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SUMMARY

Insulin-stimulated GLUT4 translocation is cen-
tral to glucose homeostasis. Functional assays
to distinguish individual steps in the GLUT4
translocation process are lacking, thus limiting
progress toward elucidation of the underlying
molecular mechanism. Here we have developed
arobust method, which relies on dynamic track-
ing of single GLUT4 storage vesicles (GSVs) in
real time, for dissecting and systematically ana-
lyzing the docking, priming, and fusion steps of
GSVs with the cell surface in vivo. Using this
method, we have shown that the preparation
of GSVs for fusion competence after docking
at the surface is a key step regulated by insulin,
whereas the docking step is regulated by PI3K
and its downstream effector, the Rab GAP
AS160. These data show that Akt-dependent
phosphorylation of AS160 is not the major reg-
ulated step in GLUT4 trafficking, implicating
alternative Akt substrates or alternative signal-
ing pathways downstream of GSV docking at
the cell surface as the major regulatory node.

INTRODUCTION

Insulin-stimulated transport of glucose into muscle and
fat cells is mediated by the redistribution of the insulin-
responsive glucose transporter GLUT4 (Birnbaum, 1989;
James et al., 1988) from intracellular GLUT4 storage ves-
icles (GSVs) to the plasma membrane (PM) (Bryant et al.,
2002). The insulin-stimulated redistribution of GLUT4 in-
volves the insulin signal transduction and vesicle traffick-
ing pathways, each of which is comprised of multiple
steps. Despite recent progress in our understanding of
insulin signaling and GLUT4 trafficking, the convergence
point between these two pathways has yet to be defined.
A major limitation is that it is not known which step (or
steps) in the GLUT4 trafficking pathway is regulated by
insulin. This could include budding of GSVs from intra-

cellular compartments (Karylowski et al., 2004; Watson
et al., 2004); transport of vesicles along microtubules
and cortical actin (Bose et al., 2002; Thurmond et al.,
2003; Semiz et al., 2003); and/or docking, priming, and
then fusion of vesicles at the PM (Bryant et al., 2002;
Bose et al., 2004; Satoh et al., 1993). Although the inser-
tion of GLUT4 into the PM can be assessed by extracellu-
lar epitope labeling of GLUT4 (Czech et al., 1993) and by
conventional membrane fractionation assays (Robinson
et al., 1992), there is a great need for higher-resolution
methods that can distinguish the multiple steps of GSV
trafficking prior to fusion.

Extensive efforts have been made to identify the insulin
signaling pathways leading to the PM translocation
of GLUTA4. It is now well established that activation of
PI3K through the insulin receptor substrate is essential for
insulin-stimulated GLUT4 translocation (Saltiel and Kahn,
2001). Activation of PI3K is transmitted through PDK and
its downstream target Akt/PKB. Recently, a substrate of
Akt has been identified, AS160, that functions in GLUT4
trafficking (Sano et al., 2003). AS160 possesses a Rab
GAP (GTPase-activating protein) domain, and thus it
may regulate the activity of a Rab protein that is involved
in GLUT4 trafficking. AS160 is phosphorylated at four
separate sites by Akt. It has previously been shown that
overexpression of an AS160 mutant (AS160-4P) in which
each of these phosphorylation sites has been mutated
inhibits insulin-stimulated GLUT4 translocation in adipo-
cytes (Sano et al., 2003). In addition to the Akt pathway,
other signaling intermediates have been implicated in the
insulin-dependent regulation of GLUT4 trafficking. These
include the atypical PKC ¢/A isoform (Bandyopadhyay
et al.,, 2002) and a novel signaling pathway involving
CAP/CbI/TC10 (Chiang et al., 2001). Despite this knowl-
edge, the steps along the GLUT4 trafficking pathway at
which PI3K and AS160 act as well as the interplay be-
tween the Akt and the alternative pathways described
above remain to be demonstrated. In vitro reconstitution
assays have been used to implicate the PM as an im-
portant target for insulin/Akt action in GLUT4 trafficking
(Koumanov et al., 2005). However, these assays were
unable to resolve discrete steps in GLUT4 trafficking in-
cluding docking, priming, and fusion.
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Table 1. Summary of Kinetic Analysis of GSV Docking and Fusion

Vesicle Mean
Density Docking Rate Fusion Rate Dwell
(Lm™3) (102 um2xs7") (102 um=2 x s7") Time (s) ko/k_1  kq(s™) k_1(s™") ko(s™")
Control Control 0.52 + 0.06 2.28 + 0.35 0.035 + 0.012 6.1 +0.061 0.0156 4.38 x 10°° 0.155  0.0024
(=) Insulin  0.63 £ 0.03 4.15 + 1.06 0.28 + 0.06 42+0.04 0.0724 659 x 1072 0.222 0.016
Wortmannin Control 0.56 + 0.07 0.38 + 0.14 NA NA NA 0.68 x 107 NA NA
=& Insulin  0.62 + 0.09 0.20 + 0.06 NA NA NA 0.32 x 1073 NA NA
AS160-4P  Control 0.52 + 0.06 1.04 + 0.39 NA NA NA 2.00 x 1072 NA NA
=) Insulin  0.54 + 0.09 0.78 + 0.26 NA NA NA 1.44 x 107° NA NA

Vesicle density was measured as the number of mobile vesicles identified in the TIRF zone divided by the area of the footprint of
each cell. The docking/fusion rate was defined as the number of docking/fusion events divided by the footprint area of each cell and
the duration of the imaging series (100 s, in our case), respectively. The mean dwell time was obtained by fitting the exponential
decay time constant of the dwell time distribution as shown in Figure 4D. For Scheme 1, the mean dwell time is expected to equal
1/(k_1 + ko) (Colquhoun and Hawkes, 1995). The ko/k_4 ratio was calculated as fusion rate/(docking rate — fusion rate). From these
data, we were able to derive the rate constants (k1, ko, and k_;) of Scheme 1. n = number of cells analyzed; the number of docking

vesicles analyzed per cell was 30-50 on average.

The evanescent field generated by total internal reflec-
tion fluorescence microscopy (TIRFM) selectively illumi-
nates fluorophores within a thin layer underneath the PM
(Lang et al., 1997) and thus images only the footprint
where the cell adheres to the coverslip. Previous studies
have demonstrated that EGFP-tagged GLUT4 can be
used to visualize single GSVs under TIRFM in adipocytes
(Li etal., 2004a; Lizunov et al., 2005). The study by Lizunov
et al. provided an elegant demonstration of the use of
TIRFM for studying GLUT4 trafficking in adipocytes and
showed that insulin has an important action at the PM.
However, in that study, a detailed kinetic analysis of the
different steps that comprise the encounter and fusion of
GSVs with the PM was not undertaken, and so it remains
unclear whether there is one key regulated step or multiple
regulated steps. This would represent a major break-
through in this area, facilitating future efforts to connect
the insulin signaling and vesicle transport pathways. In
the present study, we have used TIRFM to study the traf-
ficking of EGFP-tagged GLUT4 in 3T3-L1 adipocytes. In
view of the stochastic nature of the behavior of GLUT4
vesicles, a rigorous interrogation of this process will re-
quire the acquisition and analysis of a considerable amount
of morphological data. To overcome this hurdle, we have
developed a computational method in MATLAB to analyze
time-lapse images of GLUT4 trafficking in a semiauto-
mated fashion. Using this approach, we have analyzed
thousands of events in adipocytes incubated in the ab-
sence or presence of insulin. We have been able to dissect
the GLUT4 trafficking process into several discrete steps
including docking, priming, and fusion and to measure
the transition kinetics between these steps. To our knowl-
edge, this has not been previously reported for this partic-
ular biological process. A detailed quantitative analysis of
this process revealed that insulin accelerates two steps
at the PM that underpin GLUT4 translocation. The first
involves vesicle docking, and the second is a step that
prepares GLUT4 vesicles for fusion competence after

48 Cell Metabolism 5, 47-57, January 2007 ©2007 Elsevier Inc.

docking at the PM. Quantitative kinetic analysis of these
events revealed that the postdocking step is the major
regulated step. Moreover, by combining imaging analysis
with either drugs that interfere with the function of PI3K
or overexpression of a mutated version of the Rab GAP
AS160, we were able to conclude that the docking step
is regulated by PI3K and its downstream effector AS160.
These studies raise the possibility that the major insulin-
regulated step at the PM that controls GLUT4 transloca-
tion either is an Akt-independent step or involves a target
of Akt that has yet to be described.

RESULTS

Identifying Docking and Fusion of GSVs

Using time-lapse imaging under TIRFM at a frame rate of
5 Hz, we observed the movement of numerous fluorescent
particles in 3T3-L1 adipocytes transfected with GLUT4-
EGFP, as demonstrated in Movie S1 in the Supplemental
Data available with this article online. We occasionally ob-
served fusion of these fluorescent particles with the PM,
and the fusion events were upregulated by insulin (see
Table 1), suggesting that these EGFP-labeled subplasma-
lemmal vesicles are functionally competent GSVs that are
insulin responsive. Figure 1A displays images of a GSV
fusing with the PM. Radial sweeps were calculated for
each image and could be fitted well with Gaussian func-
tions. As shown in Figure 1A, the amplitude of the Gauss-
ian fit first increases followed by a fast decay. Concomi-
tantly, the width of the Gaussian fit (3) increases as
GLUT4 diffuses laterally in the PM after fusion. By placing
two concentric circles centered at the fusion site, we
could observe the diffusion of GLUT4-EGFP into the annu-
lus between the two circles, which results in a significant
increase in fluorescence followed by an exponential decay
within the annulus (Figure 1B). The diffusion of GLUT4-
EGFP away from the site of GSV fusion at the PM was
regarded as diffusion from a point source in a plane
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Figure 1. Labeling GLUT4 Storage Vesicles in Adipocytes

(A) TIRFM images of a GLUT4 storage vesicle (GSV) fusing with the PM
under insulin stimulation. Times indicated are relative to the onset of
fusion. Gaussian fits of the radial fluorescence profile (in arbitrary units)
of the vesicles for each image are plotted underneath. Scale bar=1 um.
(B) Time courses of the fluorescence intensity (Fl) in arbitrary units (AU)
in the inner circle and the annulus centered at the GSV. The inner circle
and the annulus are depicted in (A) with a diameter of ~1.0 and
~1.3 um, respectively. Significant increase in the annular fluorescence
is observed after fusion, followed by exponential decay, which indi-
cates diffusion of fluorescence (GLUT4-EGFP) from the fusion site.
(C) Time course of 32, the square of the width of the Gaussian fits for
fusion of GSVs. The line is a best fit to the points at t > 0 s, weighted
inversely by the square of their error bars (+SEM). The slope corre-
sponds to a diffusion coefficient of 0.093 um?/s.

(D) Size distribution of 70 fusing GSVs. The width of the Gaussian fits, 3,
was used as a measure of the size. Smooth line is the Gaussian fit of the
distribution with a peak of 155 nm.

(Crank, 1970), thus allowing us to determine the diffusion
coefficient (D) according to the equation 3% = D X t. We
estimated the diffusion coefficient to be 0.093 um?/s (Fig-
ure 1C). The diffusion coefficient is about ten times less
than the reported value for lipid dyes such as FM1-43
(1.2 um?/s) (Zenisek et al., 2002) or Di-l (1.0-1.4 pm?/s)
(Jacobson et al., 1981) but is comparable to the values
reported for membrane proteins (Lizunov et al., 2005;
Schmoranzer et al., 2000). The much slower diffusion of
GLUT4-EGFP in the PM is advantageous for quantifying
GSV fusion events. The size of fusion-competent GSVs
(gauged by 3 from 2D Gaussian fit) reveals a single Gauss-
ian distribution with a peak at ~155 nm (Figure 1D). Based
on this size distribution, we restricted our analysis to

fluorescent particles where & < 268 nm, which will in-
clude more than 99% of the vesicles that follow the size
distribution.

For a penetration depth of the evanescent field of
113 nm in our setup, the density of membrane-proximal
vesicles of the footprint in the absence and presence of sti-
mulation (100 nM insulin for 2 min) was 0.52 + 0.06/um?
and 0.63 = 0.03/um? (n = 5 cells), respectively, which is
significantly higher than that reported from primary rat
adipocytes (Lizunov et al., 2005). This number represents
the time average of the number of spots in a time series of
images. Most of the GSVs underneath the PM are in active
motion, particularly in the z direction, as demonstrated
in Movie S1. The majority of GSVs traveled primarily via
random or constrained diffusion, as reported for secretory
granules (Steyer et al., 1997; Oheim and Stuhmer, 2000),
whereas a small fraction (~3%) of vesicles traveled in a
directed fashion, as if along a preformed track. We next
set out to experimentally define the docking step of GSVs
with the PM. Most vesicles rapidly appeared and dis-
appeared in the evanescent field, giving the impression
that they are constantly sampling or bombarding the PM
(see examples indicated by square in Movie S1). We
also frequently observed vesicles that approached the PM
perpendicularly or at a steeper angle and then remained
static at that site for a defined period while maintaining
a relatively constant level of fluorescence. We have ana-
lyzed several hundred vesicles that exhibit this behavior,
which we defined as docking. One example is shown in
Figure 2A (see also Movie S2). The vesicle was invisible
at the beginning of the sequence and then abruptly ap-
peared, attaining a nearly constant level of fluorescence.
The vesicle then remained stationary in the lateral plane,
indicating that it had been immobilized at a site within the
PM. The vesicle oscillated slightly in the z axis, as mani-
fested by the fluctuating fluorescence (Figure 2B). In con-
trast to the fusion event in Figure 1, we did not observe
any increase of fluorescence in the annular area (Fig-
ure 2B). We calculated the 3D displacement (R®) of a ves-
icle and defined a docking event if its R® was <0.067 pm
(the size of one pixel) for ten consecutive frames. Often
we observed that docked vesicles vanished from the
evanescent field without spreading or diffusion of the
fluorescence as shown in Figure 1, suggesting that
the vesicle had undocked from the PM rather than under-
gone fusion. We developed a semiautomated method to
detect and analyze these docking events. In general,
from a stack of 500 images (100 s) with ~200 identified
GSVs in each image, we identified ~100 docking events
at a docking rate of (2.28 + 0.35) x 1073 uym2 x s "in
unstimulated cells.

Kinetic Analysis of the Docking and Fusion Steps

To analyze the kinetics of the docking process, we mea-
sured the dwell time that GSVs spent in the docked state,
which is defined as the time interval between docking and
undocking (Figure 2B). Construction of the distribution of
the dwell time from a large number of events is necessary
to assess the stochastic behavior of the docking state. Itis
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Figure 2. Docking and Undocking of GSVs with the PM

(A) Sequential images of a single GSV from an unstimulated cell as it
approaches and docks at the PM and then undocks without fusion
after 6.6 s. Times indicated are relative to the beginning of docking.
Arrow indicates the position of docking. Scale bar = 1 um. See time
course in (B) for more information. Real-time images of this vesicle
are presented in Movie S2.

(B) Time courses of the fluorescence intensity (Fl) in arbitrary units (AU)
from the inner and annular area and the 3D displacement (R®; see
Experimental Procedures) from the docking site for the vesicle shown
in (A). The fluorescence intensity in the annulus remained stable as dis-
played, which is indicative of an undocking event without fusion with
the PM. Horizontal dashed line marks the level of 0.067 um, which
we used as a threshold to identify docking. The duration below this
threshold (indicated by two vertical dotted lines) measures the docking
dwell time. Filled circles indicate the time points of the images in (A).

anticipated that the docking of GSVs at the PM might be
a thermodynamic process; hence, the docking dwell
time should be temperature dependent. To demonstrate
this, we compared the GSV docking kinetics in cells main-
tained at different temperatures. As shown in Figure 3A,
the distribution of the dwell time follows a single-exponen-
tial decay at any given temperature, suggesting that our
definition of docking includes only one kinetic state. In
Figure 3B, we compared the cumulative distributions of
the dwell time at different temperatures under basal con-
ditions. For the exponentially distributed data set, the
mean dwell time equals the exponential time constant of
its distribution. We found that the mean dwell time is sub-
stantially reduced with increased temperature, with an
estimated Qqq of —6.6 (inset, Figure 3B). These data indi-
cate that increased temperature reduces the time that
GSVs spend in the docked state, possibly by enhancing
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the undocking rate. This result emphasizes the importance
of maintaining constant temperature when analyzing the
kinetics of vesicular docking and fusion. Subsequent
experiments were thus carried out at precisely 30°C.

Having defined the docking state, we next asked
whether there is an intermediate state between docking
and fusion. To this end, we analyzed the interval between
the initial GSV docking event and subsequent fusion with
the PM. In the absence of insulin, the spontaneous fusion
rate was as low as 0.035 + 0.01 pum~2 x s~ . Strikingly, in-
sulin caused a substantial increase in the fusion rate (see
Table 1), demonstrating the robust insulin responsiveness
of our experimental system. Figure 4A displays a typical
fusion event in an insulin-stimulated cell. As shown in
Figure 4B, a discernible docking stage was observed
prior to fusion. The vesicle gradually brightened as it
approached the PM, accompanied by a decrease in its
mobility. It then immobilized at a given site with 3D dis-
placement less than 0.067 um for 23 consecutive frames
(4.6 s). Suddenly the vesicle fused with the PM, as indi-
cated by a significant increase of fluorescence in the
annular area, which manifests the gradual diffusion of fluo-
rescence from the point of vesicle docking. Our ability to
clearly distinguish vesicle docking and vesicle fusion at
the PM allowed us to quantify a third parameter, fusion
latency, as the interval between docking and fusion
(marked with two vertical dashed lines in Figure 4B and
plotted as a histogram in the inset of Figure 4C). It should
be noted that the construction of the fusion latency histo-
gram does not require identification of the docking step in
advance. In some cases, we observed fusion events with
no identifiable docking state, suggesting a transient dock-
ing time less than our sampling interval (200 ms). These
events were characterized by a docking time of <0.2 s
and were included in the first bin (0-1 s) in the distribution
histogram of fusion latency. The histogram of fusion
latency displays a monoexponential decay and is identical
to the cumulative distribution of the docking dwell time
of undocked vesicles from the same batch of cells
(Figure 4C). Thus, the immobilized state that we describe
above represents the same docking state, regardless of
whether the vesicle subsequently undocks or fuses.

We thus propose a simple model as shown in Scheme 1
that consists of a linear sequence of reversible states fol-
lowed by an irreversible fusion reaction. In this simple
model, we start with a pool of mobile vesicles (MVs) that
are located at a distance of <200 nm from the PM, or
two times the penetration depth of the evanescent field
(Oheim and Stuhmer, 2000). These peripheral MVs have
been described both in 3T3-L1 adipoctyes (Oatey et al.,
1997) and primary adipose cells (Malide et al., 2000) and
have been suggested to be the carriers of GLUT4 in re-
sponse to insulin stimulation. The MVs are highly mobile
and are constantly screening the PM for docking. Once
the MVs dock at the PM, they become docked vesicles
(DVs). We defined the transition rate constant from
MVs to DVs as ky. DVs can either fuse with the PM at
a rate constant of k, or undock at an undocking rate
constant of k_.
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the Docking Kinetics

(A) Distributions of the docking dwell time at
four different temperatures in the base state.
Superimposed smooth lines represent the ex-
ponential fit of the distribution. The numbers
of vesicles analyzed are 122, 109, 198, and
58 for 20°C, 25°C, 30°C, and 35°C, respec-
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Identifying the Key Steps Regulated by Insulin

One of the major questions in GLUT4 trafficking is which
step (or steps) is regulated by insulin. Insulin could recruit
more GSVs to the DV state by increasing k;, stabilize
GSVs in the DV state by decreasing the undocking rate
constant k_4, or increase the fusion of DVs by increasing
k2. To directly test these possibilities, we solved the kinetic
parameters as depicted in Scheme 1 by comparing the
kinetics of GSVs in the absence and presence of insulin
from the same batch of cells. From Scheme 1, we infer
that the dwell time in the docking state (DV) should follow
a single-exponential distribution with a time constant (1)
equal to 1/(k_1 + ky) (Colguhoun and Hawkes, 1995). We
can also count the number of fusion and undocking events
and calculate the ratio between them to estimate ky/k_1.
The docking rate should be the product of MV and kj.
Hence, we are able to solve all of the kinetic parameters
shown in Scheme 1. At early times after insulin addition
(2-3 min), we observed only a slight increase (~21%) in
the density of MVs in the evanescent field. At later times
after insulin addition (~20-30 min), however, the density
of MVs was decreased, presumably because a significant
number of GSVs had already fused with the PM (see Fig-
ure 5A). This is consistent with the study by Lizunov et al.

50 (s)

(2005). Insulin increased the docking rate by ~2-fold
and increased the fusion rate by ~8-fold (see Table 1).
Figure 4D compares the cumulative distribution of dock-
ing dwell time for basal and insulin-treated conditions.
Insulin resulted in a significant reduction in the mean dwell
time, from 6.1 + 0.061 sto 4.2 + 0.04 s (p < 0.029 by Mann-
Whitney test). From these data, we were able to calculate
the rate constants shown in Scheme 1 and show that insu-
lin has a major effect on kp, increasing this parameter
by 6-fold (Table 1). Insulin also increased k; by 1.5-fold.
Hence, these data indicate that a key insulin-regulated
step is the step after docking at the PM, perhaps a priming
step enabling the docked vesicles to become fusion
competent.

Pinpointing the Site of Action of PI3K

and Its Downstream Effector AS160

Taking advantage of our ability to dissect these different
stages of GLUTA4 trafficking using TIRFM, we next attemp-
ted to define the point of action of PI3K since this signaling
intermediate has been shown to play an important regula-
tory role in GLUTA4 trafficking (Tengholm and Meyer, 2002).
To accomplish this, cells were incubated with the PI3K
inhibitor wortmannin prior to TIRF analysis. As shown in
Figure 5, insulin caused a time-dependent increase in
cell-surface GLUT4-EGFP levels, reaching a new steady
state by 20 min. This is consistent with the time course
for insulin-stimulated GLUT4 translocation reported in
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Figure 4. Insulin Shortens the Dwell Time in the Docked State
(A) Docking often precedes membrane fusion. Sequential images of
a single GSV as it approaches and then docks at the PM for 4.6 s
and undergoes fusion with the PM are shown. (See also Movie S3.)
Times indicated are relative to the beginning of docking. Arrow indi-
cates the position of fusion. Scale bar = 1 pm.

(B) Time course of the fluorescence intensity (Fl) in arbitrary units (AU)
in the inner circle and the annular area and the 3D displacement (R®)
for the vesicle shown in (A). Horizontal dashed line marks the level of
0.067 um. The increase of fluorescence intensity in the annular area
exceeds three times the standard deviation of the prefusion stage,
which we used as a criterion to define fusion. The second vertical
dotted line marks the time of fusion, and the duration between two
vertical dotted lines measures the fusion latency after docking. Filled
circles indicate the time points of the images in (A).

(C) The cumulative distribution of the fusion latency is indistinguishable
from the docking dwell time for undocked events collected from the
same batch of cells at 30°C. All the data were collected in the presence
of insulin because spontaneous fusion events in the absence of insulin
are rare. Single-exponential fits to the two cumulative distributions are
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other studies (Tengholm and Meyer, 2002; Govers et al.,
2004). While some studies (Bogan et al., 2001; Holman
et al., 1994) have reported a more rapid rate of increase,
it is relevant to point out that the present studies were con-
ducted at 30°C rather than 37°C. Wortmannin completely
inhibited insulin-dependent GLUT4 translocation to the
PM, consistent with previous studies (Clarke et al., 1994;
Kotani et al., 1995; Okada et al., 1994). Analysis of individ-
ual docking events revealed that wortmannin had no sig-
nificant effect on the movement of GSVs toward the PM,
as determined by measurement of the density of MVs
in the evanescent field. Surprisingly, stabilized docking
of GSVs was almost completely absent in the presence
of wortmannin. Rather, mobile GSVs were visible for
only a few frames, as if they briefly entered the evanescent
field and sampled the PM but were unable to be captured
at this location. Quantitation of this effect revealed that
wortmannin reduced the docking rate by 95% with insulin
stimulation and 83% without insulin stimulation (see
Table 1).

AS160 is a downstream effector of PI3K that plays an
important role in GLUT4 trafficking (Sano et al., 2003)
with an unidentified site of action. To determine the site
of action of AS160, we overexpressed wild-type AS160
and its dominant-negative mutant, AS160-4P, in adipo-
cytes. We found that the overexpressed wild-type
AS160 protein only slightly impaired insulin-dependent
GLUT4 trafficking, whereas the overexpressed AS160-
4P mutant caused a 75% reduction in insulin-stimulated
translocation of GLUT4-EGFP in adipocytes (Figure 5C),
consistent with previous results (Sano et al., 2003). The
density of MVs was not significantly reduced by AS160-
4P (Table 1). Interestingly, overexpression of AS160-4P
caused a significant inhibition in the docking rate (Fig-
ure 5E; Table 1), an effect similar to that observed with
wortmannin. The cumulative distribution of dwell time
from residual docking events after AS160-4P blockade
is indistinguishable from that of control cells (data not
shown), suggesting that AS160 is probably not involved
in the steps downstream of docking.

DISCUSSION

The insulin regulation of GLUT4 translocation in muscle
and fat cells is considered to represent a form of regulated
exocytosis (Bryant et al., 2002). As is the case for other

superimposed and are indistinguishable, with time constants of 4.26 s
(n =100 vesicles) and 4.1 s (n = 207 vesicles) for fusion and undocking
events, respectively. The distribution of the fusion latency is displayed
as a histogram in the inset, which is fitted by an exponential decay with
a time constant of 4.3 s (dashed line).

(D) Comparison of the cumulative distribution of docking dwell time in
the absence (Control, n = 273 vesicles) and presence of insulin (Insulin,
n = 421 vesicles). Dashed lines are single-exponential fits to the corre-
sponding cumulative distribution. Insulin reduced the time constant =
from 6.1 s to 4.2 s. The two data sets are significantly different as
determined by Mann-Whitney test (p < 0.029) or Kolmogorov-Smirnov
test (p < 0.026).
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Figure 5. Docking Requires Activation of PI3BK and AS160
Phosphorylation

(A) Insulin stimulates the insertion of GLUT4-EGFP into the basal PM.
TIRFM images of the footprint of the same adipocyte at different times
after insulin perfusion are shown. Scale bar = 5 um.

(B) Time course of the change in fluorescence induced by insulin within
the evanescent field in control (n = 10 cells) and wortmannin-treated
(Wort; 100-200 nM, n = 6 cells) adipocytes. Fluorescence was normal-
ized to the value prior to insulin application (indicated by arrow). Error
bars in (B)—(E) represent +SEM.

(C) Evanescent-field fluorescence increase induced by insulin (arrow
indicates application) is blocked by transfection of AS160-4P (n = 12
cells). Overexpression of wild-type AS160 (n = 6 cells) exerts only
a slight inhibition.

(D) Summary of the density (um~2) of subplasmalemmal GSVs from
control cells, cells treated with wortmannin (20 min), and cells over-
expressing AS160-4P.

(E) The averaged docking rate (in 1072 um~2 x s~ is increased by
insulin (p = 0.05, Student’s t test) but is dramatically reduced by
wortmannin (p < 0.01) and AS160-4P overexpression (p < 0.05).
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regulated secretory events, it is thought that the GLUT4
translocation process is the end result of a complex series
of steps culminating in the fusion of the intracellular
GLUT4 storage vesicles (GSVs) with the PM. Despite
this, it has not been feasible to experimentally resolve
most of these steps, particularly those close to the PM,
due to technical limitations. This is a major problem in

the field because it is still not known which step or steps
within this process are regulated by insulin. One method
that has the potential to resolve the GLUT4 translocation
process into its component steps is TIRFM. This method
has recently been employed to study GLUT4-EGFP traf-
ficking in 3T3-L1 fibroblasts (Li et al., 2004a), 3T3-L1 adi-
pocytes (Gonzalez and McGraw, 2006), and primary rat
adipocytes (Lizunov et al., 2005). While these studies have
advanced our understanding of the process, they have
been somewhat limited because individual vesicular traf-
ficking events were not analyzed in detail and the conclu-
sions were for the most part based upon indirect measure-
ments. For example, Gonzalez and McGraw measured
changes in cell-surface GLUT4 fluorescence versus mem-
brane-proximal fluorescence using TIRF in response to
insulin and concluded that insulin’s major effect was to in-
crease GSV docking. However, it is not clear whether the
fluorescence increase in the TIRF zone measured in that
study is due to an increase of GLUT4 inserted in the PM
or an increase in docked/recruited vesicles in the TIRF
zone. Indeed, due to the complex equilibrium between
docking, fusion, and endocytosis of GLUT4, as well as the
nonlinear behavior of fluorescence in the TIRF zone due
to the exponential decay of excitation power, it is hard
to infer any effect on steps other than membrane insertion
simply by measuring steady-state fluorophore-labeled
GLUT4 under TIRFM. In the study of Lizunov et al.
(2005), individual GSV docking and fusion events were
described. However, in view of the limited data set, they
did not conduct a rigorous kinetic analysis of their data,
and their fusion rates were derived from steady-state
equations with multiple assumptions. Nevertheless, these
studies have highlighted the potential of TIRFM for resolv-
ing individual steps in the GLUT4 trafficking pathway, pro-
vided that the technique is combined with dynamic track-
ing and analysis of single GLUT4 vesicles.

In the current study, we have developed an approach to
dissect and systematically analyze the docking, priming,
and fusion steps of GSVs in live adipocytes. Detailed ki-
netic analysis of the stochastic behavior of a large number
of GSVs has allowed us to define the major kinds of vesic-
ular movement beneath the PM and how these vesicles
interact with the PM. We found that most docking vesicles
approach the PM perpendicularly or at a steeper angle, as
previously reported for the docking of large dense core
vesicles from chromaffin cells (Oheim and Stuhmer,
2000). This is in contrast to the report of Lizunov et al.
(2005), in which GLUT4 vesicles often underwent long-
range lateral movements prior to tethering. It is also note-
worthy that we have defined a higher density of vesicles
in the TIRF plane (~500 vesicles per 1000 um? area) com-
pared to that of Lizunov et al. (~160 vesicles per 1000 pm?
area; Lizunov et al., 2005). Whether these differences in
movement and density reflect differences between pri-
mary rat adipocytes and differentiated 3T3-L1 adipocytes
is not presently clear. Regardless, the system we describe
in the present study is robust and has enabled us to sys-
tematically analyze the kinetics of docking and fusion
of GSVs with the PM. Using this approach, we have
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identified two major insulin-regulated steps at the PM. The
first involves vesicle docking with the PM. This step is only
slightly modified by insulin, is regulated by PI3K, and ap-
pears to be the target of the Rab GAP AS160. The second
step, which appears to be the key insulin-regulated step,
is proximal to vesicle docking and precedes vesicle fusion.
Our results demonstrate a striking increase (~6-fold)
induced in the fusion rate constant of docked GSVs by
insulin. These data lay the foundation to explore the role
of a number of different molecules already implicated in
GLUT4 trafficking in more detail. For example, the exocyst
complex and the myosin motor protein Myo1c have been
shown to play a role in the initial encounter of GSVs with
the PM (Bose et al., 2002; Saltiel and Pessin, 2003). It
should now be feasible to determine whether they are
involved in the docking step described in the present stud-
ies. This step likely brings GSVs sufficiently close to the
PM to facilitate assembly of the SNARE complex. In the
case of GLUT4 ftrafficking, this involves the vesicular
SNARE VAMP-2 and the plasma membrane SNAREs syn-
taxin 4 and SNAP-23 (James, 2005). Since insulin dramat-
ically accelerates a priming step after docking, it is possi-
ble that the formation of the SNARE complex is a key
molecular event regulated by insulin during this priming
step. Itis conceivable that in resting adipocytes, syntaxin4
is masked by interacting proteins such as Munc18c, pre-
cluding its interaction with VAMP-2 on the GSVs (Kanda
etal., 2005). Hence, a key regulated target in insulin signal-
ing could act to increase the availability of free syntaxin 4
or the conformation of syntaxin 4 such that it can then
form productive SNARE complexes. The assembly of the
SNARE complex will further bring the GSV membrane into
close proximity to the PM and initiate subsequent fusion
(Jahn et al., 2003; Sorensen, 2005). Obviously, much of
this model is based upon studies of other SNARE com-
plexes in other systems (Jahn et al., 2003). However, the
TIRF system described here should provide a way forward
to test the role of these and other molecules in GLUT4
trafficking with more definition than has been possible in
the past.

In this study, we have made several important observa-
tions. First, the appearance of GLUT4 vesicles just be-
neath the PM was not the major effect of insulin. In view
of the proximity of GSVs with respect to the PM even
under basal conditions, this is perhaps not surprising.
Some studies have suggested that there is an insulin-
responsive, wortmannin-insensitive step that facilitates
the transport of vesicles out toward the cortex of the cell
(Bogan et al., 2001; van Dam et al., 2005). One possibility
is that this step delivers vesicles to a region outside the
evanescent field, rendering it difficult to visualize by
TIRFM. It is notable that microtubules have been reported
to facilitate the delivery of GSVs to the cell surface, and this
step may well terminate in the vicinity of the PM (Huang
et al., 2005). Regardless, because expression of constitu-
tively active versions of either Akt or PI3K is sufficient
to trigger GLUT4 translocation (Tengholm and Meyer,
2002; Kohn et al., 1998), it seems unlikely that this wort-
mannin-insensitive step plays a major role in insulin action.
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Second, we have found that, while insulin accelerates
GSV docking, significant docking of GSVs is also evident
in the absence of insulin, and the addition of wortmannin
almost completely abolished this process (Figure 5).
These data suggest that activation of a wortmannin-sensi-
tive PI3K even under basal conditions is required to main-
tain a threshold level of GSV docking. However, acceler-
ated docking and subsequent fusion require insulin
signaling. This hypothesis is consistent with recent exper-
iments demonstrating that GSV accumulation underneath
the cell surface requires only a submaximal insulin con-
centration (1 nM) and that fusion requires higher insulin
concentrations (Kanda et al., 2005).

Third, we have demonstrated that overexpression of
a dominant-negative AS160 mutant produces a reduction
in GSV docking similar to wortmannin. This suggests that
PI3K regulates docking through activation of Akt and its
downstream substrate AS160. Specific Rab proteins and
their effectors have been hypothesized to mediate the
docking of vesicles at the target membrane (Jahn et al.,
2003). Collectively, then, these data provide evidence
that the cognate Rab protein of AS160 residing on GSVs
likely participates in the docking of GSVs through inter-
action with a putative Rab effector at the PM.

Finally, our data provide evidence for an additional insu-
lin-regulated step downstream of docking, and this step
appears to be a major regulated step in the overall process
of GLUT4 translocation. Because this step is distal to
docking and because wortmannin inhibits docking, we are
unable to determine the PI3K dependence of this step
using the methodology described here. Regardless, this
step likely involves a target of insulin action that is distinct
from AS160, and future studies are needed to pinpoint its
molecular identity. Koumanov et al. (2005) have reported
an 8-fold increase in heterotypic fusion of intracellular
GSVs with reconstituted PMs obtained from insulin-
treated cells and identified the PM as the major target
of insulin action. Our data are consistent with this finding,
although their cell-free method cannot discriminate be-
tween docking and fusion. We believe that our study rein-
forces the notion that the PM is the major target of insulin
action vis a vis GLUT4 trafficking and extends this model
by showing that the major regulated step is distal to GSV
docking with the PM. We propose that this step is con-
trolled by the SNARE proteins themselves or a SNARE
associated protein (or proteins).

Studies in neurons have identified numerous proteins
that interact with the t-SNAREs syntaxin 1a and SNAP-
25 (Jahn et al., 2003), and these molecules appear to
play a key role in accelerated vesicle fusion. Very few syn-
taxin 4/SNAP-23-associated molecules have been identi-
fied in insulin-responsive cells, and we believe that future
studies should be directed toward the identification of
such molecules. Once identified, we propose that the sys-
tem described in this study, in which it is feasible to dis-
sect individual steps of GLUT4, should be the method of
choice in further testing the function of such molecules
in GLUTA4 trafficking. The next major challenge will be to
identify the signaling pathway that intersects with such
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molecules and to determine whether it represents one of
the known pathways, such as the Akt pathway, or an as
yet unidentified pathway. In support of the latter, Kanda
et al. (2005) have shown that adipocytes from Munc18c
knockout mice display insulin-dependent but wortmannin-
independent GLUT4 translocation, raising the possibility
that an additional signaling pathway is required to drive
the GLUT4 translocation process downstream of vesicle
docking. It is intriguing that Munc18c and syntaxin 4
have recently been shown to undergo insulin-dependent
phosphorylation in adipocytes (Schmelzle et al., 2006;
Oh and Thurmond, 2006), and future studies will be re-
quired to examine the functional significance of these
observations. The present studies emphasize the need
for an intensive effort to unravel the molecular basis for
this insulin-regulated step at the PM that controls GLUT4
translocation in adipocytes.

EXPERIMENTAL PROCEDURES

Cell Culture and Transfection

3T3-L1 cells were cultured in high-glucose DMEM (GIBCO) supple-
mented with 10% newborn calf serum (GIBCO) at 37°C and 5%
CO.. One day after confluence, the cells were switched into differenti-
ation medium containing 10% fetal bovine serum (GIBCO), 1 uM
bovine insulin, 0.5 mM 3-isobutyl-1-methylxanthine, and 0.25 pM
dexamethasone. Two days later, the medium was changed with
10% fetal bovine serum and 1 uM bovine insulin for another two
days. The cells were then maintained in DMEM with 10% fetal bovine
serum. Seven days after differentiation, 3T3-L1 adipocytes were
treated with 0.05% trypsin-EDTA (GIBCO) and washed twice with
Opti-MEM (GIBCO) by centrifugation at 1500 rpm at room tempera-
ture. The cells were resuspended in Opti-MEM (GIBCO), and 40 pg
GLUT4-EGFP (Li et al., 2004a) plasmid was added to a final volume
of 800 pl. Cells were then electroporated at 360V for 10 ms using
a BTX 830 electroporator (Biocompare) and plated on coverslips
coated with poly-L-lysine. Experiments were performed two days after
transfection in KRBB solution containing (in mM) 129 NaCl, 4.7 KCl,
1.2 KH,PO4, 5 NaHCO3, 10 HEPES, 3 glucose, 2.5 CaCl,, 1.2 MgCl,,
0.1% BSA (pH 7.2). Prior to the imaging experiment, adipocytes
were serum starved for at least 2 hr and transferred to a home-made
closed perfusion chamber. Most experiments were performed at
30°C because preliminary studies at 37°C revealed significant illumi-
nation damage after long-term (~30 min) fluorescence imaging at
the latter temperature. This was not the case at 30°C. Insulin was
applied at a concentration of 100 nM throughout the study. Unless
otherwise stated, all drugs were purchased from Sigma.

TIRFM Imaging Collection and Analysis

The TIRFM setup was constructed based on the prismless and
through-the-lens configuration as previously described (Li et al.,
2004a). The penetration depth of the evanescent field was estimated
to be 113 nm by measuring the incidence angle with a prism (n =
1.518) by 488 nm laser beam.

Data Analysis

We developed a program for semiautomated analysis of GSV move-
ment in MATLAB (The MathWorks).First, the raw images were pro-
cessed with KNN (k-nearest neighbor, k = 9 from 25 neighbors) filter
to restrain hotspot noise from the CCD. Second, the images were fur-
ther low-pass filtered (cutoff spatial frequency 0.5) to remove high-
frequency noise. We then determined the area of the cell footprint by
edge detection. In order to enhance the edge contrast, we normally
averaged a stack of 500 consecutive images. Further analysis was
then carried out within the edge, and the area was used to calculate

the vesicle density. Within the edge, there are black holes, suggesting
the existence of lipid droplets, which were not included in the calcula-
tion of the density of vesicles. The distribution of GLUT4-EGFP fluores-
cence in the PM is normally not homogeneous and willimpose different
local background fluorescence in identifying single vesicles. We
thus used the “opening by reconstruction” algorithm implemented in
MATLAB to remove the diffused background fluorescence. Individual
fluorescence particles were then automatically segmented based on
analyzing the gray level distribution of all pixels. Identified particles
were fitted with a 2D Gaussian function to obtain the peak location
and width. Only particles with width (3) of Gaussian fit smaller than
268 nm were included for further analysis (see size distribution of
Figure 1D). We then linked every particle from frame to frame to obtain
the trajectory of each particle. Particles that were immobile during the
whole imaging period (100 s) were also excluded from further analysis.
For identifying docking events, we selected vesicles that moved less
than one pixel for more than five consecutive frames for subsequent
scrutiny. The putative docked vesicles were then tracked by the 2D
Gaussian fit-based algorithm written in MATLAB, which has proven
effective in tracking single fluorescent particles at low signal-to-noise
levels (Li et al., 2004b; Oheim and Stuhmer, 2000). The Gaussian peak
was taken as the lateral position. The relative axial position was calcu-
lated as Z,, = —d In(F,))/(Fmax), Where F,, is the background-subtracted
fluorescence in frame n, d is the penetration depth, and F,.« is the
maximum fluorescence intensity (Oheim and Stuhmer, 2000). We cal-
culated the 3D displacement as R® = ([x, —Xo? + [yn—Yol? + [Zn - Z0]9) /2,
where (Xn, Yn, Zn) stands for the position of vesicle in frame n and
(X0, Yo, Zo) stands for the averaged position of the putative docking
sites. We considered a docking event if R® was smaller than one pix-
el (0.067 pum) for more than ten consecutive frames. Since we only
counted those GSVs that docked longer than ten consecutive images
(2 s), we might have underestimated the docking events by missing
a fraction equal to fZ  « e(-!/) « dt of the events. Given a 7 of 4.2 s
for insulin-stimulated events, the missing fraction is 0.38 (38%).
Because of this missing fraction, the mean dwell time was not deter-
mined by arithmetic averaging but rather by exponential fitting to its
distribution.

To distinguish between fusion and undocking events, we measured
radial fluorescence diffusion in the plasma membrane. To accomplish
this, we placed two concentric circles (normally ~1.0 um and ~1.3 um
in diameter, as illustrated in Figure 1A) centered at each vesicle being
analyzed. We plotted the fluorescence within the inner circle and be-
tween the two circles (annulus). When there is fluorescence diffusion
after fusion, we would expect a subsequent fluorescence increase in
the annular area. When this fluorescence increase exceeded three
times the standard deviation of the background fluorescence (see
Figure 1B and Figure 4B), we defined this as a fusion event. In contrast,
if the fluorescence within the annulus did not display a significant in-
crease over the background, this was defined as an undocking event
(see Figure 2B). Having identified these events, we tracked back to
the first frame when the vesicle first arrived at the fusion site. This
time was taken as the initial docking time. Another criteria imposed
as a requirement for docking was that, during the interval between ini-
tial docking and fusion (or undocking), the vesicle remained immobi-
lized (R® < 0.067 um) in the TIRF zone.

Statistics

For normally distributed data, population averages are given as mean
and standard error of mean (SEM) and statistical significance was
tested using Student’s t test. Statistical significance between expo-
nential distributions was assessed using the Kolmogorov-Smirnov
and Mann-Whitney tests.

Supplemental Data

Supplemental Data include three movies and can be found with this
article online at http://www.cellmetabolism.org/cgi/content/full/5/1/
47/DCA1/.
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