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Background: Cell surface levels of glucose transporter Glut4 are tightly controlled in adipocytes.
Results: The effects of insulin and differentiation on the trafficking kinetics of Glut4, the transferrin receptor, and LRP1 were

measured to identify regulatory steps.

Conclusion: Six independent steps determine cell surface Glut4; insulin stimulates three of these.
Significance: These results provide a framework for functionally mapping treatments/proteins that affect Glut4 translocation.

The trafficking kinetics of Glut4, the transferrin (Tf) receptor,
and LRP1 were quantified in adipocytes and undifferentiated
fibroblasts. Six steps were identified that determine steady state
cell surface Glut4: (i) endocytosis, (ii) degradation, (iii) sorting,
(iv) sequestration, (v) release, and (vi) tethering/docking/fusion.
Endocytosis of Glut4 is 3 times slower than the Tf receptor in
fibroblasts (k., = 0.2 min~! versus 0.6 min~"). Differentiation
decreases Glut4 k,,, 40% (k,,, = 0.12 min ). Differentiation also
decreases Glut4 degradation, increasing total and cell surface
Glut4 3-fold. In fibroblasts, Glut4 is recycled from endosomes
through a slow constitutive pathway (k,, = 0.025—0.038 min~'),
not through the fast Tf receptor pathway (k,, = 0.2 min~ ). The
k., measured in adipocytes after insulin stimulation is similar
(ko = 0.027 min~ 1), Differentiation decreases the rate constant
for sorting into the Glut4 recycling pathway (k) 3-fold. In
adipocytes, Glut4 is also sorted from endosomes into a second
exocytic pathway through Glut4 storage vesicles (GSVs). Sur-
prisingly, transfer from endosomes into GSVs is highly regu-
lated; insulin increases the rate constant for sequestration (k)
8-fold. Release from sequestration in GSVs is rate-limiting for
Glut4 exocytosis in basal adipocytes. AS160 regulates this step.
Tethering/docking/fusion of GSVs to the plasma membrane is
regulated through an AS160-independent process. Insulin
increases the rate of release and fusion of GSVs (kgee) 40-fold.
LRP1 cycles with the Tf receptor and Glut4 in fibroblasts but
predominantly with Glut4 after differentiation. Surprisingly,
AS160 knockdown accelerated LRP1 exocytosis in basal and
insulin-stimulated adipocytes. These data indicate that AS160
may regulate trafficking into as well as release from GSVs.
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Insulin stimulation of glucose uptake in muscle and adipose
tissue is crucial for the regulation of blood glucose homeostasis.
In adipocytes, very little glucose is taken up into the cells under
basal/fasting conditions. Insulin stimulates glucose transport
10-40-fold in these cells. Glucose uptake is rate-limited by the
number of facilitative glucose transporters present in plasma
membranes. Insulin stimulates glucose uptake by altering the
subcellular distribution of glucose transporter 4 (Glut4)
from intracellular stores to the plasma membrane, a process
known as Glut4 translocation (1, 2). Defects in this process
are observed in insulin resistance, type II diabetes mellitus,
and metabolic syndrome.

Glut4 traffics through the general endocytic recycling path-
way as well as through specialized compartments unique to its
function (3—6). Under basal conditions, less than 5% of Glut4 is
found in the plasma membrane of primary adipocytes (7). Inter-
nal Glut4 is found predominantly in small tubulo-vesicular ele-
ments and vesicles that lack endosomal markers. However, 12%
of the Glut4 is co-localized with endocytosed albumin in “early”
and “late” endosomes under these conditions. Consistent with
this steady state subcellular distribution, Glut4 is found in two
kinetically distinct pools in basal 3T3-L1 adipocytes: 70 —90% of
the Glut4 is in a sequestered non-cycling/very slowly cycling
pool known as Glut4 storage vesicles (GSVs?; also referred to as
insulin-responsive vesicles), whereas 10—-30% remains in an
actively cycling pool. Insulin increases the amount of Glut4 in
the plasma membrane by as much as 40-fold through two
effects on Glut4 trafficking: 1) insulin decreases the proportion
of Glut4 sequestered in the GSVs, and 2) insulin increases the

3 The abbreviations used are: GSV, Glut4 storage vesicle; a,-M, a,-macroglob-
ulin; a-HA, anti-HA antibody; AF647, AlexaFluor 647; ERC, endosomal recy-
cling intermediate compartment(s); IN/SUR, internal/surface; k., ko,, and
kopss €ndocytic, exocytic, and observed relaxation rate constant, respec-
tively; Ksorw Kseqr Keusers aNd Krusecr rate constant for sorting from endosomes
into ERC, sorting from endosomes into GSVs (sequestration), and transport
to the plasma membrane from either ERC or GSVs (fusion), respectively;
LSM, low serum medium; LYi, PI3K inhibitor LY294002; MFR, mean fluores-
cence ratio (AF647/GFP; labeled Glut4/total cellular Glut4); Tf, transferrin;
KD, knockdown; PM, plasma membrane; SE, sorting or “early” endo-
some(s); FSC-H and SSC-H, forward and side scatter height, respectively.
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overall rate constant of exocytosis (k) of the cycling Glut4
(8—-15). Insulin has little or no effect on Glut4 endocytosis (16,
17).

In adipocytes, intracellular Glut4 partially co-localizes with
the transferrin (Tf) receptor, a marker for the early endosomes.
However, under basal conditions, the intracellular Tf receptor
traffics 5—-15 times more rapidly than Glut4 (16). The rate con-
stant of endocytosis of the Tf receptor is also 5 times faster than
Glut4. These data indicate that although Glut4 and the Tf
receptor show some overlap, they are largely trafficked via dif-
ferent pathways/mechanisms in adipocytes. Intracellular Glut4
also co-localizes with LRP1 (low density lipoprotein receptor-
related protein 1), the receptor for «,-macroglobulin (a,-M)
expressed in adipocytes. Like Glut4, there are two kinetically
distinct pools of LRP1 in adipocytes, a rapidly cycling pool, and
a slowly cycling/non-cycling pool (16). Immunoprecipitation
studies showed that LRP1 is enriched with Glut4 and insulin-
regulated aminopeptidase in the insulin-responsive GSVs (18).
However, LRP1 is less efficiently packaged into the sequestered
GSV pool than Glut4 (40% LRP1 versus 70 —-90% Glut4) (16). In
contrast, only a small percentage of the Tf receptor is detected
in these compartments (4).

Glut4 is not expressed in 3T3-L1 fibroblast cells prior to
induction of adipocyte differentiation (12). When Glut4 is
exogenously expressed in these cells, it cycles constitutively and
is not directed into highly regulated GSV compartments. There
is only a modest 1.5-3-fold increase of exogenously expressed
Glut4 at the plasma membrane in 3T3-L1 fibroblast cells (12).
In contrast, insulin increases cell surface Glut4 10-20-fold in
differentiated 3T3-L1 adipocytes. Although other cargo pro-
teins found in the insulin-responsive GSVs, such as insulin-
regulated aminopeptidase and LRP1, are normally expressed in
fibroblasts, these proteins are also not trafficked to highly insu-
lin-responsive compartments until differentiation induces
expression of adipocyte-specific factors (12, 19). Thus, compar-
isons of trafficking and localization of proteins in 3T3-L1 cells
before and after differentiation can yield important insights
into the proteins and pathways that contribute to the special-
ized, highly regulated trafficking of Glut4 observed in adi-
pocytes. For example, two proteins that play important roles in
Glut4 trafficking, sortilin (20) and AS160 (21), are expressed at
high levels only in adipocytes, not in fibroblasts. Co-expression
of sortilin with exogenous Glut4 in fibroblasts is sufficient to
reconstitute the effects of this protein on Glut4 stability and
sorting that were observed in adipocytes (20) (data not shown).
Expression of AS160 with sortilin in fibroblasts further alters
Glut4 trafficking (21). However, trafficking of Glut4 to highly
insulin-responsive GSV compartments has not yet been fully
reconstituted in fibroblast cells.

Many proteins have been identified that affect the plasma
membrane levels of Glut4 in adipocytes (5, 6). For some pro-
teins, their function in Glut4 trafficking remains unclear. We
have developed high throughput quantitative flow cytometric
assays to measure the trafficking kinetics of Glut4, the Tfrecep-
tor, and LRP1 (15, 16). We are using these assays to functionally
map proteins to specific steps in Glut4 trafficking. For example,
these assays were used to examine the specific effects of knock-
down of AS160 (a negative regulator of Glut4 translocation) on
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Glut4 trafficking in adipocytes (22). Careful analysis of the
effect of AS160 knockdown on Glut4 trafficking kinetics
revealed that release of Glut4 from sequestration in GSVs
involves two sequential insulin-regulated rate-limiting steps.
AS160 regulates the first of these; in the AS160 knockdown
cells, Glut4 accumulated at a second insulin- and Akt-regulated
rate-limiting step that lies downstream of AS160 but upstream
of fusion with the plasma membrane. Thus, our kinetics assays
allowed for the identification of a novel insulin-regulated step
in the pathway.

The purpose of this study was to identify additional novel
sites of regulation of Glut4 trafficking. We have identified six
steps that contribute to the unique trafficking of Glut4 relative
to the constitutively recycling Tf receptor. Mathematical mod-
eling and simulations were used to estimate the rate constants
for flux through these steps. Interestingly, these models were
also able to accurately simulate the trafficking kinetics and rel-
ative subcellular distribution of Glut4 previously measured in
primary adipocytes (7, 9, 23, 24). These analyses revealed that
three steps in the Glut4 trafficking itinerary are highly regulated
by insulin. They also underscore the importance of non-insu-
lin-regulated steps, such as endocytosis and degradation, in
controlling the total amount of Glut4 at the cells surface and
hence in regulation of overall glucose homeostasis.

EXPERIMENTAL PROCEDURES

Tissue Culture—3T3-L1 cells were obtained from ATCC and
passaged as fibroblasts in 10% calf serum in DMEM complete
medium (high glucose DMEM supplemented with 2 mm L-glu-
tamine, 50 units/ml penicillin, and 50 pg/ml streptomycin).
Fibroblasts were plated at just subconfluence (they reached
confluence with 24 h). They were then refed in complete
medium with 10% calf serum and used for experiments 1-2
days postconfluence. Cells were differentiated into adipocytes
for use in experiments as described previously (15).

Viral Infections—The lentiviral HA-Glut4/GFP reporter pro-
tein was prepared and transduced into fibroblasts as described
previously (15). Cells were infected at a viral titer that resulted
in ~50% of the cells expressing the construct. At this titer, the
majority of infected cells contained only one virion, and no
cytopathic effects were detectable (15, 22). The uninfected cells
serve as internal controls to correct for cellular autofluores-
cence and nonspecific antibody binding/uptake. This reporter
has been carefully characterized; when expressed at the low
levels observed in our infected cells, the HA-Glut4/GFP
reporter traffics with endogenous Glut4 (14, 15, 25, 26).

Antibodies and Reagents—HA.11 monoclonal antibody
(a-HA; Covance) was purchased as ascites and purified using
a 1-ml rProteinA-FF column (GE Healthcare) as described
previously (15). Purified antibody was labeled with an
AlexaFluor647 (AF647) protein labeling kit according to the
manufacturer’s instructions (Invitrogen), and free dye was
removed by desalting twice into PBS using 10-ml Zeba spin
columns (7000 molecular weight cut-off, ThermoScientific)
(16). Human a,-M was purchased from AssayPro and labeled
using an AF647 monoclonal antibody labeling kit according the
manufacturer’s instructions (Invitrogen) (16). a,-M was acti-
vated using methylamine as described previously (27). Free dye
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and excess methylamine were removed from labeled and acti-
vated a,-M using a 5-ml HiTrap desalting column (GE Health-
care). Protein concentrations and labeling efficiency were
determined by absorption spectroscopy (15).

Glut4d Translocation Assay/Surface Glut4 Labeling—Cells
expressing HA-Glut4/GFP were incubated for 2 h in low serum
medium (LSM; DMEM complete medium and 0.5% fetal
bovine serum). Cells were then incubated with or without 100
nM insulin for 45 min. To label surface Glut4, cells were rapidly
chilled on an ice-water slurry and labeled with LSM containing
50 wg/ml AF647-a-HA for 1 h on ice. Antibody was removed,
and cells were washed, collagenase-digested, and analyzed by
flow cytometry as described below (16, 22).

Steady-state Anti-HA Antibody (a-HA) Uptake Assay—Cells
were serum-starved in LSM as described above. For insulin-
stimulated uptake, some cells were incubated with 100 nm insu-
lin for the last 45 min of starvation. At various times, the incu-
bation medium was replaced with 30 ul of warm LSM
containing 50 wg/ml AF647-a-HA with or without 100 nm
insulin, and incubation continued. At the end of the time
course, cells were chilled, washed, collagenase-digested, and
analyzed by flow cytometry (16, 22). The data show an increase
in AF647-a-HA labeling from an initial level to a maximum
plateau. Under the conditions of this assay, cell surface HA-
Glut4 is nearly instantaneously labeled, and the antibody
remains bound throughout the assay. Thus, at t = 0 (extrapo-
lated), the labeling is equal to the steady state level of Glut4
at the cell surface, and the increase in labeling with time measures
the exocytosis of intracellular Glut4 at a rate corresponding to
the overall exocytosis due to all exocytic processes (13). The
plateau level measures the size of the total pool of Glut4 that is
cycling between the cell surface and the intracellular pools. The
size of this pool is dependent on both the total amount of
HA-Glut4/GFP expressed in the cell and the proportion of the
total that is in actively cycling pools versus non-cycling pools.
To correct for differences in the level of expression of the
reporter construct in different cell types, mean fluorescence
ratio (MFR) values were calculated for each sample (mean fluo-
rescence of AF647/mean fluorescence of GFP). A difference in
the maximum value of MFR (MFR,,,,) between cell types or
experimental conditions indicates that there are differences in
the proportion of the total cellular Glut4 that is cycling. The
non-cycling pools include both Glut4 that can be mobilized (i.e.
in the sequestered GSV pool) and Glut4 that cannot be mobi-
lized with insulin (in the biosynthetic or degradative compart-
ments). The a-HA data are expressed as the proportion of the
total Glut4 that can be labeled in insulin-stimulated cells that is
labeled at each time point (MFR/MFR,,.. insuin)- L he €xocyto-
sis rate constants, k_,, were determined from fits of mathemat-
ical models to these data.

Glut4 Transition Experiments—Cells were serum-starved for
2 h as described above. For the basal to insulin transition, 100
nM insulin was added to cells for increasing amounts of time.
For the transition from the insulin-stimulated to the phosphati-
dylinositol 3-kinase (PI3K)-inhibited state, insulin was added
for the final 45 min of preincubation in LSM, and then the PI3K
inhibitor LY294002 (LYi, 50 uM; EMD Biochemicals) was
added for increasing amounts of time. Cells were placed on ice;
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surface Glut4 was labeled as described above; and then cells
were washed, collagenase-digested, and analyzed by flow
cytometry. In this protocol, the data indicate the level of Glut4
present in the plasma membrane at each time point and mea-
sure the rate of transition from one steady state to a new steady
state. The kinetics of these transitions are determined by a com-
bination of both exocytotic and endocytotic processes acting in
the cells (e.g. ks = kox + ke, for a two-rate/two-compartment
model of the process). However, PI3K inhibitors inhibit Glut4
exocytosis ~90% with no effect on endocytosis (16). Thus, in
the insulin + LYi transition experiments, the rate of transition
observed is largely determined by endocytosis alone, and fits of
single exponential decay functions to this data yield estimates
of the endocytic rate constant, k,,,. This method for measuring
k., has been validated using two independent measures (16).
Mathematical models were fit to the data as described below.

Transferrin Efflux—Uninfected cells were labeled with 5
png/ml AF647-holo-Tf for 30 min at 37 °C. Cells were quickly
washed and then incubated at 37 °C in LSM with 500 ug/ml
unlabeled holo-Tf for increasing amounts of time. Samples
were then rapidly chilled in an ice-water slurry, collagenase-
treated at 4 °C, and analyzed. Incubation of cells in excess unla-
beled holo-Tfwas sufficient to remove all surface label. In these
experiments, iron-loaded Tf (holo-Tf) binds with high affinity
to its receptor at the cell surface. Once it is internalized, the Tf
loses its bound iron in the low pH of the endosomes, but the
iron-depleted Tf (apo-Tf) remains bound to its receptor as it is
recycled from the endosomes back to the plasma membrane.
Once it reaches the cell surface, the apo-Tf dissociates from its
receptor and is displaced by unlabeled holo-Tf. Thus, the loss of
AF647 labeling measures the rate of exocytosis of a bolus of
labeled Tf. Data were fitted using a single exponential decay
function, the rate of which was the exocytosis rate constant, k.,
(16). The endocytic rate constant, k,,,, was calculated from the
measured k., and the partition coefficient, P (P = k. /k,, =
PM/(1 — PM)) as described previously (10, 16).

a,-M Uptake and Surface Labeling—Cells were incubated in
serum-free DMEM (DMEM complete medium and 0.5% BSA)
for 2 h and then incubated with or without 100 nm insulin for 30
min. Cells were then incubated in 4 pg/ml AF647-o,-M for
increasing amounts of time. Cells were placed on ice, and addi-
tional wells on the same plate were incubated with 4 ug/ml
AF647-a,-M for 90 min to label surface LRP1. Cells were gently
washed with 200 ul of cold PBS and collagenase-digested for 10
min at 37 °C, allowing surface-bound AF647-a,-M to be inter-
nalized to prevent loss during analysis. Cells were analyzed by
flow cytometry as described below. In these experiments, a,-M
binds with high affinity to its receptor (LRP1) at the cell surface
but dissociates from its receptor when it reaches the low pH of
the endosomes. LRP1 recycles back to the plasma membrane,
where it binds additional ligand and is reinternalized. The
labeled «,-M is retained within the cell and delivered to the
lysosomes for degradation. Thus, the linear increase of AF647
with time measures the rate of endocytosis of LRP1. The rate
constant of LRP1 endocytosis (k,,) was determined according
to the method of Wiley and Cunningham (28). The internal to
surface (IN/SUR) ratio for each time point was determined; the
slope of the IN/SUR versus time plot is equal to k,,,. Data were
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fit using linear equations. The exocytic rate constant, k,,, was
calculated from k., and the partition coefficient, P, as described
previously (16). Relative surface levels of a,-M binding/LRP1
receptor were verified in independent samples by labeling with
biotin-conjugated anti-LRP1 antibody (clone 8G1, Fitzgerald
Industries International), followed by AF647 streptavidin
(Invitrogen).

Flow Cytometry—Flow cytometry, gating, and analysis were
performed essentially as described (15, 16, 22). Labeled cells in
96-well plates on ice were washed three times with 200 ul of
ice-cold PBS. Adipocytes were incubated with 20 ul of collagen-
ase (Type III; 1 mg/ml in PBS with 2% BSA; Worthington) at 37
or 4 °C for 10 min and then resuspended in 180 ul of PBS. For
experiments with fibroblasts, cells were resuspended in 180 ul
of PBS, 0.5 mM EDTA (after incubation for an additional 10 min
at 37 °C). Resuspended cells were gently filtered through a
100-pum cell strainer to remove clumps of cells and analyzed on
an Accuri C6 cytometer. Detection thresholds for adipocytes
were set at 1,000,000 for forward scatter height (FSC-H) and
500,000 for side scatter height (SSC-H). For fibroblast analysis,
the sole threshold was 750,000 for FSC-H. Log intensities of
scattered light (forward and side scatter) and fluorescence (FL1,
488 nm excitation/533 nm emission; FL2, 488 nm excitation/
585 nm emission; FL3, 488 nm excitation/>670 nm emission;
FL4, 640 nm excitation/675 nm emission) were collected for
each cell. For analysis of adipocytes, selective gating using
CFlow Plus software (Accuri) was used to analyze only the adi-
pocytes in the sample, excluding any residual fibroblasts and
cellular debris as described previously (15). For analysis of
fibroblasts, cells were gated in the two-dimensional histogram
of FSC-H versus SSC-H. For either cell type, cells infected with
HA-Glut4/GFP could be distinguished from uninfected cells in
a two-dimensional histogram of FL1-H (GFP) versus FL3-H
(autofluorescence). The geometric mean fluorescence of gated
populations was determined using FCS Express (De Novo Soft-
ware). The mean fluorescence values of uninfected cells are a
measure of cellular autofluorescence (FL1) and nonspecific
antibody labeling (FL4) and were subtracted from the mean
values of FL1 and FL4 measured for the infected cells in the
same sample, before the MFR values were calculated (22). For
analysis of a,-M or Tf uptake or binding, adipocytes or fibro-
blasts were gated as described above, and fluorescence levels
were quantified as the geometric mean of FL4 (AF647); the
mean autofluorescence measured in unlabeled cells was sub-
tracted from these values.

Data Analysis—Fits of models to the data were performed
using GraphPad Prism version 5.0 for Windows/Mac
(GraphPad Software, San Diego, CA) as well as custom code
implemented in Matlab (MATLAB and Statistics Toolbox
Release 2013a, The MathWorks, Inc., Natick, MA). All fits were
done on combined data sets, including the data points from
each of n = 5-19 individual experiments. The rate constants
obtained from the fits of the combined data were compared
with the average of the rate constants obtained from fits of each
independent experiment and were always in good agreement.
The statistical significance of observed differences between
steady state distributions under different experimental condi-
tions was assessed by either ¢ test or two-way analysis of vari-
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ance (Figs. 1, 54, and 6A), whereas differences between exper-
imental conditions for the kinetics data were assessed by
comparing fits of the data sets using either single exponents
(Figs. 2 and 3) or lines (Figs. 5 (C and D) and 6 (C and D)) and
calculating the p value for the null hypothesis that both sets of
data were best fit by the same function (***, p =< 0.0001; **, p <
0.001; %, p = 0.01).

Three simple mathematical models of Glut4 exocytosis were
compared for each cell type (fibroblasts versus adipocytes) and
experimental condition (basal versus insulin-stimulated) (sup-
plemental Fig. 1): 1) dynamic equilibrium, single exponent to 1
(a single exocytic pathway with a single intracellular pool of
Glut4) (11, 14); 2) static retention, single exponent to MFR,
(a single exocytic pathway with two pools of Glut4, an actively
cycling pool and a sequestered (non-cycling) pool) (12, 13); and
3) two exocytic pathways, two exponents to 1 (two intracellular
pools of Glut4 with independent exocytic pathways). In
dynamic equilibrium, the total amount of Glut4 that is cycling is
insulin-independent, whereas in static retention, the total
amount of Glut4 that is cycling is insulin-dependent. In the
two-exocytic pathway model, the distribution of Glut4 between
the two intracellular pools is insulin-dependent, but the total is
insulin-independent. To compare the models, the a-HA uptake
data in Fig. 3 were fit in PRISM using the following mathemat-
ical functions: dynamic equilibrium, a single exponent con-
strained to a reach a plateau of 1 (but not constrained to start at
0); static retention, a single exponent with a variable plateau
(not constrained to start at 0); and two exocytic pathways, two
exponents constrained to reach a combined plateau of 1 (not
constrained to start at 0). For these fits, the Akaike information
criterion method was used to select the model most likely to
have generated the data.

To compare the ability of more complicated models to sim-
ulate the behavior of Glut4, simultaneous fits of four data sets
were done. The data sets included two a-HA uptake experi-
ments (basal and insulin; Fig. 3) and two transition experiments
(basal to insulin and insulin + LYi; Figs. 2 and 4) for each cell
type. Systems of coupled ordinary differential equations were
identified for each model explicitly representing the output of
each type of experiment (see supplemental material and sup-
plemental Tables 1 and 2). These were then fitted using a com-
bination of numerical integration and nonlinear least squares
regression to optimize the parameter values simultaneously
over the entire range of experiments and experimental data.

The coupled ordinary differential equation systems were
solved using a one-step explicit Dormand-Prince (Runge-
Kutta) method (29), and the nonlinear regression fitting these
to the data employed a reflective trust region least-squares algo-
rithm (30-34) implemented in Matlab. From this, both esti-
mates of the parameter values and the 95% confidence intervals
could be determined. In performing a nonlinear regression to
data, the width of the confidence interval in S.E. values is related
to the percentage of observations falling within the confidence
interval. To estimate the S.E., Student’s ¢ inverse cumulative
distribution function was used to calculate the number of S.E.
values spanned by the confidence interval (35). Finally, the con-
fidence interval was divided by the number of S.E. values
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spanned by the confidence interval to find the S.E. for the
parameter.

RESULTS

Differentiation Increases Glut4 Protein Stability and Alters Its
Subcellular Distribution—Glut4 is not expressed in undifferen-
tiated 3T3-L1 fibroblasts. Differentiation induces the expres-
sion of not only Glut4 but also the proteins required for its
specialized insulin-dependent trafficking (12, 20, 21). This is
clear when an exogenously expressed HA-Glut4/GFP reporter
construct is expressed in both cell types (Fig. 1). In fibroblasts,
insulin has only a modest effect on the distribution of HA-Glut4/
GFP (a transient 1.8-fold increase, which decreases to a stable
1.5-fold increase; Figs. 14 and 4). In contrast, insulin increases
cell surface HA-Glut4/GFP 26-fold in adipocytes.

Whereas -fold stimulation shows insulin responsiveness, the
total amount of Glut4 at the plasma membrane controls the
rate of glucose transport in adipocytes and muscle. As expected,
differentiation decreased total Glut4 at the plasma membrane
4.2-fold in basal adipocytes compared with fibroblasts (Fig. 1B).
Unexpectedly, differentiation increased Glut4 at the plasma
membrane 4-fold after insulin stimulation.

The increase in cell surface Glut4 in insulin-stimulated adi-
pocytes relative to fibroblasts is largely due to an increase in Glut4
expression. Differentiation increased the total amount of the
HA-Glut4/GFP reporter in cells 3.2-fold (Fig. 1C). This is due to an
increase in the stability of the Glut4 protein and not due to tran-
scriptional regulation. The phosphoglycerate kinase 1 promoter
used to express the exogenous reporter does not show differenti-
ation dependence when used to express GFP alone (data not
shown). In contrast, the widely used CMV promoter is highly sup-
pressed in adipocytes relative to the fibroblasts when used for the
stable expression of proteins in the lentiviral vector (data not
shown). An increase in Glut4 protein will lead to a proportional
increase in cell surface Glut4, independent of effects on trafficking.

In 3T3-L1 fibroblasts, 10% of the total Glut4 is at the plasma
membrane in basal cells, and 14.6% is at the plasma membrane
after insulin stimulation (Fig. 1D and Table 1). After adipocyte
differentiation, 0.7% of the total is at the plasma membrane
in basal cells, whereas 18.4% is at the plasma membrane after
insulin stimulation. Thus, differentiation caused a 13.5-fold
decrease in the percentage of total Glut4 in the plasma mem-
brane in basal adipocytes relative to fibroblasts and a 26%
increase in the percentage of total Glut4 in the plasma mem-
brane after insulin stimulation (Fig. 1D). A change in the rela-
tive distribution of Glut4 between the cell surface and intracel-
lular pools requires effects on Glut4 trafficking. Therefore,
differentiation affects Glut4 trafficking under both basal and
insulin-stimulated conditions.

Differentiation Slows the Rate of Glut4 Endocytosis in both
Basal and Insulin-stimulated Cells—Glut4 is actively cycling
between the plasma membrane and intracellular pools under
both basal and insulin-stimulated conditions. The percentage
of Glut4 at the plasma membrane is dependent on the rate of
insertion into the plasma membrane (exocytosis) and rate of
retrieval from the plasma membrane (endocytosis) as well as
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the size of the actively cycling pool.* Therefore, if the propor-
tion of the total Glut4 at the plasma membrane changes after
differentiation, then differentiation must be affecting one of
these elements. The rates of endocytosis and exocytosis are
dependent on the intrinsic rate constants of endocytosis (k,,,)
and exocytosis (k,,) as well as the amount of Glut4 in the plasma
membrane and intracellular cycling pool. The distribution of
Glut4 in the plasma membrane versus the intracellular cycling
pool as well as the overall rate constants of endocytosis and
exocytosis can be estimated via two independent assays (16).

To measure Glut4 endocytosis, cells were treated with the
PI3K inhibitor LYi to inhibit exocytosis, and the loss of cell
surface Glut4 with time was measured (Fig. 2A). In this assay,
the rate constant for the relaxation to the new steady state dis-
tribution of surface Glut4, k., is approximately equal to the
endocytosis rate constant, k.. Differentiation caused a 40%
decrease in k_,, from 0.2 min~ ' in fibroblasts to 0.12 min ™' in
adipocytes (Table 1). Insulin had no effect on this rate constant
in either cell type (Fig. 24) (16). Thus, Glut4 is internalized
significantly more slowly in adipocytes than in fibroblasts. A
decrease in k,,,, with no effect on k., will increase the amount of
Glut4 on the cell surface. Interestingly, using similar assays, the
endocytic rate constant measured in primary adipocytes was
very slow, ~0.053 min~' (0.047—0.059 min ') (9, 23, 24).

In adipocytes and muscle, Glut4 is internalized via two dif-
ferent routes: one that is nystatin-sensitive and one that is nys-
tatin-insensitive and AP2- and clathrin-dependent (5, 17, 36,
37). We therefore examined whether Glut4 is internalized via a
nystatin-sensitive endocytic pathway in fibroblasts as well as in
adipocytes. Nystatin transiently increased cell surface Glut4
1.5-fold in basal fibroblasts and 3-fold in basal adipocytes (Fig.
2B). This increase is due to a transient 40% inhibition of k_, in
basal fibroblasts and a more sustained 70% inhibition in basal
adipocytes. Thus, Glut4 is internalized via a nystatin-depen-
dent pathway in fibroblasts as well as in adipocytes. Therefore,
the difference in endocytosis between fibroblasts and adi-
pocytes is not due to differential expression of the nystatin-de-
pendent pathway. In addition, the nystatin-sensitive pathway is
the major pathway in basal cells, whereas the nystatin-insensi-
tive pathway is the predominant pathway after insulin stimula-
tion in both cell types. Despite this shift in mechanism of inter-
nalization, however, insulin has little to no effect on the k,,, for
Glut4 in either cell type, indicating that the two pathways have
similar rate constants (16, 17).

Differentiation Slows the Rate of Glut4 Exocytosis, but Only
under Basal Conditions—To measure Glut4 exocytosis, basal
or insulin-stimulated cells were incubated at 37 °C with AF647-
labeled a-HA, and the accumulation of labeled antibody was
measured with time (Fig. 3) (16, 22). Within the time resolu-
tion in these experiments, Glut4 is instantly labeled. Because
Glut4 remains labeled as it cycles through the cell, the rate
constant for antibody uptake, k., is the overall exocytosis
rate constant, k,, due to all processes bringing Glut4 to the

ex’?

plasma membrane.

4 Glut4 that is not cycling (i.e. that is accumulated in biosynthetic or degrada-
tive compartments) or that is sequestered in non-cycling GSVs does not
traffic to the plasma membrane or contribute to cell surface Glut4.
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FIGURE 1. Differentiation increases Glut4 stability, promotes basal intra-
cellular retention, and enhances Glut4 translocation after insulin stimu-
lation. 3T3-L1 fibroblasts (Fib; gray) or adipocytes (Adip, white) expressing
HA-Glut4/GFP were incubated with or without 100 nm insulin and placed on
ice, surface Glut4 was labeled with AlexaFluor647-conjugated a-HA antibody
(AF647-a-HA), and cells were analyzed by flow cytometry. Data are the
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In fibroblasts, a-HA uptake rapidly approached a plateau
value, with a £, ~ 30 min in basal cells and 1, ~ 20 min after
insulin stimulation. The proportion of the total that is labeled
did not change after insulin stimulation in these cells (the
MFR,,... did not change with insulin stimulation in fibroblasts;
MFR = AF647-a-HA/GFP). In insulin-stimulated adipocytes,
a-HA uptake also rapidly approached a plateau value, with a
t, =~ 25 min. Thus, differentiation had little effect on exocytosis
of Glut4 after insulin stimulation. Differentiation also had little
effect on the proportion of the total cellular Glut4 that is labeled
after insulin stimulation (MFR,,,,, was not statistically different
in fibroblasts and insulin-stimulated adipocytes; data not
shown). Therefore, there is not a significant difference in the
two cell types in the proportion of Glut4 accumulated in
non-cycling pools (i.e. in the biosynthetic or degradative
pathways). The major effect of differentiation on Glut4 traf-
ficking was a large decrease in the rate of exocytosis of Glut4
in basal adipocytes. Less than 25% of the total HA-Glut4/
GFP in the cell that can be labeled after insulin stimulation
was labeled in basal adipocytes after a 5-h incubation. a-HA
uptake had not reached a plateau value by the end of the
experiment in basal cells.

Two Kinetically Distinct Pathways Are Required to Accurately
Simulate the Basal Trafficking of Glut4 after Differentiation—The
a-HA uptake data for fibroblasts and for adipocytes after insu-
lin stimulation is well fitted using a single exponent (dynamic
equilibrium, single exponent to 1; Supplemental Fig. 14). Using
single exponential fits, the estimated values for k,, for Glut4
were 0.025 min ! in basal fibroblasts, 0.038 min ! in insulin-
stimulated fibroblasts, and 0.027 min ! in insulin-stimulated
adipocytes (Table 1). These values are similar to the estimated
value for k_, for Glut4 in primary adipocytes after insulin stim-
ulation (0.032 min~'), when measured at steady state under
conditions similar to our assays (cells maintained at 37 °C in the
continuous presence of insulin) (9).

In contrast, the a-HA uptake data in basal 3T3-L1 adipocytes
can only be well fit by a single exponent if the model includes a
non-cycling (static) sequestered pool (static retention, single
exponent to MFR__; supplemental Figs. 1B and 2B) (12, 13, 15,
16). In this model, the total amount of Glut4 that is cycling is
insulin-dependent. Fits of the basal data with this model yield
k.. = 0.006 min~ ' and MFR,,. = 0.31 (~70% of the Glut4 is
sequestered in non-cycling GSVs; Table 1). The basal adipocyte
uptake data are not well fit if the model is forced to reach a
plateau of 1 (supplemental Fig. 24) (12, 13, 15, 16). Comparing
the two models using the Akaike information criterion,
dynamic equilibrium was rejected in favor of static retention
(86.5% probability that static retention is the model that gener-

means * S.D. (error bars) of n = 4-10 independent experiments. A, -fold
increase of surface Glut4 (insulin/basal for each cell type). B, surface Glut4.
Data are mean AF647-a-HA, standardized to fibroblast basal values. Fibro-
blasts: basal, T = 0.13; insulin, 1.5 = 0.002. Adipocytes: basal, 0.24 * 0.1;
insulin, 5.9 * 0.23. C, total HA-Glut4/GFP. Data are mean GFP, standardized to
the average fibroblast value. Fibroblasts, 1.0 = 0.22; adipocytes, 3.2 = 0.6.D,
surface/total Glut4; surface AF647-a-HA/total maximum AF647-a-HA uptake
after insulin stimulation (Fig. 3). Fibroblasts: basal, 0.1 = 0.01; insulin, 0.146 +
0.002. Adipocytes: basal, 0.0074 = 0.003; insulin, 0.184 = 0.007. A, ***, p <
0.0001, basal versus insulin. B-D, **, p < 0.001; ***, p =< 0.0001, fibroblasts
versus adipocytes.
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TABLE 1

Summary of rate constants (k) and distribution of proteins (fraction of total) in the PM and sequestered/noncycling GSVs

Rate constants and distributions were measured or calculated (calc) from the following equations as described (Figs. 1-5): GSV = 1 — MFR.; P = k., /k..; PM 5. =
MFER,, . X (PI1 + P); Kepeatey = Kex X (1 = PM)/PM); Koy carey = ke X (PM/(1 — PM)).
GLUT4 Tf receptor a,-MR (LRP1)
PM Ken Kex GSV PM PM Ken(cate) Kex PM Ken Kexcato
min~! min~! min~! min~! min~! min~!
Fibroblasts
Basal 0.10 0.2 0.025 0.11 0.25 0.6 0.2 0.22 0.41 0.10
Insulin 0.146 0.2 0.038 0.16 0.25 0.6 0.2 0.24 0.41 0.11
Adipocytes
Basal 0.007 0.12 0.006 0.69 0.015 0.17 0.6 0.12 0.069 0.28 0.021
Insulin 0.184 0.12 0.027 0.18 0.25 0.6 0.2 0.112 0.34 0.043

ated the observed data, with a ratio of probabilities = 6.4). The
two models yield nearly identical fits of the fibroblast data and
the adipocyte data after insulin stimulation.

The data in Figs. 1-3 were analyzed using the static retention
model to describe the trafficking of the actively cycling Glut4.
Mathematically, this is a two-step/two-compartment model
with two rate constants: &, (plasma membrane to endosomes)
and k., (endosomes to plasma membrane), with the total
amount of Glut4 dependent on insulin. The ratio of Glut4 in the
plasma membrane (PM) versus sorting endosomes (SE) is the
partition coefficient, P, which is equal to the ratio of the rate
constants for exocytosis and endocytosis (P = k,/k., =
PM/SE) (10, 22). The amount of Glut4 at the plasma membrane
is also dependent on the size of the cycling pool, MFR, ... Thus,
PM_,, = MER,. X (P/(1 + P)).

As previously observed (16, 22), there is good agreement
between the measured values and the calculated expected val-
ues of Glut4 in the plasma membrane in 3T3-L1 fibroblasts and
adipocytes after insulin stimulation (Table 1). Application of
this same analysis to the data from primary adipocytes after
insulin stimulation also shows excellent agreement between
calculated and measured values (P = 0.032/0.053; PM__,. =

calc

38%, PM, casured = 39—42%) (7, 9, 10, 22). In contrast, the cal-
culated value for surface Glut4 in basal adipocytes is twice as
high as the observed value (PM_,,. = 0.015; PM _....curea = 0-007;
Table 1). Therefore, the static retention model is insufficient to
fully account for the basal data.

Alternatively, the basal a-HA uptake data can be fit using two
exponents. In this model, the intracellular Glut4 is present in
two separate intracellular pools with different exocytic rate
constants. Two-exponent fits of the basal data yield a small pool
that is exocytosed rapidly (Total, = 0.09, k., = 0.032 min~")
and a large pool that is exocytosed very slowly (Total, = 0.91,
k., = 0.0007 min~'). This model is the preferred model rela-
tive to static retention for the basal uptake data (80% probability
that observed data were generated by a process with two pools
with different exocytic rate constants rather than a cycling pool
and a non-cycling static pool; ratio of probabilities = 4). In
contrast, the two-exponent model is rejected for the uptake
data from the fibroblasts and from adipocytes after insulin
stimulation (>99.99% probability that the one-exponent model
is correct). Thus, in basal adipocytes, the data can be best fit by
a model with two pathways for exocytosis: a constitutive path-
way with kinetics similar to the pathway observed in fibroblasts
(the endosomal recycling pathway through endosomal recy-

cling intermediate compartments (ERC) (kg .z = 0.032 min~",
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total in ERC = 9%) and a specialized pathway through GSVs
that is very highly regulated by insulin (k.. = 0.0007 min™",
total in GSVs = 91%; supplemental Figs. 1C and 2C). In
contrast, in fibroblasts and in adipocytes after insulin stimulation,
Glut4 is either predominantly exocytosed via a single pathway or
through multiple pathways with similar rate constants.

Although the exocytic rate constants and relative amounts of
Glut4 in each pathway can be determined from two-exponen-
tial fits of the basal a-HA uptake data, the expected level of
Glut4 at the plasma membrane cannot be calculated from these
fits. A more complicated mathematical model that includes
pathways for delivery of Glut4 into the two pools from the
plasma membrane was needed to simulate the Glut4 trafficking
data. In order to help build this model, the kinetics of trafficking
of Glut4 in fibroblasts and adipocytes was examined in more
detail.

Three Sequential Steps Are Required to Accurately Simulate
the Trafficking of Glut4 in Fibroblasts and AS160 Knockdown
(KD) Adipocytes—The cell surface, a-HA uptake, and insulin +
LYi transition data yield information about the rates of inser-
tion and retrieval of Glut4 from the plasma membrane. How-
ever, these assays cannot resolve individual steps in the intra-
cellular trafficking pathways; the measured rate constants, &,
and k., are the net result of all steps in multiple trafficking
pathways. In contrast, measuring the kinetics of the transition
from the basal to insulin-stimulated state can resolve interme-
diate steps in the intracellular pathways (10, 22). For example,
previous work using cells in which AS160 was knocked down
showed that there are at least two sequential insulin-regulated
steps in the Glut4 exocytic pathway in adipocytes (22). There is
an overshoot in the basal to insulin transition experiment in
adipocytes after AS160 knockdown that cannot be simulated
using a model with a single rate-limiting step in the exocytic
pathway.

There is also an overshoot observed in fibroblasts in the basal
to insulin transition experiment (Fig. 4). Glut4 transiently
increases at the plasma membrane 1.8-fold within 5 min after
insulin stimulation. This increase then gradually decays to only
1.5-fold by 3040 min. A mathematical model with a single
rate-limiting step in exocytosis is insufficient to account for this
overshoot (dotted line). Thus, the basal to insulin transition
data show that Glut4 traffics through multiple kinetically dis-
tinct sequential steps in fibroblasts.

To determine the minimal model that accurately describes
the observed fibroblast data, simultaneous fits to a three-step
model (supplemental Fig. 1D) were done for the fibroblast data
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FIGURE 2. Differentiation decreases the rate constant of Glut4 endo-
cytosis (k.,) by 40%. A, 3T3-L1 fibroblasts (gray) or adipocytes (white)
expressing HA-Glut4/GFP were incubated with (Ins; squares) or without
(Bas; circles) 100 nm insulin for 45 min, and then either the PI3K inhibitor
LYi (50 um) (A) or nystatin (50 pg/ml) (B) was added for the indicated times
(LYi inhibits exocytosis, and nystatin inhibits endocytosis of Glut4). Cells
were placed on ice, labeled with AF647-a-HA, and analyzed by flow
cytometry. A, data points are the average surface/total Glut4 + S.E. (error
bars) for n = 3-6 (fibroblast) or 16 (adipocyte) independent experiments.
Lines, single exponential fits (ks =~ k.,) (16) Fibroblasts: basal, k., =
0.22 + 0.01 min~";insulin, k., = 0.21 * 0.03 min~'; adipocytes: insulin,
ke, = 0.12 = 0.005 min~"). **, p < 0.001, fibroblasts versus adipocytes. B,
data are the average of means = S.E. of surface Glut4, standardized to
control insulin, from two independent experiments. p < 0.001 control
versus +nystatin in both basal fibroblasts and adipocytes at the maximal
effect of nystatin treatment (5-10 min fibroblasts, 20-60 min adipocytes;
n = 4-12 samples).
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FIGURE 3. Differentiation decreases the rate constant of Glut4 exocytosis
(k.,) and sequesters Glut4 in basal adipocytes. 3T3-L1 fibroblasts (gray) or
adipocytes (white) expressing HA-Glut4/GFP were incubated with (squares) or
without (circles) insulin (100 nm) for 45 min and then incubated with AF647-
a-HA (with or without insulin) at 37 °C for the times indicated. Individual data
points from n = 6 (fibroblasts) or n = 9 (adipocytes) independent experi-
ments are shown. Data points are the average MFR (AF647/GFP) of n = 2-3
samples, ~1000 cells/sample, standardized to MFR .y insuin fOr €ach inde-
pendent experiment (Labeled/Total Glut4). Lines, single exponent to MFR ..,
fits of the combined data sets (ks = Ko,s MFR, ..« = Cycling pool). Fibroblasts:
basal, k,,, = 0.025 = 0.003 min~ ', MFR,,,,, = 0.98 =+ 0.02; insulin, k., = 0.038 +
0.005 min~", MFR,,., = 0.98 = .014. Adipocytes: basal, k., = 0.006 = 0.002
min~', MFR,,,, = 0.31 *+ 0.05; insulin, k,, = 0.027 *+ 0.002 min~", MFR,,, =
1.0 £ 0.02. ***, p < 0.0001 basal adipocytes versus insulin-stimulated adi-
pocytes or fibroblasts. Error bars, S.D.

in Figs. 2—4 (four different experiments: two a-HA uptake
experiments, basal and insulin, and two transition experiments,
insulin + LYi and basal to insulin). The three-step model
includes three sequential rate constants: k,,, (PM to SE), k.,
(SE to ERC), and kg, (ERC to PM). The overall exocytic rate
constant, k., is a function of both k., and kg Three

hypotheses were utilized to model the effect of insulin on the
system: k. regulated by insulin (Ak,,.); Kpser regulated by
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FIGURE 4. The kinetics of the transition from basal to insulin-stimulated
levels of surface Glut4 are different in adipocytes and fibroblasts. 3T3-L1
fibroblasts (A), control adipocytes (B), or AS160 KD adipocytes expressing
HA-Glut4/GFP (C) were stimulated with insulin for the indicated times and
then placed on ice and labeled with AF647-a-HA. Data are the average
mean = S.E. (error bars) of surface/total Glut4 from n = 10 (fibroblasts),n = 19
(adipocytes), or n = 5 (AS160 KD) independent experiments. Lines, simula-
tions using different models. Dotted lines, static retention; solid lines, three-
step model; dashed lines, dynamic retention, constrained (fibroblast) fits; dot-
ted/dashed lines, dynamic retention, alternate (primary adipocyte) fits (Table 2
and supplemental material).

insulin (Akg,..r); and both k. and kg, regulated by insulin
(Ak,, and Akg ), with the other rates held constant (insulin-
independent; Table 2 and supplemental Table 3, 4 and b). To

model the transitions, the system is assumed to instantly
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change to the new rate constants upon application of insulin
or LYi. The total recycling pool was constrained to be
insulin-independent.

In order to simulate the observed overshoot in fibroblasts,
the third rate constant, k., must be rate-limiting in basal
cells, whereas the second rate constant, k., must be rate-lim-
iting after insulin stimulation. The fibroblast data can be well
simulated using a three-step model with only k.. regulated by
insulin (Fig. 44, solid line). This fit yielded well defined rate
constants (with S.E. values <10%) for all three steps and an
excellent goodness of fit (R> = 0.95; supplemental Table 3a). An
unconstrained free fit of the data, allowing both kg .. and k.
to change with insulin, gave nearly the same fit as allowing only
keosep to change, except that both basal and insulin k., were
poorly defined (they had very large S.E. values; see supplemen-
tal Table 3b). This analysis indicates that there are two rate-lim-
iting steps in Glut4 trafficking through the constitutive pathway in
fibroblasts and that insulin increases the rate of transit through the
second step, with little or no effect on the first.

In contrast to fibroblasts, there was no overshoot observed in
the basal to insulin transitions in adipocytes. In an uncon-
strained simultaneous fit of the adipocyte data, the three-step
model is essentially reduced to a two-step model, with &, =>

sort

Keuse (Table 2). In contrast to the fits from fibroblast data, k.,
remained poorly defined (supplemental Table 3c). Although
this model yields a good fit of the transition data (Fig. 4B, solid
line), it is not a good fit of the basal a-HA uptake data in adi-
pocytes (supplemental Fig. 2D). This model requires an addi-
tional non-cycling (static) pool to accurately simulate the kinet-
ics data in adipocytes.

As observed in fibroblasts, the three-step model yields an
excellent fit of the transition experiment in AS160 KD adi-
pocytes (Fig. 4C, solid line). The fusion step is rate-limiting in
basal AS160 KD cells, whereas the trafficking step is rate-limit-
ing after insulin stimulation (Table 2). However, the fusion step
is much slower in the basal AS160 KD adipocytes than in fibro-
blasts, and it is more highly regulated by insulin. In these fits,
the three rate constants were well defined, and there was an
excellent goodness of fit (R* = 0.96; see supplemental Table 3d).
However, although the Three-Step model can also simulate
basal a-HA uptake in AS160 KD cells (data not shown), a model
with two exocytic pathways is preferred relative to the single
exponent, three-step model (80% probability that the observed
basal uptake data were generated by a process with two separate
pools with different exocytic rate constants rather than a single
cycling pool; ratio of probabilities = 4). Two exponent fits of the
basal AS160 KD a-HA uptake data indicate that AS160 knock-
down has two effects; it accelerates the rate of cycling of the
GSV pool and also expands the size of the “constitutive” cycling
pool of Glut4 (k;,..; = 0.004 min~ ", total in GSV = 65%; kg..p =
0.032 min~, total in ERC = 35%). However, the majority of the
Glut4 continues to cycle through the specialized GSV pathway in
basal AS160 KD cells. Thus, the transition data indicate that the
GSV pathway also has multiple rate-limiting steps (22).

Dynamic Retention, a Mathematical Model with Two Exo-
cytic Pathways, Accurately Simulates the Trafficking of Glut4 in
Adipocytes—Our mathematical analysis and simulations sug-
gest that Glut4 traffics through two kinetically distinct cycling
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TABLE 2
Rate constants used for simulations

Rate constants were generated for models from simultaneous fits of basal and insulin anti-HA uptake, + LYi transition, and basal to insulin transition data for 3T3-L1
fibroblasts and adipocytes (Figs. 2—4) or from steady state subcellular distribution data in primary adipocytes (7). See supplemental Table 3 for 95% confidence bounds, S.E.

values, and data on the goodness of fit.

Keuser Keeq Kiusea
ke sort Basal Insulin Basal Insulin Basal Insulin

Three-step: Akg,,.

3T3-L1 fibroblasts, free fit* 0.18 0.053 0.033 0.080

3T3-L1 adipocytes, free fit* 0.11 0.350 0.001 0.027

AS160 KD adipocytes, free fit* 0.12 0.055 0.006 0.032
Dynamic retention: two exocytic pathways, GSV and ERC

3T3-L1 adipocytes, constrained fit* 0.12 0.042 0.025 0.088 0.021 0.059 0.0007 0.025

Primary adipocytes, calculated® 0.05 0.013 0.018 0.078 0.006 0.143 0.0005 0.05

3T3-L1 adipocytes, alternate fit* 0.11 0.013 0.018 0.078 0.006 0.143 0.0006 0.028

AS160 KD adipocytes, alternate fit* 0.12 0.013 0.018 0.078 0.018 0.030 0.005 0.028

“ Determined from free fits or constrained fits (k,
? Calculated from the steady state distributions using Equations 1-3.

sort and Kp,o. from fibroblasts) of the kinetics data.

¢ Determined from constrained fits using Kyou Kpusers and Kgeq from primary adipocytes instead of fibroblasts. For AS160 KD, k. was estimated from LRP1 surface data

(Table 3) as described.

pools in basal adipocytes: a constitutive (fibroblast-like) endo-
somal pathway and a very slowly cycling specialized GSV pool.
Furthermore, they suggest that both of these pathways have at
least two sequential rate-limiting steps. Based on this, we cre-
ated a mathematical model that combines the best fits from the
fibroblast data while incorporating a second exocytic route via
the GSVs (dynamic retention; supplemental Fig. 1E). In this
model, Glut4 is internalized via a single pathway with a single
rate constant, k.., and is delivered to an SE. This rate constant is
insulin-independent. Sorting endosomes are defined as the
compartments where Glut4 is either sorted into constitutive
ERC with a single rate constant (k,,,,) or sequestered into GSVs
through an independent process with a second rate constant
(Kseq)- Glut4 in the ERC is delivered to the PM with a single rate
constant, kg, .., that is insulin-dependent. The release of GSVs
from sequestration and fusion to the plasma membrane is also
controlled by a single rate constant, k., that is regulated by
insulin. Although similar models have been proposed in previ-
ous studies (4—6, 11, 26), neither mathematical simulations nor
fits of kinetics data using this model have been reported
previously.

To determine if dynamic retention can accurately describe
the observed kinetics data, simultaneous fits to this five-
step/four-compartment model were done for the adipocyte
data in Figs. 2—4. Data from four different experiments were
analyzed: two a-HA uptake experiments (basal and insulin),
and two transition experiments (the insulin + LYi transition
and the basal to insulin transition), utilizing various hypoth-
eses for the effects of insulin on the system (supplemental
Table 3e) (data not shown). The rate constants determined
from the simultaneous fits of the adipocyte data (Table 2,
dynamic retention, 3T3-L1 adipocytes, constrained fit) yield
an excellent simulation of the basal to insulin transition
experiment (Fig. 4B, dashed line) and both the basal and
insulin a-HA uptake experiments in control adipocytes (sup-
plemental Fig. 2E, solid lines), with an excellent goodness of fit
(R* = 0.99; supplemental Table 3e). Thus, the kinetics data in
adipocytes can be very well represented using a model in which
a small amount of the Glut4 continues to traffic through its
default (fibroblast) pathway in adipocytes, whereas the majority
of the Glut4 is redirected into a highly regulated specialized
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seq

pathway after differentiation. In this model, differentiation has
no effect on the constitutive pathway (Table 2). The major
effect of differentiation is the formation of the highly regulated
GSV pathway. The GSV pathway is rate-limited by the fusion of
GSVs, kgyeeqr Which increases 38-fold with insulin. The two
pathways diverge in sorting endosomes and converge at the
plasma membrane.

One of the main goals of this study was to develop a model
that would allow us to test hypotheses about where proteins/
treatments affect Glut4 trafficking. We have a good idea of
the overall structure of the trafficking pathways from our
assay conditions and data fitting to different mathematical
models. However, in fits of the data with the dynamic reten-
tion model, the rate constants for trafficking from the sort-
ing endosomes into the two exocytic pathways, k. and k.,
remain poorly defined, as evidenced by the large S.E. values
(supplemental Table 3e). These steps are not rate-limiting
under the conditions of our experiments, so they can vary
widely in the simulations with little effect on the overall rate
constants of exocytosis. However, the ratio of these two rate
constants is important; k., must be slow relative to kg,
under basal conditions to avoid overaccumulation of Glut4
in GSVs and fast after insulin to maintain flux through the
GSV pathway.

We independently verified our estimates for the rate con-
stants of endocytosis, k.,, and overall exocytosis, k.,, by
comparing the measured values for the relative amounts of
Glut4 in the plasma membrane with the expected values cal-
culated from these rate constants based on the partition
coefficients (Table 1). Likewise, if the relative distribution of
Glut4 between the PM, SE, ERC, and GSVs were known, it
would be possible to independently verify the estimates for
Ksortr Kseqp Keusers and Kg,qo that were derived from the fits
using the measured value for k,,,. The inferred steady state
values of Glut4 in each compartment can be calculated as a
function of the rate constants (supplemental Table 1). Rear-
ranging these equations, we find that although the relative
amounts of Glut4 in each compartment do not give definitive
values for each of the rate constants, they do place con-
straints on what these rate constants can be.

sort
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The relative distribution of Glut4 in these functionally defined
compartments in 3T3-L1 adipocytes is unknown. However, the
steady state subcellular distribution of Glut4 has been carefully
examined and quantified in primary adipocytes using electron
microscopy (7). Based on the electron microscopy data and the
known functions of these morphological compartments from
many studies, the steady state data in primary adipocytes were
used to estimate the amounts of Glut4 in our kinetically defined
compartments: PM, 2.3% basal, 42.1% insulin; SE, 6.5% basal,
14.3% insulin; GSV, 86% basal, 41% insulin; and ERC, 5.2% basal,
2.4% insulin.” Based on this distribution, we obtained estimated
values for Ky, Keeqr Keuserr a0 Kgyo in primary adipocytes
(Table 2). The inferred values for kg, and kg, from the
steady state distributions in primary adipocytes were similar to
those obtained in the optimized fits of the 3T3-L1 adipocyte
data. The values for k. and k., were quite different, however.
The primary adipocyte data show that the overall rate constant
for exit of Glut4 from early/sorting endosomes must be slower
in basal adipocytes (ki + kyq = 0.019 min™'; Equation 1)
than in fibroblasts (k,,,, = 0.053 min~'). This suggests that
differentiation inhibits transport of Glut4 out of endosomes.
Strikingly, the distribution of Glut4 in primary adipocytes
shows that insulin must increase the overall rate constant for
exit of Glut4 from “early endosomes” 8-fold in the primary adi-
pocytes (Koo + kioq = 0.156 min ™' after insulin stimulation;
Equation 1).° The 20-fold increase in Glut4 at the plasma mem-
brane after insulin stimulation is expected to cause a 20-fold
increase in the amount of Glut4 in the next downstream com-
partment (early/sorting endosomes) unless there is also a
change in the rate constant for exit from the compartment. The
amount of Glut4 in the early/sorting endosomes increases only
2.2-fold, however. Thus, the exit of Glut4 from early/sorting

endosomes is a newly identified insulin-regulated step in Glut4

® PM, plasma membrane and clathrin-coated pits/coated vesicles associated
with the PM; SE, sorting endosomes, “early endosomes” (vacuolar struc-
tures containing the endocytic marker albumin but no cathepsin D) with
an associated network of recycling tubules; GSV, the trans-Golgi region
(TGR) and three classes of small tubular-vesicular elements not associated
with other organelles; ERC, endosomal recycling intermediate compart-
ments, “late endosomes” (multivesicular vacuoles containing albumin and
cathepsin D, with an associated network of recycling tubules) and non-
coated invaginations of the plasma membrane. In primary adipocytes,
insulin increased Glut4 in the plasma membrane, clathrin-coated pits/ves-
icles, non-coated plasma membrane invaginations, and “early endo-
somes.” Insulin decreased Glut4 in the “late endosomes,” the TGR, and all
three classes of small tubular-vesicular compartments (7).

%1In a unidirectional cycling membrane system with one compartment feed-
ing into the next one, changes in the Glut4 levels in the compartments are
caused by changes in the rate of delivery of Glut4 to the compartment
and/or rate of exit from the compartment. The rates of entry into and exit
from a compartment are function of both the amount/concentration of
Glut4 in each compartment as well as the rate constants for each step.
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trafficking in adipocytes. Using the calculated values for k.,
Kseq and kg, oo from primary adipocytes in simulations of traf-
ficking in 3T3-L1 adipocytes (Table 2, dynamic retention,
3T3-L1 adipocytes, alternate fit) yields excellent fits of the basal
to insulin transition data and the a-HA uptake data in both
basal and insulin-stimulated cells (Fig. 4B and supplemental
Fig. 2E, dotted |dashed lines). In fact, these rate constants gave
the same goodness of fit (R*> = 0.99) as the fits where Kyeq Was
unconstrained (supplemental Table 3, e and f).

Glut4 Cycles through a Different Pathway than the Transfer-
rin Receptor in Fibroblasts—What is the nature of the constitu-
tive pathway that Glut4 cycles through in fibroblasts? Previous
work had shown that in adipocytes, Glut4 predominantly traf-
ficked through compartments that were kinetically distinct
from the rapid recycling pathway followed by the Tf receptor
(16). However, based on co-localization studies, it has been sug-
gested that Glut4 might be following the same pathways as the
Tf receptor in fibroblasts (38). If this were true, it is expected
that the rate constants of endocytosis and exocytosis would be
similar for these two proteins in fibroblasts but would differ
after differentiation. Inconsistent with this hypothesis, how-
ever, the rates of both endocytosis and exocytosis of Glut4 are
significantly slower than the Tfreceptor in fibroblasts as well as
in adipocytes (Table 1). The rate constant of endocytosis of the
Tf receptor was 3-fold higher than Glut4 in fibroblasts (k,,, =
0.6 min~ " versus 0.2 min~"'). The rate constant of exocytosis
was 5— 8-fold higher for the Tf receptor than for Glut4 in fibro-
blasts (k,, = 0.2 min~" versus 0.025—0.04 min~'). Differentia-
tion had very little effect on the rate of cycling of the Tf recep-
tor. Therefore, even in fibroblast cells, a cell type that normally
does not express Glut4, Glut4 exhibits specialized trafficking
relative to constitutive endosomal proteins. Thus, the constitu-
tive cycling pathway for Glut4 in both fibroblasts and adi-
pocytes is different than the fast Tf cycling pathway, despite the
overlap in distribution of these proteins. These data show that
fibroblasts have both a slow and a fast recycling pathway and
that Glut4 has intrinsic sorting sequences that target it to the
slow pathway in fibroblasts. This is consistent with microscopy
studies showing that although these two proteins overlap, they
are largely exocytosed via different vesicles (26, 39, 40).

It is interesting that there is a 5-fold difference in the rate
constants of endocytosis of the Tf receptor and Glut4, even
under conditions where both proteins are internalized predom-
inantly via clathrin-coated pits (i.e. in adipocytes after insulin
stimulation). This difference indicates that there are differences
in the mechanisms or possibly in the efficiency of packaging of
these two proteins into clathrin-dependent pathways at the cell
surface. The differences in the mechanisms of internalization
between Glut4 and the Tf receptor (nystatin-sensitive versus
nystatin-insensitive, slow clathrin-dependent versus fast clath-
rin-dependent) are observed in cells that normally do not
express Glut4. Therefore, both the adipocytes and the non-
differentiated cells have multiple pathways for endocytosis, and
Glut4 has intrinsic sorting sequences that target it to the slow
internalization pathways.

Differentiation Slows Both Endocytosis and Exocytosis of
LRPI—LRP1, an a,-M receptor expressed in adipocytes, is
highly co-localized with Glut4 and is sequestered with Glut4 in
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FIGURE 5. Differentiation decreases cell surface LRP1/a,-M receptor and a,-M uptake by decreasing k., in both basal and insulin-stimulated cells.
3T3-L1 fibroblasts (gray) or adipocytes (white) were incubated with or without 100 nm insulin for 30 min (circles, basal; squares, +insulin). AF647-a,-M was
added (with or without insulin) for the times indicated, and then cells were placed on ice and analyzed by flow cytometry. To label surface LRP1, additional wells
were incubated with AF647-a,-M for 90 min at 4 °C. Data are the average of means = S.D. (error bars) (A and C) or S.E. (error bars) (Band D) of n = 4 (fibroblasts)
or n = 5 (adipocytes) independent experiments. A, surface/total LRP1, estimated by comparing the LRP1 surface binding to total labeling after chloroquine
treatment (16). Fibroblasts: basal, 0.22 *+ 0.02; insulin, 0.24 = 0.02. Adipocytes: basal, 0.069 = 0.006; insulin, 0.11 = 0.01. Relative surface levels of LRP1 were
verified by anti-LRP1 binding (data not shown). B, AF647-a,-M uptake. Lines, linear fits of the data. Cand D, endocytic rate constants (k,,) were calculated from
the slope of the IN/SUR versus time plots (28). Fibroblasts: basal, k,, = 0.41 = 0.05 min~'; insulin, k., = 0.41 = 0.03 min~'. Adipocytes: basal, k,,, = 0.28 + 0.02
min~";insulin, k., = 0.34 * 0.05 min~'. E, exocytic rate constants (k.,) were estimated using the partition coefficient (16); ko, = (PM, gpq X kop)/(1 — PM| zpy).
Fibroblasts: basal, k., = 0.10 min~; insulin, k., = 0.11 min~ . Adipocytes: basal, k., = 0.021 min~"; insulin, k., = 0.043 min . F, AF647-a,-M uptake. Lines,
simulations using the model, dynamic retention with Tf receptor recycling (Table 3 and supplemental Fig. 1F). ¥, p =< 0.01; **, p < 0.001 fibroblasts versus
adipocytes.

GSVs (18). Consistent with this, we have previously reported
that both Glut4 and LRP1 cycle significantly more slowly than
the Tf receptor in adipocytes (16). LRP1 has a trafficking itin-
erary different from that of the Tfreceptor. Unlike the Tfrecep-
tor, which releases its cargo (iron) in mildly acidic early endo-
somes, LRP1 carries its cargo into the more acidic later
endosomal compartments for delivery to lysosomes and is recy-
cled from a later compartment (41). Therefore, we hypothe-
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sized that the default pathway for Glut4 exocytosis in fibro-
blasts might be through this alternative recycling pathway.

To determine the rate constants for the internalization and
exocytosis of LRP1, the kinetics of the uptake of its ligand,
a,-M, were measured (Fig. 5). In fibroblasts, LRP1 was cycling
atarate that was intermediate between the values for Glut4 and
the Tf receptor (k_, = 0.41 min™ "', k., = 0.125 min~*; Table 1).
These results suggest that in fibroblasts, LRP1 could be distrib-
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TABLE 3
Modeling LRP1 trafficking through fast (Tf receptor) and slow (Glut4) cycling pathways
Endocytic pathway” Basal/Insulin
Kenobs) Fast (Tf receptor) Slow (Glut4) PM,,, PM,;,., Koo
% %
Fibroblasts
LRP1 0.4 65 35 0.22/0.24 0.22/0.24 0.24/0.15
Glut4 0.2 30 70 0.10/0.15 0.10/0.16
Adipocytes
LRP1 0.3 40 60 0.06/0.13 0.06/0.13 0.20/0.12
Glut4 0.12 10 90 0.007/0.18 0.01/0.18
AS160 KD adipocytes
LRP1 0.4 65 35 0.10/0.15 0.10/0.15 0.20/0.12
Glut4 0.12 10 90 0.03/0.15 0.046/0.14

“ Percentage of the total internalized through each pathway. X,;, = (Kobs = Ksiow)/Kease = Ksiow)s Xstow = 1 = Xpase- Ken(rasyy = 0.6 min~ ", Kengstow) = 0.053 min ™. Koy (obs)r

PM,

obs Measured values from Figs. 1, 2, and 5 (fibroblasts) and Fig. 6 (adipocytes and AS160 KD adipocytes). PMV,

simulations of the three-step model: Ak, (fibroblasts)

sim?

or dynamic retention, alternate fit (control and AS160 KD adipocytes) models (Table 2) with an additional fast direct recycling step from sorting endosomes to the PM
with a single rate constant, k., added to the models (supplemental Fig. 1F). Kyee(rery = 0.12 min ™" basal, 0.2 min ™" insulin; kyoe(rr) and Kseqerery = 0-

uted in two cycles: the fast (Tf receptor) and slow (Glut4) endo-
cytic and recycling pathways. The overall observed endocytic or
exocytic rate constants, k. ; rp1, Would be a weighted average
of the individual rate constants for the two different pathways
(kops = Xk + (1 — X)kgruear Where X is the proportion of LRP1
internalized and recycled via the fast Tf receptor pathways). If
this model is correct, then 60— 65% of the LRP1 is internalized
and recycled with the Tf receptor in fibroblasts, whereas
35—40% is internalized and recycled through the slower Glut4
pathway in these cells (Table 3).

Differentiation decreased cell surface LRP1 in both basal and
insulin-stimulated cells 2—3-fold (Fig. 5A). Differentiation also
led to a 3-5-fold decrease in the rate of uptake of labeled a.,-M
in adipocytes versus fibroblasts (Fig. 5B). As with Glut4, there
was a small (30%) decrease in the rate constant of endocytosis of
LRP1 with differentiation (Fig. 5, C and D). However, this small
decrease in k_, is insufficient to account for the 3-5-fold
decrease in «,-M uptake that is observed between fibroblasts
and adipocytes. The decrease is due primarily to the decrease in
the amount of LRP1 at the cell surface. A decrease in k,,, would
increase cell surface LRP1, not decrease it. Therefore, differen-
tiation must also be decreasing the overall rate constant of
LRP1 exocytosis 3—5-fold, decreasing the number of cell sur-
face receptors (Fig. 5E).

LRP1 is highly co-localized with Glut4 in adipocytes, includ-
ing in the specialized GSVs (18). However, it is less efficiently
sequestered than Glut4 in these cells. We hypothesized that this
is due to the fact that LRP1 can be recycled from the endosomes
either through the fast Tf receptor pathway or through the
slow, regulated Glut4 pathways. To test this hypothesis, a math-
ematical model was built with an additional fast recycling path-
way from the sorting endosomes to the plasma membrane, with
a single rate constant, k.. (dynamic retention with Tf receptor
recycling; supplemental Fig. 1F). Using our estimates for the
other rate constants (Table 2), the values of k... required to
generate the observed cell surface levels of LRP1 in each cell
type under basal and insulin-stimulated conditions were deter-
mined (Table 3). k.. ranged between 0.12 and 0.24 min™ " in
both adipocytes and fibroblasts, very close to the exocytic rate
constants measured for the Tf receptor in these cells (0.12—0.2
min~"). The model was then used to simulate a,-M uptake,
yielding an excellent fit of the data (Fig. 5F). Thus, the differ-
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ence in trafficking between LRP1 and Glut4 can be very well
described by a model with LRP1, but not Glut4, recycled to the
cell surface with the Tf receptor from sorting endosomes. In
this model, the sorting endosome is the compartment where
three exocytic pathways diverge.

AS160 Knockdown in Adipocytes Accelerated Exocytosis of
LRPI under Both Basal and Insulin-stimulated Conditions—To
verify that LRP1 traffics with Glut4 through both the constitu-
tive and the highly regulated GSV pathways, the effects of
AS160 knockdown on «,-M uptake and LRP1 subcellular
distribution were determined (Fig. 6). AS160 knockdown
increases cell surface Glut4 in basal adipocytes 3—5-fold (Table
3) (22, 42—44). This increase is due to an increase in the exocy-
tosis of GSVs, with little effect on Glut4 endocytosis (supple-
mental Fig. 2F) (22, 43, 44). Therefore, release of LRP1 from the
GSVs with Glut4 was expected to increase cell surface LRP1 in
basal AS160 KD cells, through an increase in LRP1 exocytosis.
This was what was observed. AS160 KD increased cell surface
LRP1 1.7-fold in basal adipocytes (Fig. 6A4). As expected, there
was an increase in a,-M uptake in basal AS160 knockdown
cells (Fig. 6B). This was due to the increase in cell surface
LRP1, a small increase (30—40%) in the rate constant of
endocytosis of LRP1 (Fig. 6, C and D), and a 2.5-fold increase
in LRP1 k,, (Fig. 6E).

Unexpectedly, however, there was also a significant increase
in a,-M uptake after insulin stimulation in AS160 knockdown
cells relative to control cells, with a small (15%) increase in cell
surface Glut4 (Fig. 6, A and B). In contrast, AS160 knockdown
inhibits Glut4 translocation 17-20% in insulin-stimulated cells
(Table 3) (22, 43, 44). The increase in a,-M uptake was due in
part to the small increase in k_,, but there was also a 1.6-fold
increase in k,, for LRP1 in AS160 knockdown cells relative to
control cells after insulin stimulation (Fig. 6E). Thus, AS160
knockdown accelerated the overall rate constant of exocytosis
of LRP1 in insulin-stimulated cells. In contrast, AS160 knock-
down inhibited Glut4 &, in insulin-stimulated adipocytes, with
no effect on Glut4 endocytosis (22, 43, 44).

In previous studies, the inhibition of maximal translocation
of Glut4 observed in AS160 KD cells after insulin stimulation
was assumed to be due to effects of AS160 knockdown on the
maximal rate of fusion of GSVs to the plasma membrane. How-
ever, this would decrease, not increase, LRP1 exocytosis. In our
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FIGURE 6. AS160 knockdown in adipocytes increases surface LRP1/a,-M receptor and «,-M uptake by increasing k., in both basal and insulin-
stimulated cells. Control adipocytes expressing a nonspecific ShRNA (white) or AS160 knockdown adipocytes (black) were treated and analyzed as described
in Fig. 5. Data are the average means = S.D. (error bars) (A and C) or S.E. (error bars) (B) of n = 7 independent experiments. A, surface/total LRP1. Control: basal,
0.06 = 0.005; insulin, 0.13 = 0.01. AS160 KD: basal, 0.10 = 0.009; insulin, 0.15 = 0.02. B, AF647-a,-M uptake. Lines, linear fits of the data. Cand D, endocytic rate
constants (k,,,) were calculated from the slope of the IN/SUR versus time plots (28). Control: basal, k,,, = 0.27 = 0.01 min~'; insulin, k., = 0.31 = 0.02 min"".
AS160 KD: basal, k., = 0.39 = 0.03 min~';insulin, k,,, = 0.41 = 0.03 min ™~ '. £, estimated exocytic rate constants (k,,). Control: basal, k., = 0.017 min~"; insulin,
ke, = 0.046 min~—'. AS160 KD: basal, k., = 0.043 min~'; insulin, k., = 0.072 min~ . F, AF647-a,-M uptake. Lines, simulations (Table 3 and supplemental Fig. 1F).

*,p = 0.01;** p < 0.001, control versus AS160 KD.

mathematical model, any treatments that increase the amount
of Glut4 and LRP1 in the sorting endosomes would be expected
to increase the rate constant of exocytosis of LRP1, but not
Glut4. An increase in the residency time of LRP1 in endosomes
would allow for greater efflux of LRP1 through the fast Tf
receptor pathway, accounting for the acceleration of LRP1 exo-
cytosis. In contrast, Glut4 cannot exit through the fast Tfrecep-
tor pathway and would remain rate limited by the slow Glut4
pathways. Therefore, we hypothesized that AS160 knockdown
affected the rate constant of trafficking of Glut4 from sorting

endosomes into sequestered GSVs (k) as well as the rate con-
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stant of fusion of GSVs to the plasma membrane (kg q
tested this hypothesis using mathematical simulations.
The effect of AS160 knockdown in basal adipocytes was
modeled as a partial increase in the rate of release and fusion of
GSVs, ke (Table 2, dynamic retention, AS160 KD adi-
pocytes, alternative fit), as described previously (22). This was
sufficient to account for the increase in basal a-HA uptake
observed in these cells (supplemental Fig. 2E) (22). An addi-
tional small increase in k., was required in basal AS160 KD
cells to prevent overaccumulation of LRP1 at the cell surface
(Table 3). To account for both the decrease in the exocytic rate

). We
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constant for Glut4 and in the increase for LRP1, the effect of
AS160 knockdown in insulin-stimulated cells was modeled as
an inhibition of k., with all other rate constants held the same
as in control adipocytes. Inhibition of sequestration was suffi-
cient to account for both the elevated surface levels of LRP1 and
the decreased surface levels of Glut4 observed in the AS160 KD
cells after insulin stimulation (Table 3). Simulations of traffick-
ing using these rate constants yielded excellent fits of the a-HA
uptake data (supplemental Fig. 2E) and the a,-M uptake data
(Fig. 6F) in both basal and insulin-stimulated AS160 KD adi-
pocytes. Furthermore, they yielded an excellent fit of the com-
plex basal to insulin transition observed in AS160 KD cells (Fig.
4C, dotted/dashed line). There was no significant difference in
the goodness of fit to the Glut4 data in AS160 KD cells between
a model with both k., and k. affected by knockdown and
the previously used model with effects on only k.. (supple-
mental Table 3, g and /; R* = 0.96). Therefore, the data and
simulations suggest not only that AS160 regulates the release of
Glut4 and LRP1 from sequestration in GSVs but that it may also
regulate the efficient packaging of Glut4 and LRP1 into the
GSVs from the endosomes.

DISCUSSION

Differentiation of 3T3-L1 fibroblasts into adipocytes induces
the expression of both Glut4 and proteins that regulate the
subcellular distribution of Glut4. Differentiation affects surface
Glut4 in both basal and insulin-stimulated cells. In basal adi-
pocytes, there is 4.2-fold less total Glut4 at the plasma mem-
brane than in basal fibroblasts, whereas in insulin-stimulated
adipocytes, there is 4-fold more Glut4 at the plasma membrane
than in insulin-stimulated fibroblasts (Fig. 1B). There are four
possible independent ways of affecting the amount of Glut4 at
the plasma membrane: 1) change the rate constant of endocy-
tosis; 2) change the overall rate constant of exocytosis; 3)
change the total amount of Glut4 expressed in the cells; or 4)
change the distribution of Glut4 in actively cycling versus
sequestered non-cycling/very slowly cycling compartments.
Using kinetics assays that allow each of these to be measured, it
was determined that differentiation affects all of these pro-
cesses. In fact, six steps were identified that account for the
distinctive trafficking of Glut4 relative to the constitutive, rapid
recycling of the Tf receptor in adipocytes (Fig. 7).

Endocytosis—In 3T3-L1 adipocytes, the rate constant for
endocytosis of Glut4 (k_, = 0.12 min ') is slow relative to the
Tf receptor (k,,, = 0.6 min~ ') (9, 23, 24). This rate constant is
even slower in primary adipocytes (k., = 0.053 min~'). This
5-11-fold difference in the rate constants of endocytosis is con-
sistent with the difference in the function of these two proteins.
Due to this slow endocytic rate constant, Glut4 will tend to
remain at the cell surface, which is where it is active, once
inserted into the plasma membrane. In contrast, the Tfreceptor
is rapidly internalized and recycled to deliver its cargo. Inter-
estingly, chronic insulin stimulation of primary adipocytes
inhibits Glut4 translocation by increasing k., with little effect
on k,, (k,, = 0.1 min~ ", k., = 0.03 min~ ', PM = 23%) (24).
Thus, possible effects on k., should be considered for treat-
ments that affect Glut4 translocation, despite the fact that acute
insulin stimulation has little effect on this process.
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FIGURE 7. Dynamic retention. Six steps account for the unique trafficking of
Glut4 compared with the constitutively cycling Tf receptor. ¥, three of these
steps are highly insulin-regulated in adipocytes, increasing 10-30-fold with
insulin. i, endocytosis; there are multiple pathways for endocytosis in both
fibroblasts and adipocytes, the fast (Tf receptor) pathway, and a slower
(Glut4) pathway. ii, degradation; differentiation induces the expression of
proteins, including sortilin, that redirect Glut4 from lysosomal degradation
pathways. jii, sorting; there are two pathways for constitutive recycling from
sorting endosomes in both in fibroblasts and adipocytes, the fast (Tf receptor)
pathway and a slower (Glut4) recycling pathway. *iv, sequestration; differen-
tiation induces a second recycling pathway for Glut4 in basal adipocytes, a
highly regulated non-cycling/very slowly cycling pathway through GSVs
(GSV,.,, sequestered GSVs). Unexpectedly, insulin increases the rate constant
for transfer from sorting endosomes into GSVs. *v, release; the GSVs are rap-
idly mobilized in response to insulin (GSV,,,, released GSVs), through a process
regulated by AS160. Our data and modeling suggest that AS160 may also be
required for formation of GSVs. *vi, tethering/docking/fusion; GSV exocytosis
is regulated by a second, AS160-independent, Akt- and PI3K-dependent
mechanism.

Further supporting an important role for endocytosis in the
regulation of glucose homeostasis, differentiation of 3T3-L1
cells causes a 40% decrease in the rate constant of endocytosis
of Glut4 (from 0.2 to 0.12 min ~*; Fig. 2 and Table 1). We do not
know the basis of this decrease in k,,,. A simple explanation for
the observed difference would be that there are two pathways
for endocytosis, a fast one (k g5y = 0.6 min~ ') and a slow one
(Ken(stow) = 0.053 min '), and that differentiation shifts the dis-
tribution of Glut4 between these two pathways (30% fast in
3T3-L1 fibroblasts, 10% fast in 3T3-L1 adipocytes, 0% fast in
primary adipocytes; Table 3). This mechanism can also explain
the change in endocytic rate constants measured for LRP1. Per-
haps differentiation changes the expression or function of
adaptor proteins that target Glut4 and LRP1 into the fast versus
slow pathways. Likewise, any treatments (e.g. mutations in
Glut4) that change the amount of Glut4 internalized via the fast
pathway versus the slow pathway will affect cell surface Glut4
levels, despite the fact that the fast endocytic pathway has little
role in normal Glut4 trafficking in adipocytes (45-47).
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Retrieval of Glutd from the Degradative Lysosomal Pathway—
The 4-fold increase in total surface Glut4 observed after insulin
stimulation in adipocytes compared with fibroblasts can be
largely accounted for by an increase in total Glut4 protein. Dif-
ferentiation increased the total amount of the Glut4 reporter
3.2-fold (Fig. 1C). This increase is due to an increase in protein
stability and not a change in protein expression. Therefore, dif-
ferentiation induces the expression of proteins that protect
Glut4 from degradation in lysosomes. The increase in Glut4
stability can be phenocopied in fibroblasts by the expression of
sortilin, a protein whose expression increases significantly dur-
ing differentiation (20). Co-expression of sortilin with a Glut4
reporter protein in fibroblasts increased Glut4 levels 3-fold,
whereas shRNA-mediated knockdown of sortilin in adipocytes
decreased HA-Glut4/GFP levels 30% (20) (data not shown).
Although sortilin expression affected the total amount of Glut4
in the cell and thus the total amount of Glut4 at the cell surface,
it had little effect on the kinetics of Glut4 trafficking or the
relative distribution of Glut4 between the intracellular com-
partments and the cell surface (data not shown). Similarly, any
treatments that affect Glut4 stability will affect the total amount
of Glut4 protein at the cell surface, even if they have no effect on
Glut4 trafficking kinetics. Thus, it is important to measure the
effects of treatments on both the total amount of Glut4
expressed in cells and the proportion of the total Glut4 that is at
the cell surface.

The total amount of surface Glut4 controls the rate of glu-
cose transport into adipocytes and muscle. The amount of
Glut4 at the plasma membrane is directly proportional to the
total amount of Glut4. Therefore, retrieval of Glut4 from deg-
radation is another trafficking step important in overall glucose
homeostasis that is not acutely regulated by insulin.

Sorting into Intermediate Compartments (ERC) for Recycling
from Endosomes—In fibroblasts, Glut4 is exocytosed 5— 8 times
more slowly than the Tf receptor. Therefore, even in non-spe-
cialized cells, there are multiple routes for recycling from the
endocytic pathway, and there are intrinsic signals in Glut4 that
target it to the slow recycling pathway. In our model, we desig-
nate this as the ERC, but the exact nature of the kinetic inter-
mediate between the early/sorting endosomes and the plasma
membrane that represents the rate-limiting step observed in
our kinetics data is unclear. The fact that LRP1 also cycles
through this slow pathway indicates that it may be a recycling
intermediate on the late endosome/lysosome degradative path-
way. This is consistent with electron microscopy data (7, 48).
The fact that there are both fast and slow exocytic pathways
means that a possible mechanism to increase cell surface Glut4
(or LRP1) would be to redirect Glut4 from the slow constitutive
recycling pathway through the ERC into the more rapidly recy-
cling Tfreceptor pathway. Therefore, although the fast Tfrecy-
cling pathway is not part of normal Glut4 trafficking, any treat-
ments (including mutations in Glut4) that redirect Glut4 from
the slow recycling pathway into the fast recycling pathway
would increase cell surface Glut4. Thus, this mechanism should
be considered when evaluating treatments/mutations that
affect “sequestration” of Glut4. Treatments/mutations that
increase Glut4 exocytosis through the Tf receptor pathway will
affect Glut4 surface levels in both fibroblasts and adipocytes.
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They are also expected to accelerate Glut4 exocytosis (and
increase cell surface Glut4) in both basal and insulin-stimulated
cells.

Sequestration of Glut4 into the Specialized, Highly Regulated
GSVs—In basal adipocytes, Glut4 cycles through two kineti-
cally distinct pools, the endosomal cycling pool and a highly
regulated sequestered pool in GSVs (15, 22). Thus, differentia-
tion induces expression of proteins that redirect Glut4 from its
constitutive recycling pathway into the highly regulated GSVs.
There are two models that can fit the observed data. The first is
that the Glut4 in GSVs is static, not cycling (static retention;
supplemental Fig. 1B) (12, 13). In this model, the rate of exocy-
tosis in the constitutive cycling pool is also affected by differen-
tiation. It is inhibited in basal cells (k,, = 0.006 min™", 1, ~ 2 h)
so that it is 4 times slower than the kinetics of exocytosis of the
cycling pool in fibroblasts (k. = 0.025 min~"). Insulin stimu-
lates the quantal release of Glut4 from GSVs, and it also
increases the rate constant of exocytosis from the constitutive
pathway. This is the model used to analyze the a-HA uptake
data (Fig. 3 and Table 1) and yields an excellent fit of the kinetics
data in both control and AS160 knockdown adipocytes (22).

An alternative model that fits the data equally well is that in
basal adipocytes, the GSVs are cycling at a very slow rate (k,, =
0.0007, ti, = 16 h), and there is a small pool (~10%) of Glut4
that is cycling through a compartment with kinetics similar to
the fibroblast pathway (dynamic retention; supplemental Fig.
1E). The observed exocytic rate constant measured in the a-HA
uptake assay would be a weighted average from these two path-
ways. This model gives an excellent fit of the basal to insulin
transitions and uptake data in both control and AS160 KD adi-
pocytes (Fig. 4, B and C, dotted/dashed lines, and supplemental
Fig. 2E). The major difference between these two models is
whether differentiation affects the endosomal ERC recycling
pathway as well as the GSV pathway (in “static retention,” both
must be affected, whereas in dynamic retention, only the GSV
pathway is highly regulated).

Interestingly, when either model is used to analyze the steady
state distribution of Glut4 in primary adipocytes, it is revealed
that the movement of Glut4 into GSVs must be regulated by
insulin. It must be slow (or 0) in basal cells, to allow some Glut4:
to remain cycling through the endosomal pathway, and it must
increase at least 8-fold after insulin stimulation to clear Glut4
from the endosomes and to repopulate the GSVs. Any treat-
ments that inhibit the increase in the rate constant of trafficking
of Glut4 from the early/sorting endosomes into the GSVs (k,.,)
will decrease Glut4 at the cell surface in insulin-stimulated cells
but only in adipocytes.

In contrast to Glut4, it is expected that treatments that
decrease trafficking of Glut4 and LRP1 into the GSV pathway
(increase their concentration in the endosomal cycling path-
way) will accelerate the exocytosis rate of LRP1 in insulin-stim-
ulated cells. We have also observed that treatments that inhibit
Glut4 sequestration in GSVs (increase its concentration in
endosomes) increase the degradation of Glut4 in lysosomes (e.g.
AS160 knockdown decreases total Glut4 protein levels by 25%)
(22).

Release of the Sequestered GSVs—AS160 is required for
sequestration of Glut4; shRNA-mediated knockdown of AS160
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in adipocytes causes the redistribution of the Glut4 from GSVs
into the constitutive cycling pool (22). However, exogenous
expression of AS160 in fibroblasts is insufficient to cause Glut4
sequestration (data not shown). Co-expression of AS160 and
sortilin is also not sufficient to induce sequestration (data not
shown). As observed for AS160 knockdown, any treatments
that affect packaging and retention of Glut4 in GSVs will affect
Glut4 levels at the plasma membrane. Consistent with this,
knockdown of the AS160 substrates Rab10 and Rab14 affect
sequestration of Glut4 and decrease cell surface Glut4 in adi-
pocytes.” Modeling and simulations of this data indicate that
Rab10 is required for release of Glut4 from sequestration in
GSVs, whereas Rab14 is required in packaging/sorting of pro-
teins from endosomes into GSVs, consistent with recent
microscopy studies (40, 48). Interestingly, although Glut4 traf-
fics through specialized GSVs in muscle cells, kinetics studies
show that this compartment is not as tightly regulated as in
adipocytes (49, 50). It remains to be determined whether the
difference between adipocytes and muscle is due to different
pathways for trafficking of Glut4 in the two cell types or to
different signal transduction pathways with different strin-
gency of regulation of the trafficking through the same path-
ways in both cell types.

Tethering/Docking/Fusion—AS160 knockdown releases
Glut4 from the GSVs, but there is an additional step that regu-
lates the rate of fusion of the released vesicles (22). The proteins
that control this step remain unidentified but are regulated by
insulin in part through Akt and phosphatidylinositol 3-phos-
phates (22). This step affects GSVs downstream from AS160.
Therefore, the minimal mathematical model that can account
for all of the kinetics data is a six-step, five-pool model, with two
insulin-regulated steps in the GSV pathway: the AS160-depen-
dent priming step and the AS160-independent tethering/dock-
ing/fusion step (supplemental Fig. 3). This step is implicitly, not
explicitly, represented in our four-pool model (supplemental
Fig. 1, E and F). Release and fusion affect a single rate constant,
keuseq- In @ simultaneous free fit of the adipocyte data, the six-
step/five-pool model is reduced to a five-step/four-pool model,
with the fusion step much faster than the release step (kg oq ==>
k,op; Supplemental Table 3, fand 7). Additional data are required
to estimate k. and kg, .- Likewise, it is likely that other steps in
the kinetics model are actually multiple independent steps (e.g.
“GSVs” are a collection of four different morphological com-
partments) (7).> Additional data will be required to resolve
these steps.

The rate constant of tethering/docking/fusion of GSVs to the
plasma membrane (kg.g) is very highly regulated in adi-
pocytes, whereas transport to the plasma membrane from the
ERC is less highly regulated. However, treatments that inhibit
the exocytosis from either pathway will decrease cell surface
Glut4. Treatments that affect exocytosis from the ERC will
affect trafficking in both fibroblasts and adipocytes, whereas
treatments that affect exocytosis of GSVs will only reduce sur-
face Glut4 levels in adipocytes. In addition, inhibition of the
tethering/docking/fusion step is expected to slow down the

7 P.D. Brewer, E.N. Habtemichael, I. Romenskaia, C. C. Mastick, and A.C.F.
Coster, submitted for publication.
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basal to insulin transition (22). Thus, inhibition of the basal to
insulin transition in adipocytes, with no effect in fibroblasts, is a
defining phenotype for treatments that inhibit the final fusion
of GSVs.

In the “dynamic retention” model, differentiation changes
the expression or function of proteins that inhibit GSV but not
ERC exocytosis. Therefore, it is expected that affecting these
regulatory proteins would affect trafficking only in adipocytes,
not in fibroblasts. In contrast, the “static retention” model pre-
dicts that differentiation must change the expression/function
of proteins that regulate exocytosis from the constitutive ERC
as well as GSVs. These proteins would effect Glut4 trafficking in
both fibroblasts and adipocytes. It remains to be determined
which model is correct.

Conclusions—These observations support the dynamic
retention model depicted in Fig. 7. Six steps account for the
unique trafficking of Glut4 compared with the Tf receptor:
endocytosis, degradation, sorting, sequestration, release, and
tethering/docking/fusion (numbered i—vi in Fig. 7). Three of
these steps are highly regulated by insulin. There are two path-
ways of endocytosis in both fibroblasts and adipocytes, the fast
(Tf receptor) pathway and a much slower (Glut4) pathway.
LRP1 is internalized through both pathways in both cell types.
Differentiation induces the expression of proteins, including
sortilin, that redirect Glut4 from lysosomal degradation,
increasing its stability. In fibroblasts, there are two pathways for
protein recycling from endosomes to the plasma membrane, a
fast pathway utilized by the Tf receptor and a slower pathway
utilized by Glut4. LRP1 recycles through both pathways in
fibroblasts. Differentiation redistributes LRP1 into the slow
Glut4 cycling pathways. Differentiation induces a second kinet-
ically distinct recycling pathway for Glut4 in basal adipocytes,
the sequestered non-cycling/very slowly cycling GSV pathway.
LRP1 is also sorted into the GSV compartments. Unexpectedly,
we found that the rate constant for trafficking into the GSVs in
adipocytes is a novel regulatory step in Glut4 traffic; insulin
increases k., >8-fold. The GSVs are rapidly mobilized in
response to insulin. AS160 is essential for sequestration of
Glut4 in the GSVs; shRNA knockdown of AS160 releases Glut4
from sequestration. Our data and simulations suggest that
AS160 inhibits the release of GSVs from sequestration and also
regulates GSV formation. Differentiation induces the expres-
sion of proteins that regulate vesicle fusion independently of
AS160. These proteins are regulated in part through Akt and
PI3K.

This model provides a framework for mapping the sites of
action of proteins/treatments on Glut4 trafficking. In addition,
we have described the phenotypes observed or expected when
each of these six steps is perturbed. These phenotypes are being
used to identify additional proteins required for each of these
steps and to help interpret the effects of treatments/proteins on
Glut4 translocation in adipocytes.
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