultured adipocytes over an IRAP-CBD
affinity column and found a number of Coomassie staining
bands that could be specifically eluted with IRAP 1–109
peptide (unpublished data). The slowest migrating band
from both rat and mouse cytosols was subjected to pro-
teomic analysis by mass spectrometry (Dr. W. Lane, Har-
vard Microchemistry and Proteomics Facility, Boston, MA),
and nine individual peptides were identified corresponding
to p115 (Waters et al., 1992; Barroso et al., 1995; Sapperstein
et al., 1995). We confirmed this identification by Western
blotting as shown in Figure 1 (see also Figure 4) where we
passed cytosol from 3T3-L1 adipocytes over the affinity col-
umn and see nearly complete retention of p115 on an IRAP-
CBD column and specific elution with IRAP 1–109 peptide.
The p115 protein is a bona fide vesicular transport protein;
therefore, we focused our attention on the characterization
of its possible functional role in adipocytes.

Adipocyte p115 Localizes Primarily to Cytosol but Also
to Membrane Fractions
We examined the subcellular localization of p115 in adipo-
cytes by a widely used, standard fractionation protocol that
results in a PM preparation of �90% purity and membrane
fractions enriched in Golgi and GSVs (LM) and ER (HM;
Simpson et al., 1983). The level of p115 is highest in the
cytosol, but is present at detectable levels in all membrane
fractions from 3T3-L1 adipocytes, consistent with its periph-
eral membrane protein nature (Figure 2). Similar results
were obtained with rat fat cells (unpublished data). There
was no effect of insulin on the subcellular distribution of

p115 as assessed by fractionation where the redistribution/
translocation of GLUT4 and IRAP from the LM to the PM
can be clearly demonstrated (Figure 2). The apparent insu-
lin-dependent migration shift of cytosolic p115 (Figure 2) is
a gel edge effect.

Biochemical Verification of p115-IRAP Interaction
in Cells
To show direct interaction between IRAP and p115, we
performed coimmunoprecipitation (IP) assays with anti-

Figure 1. Affinity purification of p115 by CBD-IRAP 1–109 fusion
protein. 3T3-L1 fibroblasts were differentiated and cytosol obtained
as described in Materials and Methods. Cytosol was passed over
columns of CBD alone (lane 2) or CBD-IRAP 1–109 (lane 3) and the
columns were washed extensively. The adherent proteins were
eluted from beads with Laemmli sample buffer, separated by SDS-
PAGE, and analyzed by Western blotting using anti-p115 monoclo-
nal antibody (mAb) and enhanced chemiluminescence (ECL) detec-
tion. Lane 1 depicts the results from an amount of 3T3-L1 cytosol
proportional to that eluted from the CBD beads.

Figure 2. Subcellular distribution of p115 in 3T3-L1 adipocytes.
Subcellular fractionation (PM, plasma membrane; HM, heavy mi-
crosomes; LM, light microsomes) of fat cells treated with insulin or
not was performed as described in Materials and Methods. Equal
protein amounts (10 �g, Figure 2) of the fractions were separated by
SDS-PAGE and analyzed by Western blot using the antibodies
indicated. Detection was by ECL.
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IRAP and anti-p115 antibodies in 3T3-L1 adipocytes. As
shown in Figure 3, we can specifically coimmunoprecipita-
tion p115 with anti-IRAP antibody, but we did not succeed
in the converse experiment for unknown reasons. Moreover
and interestingly, the amount of IRAP immunoprecipitated
was less from cells exposed to insulin, whereas the amount
of p115 is enhanced. The IP was performed on total cell
lysates containing the same amount of IRAP, therefore it
appears that insulin is having some effect on the interaction
between these two proteins.

To determine which domain of p115 binds IRAP, we
created truncated forms of p115. N-terminal p115 (residues
1–776) was made lacking the C-terminus coiled coil domain,
which can bind to some Golgi-localized proteins, and C-
terminal p115 (residues 325–959) was made lacking the N-
terminal site, which may bind to vesicles. These constructs
were transiently expressed in COS7 cells, and after 48 h, cell
lysates were subjected to a pulldown assay with IRAP-CBD
beads. As shown in Figure 4, A and B, we confirmed that the
N-terminus of p115, the expected vesicle-binding locus, ac-
tually bound to IRAP. Note that we also pulldown with the
IRAP-CBD beads the endogenous COS7 cell p115 that is
more easily detected (Figure 4A) with the antibodies to its
C-terminus than with the N-terminus specific reagent (Fig-
ure 4B).

Characterization of p115 Localization and Function by
Immunofluorescence
As shown in Figure 5A, p115 colocalizes with GLUT4 in the
perinuclear region of 3T3-L1 adipocytes under basal condi-
tions (panels a–c). Unlike GLUT4, the distribution of p115
does not change after insulin stimulation (panels d–f). Sim-
ilarly, p115 also colocalizes to a considerable extent with
IRAP under basal and insulin-stimulated conditions but
only IRAP translocates to the cell surface (unpublished
data). Thus, p115 shows significant colocalization with the
two major GSV cargo proteins. To further determine the

relationship of GLUT4 and p115, we compared the localiza-
tion of the latter to the Golgi proteins, syntaxin6 and GM130,
as shown in Figure 5B. These three proteins overlap to a
much greater extent than do p115 and Glut4, consistent with
previous data (Shewan et al., 2003).

To determine if this p115-GSV colocalization has func-
tional significance, we used electroporation to overexpress
the N- and C-terminal p115 constructs described in Figure 4
that we fused to EGFP for reporting their presence by im-
munofluorescence. We show that the electroporation proce-
dure itself, using EGFP expression alone, does not affect
endogenous GLUT4 trafficking (Figure 6, A and B). When
N-terminal p115 is overexpressed, the GLUT4 signal dis-
perses throughout the cytosol and decreases in the perinu-
clear region in basal state (unpublished data). Insulin-stim-
ulated GLUT4 translocation is completely blocked under
these conditions (Figure 6A, g–i, and 6B). However, there
was minimal, if any, effect of the C-terminal p115 expression
on GLUT4 trafficking in response to insulin (Figure 6, j–l).
We also examined the effect of electroporating wild-type
p115 in adipocytes. This had the same effect as N-terminal
p115 in that it dispersed GLUT4 and blocked its ability to
translocate (unpublished data). We confirmed that N-termi-
nal p115 has the same effects on IRAP as it does on GLUT4
(Figure 6, C and D), namely dispersion of the IRAP signal
throughout the cytosol and a loss of insulin-mediated trans-
location. To determine if this construct also disrupted the
Golgi, we determined the localization of GM130 by immu-
nofluorescence after electroporation of p115 N- and C-ter-
minal constructs and found it to be unchanged (Figure 6E),
thus supporting the specificity of the p115 effect for GLUT4
trafficking and localization.

To further determine if the effects of N-terminal p115
expression were specific for GLUT4, we examined its effects
on GLUT1 trafficking. Interestingly, p115 has no significant
effect on insulin-dependent GLUT1 trafficking (Figure 7).
Moreover, we examined p115 effects on endocytosis of the
transferrin receptor. We incubated transferrin receptor-con-

Figure 3. p115 coimmunoprecipitates with IRAP. 3T3-L1 adipo-
cytes were starved for 2 h and then treated with or without 100 nM
insulin for 15 min. Total cell lysates were prepared (see Materials and
Methods) and antipolyclonal IRAP antibody or nonspecific IgG (each
2 �g) was incubated with 200 �g of lysate over night. Protein A (60
�l) was added to the lysate and incubated for 60 min and then
washed three times with 0.1% Triton X-100 in PBS. Bound samples
were solubilized in Laemmli sample buffer and equal portions were
subjected to SDS-PAGE and analyzed by Western blotting using
anti-IRAP monoclonal and anti-p115 monoclonal antibodies as in
Figures 1 and 2.

Figure 4. The N-terminus of p115 binds to the N-terminus of
IRAP. COS 7 cells were grown and transfected with pCDNA3.1
vector alone or ligated to wild-type p115, C-terminal p115 and
N-terminal p115 as described in Materials and Methods. After 48 h,
total cell lysates were obtained and 200 �g protein were subjected to
affinity purification with an IRAP1–109-CBD column. Bound mate-
rial was solubilized with Laemmli sample buffer and equal propor-
tions from each transfection were separated by SDS-PAGE and
analyzed by Western blotting using (A) anti-p115 mAb (7D1) rec-
ognizing the C-terminus and (B) anti-p115 polyclonal antibody rec-
ognizing the N terminus. Detection was by ECL.
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jugated with Texas Red with adipocytes for 30 min, after
which time the receptor internalized and became concen-
trated in the perinuclear region in 3T3-L1 adipocytes. There
was no difference in this process regardless of whether N-
terminal p115 or EGFP alone was expressed (unpublished
data).

DISCUSSION

Skeletal muscle and adipocytes are specifically able to elab-
orate an intracellular pool of GLUT4 glucose transporters
that move to the cell surface in response to insulin and thus
modulate blood glucose homeostasis. Considerable morpho-

logical and biochemical evidence supports a model for
GLUT4 trafficking, whereby approximately half the intracel-
lular GLUT4 is targeted to a specific storage vesicle pool
called GSVs or IRVs that is relatively deficient in other
endosomal trafficking markers such as the transferrin recep-
tor (TfR) and undergoes a marked increase in its rate of
exocytosis in response to insulin (Simpson et al., 2001; Bryant
et al., 2002). The molecular bases for this increased exocytic
rate, the formation of GSVs, and the segregation of GLUT4
from endosomal markers such as the TfR remain incom-
pletely understood.

To address this issue, we and others have used purifica-
tion of GLUT4-rich vesicles to identify their protein content

Figure 5. Colocalization of p115 with
GLUT4 in 3T3-L1 adipocytes. 3T3-L1 fibro-
blasts were grown and differentiated as de-
scribed in Materials and Methods. The cells
were serum starved for 4 h and then treated
with 100 nM insulin or carrier for 15 min
and then immunostained as described in
Materials and Methods. (A) The cells were
incubated with anti-mouse monoclonal
p115 and anti-goat polyclonal GLUT4 anti-
body, followed by incubation with anti-
mouse Cy2 and anti-goat Cy3 antibody. (B)
The cells were incubated with anti-mouse
monoclonal P115 and rabbit polyclonal
GM130 and syntaxin6 antibody followed by
incubating with anti-mouse Cy2 and anti-
rabbit Cy3 antibody. Figures are represen-
tative of four independent experiments.
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by immunological and biochemical (proteomics) means.
These protocols have resulted in the identification of numer-
ous proteins such as VAMP2 (Cain et al., 1992) and sorting
receptors such as M6PR (Kandror and Pilch, 1996) and sor-
tillin (Lin et al., 1997; Morris et al., 1998) that one might
expect to be involved in vesicular traffic. Importantly and as
cited in the introduction, IRAP was also identified in this
way as marker for GSV trafficking that is apparently more
abundant than GLUT4 itself. Indeed, we have shown that
IRAP is directed to GSVs during the course of 3T3-L1 adi-
pocyte differentiation before significant GLUT4 expression
occurs (El-Jack et al., 1999). Moreover, in engineered adipo-
cytes, IRAP can become essentially the only major cargo

constituent of GSVs and it responds to insulin in a manner
similar or identical to GSVs from 3T3-L1 cells (Gross et al.,
2004). Thus, it can be expected that IRAP must interact with
additional cellular proteins, adaptors, and tethers, to un-
dergo proper targeting and trafficking. In particular the cy-
toplasmic sequences of IRAP likely interact with cytosolic
proteins for steps in vesicle formation and targeting.

In this study, we used chitin binding domain (CBD) pro-
tein fused to the cytosolic sequence of IRAP, residues 1–109,
to identify possible IRAP-binding proteins that might func-
tion in GSV trafficking. This fusion protein has the same
orientation as does full-length IRAP in vesicles, and thus, we
used it to identify p115 as an IRAP-interacting protein by a

Figure 6. N-terminus p115 expression blocks insulin-stimulated GLUT4 and IRAP translocation. (A) Constructs consisting of 100 �g of
pCDNA3.1 EGFP, N-terminal p115 EGFP, and C-terminal p115 EGFP were electroporated into 3T3-L1 adipocytes as described in Materials
and Methods. After 48 h, cells were serum-starved for 4 h and stimulated without or with 100 nM insulin for 15 min. The cells were fixed with
3.7% formaldehyde and stained with antipolyclonal goat GLUT4 antibody followed by Cy3 antibody as described in Materials and Methods.
(B) Electroporated cells (100 each from 3 cover slips) were scored for translocation and analyzed with Excel software. Statistical significance
was determined by a Student’s t test; *p � 0.01. (C) After insulin stimulation, the cells were stained antipolyclonal rabbit IRAP antibody
followed by Cy3 antibody, and the data were analyzed (D) as in B. (E) Electroporation was performed as in A, and the cells were stained with
the indicated antibodies followed by appropriate secondary antibodies labeled with Cy2 (GLUT4) and Cy5 (GM 130). The figure is
representative of four independent experiments.

p115 Binds GLUT4 Vesicles

Vol. 16, June 2005 2887



variety of criteria. Immobilized CBD-IRAP specifically binds
p115 from the cytosol of 3T3-L1 cells (Figure 1) and rat
adipocytes (not shown). Anti-IRAP antibody coimmunopre-
cipitates p115 from 3T3-L1 adipocytes (Figure 3), and pull-
down assays demonstrate that CBD-IRAP binds to the N-
terminus of p115 as well as full-length protein (Figure 4).
Finally, immunofluorescence shows partial colocalization of
p115 with GLUT4 (Figure 5) and IRAP (unpublished data).
Importantly, expression of the N-terminal, membrane-bind-
ing sequence of p115 completely disrupts insulin-dependent
GLUT4 and IRAP translocation (Figure 6) with no effect on
GLUT1 or the Golgi marker GM130 (Figures 7 and 6E). Thus
we conclude that p115 plays a specific role in insulin-depen-
dent GSV trafficking.

The question remains as to where in the cell this IRAP-
p115 interaction occurs and if there is any insulin-dependent
regulation of this interaction. With regard to the latter issue,
phosphorylation of p115 on serine 942 by casein kinase
(Brunati et al., 2001) has been reported to enhance its binding
to GM130 on Golgi membranes (Brandon et al., 2003), but
there are no reports that insulin or other hormones can effect
the phosphorylation of p115. In our experiments, we do not
see a significant insulin-dependent mobility shift of bulk
p115 (Figure 2) that might reflect this phosphorylation, but
insulin does seem to effect the p115-IRAP interaction and
decrease the efficiency of the IRAP coimmunoprecipitation,
while simultaneously increasing the amount of p115 pulled
down (Figure 3). Efforts to further understand this phenom-
enon are underway. The development of GSVs occurs dur-
ing the differentiation of adipocytes, presumably as a result
of the expression of an as yet unknown protein or proteins
that initially results in the sequestration of IRAP, then
GLUT4 (El-Jack et al., 1999). It is unlikely that p115 is one of
these putative proteins as its expression is unchanged over
the 8–10 d required for adipocytes to fully differentiate
(unpublished data)

As for the cellular locus of this interaction, p115 has been
described to play a variety of roles in vesicular transport at
different cellular loci. In vitro vesicle fusion assays suggest
p115 to be a general factor required for transport vesicle
fusion to target membranes (Barroso et al., 1995; Sapperstein
et al., 1995), in the present example, presumably the plasma
membrane. And although the intensity of p115 fluorescence

shows it to be mainly perinuclear and similar to syntaxin 6
and GM130 in adipocytes (Figure 5), subcellular fraction-
ation reveals it to be ubiquitous in adipocytes membrane
compartments, including the PM, as well as in the cytosol
(Figure 2). As additional support for a possible functional
role for p115 localization at the plasma membrane, we re-
cently detected this protein in detergent-resistant PM lipid
rafts isolated from insulin-treated adipocytes (unpublished
data). We did not observe a significant signal for p115 in
Western blots of immunoadsorbed GLUT4 vesicles (not
shown).

A possible site of p115 function relevant to GSV trafficking
is the trans-Golgi apparatus, which has been suggested to
play a part in the trafficking of GSVs/GLUT4 based, in part,
on colocalization of GLUT4 with the trans-Golgi marker,
syntaxin6 (Shewan et al., 2003). However, whereas the ex-
pression of the p115-N-terminus disperses the GLUT4 signal
throughout the cytosol and blocks its translocation, this
construct is without effect on GM130 distribution (Figure
6E). Moreover, p115 function has usually been localized to
the cis and medial Golgi where it attaches COP1-coated
transport vesicles to the Golgi membrane and assists in
vesicle fusion by assembling SNARE pin complexes (Shorter
et al., 2002). However, p115 in adipocytes is clearly distrib-
uted throughout the cell (Figure 2).

How does the N-terminal domain of p115 disrupt GLUT4
distribution and translocation? We postulate that overex-
pressing the membrane/vesicle-binding domain of p115 al-
lows it to displace endogenous full-length protein and re-
lease/disperse the GSVs so that they are no longer in
position to interact with other cellular proteins necessary for
their translocation and proper trafficking. Such proteins
could be the actin filament–interacting protein, FHOS,
which was cloned recently in our lab by the yeast two-
hybrid system using IRAP as bait (Tojo et al., 2003). Other
putative GSV-binding proteins include Tankyrase, a Golgi-
associated MAPK substrate, which was also shown to inter-
act with the cytoplasmic domain of IRAP by yeast two-
hybrid (Chi and Lodish, 2000) and TUG (tether containing
UBX domain for GLUT4), which was shown to bind GSVs
by a translocation assay (Bogan et al., 2003). It remains to be
determined at what step these proteins act in insulin-regu-
lated GSV trafficking.

Figure 7. p115 N-terminus has no effect on
GLUT1 trafficking. Constructs consisting of
100 �g N-terminal p115 EGFP, and C-termi-
nal p115 EGFP were electroporated into
3T3-L1 adipocytes as described in Materials
and Methods. Two days after electroporation,
cells were serum-starved for 4 h and stimu-
lated with 100 nM insulin for 15 min. The
cells were then fixed with 3.7% formalde-
hyde and stained antipolyclonal rabbit
GLUT1 antibody followed by Cy3 antibody
as described in Materials and Methods. Pic-
tures are representative of three indepen-
dent experiments.
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What is the role of GLUT4 cytoplasmic sequences in GSV
trafficking? IRAP null mice exhibit apparently normal
GLUT4 translocation (Keller et al., 2002), indicating, as ex-
pected, that the cytoplasmic domains of GLUT4 possess the
information requisite for proper GSV trafficking. Indeed and
as noted above, dileucine and acidic cluster sequences in
IRAP’s N-terminus are very similar to those in the GLUT4
C-terminus. We were unable to show direct p115-GLUT4
interactions with C-terminus-GST fusion proteins (unpub-
lished data) either because the orientation of the fusion
protein was such to prevent this interaction, or because
GLUT4 has putative trafficking information in three noncon-
tiguous cytoplasmic domains, all of which might be required
for interaction with p115 (Khan et al., 2004). Still, it seems
highly likely that the cytosolic sequences of both IRAP and
GLUT4 play important roles in the cellular itinerary of
GSVs. Finally, it also seems quite likely that p115 is not the
only cytoplasmic protein that interacts with GSV compo-
nents and we are continuing our efforts to identify more
such molecules.
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