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Optogenetic activation reveals distinct roles of PIP3 and Akt in

adipocyte insulin action

Yingke Xu'2*, Di Nan', Jiannan Fan', Jonathan S. Bogan?2 and Derek Toomre?*

ABSTRACT

Glucose transporter 4 (GLUT4; also known as SLC2A4) resides on
intracellular vesicles in muscle and adipose cells, and translocates to
the plasma membrane in response to insulin. The phosphoinositide
3-kinase (PI3K)—-Akt signaling pathway plays a major role in GLUT4
translocation; however, a challenge has been to unravel the
potentially distinct contributions of PI3K and Akt (of which there are
three isoforms, Akt1—-Akt3) to overall insulin action. Here, we describe
new optogenetic tools based on CRY2 and the N-terminus of CIB1
(CIBN). We used these ‘Opto’ modules to activate PI3K and Akt
selectively in time and space in 3T3-L1 adipocytes. We validated
these tools using biochemical assays and performed live-cell kinetic
analyses of IRAP—pHIuorin translocation (IRAP is also known as
LNPEP and acts as a surrogate marker for GLUT4 here). Strikingly,
Opto-PIP; largely mimicked the maximal effects of insulin stimulation,
whereas Opto-Akt only partially triggered translocation. Conversely,
drug-mediated inhibition of Akt only partially dampened the
translocation response of Opto-PIP3. In spatial optogenetic studies,
focal targeting of Akt to a region of the cell marked the sites where
IRAP—pHIuorin vesicles fused, supporting the idea that local Akt-
mediated signaling regulates exocytosis. Taken together, these
results indicate that PI3K and Akt play distinct roles, and that PI3K
stimulates Akt-independent pathways that are important for GLUT4
translocation.

KEY WORDS: Optogenetics, Insulin signaling, TIRFM, Glucose
transporter, Exocytosis

INTRODUCTION

Insulin is a potent anabolic hormone, which plays key roles in
energy metabolism, growth and cellular differentiation. A major
physiological action of insulin is to increase glucose uptake in
muscle and fat cells. Insulin stimulates glucose uptake by
mobilizing intracellular vesicles containing GLUT4 (also known
as SLC2A4) glucose transporters. These GLUT4 storage vesicles
(GSVs) fuse with the plasma membrane (Bogan, 2012; Leto and
Saltiel, 2012; Stockli et al., 2011). Insulin-regulated GLUT4
translocation is crucial for maintaining glucose homeostasis in
mammals, and impaired translocation results in insulin resistance
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and contributes to type 2 diabetes in humans (Kahn and Flier,
2000; Stolar, 2002).

Insulin action is initiated through binding and activation of its
surface receptor. Diverse functions are then achieved by signal
propagation through a network of interconnecting proteins and
cascades (Saltiel and Pessin, 2002; Taniguchi et al., 2006). In the
canonical insulin-signaling pathway, activation of the insulin receptor
leads to the phosphorylation of insulin receptor substrates and
activation of phosphoinositide 3-kinase (PI3K). It is well established
that activation of PI3K is necessary for insulin-stimulated GLUT4
translocation, as several studies have shown that the inhibition of
PI3K activity blocks insulin-stimulated GLUT4 translocation,
whereas manipulations that increase phosphatidylinositol (3.,4.5)-
trisphosphate (PIP3) levels in the absence of insulin induce GLUT4
translocation and glucose uptake (Martin et al., 1996; Sweeney et al.,
2004; Tanti et al., 1996). Activated PI3K increases the conversion of
phosphatidylinositol 4,5-bisphosphate [P1P,] to PIP; at the plasma
membrane. In turn, this recruits Akt (of which there are three isoforms,
Akt1-Akt3) to phosphoinositide-dependent kinase-1 (PDK1) and the
mechanistic target of rapamycin complex-2 (mMTORC2) so that Akt is
phosphorylated by these enzymes at residues Thr308 and Ser473,
respectively, and is thus activated. Knockdown and knockout studies
have shown that Akt, particularly the Akt2 isoform, is required for
insulin-stimulated GLUT4 translocation (Cho et al., 2001a,b; Jiang
etal., 2003; Katome et al., 2003; McCurdy and Cartee, 2005). Studies
in which constitutively active Akt2 has been overexpressed, or in
which chemical-genetic approaches have been used to activate Akt2
acutely, suggest that Akt2 alone is fully sufficient to stimulate GLUT4
translocation (Kohn et al., 1996; Ng et al., 2010b, 2008). However,
comparison of GLUT4 translocation after acute Akt2 activation has
been made only upon submaximal insulin stimulation, and it remains
unclear how the data fit with the less-well-studied non-PI3K and non-
Akt signals that are required for insulin-stimulated GLUT4
translocation (Bogan et al., 2012; Chang et al., 2007; Chiang et al.,
2001; Farese et al., 2007; Klip et al., 2014; Sajan et al., 2014b; Sylow
etal.,2014; Uedaetal.,2010; Cheney etal., 201 1; Govers et al., 2004;
Martinez et al., 2010). In particular, although PI3K and Akt are two
major signaling nodes in insulin-regulated GLUT4 trafficking,
previous studies have not examined the individual contributions of
acute activation of each of these kinases separately and have not
compared the overall effect with that of maximal insulin stimulation.

The complexity of the insulin signaling network and interplay
between different signaling components make it challenging to
resolve the distinct roles of specific signaling molecules. Standard
manipulations (knockdown, overexpression and mutation) have
chronic effects and can cause secondary phenomena or cell
compensation. Pharmacological perturbations can rapidly turn on
or off the function of a target protein, but they provide no spatial
information and commonly cause off-target effects. Optogenetics
permits manipulation of intracellular signaling pathways using
light-mediated protein heterodimerization and homodimerization
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(Gautier et al., 2014; Pathak et al., 2013). Optogenetic approaches
provide a potential solution to the problem of dissecting cellular
network function (Toettcher et al., 2011). To date, various
optogenetic modules have been introduced to manipulate
intracellular protein activities (Xu et al., 2011a). One is based on
a basic helix-loop-helix protein Arabidopsis CIB1 (also known as
BHLHG63) and cryptochrome 2 (CRY2) (Kennedy et al., 2010).
Blue-light illumination induces the heterodimerization of CRY?2
with the N-terminus of CIB1 (CIBN). This reaction is rapid, with
response times in the order of sub-seconds, and does not require
exogenous cofactors (Idevall-Hagren et al., 2012; Kennedy et al.,
2010).

In the present study, we applied two optogenetic tools based on
the CRY2-CIBN optogenetic system, which we name ‘Opto-PIP5’
and ‘Opto-Akt’, respectively. These optogenetic modules enable us
to ‘walk down’ the insulin-signaling cascade by selectively
activating PI3K and Akt activities with light. We can thus probe
the differential effects of insulin and of these molecules to stimulate
GLUT4 exocytosis in 3T3-L1 adipocytes. We found that except for
an initial delay, light-induced PIP; mimicked the effect of insulin
and strongly stimulated the plasma membrane translocation of the
GSV cargo, IRAP (also known as LNPEP). In comparison,
optogenetically activated Akt2 only partially stimulated
translocation. Our study revealed that insulin signals act not only
globally but also locally because site-specific activation of Akt
precisely marked where the vesicles fuse. Finally, the tools we
developed will have broad application in other systems to analyze
the transmission properties of growth factors, PI3K and Akt, and to
elucidate their dynamics and distinct effects.

RESULTS

Optogenetic control of PIP; production in 3T3-L1 adipocytes
The optogenetic system we used is based on Arabidopsis thaliana
cryptochrome 2 (CRY2) and the transcription factor CIBN; this
system requires no cofactors, works with standard wavelengths and
light-induced heterodimerization of the two proteins is relatively fast
(Kennedy et al., 2010). Our first target was PIP3, a crucial signaling
node in insulin signaling. Based on our previous work, we used
a CRY2-iSH2 fusion protein (Idevall-Hagren et al., 2012). This
protein binds to endogenous PI3K pllOo catalytic subunits
constitutively. We predicted that, upon blue-light activation, CRY2—
iSH2 would be recruited to the plasma membrane of 3T3-L1
adipocytes expressing a CaaX-tagged CIBN binding partner. In turn,
this should allow the plasma-membrane-recruited PI3K to generate
PIP; in an acute manner, which we monitored using a PIP; reporter,
PH-Akt-mRFP (where ‘PH-Akt’ indicates the plextrin homology
domain of Akt Fig. 1A). We term this optogenetic system ‘Opto-
PIP;’. As anticipated, in 3T3-L1 adipocytes that had been co-
transfected with mCherry—CRY2—-iSH2 and CIBN-pmGFP (CIBN
tagged with a CaaX motif and GFP), blue light triggered the rapid
recruitment of mCherry—CRY2—-iSH2 from the cytosol to the plasma
membrane, with a response halftime (#,,) 0f2.4+0.5 s (mean+s.e.m.;
Fig. 1B and C; Movie 1).

To monitor PIP5 generation at the plasma membrane, we used a
PH-Akt—-mRFP reporter together with total internal reflection
fluorescence microscopy (TIRFM). We substituted unlabeled
CRY2-iSH2 for mCherry—CRY2-iSH2 so that we could visualize
plasma membrane recruitment of the fluorescent PIP; sensor
(Tengholm and Meyer, 2002). As shown in Fig. 1D and E, upon
blue-light stimulation, the intensity of PH-Akt-mRFP near to the
cell surface rapidly increased ~1.8 fold, and when the blue light
was turned off, the signal slowly dropped back to baseline
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(t1206=345+15 s). To demonstrate the reversibility of the reaction,
three sequential light—dark cycles were performed, each of which
reversibly stimulated PIP; generation (see Movie 2). The Opto-
PIPs-induced PIP; production depended on PI3K enzymatic
activity because the addition of the established PI3K inhibitor
wortmannin caused PH-Akt-mRFP on the membrane to rapidly
diminish (Fig. 1E). The potency of Opto-PIP; and insulin-induced
surface PIP; production were quantitatively analyzed and, as shown
in Fig. 1F, the maximum recruitment of PH-Akt-mRFP to the
plasma membrane was nearly identical using Opto-PIP; compared
to that upon treatment with 100 nM insulin. Strikingly, the kinetics
of PIP; generation were different, and stimulation using 100 nM
insulin (#;,=59£7 s) was faster than stimulation using Opto-PI1P;
(f1/2:982|:8 S).

Opto-PIP; causes Akt phosphorylation in an insulin-
independent manner
We next sought to test whether Opto-PIP; (Idevall-Hagren et al.,
2012) could specifically activate downstream Akt signaling and
bypass other insulin-dependent signaling pathways. 3T3-L1
adipocytes were transiently electroporated with CRY2-iSH2 and
CIBN—-CaaX, and a light-emitting diode (LED) box was used to
trigger optogenetic heterodimerization. The status of signaling
activation was tested by western blotting. As shown in Fig. 2A,
Opto-PIP; caused the phosphorylation of endogenous Akt (the
antibody used recognizes all Akt isoforms) on both residues Thr308
and Ser473 (Fig. 2A). The lower levels of phosphorylation in response
to Opto-PIP;, compared with those in response to insulin stimulation,
are likely to be because only ~20% of'the adipocytes were transfected
in this experiment (see below). As an important control, ERK1/2 (also
known as MAPK3 and MAPK1), which is a downstream target of
activated insulin receptor (Taniguchi et al., 2006), was phosphorylated
only by insulin and not in response to blue LED light (Fig. 2A).
Next, we used immunofluorescence staining of phosphorylated
(phospho)-Akt to quantitatively analyze Akt phosphorylation in
individual cells. 3T3-L1 adipocytes were transiently electroporated
with CRY2-iSH2 and CIBN—-pmGFP. The cells were kept in the
dark or optically triggered with an LED box to induce PI3K
activation. For comparison, control adipocytes were treated with
10nM or 100nM insulin. The transfected adipocytes were
identified by GFP signals under a spinning disk confocal
microscope (Fig. 2B; Fig. S1). Maximum z-projection images
were generated, and the phospho-Akt fluorescence signals were
quantified. As expected, insulin stimulated Akt phosphorylation at
both Thr308 and Ser473, and did so in a concentration-dependent
manner (Fig. SIA and B). The staining of phospho-Akt, both at
Thr308 and Ser473, was similar in cells that had been stimulated
using blue light (Fig. 2C; Fig. S1D). Because the electroporated
cells express variable amounts of the constructs, the transfected cells
displayed different levels of responsiveness to light (Fig. 2B).
Strikingly, in the highly responsive transfected cells (marked ‘H’ in
Fig. 2 and Fig. S1), Opto-PIP; activation generated phospho-Akt
signals that were comparable to those stimulated by 100 nM insulin
(Fig. 2C; Fig. SID). Importantly, both insulin- and light-induced
Akt phosphorylation were abolished in cells that had been pre-
treated with wortmannin or Akt inhibitor (Fig. 2B; Fig. S1E).

Opto-PIP; promotes GLUT4 vesicle exocytosis in 3T3-L1
adipocytes

The above studies suggest that Opto-P1P5 not only recruits Akt but
also causes its phosphorylation at Thr308 and Ser473. Hence, we
tested whether Opto-PIP; promotes GLUT4 exocytosis. 3T3-L1
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Fig. 1. Using light to control the PIP; production in 3T3-L1 adipocytes. 3T3-L1 adipocytes were electroporated with CIBN-pmGFP and mCherry—CRY2—
iSH2, or with CIBN—CaaX, CRY2-iSH2 and PH-Akt—mRFP. (A) Schematic of PI3K recruitment to the plasma membrane (CIBN—pmGFP) using a fluorescent
CRY2 fusion protein (mCherry—CRY2-iSH2) that constitutively binds to the endogenous PI3K catalytic subunit (p110a). Recruited PI3K converts PIP, to PIP; on
the plasma membrane, which can be visualized by the PH-Akt—-mRFP biosensor. (B,C) Light-triggered translocation of CRY2 fusion protein to the cell surface.
Fluorescent images of CRY2 fusion protein were imaged before light activation (dark), 10 s after a 500-ms pulse of blue light (488 nm) and 1 min after pulses of
blue light activation (recovery) using spinning disk confocal microscopy (B). Enlarged ROls (yellow box in B) show the time course of CRY2 fusion protein
recruitment to the plasma membrane, and the graph underneath shows quantification of mCherry—CRY2-iSH2 in the cytoplasm and at the cell surface, using the
regions shown by the dotted and solid lines, respectively (C). (D—F) Light-induced production of PIP;;, its reversibility and sensitivity to PI3K inhibitor wortmannin
(wort.). 3T3-L1 adipocytes were activated with 500-ms pulses of blue light (488 nm, 10 mW) at 5-s intervals under TIRFM illumination, and PIP; production
near the cell surface was detected using 561-nm TIRFM laser beam. Selective frames of PH-Akt—-mRFP images are shown in D, and corresponding time points
(Da—De) are marked in real time fluorescence traces in E. The kinetics of insulin (100 nM) and Opto-PIP; induced recruitment of PH-Akt—-mRFP to the cell surface

are plotted in F. Arrow indicates when insulin and blue light were applied. (n=5 cells, data are meants.e.m.). Scale bars: 10 ym (B,D); 2 um (C).

adipocytes were electroporated with the Opto-PIP; optogenetic
module and with GLUT4-DsRed or IRAP—pHluorin. IRAP is a
protein that co-traffics with GLUT4, which is tagged here, as
previously described, with a pH-sensitive GFP (pHluorin) to
facilitate the detection of exocytic translocation to the plasma
membrane (Chen et al., 2012; Jiang et al., 2008; Stenkula et al.,
2010) (see Fig. 3A and B; Movie 3). Similar to previous studies
using insulin (Bai et al., 2007; Huang et al., 2007), Opto-PIP;
greatly increased both GLUT4 vesicle density and the footprint of
total fluorescence intensity near the cell surface, as visualized by
TIRFM imaging of GLUT4-DsRed (Fig. S2). Similarly, the
intensity of IRAP—pHIuorin on the plasma membrane increased
during light activation (Fig. 3A), and a kymograph (Fig. 3B) of the
movie (Movie 3) showed a number of punctate bursts corresponding
to individual vesicle fusion events. We quantified the kinetic profile
of the plasma membrane signal from multiple cells that had been
stimulated with either light or insulin (#=5 cells per condition). The
magnitude of Opto-PIP;-induced IRAP translocation to the plasma
membrane was comparable to that stimulated by 100 nM insulin
(~1.9 fold), and greater than that observed after stimulation with
10 nM insulin (Fig. 3C). Of note, the initial response of GLUT4

vesicle exocytosis upon Opto-PIP; activation was delayed by about
~2 min compared to the response to stimulation with 100 nM
insulin. This might, in part, reflect blunted PIP; generation in Opto-
PIP;-stimulated cells (Fig. 1F). Insulin also acts through non-PI3K
signaling pathways to trigger the initial release of GSVs to the cell
surface (Belman et al., 2014; Bogan et al., 2012; Xu et al., 201 1b).
In control experiments, no IRAP translocation was detected in cells
that had been treated with wortmannin or in those that expressed
only CRY2-iSH2 (Fig. 3C). Similarly, Opto-PIP; did not induce
transferrin receptor (TfR)—pHIuorin exocytosis, implying that this
signaling pathway selectively acts on GSVs and not on endosomes
(Fig. S2D).

Akt activation is insufficient to mimic the effect of maximal
insulin stimulation on GLUT4 vesicle exocytosis in 3T3-L1
adipocytes

To ‘walk down’ the insulin signaling pathway, we employed a similar
light-induced protein heterodimerization strategy to acutely control
the activity of Akt2, the key Akt isoform in GLUT4 trafficking, and
to test its function in 3T3-L1 adipocytes. We designed a novel
optogenetic probe, ‘Opto-Akt’, comprising a CIBN-CaaX ‘bait’
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Fig. 2. Opto-PIP; activates downstream Akt phosphorylation. (A) Control 3T3-L1 adipocytes and cells that had been transfected with CIBN-CaaX and CRY2—
iSH2 plasmids were treated with insulin or exposure to 488 nm LED light, respectively. Cells lysates were immunoblotted as indicated. pAkt 473 and pAkt308, Akt
phosphorylated at Ser473 and Thr308, respectively; pERK1/2, phosphorylated ERK1/2. (B) Immunofluorescence staining of phosphorylated Akt (Ser473) in
CIBN-pmGFP- and CRY2-iSH2-expressing adipocytes after exposure to 488-nm LED light. ‘H’ indicates a representative highly-responsive cell.

(C) Quantification of phosphorylated Akt (at Ser473) levels in single cells. (n=30 cells, data are meants.e.m.). Scale bar: 10 ym (B).

and mCherry—CRY2-Akt ‘prey’; this chimeric Akt protein can be
acutely targeted to the plasma membrane in response to blue light
(Fig. 4A). To test the ability of Opto-Akt2 to activate Akt signaling
pathways, and to monitor the responsiveness relative to Opto-PIP;,
we transfected cells with either Opto-Akt constructs (mCherry—
CRY2-Akt2 and CIBN—CaaX) or Opto-PIP; constructs (CRY2—
iSH2 and CIBN—CaaX), and stimulated the cells with insulin or blue
light (LED box). As expected, insulin trigged phosphorylation of
both endogenous Akt (lower band) and mCherry—CRY2-Akt2
(upper band) at residues Thr308 and Ser473. Both sites showed a
higher degree of phosphorylation with 100 nM insulin compared to
10 nM insulin, consistent with several papers showing that insulin

Light

@)

AF/F, (IRAP-pH)

stimulation of Akt phosphorylation and GLUT4 translocation is dose
dependent (Cheney et al., 2011; Govers et al., 2004; Kleinert et al.,
2014; Martinez et al., 2010). Importantly, stimulation of Opto-Akt2
with light produced strong phosphorylation of mCherry—CRY-Akt2
at Thr308 and Ser473 (and not the endogenous Akt), whereas Opto-
PIP; yielded a similar degree of responsiveness of endogenous Akt.
These results support that the Opto-Akt protein is robust and
functional, and can be activated by light (and insulin) on the Thr308
and Ser473 sites.

Importantly, only exogenously expressed mCherry—CRY2—-Akt2
was phosphorylated at Ser473 and Thr308 after 10 min of light
exposure, whereas insulin stimulated the phosphorylation of both
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1.54
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Fig. 3. Light-induced PIP; production promotes GLUT4 translocation in 3T3-L1 adipocytes. 3T3-L1 adipocytes were electroporated with CIBN—CaaX
CRY2-iSH2 and IRAP—pHIuorin plasmids. The cells were activated with 500-ms pulses of blue light (488 nm, 10 mW) at 5-s intervals under TIRF illumination, and
GLUT4 translocation was evaluated using IRAP—pHIuorin signals on the cell surface. (A) TIRF images of a 3T3-L1 adipocyte before and after 10 min of activation
with 488-nm light. (B) Kymograph image shows the dynamics of IRAP translocation to the cell surface (ROI from the box in Fig. 3A). (C) Quantification of IRAP
translocation under the conditions indicated. AF/Fy, image intensities were normalized to the intensity measured before insulin and blue light stimulation. (n=5 cells,

data are mean+ s.e.m.). Scale bar: 10 ym (A).
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Fig. 4. Light-induced Akt relocation to the plasma membrane triggers GLUT4 translocation. (A) Schematic representation of chimeric CIBN and CRY?2
constructs used in this study. (B) Light- and insulin-induced activation of mCherry—CRY2-Akt2 (mCh—CRY2-Akt). Cell lysates were immunoblotted for proteins
as indicated. pAkt 473 and pAkt308, Akt phosphorylated at Ser473 and Thr308, respectively. (C) Rapid relocation of Akt fusion proteins to the cell surface after
light activation. TIRF images show mCherry-tagged Akt fusion proteins before and after one pulse of blue light (488 nm, 10 mW) activation in a 3T3-L1 adipocyte.
Kymograph of the boxed area is shown underneath. Arrowheads show when the light activation started. (D) Opto-Akt stimulates IRAP—pHIuorin exocytosis. 3T3-
L1 adipocytes were electroporated with CIBN—CaaX, mCherry—CRY2-Akt2 and IRAP—pHIluorin plasmids. The cells were activated with 500-ms pulses of blue
light (488 nm, 10 mW) at 5-s intervals under TIRFM illumination, and GLUT4 translocation was evaluated using pHIuorin signals on the cell surface. TIRF images
show IRAP—pHIuorin signals before and 10 min after light activation. The kymograph of the boxed area shows the dynamics of IRAP translocation.

(E) Quantification of light-induced redistribution of mCherry-tagged Akt2 fusion proteins and IRAP—pHIuorin to the cell surface (n=5 cells, data are meants.e.m.).
(F) Quantification of IRAP translocation under the conditions indicated (from top to bottom) (n=5 cells, data are meants.e.m.). (G) Quantification of the areas
under each curve in Fig. 4F, normalized to that of the 100-nM insulin curve. Scale bars: 10 um (C,D).
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endogenous and exogenous Akt proteins (Fig. 4B). To test whether
light-induced phosphorylation of exogenously expressed Akt2 was
similar in magnitude to that seen upon stimulation with insulin, we
used both fluorescence microscopy and immunoblotting analyses
(Fig. S3). Akt phosphorylated at Ser473 was quantified by
immunofluoresence in transfected and untransfected cells, and data
were normalized to mCherry—CRY2—Akt2 expression using mCherry
fluorescence intensity and plotted, showing that Akt phosphorylation
was similar in light- and insulin-stimulated cells (Fig. S3B).
Immunoblots were quantified, and they also demonstrated similar
levels of Akt phosphorylation; after accounting for the 30-55%
transfection efficiency, the light-induced Akt phosphorylation might
even have been two- to three-fold greater than that induced by insulin
(Fig. S3C). Taken together, these data confirm the selectivity and
effectiveness of the Opto-Akt2 optogenetic module.

We next tested whether Opto-Akt2 stimulated GSV exocytosis in
3T3-L1 adipocytes. The cells were electroporated with CIBN—
CaaX, mCherry—CRY2-Akt2 and IRAP—pHluorin. Upon blue-light
exposure, we detected a rapid and strong translocation of mCherry—
CRY2-Akt2 to the cell surface (¢1,=11£3 s; meants.e.m.) (Fig. 4C
and E); this recruitment of mCherry—CRY2—-Akt2 to the cell surface
was uniform (for example, see kymograph in Fig. 4C). Light-
induced activation of Opto-Akt2 triggered exocytosis of IRAP—
pHluorin (Fig. 4D and E), resulting in a ~1.5-fold increase in the
pHluorin signal after 15 min. Recent data show that Aktl can
function redundantly with Akt2 to promote GLUT4 translocation in
3T3-L1 adipocytes (Kajno et al., 2015). To study the isoform
specificity of Akt signaling using optogenetics, we used mCherry—
CRY2-Aktl (Fig. S4). Similar to the case for Akt2, we observed that
Opto-Aktl potently stimulated the exocytosis of IRAP—pHIluorin,
and its effect was slightly greater than that of Opto-Akt2. We
observed a cumulative effect of simultaneous insulin stimulation and
Opto-Aktl activation, which was greater than the effect of Opto-
Aktl alone, on translocation of IRAP.

The use of both Opto-PI1P; (Figs 1-3) and Opto-Akt (Fig. 4A-E,
Fig. S4) provides a new opportunity to compare, directly and
under similar experimental conditions, the relative importance of
PIP; and Akt2 as downstream signaling modules in GSV
translocation. Interestingly, the effect of Opto-Akt2 to stimulate
IRAP translocation resembled that of 10 nM insulin, and was less
effective than either 100 nM insulin or Opto-PIP; (Fig. 4F). Pre-
treatment with Akti, an inhibitor of Akt signaling, completely
blocked Akt phosphorylation and Opto-Akt2-induced IRAP
translocation (Fig. 4F; Fig. S1). However, in corresponding Opto-
PIP; experiments, Akti only partially inhibited Opto-PI1P;-induced
translocation, implying that non-Akt signals act downstream of P1P;
to promote IRAP translocation (Fig. 4F). To better illustrate these
effects, we analyzed the areas under each curve in Fig. 4F and
normalized the data to those upon stimulation with 100 nM insulin
(Fig. 4G). We found that Opto-Akt2 triggered ~64% of maximal
IRAP translocation (blue), whereas Opto-PIP; in the presence of
Akti still had a ~20% response. In conclusion, the data show that
Opto-Akt mimics the degree of the response of 10 nM insulin,
which accounts for about two-thirds of the maximum insulin
response (observed using 100 nM insulin). The Opto-PIP; response
was completely abolished by the PI3K inhibitor wortmannin,
whereas pharmacological inhibition of Akt was only partial.

Local recruitment of Opto-Akt controls spatial exocytosis of
GLUT4

Spatial compartmentalization of signaling molecules is important
for ensuring signaling specificity and proper propagation.
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Optogenetic approaches permit the precise control of signaling
at sub-cellular resolution (Karunarathne et al., 2015; Toettcher
et al., 2011). Our previous study showed that insulin-stimulated
GLUT4 exocytosis is spatially clustered (Letinic et al.,, 2010),
suggesting that a local signal might specify where the vesicles
dock and fuse. Here, we tested this hypothesis by using Opto-PI1P;
and Opto-Akt to activate signaling in a localized manner in
3T3-L1 adipocytes while monitoring the GLUT4 exocytosis
response (Fig. 5).

We performed spatial photokinesis experiments in combination
with TIRFM imaging, using our custom Galvo-‘ring’-TIRFM—
FRAP setup (Rivera-Molina and Toomre, 2013), and using
the 405-nm laser line for local spatial photoactivation. To employ
the Opto-Akt2 optogenetic module, 3T3-L1 adipocytes were
electroporated with CIBN—CaaX, mCherry—CRY2-Akt2 and
IRAP—pHluorin plasmids. Transfected cells were identified by the
mCherry signal under the TIRFM (Fig. 5A, top). After a single
snapshot of the IRAP—pHIuorin fluorescence with TIRFM (Fig. 5C,
top), to provide a basal reference image without photoactivating the
cells, the cells were locally photoactivated at 405-nm using the
“fluorescence recovery after photobleaching (FRAP)—photokinesis’
setting, with a ~1 pum diameter spot (green dot). As expected,
CRY2-Akt2 was mobilized to the photoactivated spot and formed a
smooth decaying gradient, which peaked near the photoactivation
spot (Fig. 5A and B). After ~10 min of activation, another snapshot
of IRAP—pHluorin was captured so as to compare the spatial
distribution of IRAP—pHIluorin versus the basal profile (Fig. 5C,
bottom). Visually, IRAP—pHIuorin mirrored the mCherry—CRY2—
Akt2 distribution. To quantify these studies, circles of increasing
diameters were drawn radially from the center of the activation foci
(Fig. 5D), and the average intensities of mCherry—CRY2-Akt2 and
IRAP—pHIluorin in individual inner annular areas were calculated
(n=5 cells) (Fig. 5D). As shown in Fig. SE, the light-induced
exocytosis of IRAP—pHluorin resulted in a gradient in its
subsequent distribution on the cell surface. This gradient matched,
within a 95% confidence band (Fig. S5F), a linear fit of the radial
distribution of CRY2-Akt2. We performed similar experiments
using Opto-PIP; to test whether PIP; acts locally to promote IRAP—
pHIuorin exocytosis. These experiments did not reveal a clear local
effect of PIP;, in contrast to the data we obtained using Opto—Akt2.
In summary, these optogenetic experiments support the idea that
activated Akt plays a role at or near the plasma membrane to
modulate where fusion occurs.

DISCUSSION
In the present study, we applied a light-controllable tool set using
Opto-PIP; and a new optogenetic probe, Opto-Akt, to acutely and
specifically regulate PI3K and Akt signaling in time and space.
These tools enable us to dissect the insulin-signaling pathway, and
to decipher the relative roles of PI3K and Akt in the physiological
regulation of GLUT4 translocation in 3T3-L1 adipocytes.
Optogenetics has emerged as a powerful approach to control and
study physiological processes at the single-cell level (Karunarathne
et al., 2015; Toettcher et al., 2011). For the first time, we employ
optogenetics in adipocytes to control signaling and membrane
trafficking. The light-induced heterodimerization of CRY2 and
CIBN was rapid and reversible (Fig. 1), and displayed on—off rates
similar to those in previous studies (Idevall-Hagren et al., 2012;
Kennedy et al., 2010). Opto-PI1P5, which controls endogenous PI3K
activity in a light-dependent manner, can rapidly, specifically and
reversibly generate PIP; in adipocytes (Fig. 1). The magnitude of
PIP; generation using Opto-PIP; is similar to that obtained upon
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Fig. 5. Spatial control of GLUT4 vesicle exocytosis
by locally confined activation of Akt in 3T3-L1
adipocytes. (A) Local recruitment of mCherry-tagged
CRY2-Akt2 fusion proteins to the cell surface. The
cells were activated with 500-ms pulses of UV light
(405 nm, 10 mW) at 5-s intervals under FRAP-TIRFM
illumination. TIRF images show mCherry—CRY2-Akt2
signals before and 10 min after FRAP activation.
Green dot indicates the FRAP position. Arrow
indicates the direction for kymograph (B) and spatial
analysis (D). (B) Kymograph image shows the
dynamics of spatial recruitment of mCherry—CRY2—
Akt2 to the cell surface with 405-nm laser FRAP
(single pixel line trace from Fig. 5A). (C) TIRF images
of IRAP—pHIuorin (IRAP—pH) signals before and

10 min after FRAP-TIRFM activation (405 nm,

10 mW). Green dot indicates the FRAP position.

(D) Schematic illustration of the analysis of
fluorescence distribution on the cell surface (see
details in Materials and Methods). (E) Quantification of
spatial distribution of mCherry-tagged CRY2-Akt2
proteins and IRAP—pH fluorescence signals (n=5

cells, data are meants.e.m.). (F) Linear fit shows a
statistically significant correlation between light-
induced confined Akt activation and its promoted
spatial control of GLUT4 vesicle exocytosis, as
evaluated using IRAP—pH signals on the cell surface.
Scale bars: 10 pm (A,C).
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insulin stimulation (Fig. 1F), implying that Opto-PIP; mimics
insulin’s effect on PI3K activation. However, the initial rates of P1P5
production are different after insulin versus Opto-PIP; stimulation,
which might reflect additional signals that are triggered by
insulin and/or compartmentalization of PIP,. Of note, binding of
the activated insulin receptor substrate to the PI3K p85 subunit
might occur in lipid microdomains, suggesting a role for
compartmentalized signaling (Chang et al., 2004; Virkaméki
et al., 1999).

In adipocytes, PI3K has been shown to be essential for insulin-
stimulated GLUT4 translocation. Inhibition of PI3K activity with
specific inhibitors — such as wortmannin — expression of dominant-
negative mutants, or microinjection of blocking antibodies can
completely abolish translocation (Cheatham et al., 1994; Clarke
et al., 1994; Sharma et al., 1998). In contrast, overexpression of a
constitutively active p110 subunit of PI3K (Katagiri et al., 1996;
Martin et al., 1996; Tanti et al., 1996) or the addition of cell-
permeable derivatives of PIP; (Sweeney et al.,, 2004) triggers
insulin-independent GLUT4 surface translocation. Our experiments
demonstrate that Opto-PIP; specifically activates PI3K and its
downstream effector Akt, and mimics much of insulin’s effect to

promote GSV exocytosis in 3T3-L1 adipocytes. Opto-PIP; not only
recruits Akt (Fig. 1D—F), but also causes its phosphorylation at
Thr308 and Ser473, two sites essential for its activation. Opto-PI1P;
bypasses other signals originating from the insulin receptor (as
monitored by analyzing phosphorylated Erk) and, with the
exception of a slight initial delay, promotes GLUT4 exocytosis in
a manner similar to that observed with 100 nM insulin (Fig. 3). As
noted, the initial delay in the exocytosis response was consistent
with insulin action through a non-PI3K signaling pathway, the
effect of which might be minimized in 3T3-L1 adipocytes
compared to in primary adipocytes (Baumann et al., 2000;
Belman et al., 2014; Bogan et al., 2012; Chang et al., 2007,
Muretta et al., 2008; Xu et al., 2011b). Taken together, the data
reemphasize the central role of PI3K as a major effector connecting
insulin signaling with vesicle trafficking.

Akt, which has three isoforms in mammals, is another crucial node
in insulin signaling; however, until now there have been no
optogenetic tools to control its activity spatially and temporally.
Knockout and knockdown studies have demonstrated that Akt2 is the
main isoform required for insulin-regulated GLUT4 trafficking and
glucose uptake (Bae etal., 2003; Cho et al., 2001a; Kohn et al., 1996).
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Possibly, this isoform specificity results from effects on subcellular
localization, and the phosphorylation of Akt specifically at the plasma
membrane is proposed to mediate the main effect of insulin on
translocation of GLUT4 (Gonzalez and McGraw, 2009; Ng et al.,
2010a). By using light to selectively and rapidly activate Akt2 at the
plasma membrane in 3T3-L1 adipocytes, we show that although Akt2
plays a major role in stimulating IRAP and GLUT4 translocation, it is
not as effective as either 100 nM insulin or optogenetic production of
PIP; (Fig. 4F; Fig. S2). We obtained similar results using light-
induced activation of Akt1, and further showed that concurrent insulin
addition had an additive effect on the translocation of IRAP (Fig. S4).
Our conclusion that Akt signaling accounts for only two-thirds of the
insulin response differs markedly with the interpretation of previous
work (Ng et al., 2008), which concludes that Akt2 activation is
sufficient to stimulate GLUT4 translocation to an extent similar to that
of insulin. Although that previous study manipulated Akt acutely
using chemical genetics rather than light, a key distinction with our
work is that the maximal insulin dose that was tested in that previous
study was 10 nM. A second distinction of our data is that the
optogenetic activation is considerably faster than the dimer-inducing
chemical used previously (Ng et al., 2008), which is limited by the
prolonged diffusion time of the added compounds, as well as by low
reversibility and spatial precision. Apart from the 2-min initial lag, the
kinetics of IRAP translocation induced by Opto-Akt2 were
very similar to that induced by 10 nM insulin. By contrast, in
the chemical-genetic FKBP-FRB heterodimerization —system
[comprising FKBP and the rapamycin-binding domain of mTOR
(FRB)], translocation was approximately twice as slow. It remains
unclear why the kinetics are so different, but possibilities include
technical issues, such as diffusion of the chemical-genetic drug or
slower heterodimerization. Third, our approach used a real-time assay
in living cells, which allowed us to detect differences in the response
during the first two minutes (these would have been missed by a fixed
timepoint analysis at 5-min intervals). The key ramification of our
experiments is that PI3K and Akt do not play equivalent roles in
GLUT4 translocation. Rather, our data support the idea that PI3K
activates a broader range of signals, in addition to Akt. Our results are
consistent with older data arguing the existence of Akt-independent
actions of PI3K (Gonzalez and McGraw, 2006). Other signaling
pathways, such as PI3K-dependent activation of the exocyst complex
(Chen et al., 2011) and atypical protein kinase C pathways (Kanzaki
et al., 2004; Liu et al., 2010; Sajan et al., 2014a,b) might be activated
in adipocytes, but these have not been well appreciated. Particularly in
muscle cells, PI3K stimulates Racl signaling, and this is required
together with Akt to promote GLUT4 translocation and glucose
uptake (Chiu et al., 2011; Klip et al., 2014; Sylow et al., 2014; Ueda
et al., 2010). The Racl pathway is likely to act in adipocytes as well
(Balamatsias et al., 2011; Tsuchiya et al., 2015). Our data support an
important role for these and, possibly, other pathways.

Although the initial delay in Opto-PIPs-induced IRAP
translocation might result from the kinetics of PIP; production,
which were slower compared to those induced by insulin, another
possibility is that the initial insulin response results in part from
PI3K-independent signaling. Such pathways are not stimulated by
Opto-PIP;. We have previously shown that GSV cargos translocate
to the cell surface in two distinct types of vesicles (Xu et al., 2011b).
Smaller vesicles, characteristic of GSVs, were the main carrier at
3—6 min after insulin addition, whereas GSV cargos arrived at the
plasma membrane in larger vesicles, likely to be derived from
endosomes, both at >15 min after insulin addition and (at a slower
rate) in unstimulated cells. Data here support the idea that
translocation of the GSVs might not be fully activated by Opto-
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PIP;, consistent with the observation that these vesicles are
regulated by a PI3K-independent signaling pathway through
TC10a to stimulate endoproteolytic cleavage of TUG proteins
(Bogan et al., 2012; Xu et al., 2011b). Release of TUG-bound
GLUT4-containing vesicles can fully mimic the effect of acute
insulin stimulation in 3T3-L1 adipocytes (Xu et al., 2011b; Yu
et al.,, 2007) and in skeletal muscle (Loffler et al., 2013). This
pathway is modulated by nutritional effects, through TUG
acetylation (Belman et al., 2015), and coordinates vasopressin
action, and probably energy expenditure, with the stimulation of
glucose uptake in vivo (Habtemichael et al., 2015; Loffler et al.,
2013). Different assessments of the importance of non-PI3K
signaling might reflect the use of 3T3-L1 adipocytes, which are
an imperfect model system, as well as variation in the methods used
by different labs (Govers et al., 2004; Martin et al., 2006; Muretta
et al,, 2008). More broadly, data presented here highlight the
limitations, as well as the strengths, of reconstitution studies to test
the sufficiency of individual signaling pathways. Effects that might
appear to be minor in tests of sufficiency might actually be quite
important when assessed by tests of necessity.

The application of Opto-Akt also allowed us to selectively
activate Akt at a specific region of cell and to test how confined Akt
signaling affects GLUT4 exocytosis. We demonstrated that Akt
provides the fidelity of spatial release of GLUT4 on the cell surface,
and our findings support previous work that Akt signaling at the
plasma membrane is required for the last step of GLUT4 exocytosis
(Koumanov et al., 2005). Moreover, a downstream target of Akt,
AS160, is mobilized to the plasma membrane and regulates GLUT4
vesicle exocytosis (Tan et al., 2012). Therefore, it is conceivable
that locally activated Akt might recruit AS160 and its downstream
Rab proteins, as well as the exocyst complex (Chen et al., 2011), to
control the spatial release of GLUT4 into the plasma membrane. Of
note, data presented here support the idea that there is a local
permanence of activated Akt effectors, such as AS160, and its
targets, such as Rab10 and Rab13, which mediate vesicle tethering,
docking and fusion at the plasma membrane (Chen et al., 2012; Sun
et al., 2010). Understanding precisely how these effectors act will
require further investigation.

The combined use of Opto-PIP; and Opto-Akt holds
considerable potential for use in other biological systems to
elucidate and dissect PI3K—Akt signaling nodes. Clearly PI3K
and Akt signaling can be tightly coupled, whereas it is often
assumed that they are in single unique ‘PI3K—Akt’ pathway (Porta
et al, 2014), but this has not been thoroughly tested. As
demonstrated herein, the use of multiple optogenetic signals
allows quantitative spatial-temporal testing of these nodes and,
with precise light dose control, even putative tuning of the activation
of PI3K and Akt signaling. Moreover, Opto-Akt as a new light-
controllable signaling molecule should enable study of isoform-
specific effects of Akt in various diseases, such as cancer and
diabetes, as well as probing for unique downstream targets.

In summary, our study is the first to use optogenetics in
adipocytes to investigate the mechanism of insulin signaling and
GLUT4 translocation. We demonstrate that this optogenetic
approach permits the control of individual insulin signaling
molecules acutely and with spatial precision. We used these novel
tools to dissect the roles of PI3K and Akt molecules in GLUT4
trafficking in 3T3-L1 adipocytes. The data support a major
regulatory role of PI3K and imply that downstream targets other
than Akt have important and under-appreciated roles in the
regulation of glucose uptake. Finally, we identify a new function
of Akt in the spatial regulation of GLUT4 vesicle exocytosis in 3T3-
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L1 adipocytes. Extension of this approach should be broadly
applicable to elucidate mechanisms of PI3K-Akt signal
transduction in other diverse areas of biology.

MATERIALS AND METHODS

Plasmids and reagents

CIBN-pmGFP, CIBN-CaaX, mCherry—-CRY2-iSH2, CRY2-iSH2 and
PH-Akt-mRFP plasmids were generated as described previously (Idevall-
Hagren et al., 2012). HA-GLUT4-GFP and IRAP—pHIluorin plasmids were
provided by Dr J. Zimmerberg (NIH) (Stenkula et al., 2010). The mCherry—
CRY2-Akt2 and mCherry—CRY2-Akt1 plasmids were generated by fusing
the full-length human Akz2 and Akt] cDNAs to the C-terminus of mCherry—
CRY?2. Antibodies were purchased from Cell Signaling. All other chemicals
used in this study were purchased from Sigma-Aldrich.

Cell culture and transfection

3T3-L1 fibroblasts were cultured and differentiated as described previously
(Xu et al., 2011b). After 810 days of differentiation, 3T3-L1 mature
adipocytes were electroporated using an Amaxa Nucleofector instrument in
a 0.1-ml transfection solution ‘L’ containing two or three of the above
plasmids (2—4 pg total plasmid DNA per transfection).

Immunostaining and biochemical methods

Immunofluorescence cell staining was performed as described previously
(Xuetal., 2007). 3T3-L1 adipocytes were fixed with 4% paraformaldehyde
in PBS for 10 min at room temperature. Cells were permeabilized with 0.1%
Triton X-100 for 5 min, and blocked with 1% BSA and 3% normal goat
serum in PBS for 45 min. Total Akt phosphorylation was detected using
either rabbit anti-phospho-Akt at Ser473 or anti-phospho-Akt at Thr308
antibodies (1:200 dilution; catalog numbers 4060 and 13038, respectively;
Cell Signaling) followed by Cy3-conjugated anti-rabbit IgG (1:200
dilution). Finally, the cells were washed, mounted and imaged with a
spinning disk confocal microscope.

Immunoblotting was performed as described previously (Xu et al.,
2011b). 3T3-L1 adipocytes or adipocytes that had been transiently
electroporated with optogenetic modules were stimulated with 100 nM
insulin for 10 min or exposed to 488 nm LED light for 10 min. Cells were
washed in cold PBS and scraped in ice-cold RIPA lysis buffer containing
protease and phosphatase inhibitors (Roche). The cell lysates were passed
through a 25-gauge syringe eight times and centrifuged for 15 min at
12,000 g at 4°C. Supernatants were recovered, and equal amounts of protein
(determined using BCA assay) in each sample were analyzed by SDS-
PAGE and immunoblotting.

Live-cell imaging

Cells were cultured on glass-bottomed 35-mm MatTek dishes and imaged
15-20 h after transfection. Before imaging, cells were serum starved for
~2 h, then imaged in KRH buffer, pH 7.4, containing 125 mM NaCl, 5 mM
KCl, 1.3 mM CaCl,, 1.2 mM MgSQO,, 20 mM D-glucose, 25 mM Hepes
and 0.2% bovine serum albumin. Cells were kept in an Air-therm
temperature-regulated environmental box at 37°C throughout the
experiments.

A Yokagawa-type spinning disk confocal microscope system was used
for fast live-cell imaging (PerkinElmer). The system was mounted onto an
inverted Olympus IX-71 microscope, equipped with a 1 Kbx1 Kb EM CCD
camera (Hamamatsu Photonics). A 488-nm laser line was used to induce
dimerization between CIBN and CRY2 or to image GFP-tagged proteins,
whereas a 561-nm laser line was used to image mCherry- or mRFP-tagged
proteins. Images were acquired under the control of Volocity software at
0.2 Hz with exposure times in the 100-500 ms range.

The TIRFM setup was based on an Olympus IX-70 microscope, equipped
with 405-, 488- and 568-nm laser lines, a 60x1.49 NA TIRF objective
(Olympus) and an EMCCD camera (iXon887; Andor Technology). The
488-nm laser line was used to induce CIBN and CRY2 protein
heterodimerization, and the 568-nm laser line was used to image
mCherry- or mRFP-tagged proteins. Images were acquired under the
control of Andor iQ software at 0.2—0.5 Hz with exposure times in the rage

of 200-500 ms. FRAP-TIRFM experiments were performed as described
previously (Rivera-Molina and Toomre, 2013). Control 3T3-L1 cells were
imaged in the basal state for a few minutes before insulin was added, similar
to our previous report (Xu et al., 2011b). For the cells that had been
transfected with the optogenetic module, activation of the optogenetic
module was performed at the start of imaging because the pHluorin channel
for imaging would otherwise dimerize the optogenetic constructs
independently. For FRAP analyses of a region of interest (ROI), the
405-nm laser line was used together with custom-written software. To limit
light scattering, FRAP was performed with a 100-ms exposure, followed by
TIRF imaging of mCherry-tagged proteins using a 568-nm laser line. The
FRAP and TIRFM modes were cycled every 5 s, for a total of 10—15 min.
Two TIRFM images were taken of the IRAP—pHIuorin-transfected cells
before and after the FRAP-TIRFM experiments for comparison of the
fluorescence distribution, using the 488-nm laser line. The cells were
exposed to the 488-nm laser for as short a time as possible, in order to
minimize global activation.

Image analysis and statistics

Stacks of time-lapse images were processed and analyzed using Image)
1.45 s (National Institutes of Health). Images were prepared with Photoshop
(Adobe). Movies were compressed with QuickTime Pro (Apple) using a
H.264 algorithm. Unless otherwise indicated, all data are presented as the
mean#s.e.m. and were analyzed using a Student’s #-test.

Acknowledgements

We thank Dr O. Idevall-Hagren and Dr P. De Camilli (Yale University School of
Medicine, New Haven, CT) for constructs and advice, as well as Dr J. Zimmerberg
(National Institutes of Health, Bethesda, MD) for plasmids.

Competing interests
The authors declare no competing or financial interests.

Author contributions
Y.X., J.S.B. and D.T. designed research; Y.X., D.N. and J.F. performed research;
Y.X., J.S.B. and D.T. analyzed data and wrote the paper.

Funding

This work was supported by National Institutes of Health (NIH) grants [grant
numbers RO1GM098498 (to D.T.) and R01DK092661 (to J.S.B.)]; and National
Basic Research Program of China (Ministry Of Science And Technology Of The
People’s Republic Of China) [grant number 2015CB352003 (to Y.X.)]; National
Natural Science Foundation of China [grant numbers 31301176 and 31571480 (to
Y.X.)]; Natural Science Foundation Of Zhejiang Province [grant number
LY13C050001 (to Y.X.)]; and the Open Foundation of the State Key Laboratory of
Modern Optical Instrumentation and the Cell Biology Core of the Yale Diabetes
Research Center [NIH funding, grant number P30DK45735]. Deposited in PMC for
release after 12 months.

Supplementary information
Supplementary information available online at
http://jcs.biologists.org/lookup/suppl/doi: 10.1242/jcs.174805/-/DCA1

References

Bae, S. S., Cho, H., Mu, J. and Birnbaum, M. J. (2003). Isoform-specific regulation
of insulin-dependent glucose uptake by Akt/protein kinase B. J. Biol. Chem. 278,
49530-49536.

Bai, L., Wang, Y., Fan, J., Chen, Y., Ji, W, Qu, A, Xu, P., James, D. E. and Xu, T.
(2007). Dissecting multiple steps of GLUTA4 trafficking and identifying the sites of
insulin action. Cell Metab. 5, 47-57.

Balamatsias, D., Kong, A. M., Waters, J. E., Sriratana, A., Gurung, R., Bailey,
C. G, Rasko, J. E. J., Tiganis, T., Macaulay, S. L. and Mitchell, C. A. (2011).
Identification of P-Rex1 as a novel Rac1-guanine nucleotide exchange factor
(GEF) that promotes actin remodeling and GLUT4 protein ftrafficking in
adipocytes. J. Biol. Chem. 286, 43229-43240.

Baumann, C. A, Ribon, V., Kanzaki, M., Thurmond, D. C., Mora, S., Shigematsu,
S., Bickel, P. E., Pessin, J. E. and Saltiel, A. R. (2000). CAP defines a second
signalling pathway required for insulin-stimulated glucose transport. Nature 407,
202-207.

Belman, J. P., Habtemichael, E. N. and Bogan, J. S. (2014). A proteolytic pathway
that controls glucose uptake in fat and muscle. Rev. Endocr. Metab. Disord. 15,
55-66.

2093

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.174805/-/DC1
http://jcs.biologists.org/lookup/suppl/doi:10.1242/jcs.174805/-/DC1
http://dx.doi.org/10.1074/jbc.M306782200
http://dx.doi.org/10.1074/jbc.M306782200
http://dx.doi.org/10.1074/jbc.M306782200
http://dx.doi.org/10.1016/j.cmet.2006.11.013
http://dx.doi.org/10.1016/j.cmet.2006.11.013
http://dx.doi.org/10.1016/j.cmet.2006.11.013
http://dx.doi.org/10.1074/jbc.M111.306621
http://dx.doi.org/10.1074/jbc.M111.306621
http://dx.doi.org/10.1074/jbc.M111.306621
http://dx.doi.org/10.1074/jbc.M111.306621
http://dx.doi.org/10.1074/jbc.M111.306621
http://dx.doi.org/10.1038/35025089
http://dx.doi.org/10.1038/35025089
http://dx.doi.org/10.1038/35025089
http://dx.doi.org/10.1038/35025089
http://dx.doi.org/10.1007/s11154-013-9276-2
http://dx.doi.org/10.1007/s11154-013-9276-2
http://dx.doi.org/10.1007/s11154-013-9276-2

RESEARCH ARTICLE

Journal of Cell Science (2016) 129, 2085-2095 doi:10.1242/jcs.174805

Belman, J. P, Bian, R. R., Habtemichael, E. N., Li, D. T., Jurczak, M. J., Alcazar-
Roman, A., McNally, L. J., Shulman, G. I. and Bogan, J. S. (2015). Acetylation
of TUG protein promotes the accumulation of GLUT4 glucose transporters in an
insulin-responsive intracellular compartment. J. Biol. Chem. 290, 4447-4463.

Bogan, J. S. (2012). Regulation of glucose transporter translocation in health and
diabetes. Annu. Rev. Biochem. 81, 507-532.

Bogan, J. S., Rubin, B. R,, Yu, C., Loffler, M. G., Orme, C. M., Belman, J. P.,
McNally, L. J., Hao, M. and Cresswell, J. A. (2012). Endoproteolytic cleavage of
TUG protein regulates GLUT4 glucose transporter translocation. J. Biol. Chem.
287, 23932-23947.

Chang, L., Chiang, S. H. and Saltiel, A. R. (2004). Insulin signaling and the
regulation of glucose transport. Mol. Med. 10, 65-71.

Chang, L., Chiang, S.-H. and Saltiel, A. R. (2007). TC10alpha is required for
insulin-stimulated glucose uptake in adipocytes. Endocrinology 148, 27-33.

Cheatham, B., Vlahos, C. J., Cheatham, L., Wang, L., Blenis, J. and Kahn, C. R.
(1994). Phosphatidylinositol 3-kinase activation is required for insulin stimulation
of pp70 S6 kinase, DNA synthesis, and glucose transporter translocation. Mol.
Cell. Biol. 14, 4902-4911.

Chen, X.-W,, Leto, D., Xiong, T., Yu, G., Cheng, A., Decker, S. and Saltiel, A. R.
(2011). A Ral GAP complex links Pl 3-kinase/Akt signaling to RalA activation in
insulin action. Mol. Biol. Cell 22, 141-152.

Chen, Y., Wang, Y., Zhang, J., Deng, Y., Jiang, L., Song, E., Wu, X. S., Hammer,
J. A., Xu, T. and Lippincott-Schwartz, J. (2012). Rab10 and myosin-Va mediate
insulin-stimulated GLUT4 storage vesicle translocation in adipocytes. J. Cell Biol.
198, 545-560.

Cheney, L., Hou, J. C., Morrison, S., Pessin, J. and Steigbigel, R. T. (2011). Nef
inhibits glucose uptake in adipocytes and contributes to insulin resistance in
human immunodeficiency virus type | infection. J. Infect Dis. 203, 1824-1831.

Chiang, S.-H., Baumann, C. A., Kanzaki, M., Thurmond, D. C., Watson, R. T,
Neudauer, C. L., Macara, I. G., Pessin, J. E. and Saltiel, A. R. (2001). Insulin-
stimulated GLUT4 translocation requires the CAP-dependent activation of TC10.
Nature 410, 944-948.

Chiu, T. T,, Jensen, T. E., Sylow, L., Richter, E. A. and Klip, A. (2011). Rac1
signalling towards GLUT4/glucose uptake in skeletal muscle. Cell. Signal. 23,
1546-1554.

Cho, H., Mu, J., Kim, J. K., Thorvaldsen, J. L., Chu, Q., Crenshaw, E. B., lll,
Kaestner, K. H., Bartolomei, M. S., Shulman, G. I. and Birnbaum, M. J.
(2001a). Insulin resistance and a diabetes mellitus-like syndrome in mice lacking
the protein kinase Akt2 (PKBbeta). Science 292, 1728-1731.

Cho, H., Thorvaldsen, J. L., Chu, Q., Feng, F. and Birnbaum, M. J. (2001b). Akt1/
PKBalpha is required for normal growth but dispensable for maintenance of
glucose homeostasis in mice. J. Biol. Chem. 276, 38349-38352.

Clarke, J. F., Young, P. W,, Yonezawa, K., Kasuga, M. and Holman, G. D. (1994).
Inhibition of the translocation of GLUT1 and GLUT4 in 3T3-L1 cells by the
phosphatidylinositol 3-kinase inhibitor, wortmannin. Biochem. J. 300, 631-635.

Farese, R. V., Sajan, M. P., Yang, H., Li, P., Mastorides, S., Gower, W. R, Jr,
Nimal, S., Choi, C. S., Kim, S., Shulman, G. . et al. (2007). Muscle-specific
knockout of PKC-lambda impairs glucose transport and induces metabolic and
diabetic syndromes. J. Clin. Invest. 117, 2289-2301.

Gautier, A., Gauron, C., Volovitch, M., Bensimon, D., Jullien, L. and Vriz, S.
(2014). How to control proteins with light in living systems. Nat. Chem. Biol. 10,
533-541.

Gonzalez, E. and McGraw, T. E. (2006). Insulin signaling diverges into Akt-
dependent and -independent signals to regulate the recruitment/docking and the
fusion of GLUT4 vesicles to the plasma membrane. Mol. Biol. Cell 17, 4484-4493.

Gonzalez, E. and McGraw, T. E. (2009). Insulin-modulated Akt subcellular
localization determines Akt isoform-specific signaling. Proc. Natl. Acad. Sci.
USA 106, 7004-7009.

Govers, R., Coster, A. C. F. and James, D. E. (2004). Insulin increases cell surface
GLUT4 levels by dose dependently discharging GLUT4 into a cell surface
recycling pathway. Mol. Cell. Biol. 24, 6456-6466.

Habtemichael, E. N., Alcazar-Roman, A., Rubin, B. R., Grossi, L. R., Belman,
J. P, Julca, O., Loffler, M. G., Li, H., Chi, N.-W., Samuel, V. T. et al. (2015).
Coordinated regulation of vasopressin inactivation and glucose uptake by action
of TUG protein in muscle. J. Biol. Chem. 290, 14454-14461.

Huang, S., Lifshitz, L. M., Jones, C., Bellve, K. D., Standley, C., Fonseca, S.,
Corvera, S., Fogarty, K. E. and Czech, M. P. (2007). Insulin stimulates
membrane fusion and GLUT4 accumulation in clathrin coats on adipocyte plasma
membranes. Mol. Cell. Biol. 27, 3456-3469.

Idevall-Hagren, O., Dickson, E. J., Hille, B., Toomre, D. K. and De Camilli, P.
(2012). Optogenetic control of phosphoinositide metabolism. Proc. Natl. Acad.
Sci. USA 109, E2316-E2323.

Jiang, Z. Y., Zhou, Q. L., Coleman, K. A., Chouinard, M., Boese, Q. and Czech,
M. P. (2003). Insulin signaling through Akt/protein kinase B analyzed by small
interfering RNA-mediated gene silencing. Proc. Natl. Acad. Sci. USA 100,
7569-7574.

Jiang, L., Fan, J., Bai, L., Wang, Y., Chen, Y., Yang, L., Chen, L. and Xu, T. (2008).
Direct quantification of fusion rate reveals a distal role for AS160 in insulin-
stimulated fusion of GLUT4 storage vesicles. J. Biol. Chem. 283, 8508-8516.

2094

Kahn, B. B. and Flier, J. S. (2000). Obesity and insulin resistance. J. Clin. Invest.
106, 473-481.

Kajno, E., McGraw, T. E. and Gonzalez, E. (2015). Development of a new model
system to dissect isoform specific Akt signalling in adipocytes. Biochem. J. 468,
425-434.

Kanzaki, M., Mora, S., Hwang, J. B., Saltiel, A. R. and Pessin, J. E. (2004).
Atypical protein kinase C (PKCzeta/lambda) is a convergent downstream target of
the insulin-stimulated phosphatidylinositol 3-kinase and TC10 signaling
pathways. J. Cell Biol. 164, 279-290.

Karunarathne, W. K. A., O’Neill, P. R. and Gautam, N. (2015). Subcellular
optogenetics - controlling signaling and single-cell behavior. J. Cell Sci. 128,
15-25.

Katagiri, H., Asano, T., Ishihara, H., Inukai, K., Shibasaki, Y., Kikuchi, M.,
Yazaki, Y. and Oka, Y. (1996). Overexpression of catalytic subunit p110alpha of
phosphatidylinositol 3-kinase increases glucose transport activity with
translocation of glucose transporters in 3T3-L1 adipocytes. J. Biol. Chem. 271,
16987-16990.

Katome, T., Obata, T., Matsushima, R., Masuyama, N., Cantley, L. C., Gotoh, Y.,
Kishi, K., Shiota, H. and Ebina, Y. (2003). Use of RNA interference-mediated
gene silencing and adenoviral overexpression to elucidate the roles of AKT/
protein kinase B isoforms in insulin actions. J. Biol. Chem. 278, 28312-28323.

Kennedy, M. J., Hughes, R. M., Peteya, L. A., Schwartz, J. W., Ehlers, M. D. and
Tucker, C. L. (2010). Rapid blue-light-mediated induction of protein interactions
in living cells. Nat. Methods 7, 973-975.

Kleinert, M., Sylow, L., Fazakerley, D. J., Krycer, J. R., Thomas, K. C., Oxbagll,
A.-J., Jordy, A. B., Jensen, T. E., Yang, G., Schjerling, P. et al. (2014). Acute
mTOR inhibition induces insulin resistance and alters substrate utilization in vivo.
Mol. Metab. 3, 630-641.

Klip, A., Sun, Y., Chiu, T. T. and Foley, K. P. (2014). Signal transduction meets
vesicle traffic: the software and hardware of GLUT4 translocation. Am. J. Physiol.
Cell Physiol. 306, C879-C886.

Kohn, A. D., Summers, S. A., Birnbaum, M. J. and Roth, R. A. (1996). Expression
of a constitutively active Akt Ser/Thr kinase in 3T3-L1 adipocytes stimulates
glucose uptake and glucose transporter 4 translocation. J. Biol. Chem. 271,
31372-31378.

Koumanov, F., Jin, B., Yang, J. and Holman, G. D. (2005). Insulin signaling meets
vesicle traffic of GLUT4 at a plasma-membrane-activated fusion step. Cell Metab.
2, 179-189.

Letinic, K., Sebastian, R., Barthel, A. and Toomre, D. (2010). Deciphering
subcellular processes in live imaging datasets via dynamic probabilistic networks.
Bioinformatics 26, 2029-2036.

Leto, D. and Saltiel, A. R. (2012). Regulation of glucose transport by insulin: traffic
control of GLUT4. Nat. Rev. Mol. Cell Biol. 13, 383-396.

Liu, L.-Z., Cheung, S. C. K,, Lan, L.-L., Ho, S. K. S., Chan, J. C. N. and Tong,
P. C. Y. (2010). The pivotal role of protein kinase C zeta (PKCzeta) in insulin- and
AMP-activated protein kinase (AMPK)-mediated glucose uptake in muscle cells.
Cell. Signal. 22, 1513-1522.

Loffler, M. G., Birkenfeld, A. L., Philbrick, K. M., Belman, J. P., Habtemichael,
E. N., Booth, C. J., Castorena, C. M., Choi, C. S., Jornayvaz, F. R., Gassaway,
B. M. et al. (2013). Enhanced fasting glucose turnover in mice with disrupted
action of TUG protein in skeletal muscle. J. Biol. Chem. 288, 20135-20150.

Martin, S. S., Haruta, T., Morris, A. J., Klippel, A., Williams, L. T. and Olefsky,
J. M. (1996). Activated phosphatidylinositol 3-kinase is sufficient to mediate actin
rearrangement and GLUT4 translocation in 3T3-L1 adipocytes. J. Biol. Chem.
271, 17605-17608.

Martin, O. J., Lee, A. and McGraw, T. E. (2006). GLUT4 distribution between the
plasma membrane and the intracellular compartments is maintained by an insulin-
modulated bipartite dynamic mechanism. J. Biol. Chem. 281, 484-490.

Martinez, L., Berenguer, M., Bruce, M. C., Le Marchand-Brustel, Y. and Govers,
R. (2010). Rosiglitazone increases cell surface GLUT4 levels in 3T3-L1
adipocytes through an enhancement of endosomal recycling. Biochem.
Pharmacol. 79, 1300-1309.

McCurdy, C. E. and Cartee, G. D. (2005). Akt2 is essential for the full effect of
calorie restriction on insulin-stimulated glucose uptake in skeletal muscle.
Diabetes 54, 1349-1356.

Muretta, J. M., Romenskaia, |. and Mastick, C. C. (2008). Insulin releases Glut4
from static storage compartments into cycling endosomes and increases the rate
constant for Glut4 exocytosis. J. Biol. Chem. 283, 311-323.

Ng, Y.,Ramm, G,, Lopez, J. A. and James, D. E. (2008). Rapid activation of Akt2 is
sufficient to stimulate GLUT4 translocation in 3T3-L1 adipocytes. Cell Metab. 7,
348-356.

Ng, Y., Ramm, G., Burchfield, J. G., Coster, A. C. F., Stockli, J. and James, D. E.
(2010a). Cluster analysis of insulin action in adipocytes reveals a key role for Akt at
the plasma membrane. J. Biol. Chem. 285, 2245-2257.

Ng, Y., Ramm, G. and James, D. E. (2010b). Dissecting the mechanism of insulin
resistance using a novel heterodimerization strategy to activate Akt. J. Biol. Chem.
285, 5232-5239.

Pathak, G. P., Vrana, J. D. and Tucker, C. L. (2013). Optogenetic control of cell
function using engineered photoreceptors. Biol. Cell 105, 59-72.

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-



http://dx.doi.org/10.1074/jbc.M114.603977
http://dx.doi.org/10.1074/jbc.M114.603977
http://dx.doi.org/10.1074/jbc.M114.603977
http://dx.doi.org/10.1074/jbc.M114.603977
http://dx.doi.org/10.1146/annurev-biochem-060109-094246
http://dx.doi.org/10.1146/annurev-biochem-060109-094246
http://dx.doi.org/10.1074/jbc.M112.339457
http://dx.doi.org/10.1074/jbc.M112.339457
http://dx.doi.org/10.1074/jbc.M112.339457
http://dx.doi.org/10.1074/jbc.M112.339457
http://dx.doi.org/10.1210/en.2006-1167
http://dx.doi.org/10.1210/en.2006-1167
http://dx.doi.org/10.1128/MCB.14.7.4902
http://dx.doi.org/10.1128/MCB.14.7.4902
http://dx.doi.org/10.1128/MCB.14.7.4902
http://dx.doi.org/10.1128/MCB.14.7.4902
http://dx.doi.org/10.1091/mbc.E10-08-0665
http://dx.doi.org/10.1091/mbc.E10-08-0665
http://dx.doi.org/10.1091/mbc.E10-08-0665
http://dx.doi.org/10.1083/jcb.201111091
http://dx.doi.org/10.1083/jcb.201111091
http://dx.doi.org/10.1083/jcb.201111091
http://dx.doi.org/10.1083/jcb.201111091
http://dx.doi.org/10.1093/infdis/jir170
http://dx.doi.org/10.1093/infdis/jir170
http://dx.doi.org/10.1093/infdis/jir170
http://dx.doi.org/10.1038/35073608
http://dx.doi.org/10.1038/35073608
http://dx.doi.org/10.1038/35073608
http://dx.doi.org/10.1038/35073608
http://dx.doi.org/10.1016/j.cellsig.2011.05.022
http://dx.doi.org/10.1016/j.cellsig.2011.05.022
http://dx.doi.org/10.1016/j.cellsig.2011.05.022
http://dx.doi.org/10.1126/science.292.5522.1728
http://dx.doi.org/10.1126/science.292.5522.1728
http://dx.doi.org/10.1126/science.292.5522.1728
http://dx.doi.org/10.1126/science.292.5522.1728
http://dx.doi.org/10.1074/jbc.C100462200
http://dx.doi.org/10.1074/jbc.C100462200
http://dx.doi.org/10.1074/jbc.C100462200
http://dx.doi.org/10.1042/bj3000631
http://dx.doi.org/10.1042/bj3000631
http://dx.doi.org/10.1042/bj3000631
http://dx.doi.org/10.1172/JCI31408
http://dx.doi.org/10.1172/JCI31408
http://dx.doi.org/10.1172/JCI31408
http://dx.doi.org/10.1172/JCI31408
http://dx.doi.org/10.1038/nchembio.1534
http://dx.doi.org/10.1038/nchembio.1534
http://dx.doi.org/10.1038/nchembio.1534
http://dx.doi.org/10.1091/mbc.E06-07-0585
http://dx.doi.org/10.1091/mbc.E06-07-0585
http://dx.doi.org/10.1091/mbc.E06-07-0585
http://dx.doi.org/10.1073/pnas.0901933106
http://dx.doi.org/10.1073/pnas.0901933106
http://dx.doi.org/10.1073/pnas.0901933106
http://dx.doi.org/10.1128/MCB.24.14.6456-6466.2004
http://dx.doi.org/10.1128/MCB.24.14.6456-6466.2004
http://dx.doi.org/10.1128/MCB.24.14.6456-6466.2004
http://dx.doi.org/10.1074/jbc.C115.639203
http://dx.doi.org/10.1074/jbc.C115.639203
http://dx.doi.org/10.1074/jbc.C115.639203
http://dx.doi.org/10.1074/jbc.C115.639203
http://dx.doi.org/10.1128/MCB.01719-06
http://dx.doi.org/10.1128/MCB.01719-06
http://dx.doi.org/10.1128/MCB.01719-06
http://dx.doi.org/10.1128/MCB.01719-06
http://dx.doi.org/10.1073/pnas.1211305109
http://dx.doi.org/10.1073/pnas.1211305109
http://dx.doi.org/10.1073/pnas.1211305109
http://dx.doi.org/10.1073/pnas.1332633100
http://dx.doi.org/10.1073/pnas.1332633100
http://dx.doi.org/10.1073/pnas.1332633100
http://dx.doi.org/10.1073/pnas.1332633100
http://dx.doi.org/10.1074/jbc.M708688200
http://dx.doi.org/10.1074/jbc.M708688200
http://dx.doi.org/10.1074/jbc.M708688200
http://dx.doi.org/10.1172/JCI10842
http://dx.doi.org/10.1172/JCI10842
http://dx.doi.org/10.1042/BJ20150191
http://dx.doi.org/10.1042/BJ20150191
http://dx.doi.org/10.1042/BJ20150191
http://dx.doi.org/10.1083/jcb.200306152
http://dx.doi.org/10.1083/jcb.200306152
http://dx.doi.org/10.1083/jcb.200306152
http://dx.doi.org/10.1083/jcb.200306152
http://dx.doi.org/10.1242/jcs.154435
http://dx.doi.org/10.1242/jcs.154435
http://dx.doi.org/10.1242/jcs.154435
http://dx.doi.org/10.1074/jbc.271.29.16987
http://dx.doi.org/10.1074/jbc.271.29.16987
http://dx.doi.org/10.1074/jbc.271.29.16987
http://dx.doi.org/10.1074/jbc.271.29.16987
http://dx.doi.org/10.1074/jbc.271.29.16987
http://dx.doi.org/10.1074/jbc.M302094200
http://dx.doi.org/10.1074/jbc.M302094200
http://dx.doi.org/10.1074/jbc.M302094200
http://dx.doi.org/10.1074/jbc.M302094200
http://dx.doi.org/10.1038/nmeth.1524
http://dx.doi.org/10.1038/nmeth.1524
http://dx.doi.org/10.1038/nmeth.1524
http://dx.doi.org/10.1016/j.molmet.2014.06.004
http://dx.doi.org/10.1016/j.molmet.2014.06.004
http://dx.doi.org/10.1016/j.molmet.2014.06.004
http://dx.doi.org/10.1016/j.molmet.2014.06.004
http://dx.doi.org/10.1152/ajpcell.00069.2014
http://dx.doi.org/10.1152/ajpcell.00069.2014
http://dx.doi.org/10.1152/ajpcell.00069.2014
http://dx.doi.org/10.1074/jbc.271.49.31372
http://dx.doi.org/10.1074/jbc.271.49.31372
http://dx.doi.org/10.1074/jbc.271.49.31372
http://dx.doi.org/10.1074/jbc.271.49.31372
http://dx.doi.org/10.1016/j.cmet.2005.08.007
http://dx.doi.org/10.1016/j.cmet.2005.08.007
http://dx.doi.org/10.1016/j.cmet.2005.08.007
http://dx.doi.org/10.1093/bioinformatics/btq331
http://dx.doi.org/10.1093/bioinformatics/btq331
http://dx.doi.org/10.1093/bioinformatics/btq331
http://dx.doi.org/10.1038/nrm3351
http://dx.doi.org/10.1038/nrm3351
http://dx.doi.org/10.1016/j.cellsig.2010.05.020
http://dx.doi.org/10.1016/j.cellsig.2010.05.020
http://dx.doi.org/10.1016/j.cellsig.2010.05.020
http://dx.doi.org/10.1016/j.cellsig.2010.05.020
http://dx.doi.org/10.1074/jbc.M113.458075
http://dx.doi.org/10.1074/jbc.M113.458075
http://dx.doi.org/10.1074/jbc.M113.458075
http://dx.doi.org/10.1074/jbc.M113.458075
http://dx.doi.org/10.1074/jbc.271.30.17605
http://dx.doi.org/10.1074/jbc.271.30.17605
http://dx.doi.org/10.1074/jbc.271.30.17605
http://dx.doi.org/10.1074/jbc.271.30.17605
http://dx.doi.org/10.1074/jbc.M505944200
http://dx.doi.org/10.1074/jbc.M505944200
http://dx.doi.org/10.1074/jbc.M505944200
http://dx.doi.org/10.1016/j.bcp.2009.12.013
http://dx.doi.org/10.1016/j.bcp.2009.12.013
http://dx.doi.org/10.1016/j.bcp.2009.12.013
http://dx.doi.org/10.1016/j.bcp.2009.12.013
http://dx.doi.org/10.2337/diabetes.54.5.1349
http://dx.doi.org/10.2337/diabetes.54.5.1349
http://dx.doi.org/10.2337/diabetes.54.5.1349
http://dx.doi.org/10.1074/jbc.M705756200
http://dx.doi.org/10.1074/jbc.M705756200
http://dx.doi.org/10.1074/jbc.M705756200
http://dx.doi.org/10.1016/j.cmet.2008.02.008
http://dx.doi.org/10.1016/j.cmet.2008.02.008
http://dx.doi.org/10.1016/j.cmet.2008.02.008
http://dx.doi.org/10.1074/jbc.M109.060236
http://dx.doi.org/10.1074/jbc.M109.060236
http://dx.doi.org/10.1074/jbc.M109.060236
http://dx.doi.org/10.1074/jbc.M109.060632
http://dx.doi.org/10.1074/jbc.M109.060632
http://dx.doi.org/10.1074/jbc.M109.060632
http://dx.doi.org/10.1111/boc.201200056
http://dx.doi.org/10.1111/boc.201200056

RESEARCH ARTICLE

Journal of Cell Science (2016) 129, 2085-2095 doi:10.1242/jcs.174805

Porta, C., Paglino, C. and Mosca, A. (2014). Targeting PI3K/Akt/mTOR Signaling
in Cancer. Front. Oncol. 4, 64.

Rivera-Molina, F. and Toomre, D. (2013). Live-cell imaging of exocyst links its
spatiotemporal dynamics to various stages of vesicle fusion. J. Cell Biol. 201,
673-680.

Sajan, M. P,, Ivey, R. A,, lll, Lee, M., Mastorides, S., Jurczak, M. J., Samuels,
V. T., Shulman, G. |, Braun, U., Leitges, M. and Farese, R. V. (2014a).
PKClambda haploinsufficiency prevents diabetes by a mechanism involving
alterations in hepatic enzymes. Mol. Endocrinol. 28, 1097-1107.

Sajan, M. P., Jurzak, M. J., Samuels, V. T., Shulman, G. I, Braun, U., Leitges, M.
and Farese, R. V. (2014b). Impairment of insulin-stimulated glucose transport and
ERK activation by adipocyte-specific knockout of PKC-lambda produces a
phenotype characterized by diminished adiposity and enhanced insulin
suppression of hepatic gluconeogenesis. Adipocyte 3, 19-29.

Saltiel, A. R. and Pessin, J. E. (2002). Insulin signaling pathways in time and space.
Trends Cell Biol. 12, 65-71.

Sharma, P. M., Egawa, K., Huang, Y., Martin, J. L., Huvar, l., Boss, G. R. and
Olefsky, J. M. (1998). Inhibition of phosphatidylinositol 3-kinase activity by
adenovirus-mediated gene transfer and its effect on insulin action. J. Biol. Chem.
273, 18528-18537.

Stenkula, K. G., Lizunov, V. A., Cushman, S. W. and Zimmerberg, J. (2010).
Insulin controls the spatial distribution of GLUT4 on the cell surface through
regulation of its postfusion dispersal. Cell Metab. 12, 250-259.

Stockli, J., Fazakerley, D. J. and James, D. E. (2011). GLUT4 exocytosis. J. Cell
Sci. 124, 4147-4159.

Stolar, M. W. (2002). Insulin resistance, diabetes, and the adipocyte. Am. J. Health
Syst. Pharm. 59, S3-S8.

Sun, Y., Bilan, P. J., Liu, Z. and Klip, A. (2010). Rab8A and Rab13 are activated by
insulin and regulate GLUT4 translocation in muscle cells. Proc. Natl. Acad. Sci.
USA 107, 19909-19914.

Sweeney, G., Garg, R. R., Ceddia, R. B, Li, D., Ishiki, M., Somwar, R., Foster,
L. J., Neilsen, P. O., Prestwich, G. D., Rudich, A. et al. (2004). Intracellular
delivery of phosphatidylinositol (3,4,5)-trisphosphate causes incorporation of
glucose transporter 4 into the plasma membrane of muscle and fat cells without
increasing glucose uptake. J. Biol. Chem. 279, 32233-32242.

Sylow, L., Kleinert, M., Pehmgller, C., Prats, C., Chiu, T. T, Klip, A., Richter, E. A.
and Jensen, T. E. (2014). Akt and Rac1 signaling are jointly required for insulin-
stimulated glucose uptake in skeletal muscle and downregulated in insulin
resistance. Cell. Signal. 26, 323-331.

Tan, S.-X., Ng, Y., Burchfield, J. G., Ramm, G., Lambright, D. G., Stockli, J. and
James, D. E. (2012). The Rab GTPase-activating protein TBC1D4/AS160
contains an atypical phosphotyrosine-binding domain that interacts with plasma
membrane phospholipids to facilitate GLUT4 trafficking in adipocytes. Mol. Cell.
Biol. 32, 4946-4959.

Taniguchi, C. M., Emanuelli, B. and Kahn, C. R. (2006). Critical nodes in signalling
pathways: insights into insulin action. Nat. Rev. Mol. Cell Biol. 7, 85-96.

Tanti, J.-F., Gremeaux, T., Grillo, S., Calleja, V., Klippel, A., Williams, L. T., Van
Obberghen, E. and Le Marchand-Brustel, Y. (1996). Overexpression of a
constitutively active form of phosphatidylinositol 3-kinase is sufficient to promote
Glut 4 translocation in adipocytes. J. Biol. Chem. 271, 25227-25232.

Tengholm, A. and Meyer, T. (2002). A PI3-kinase signaling code for insulin-
triggered insertion of glucose transporters into the plasma membrane. Curr. Biol.
12, 1871-1876.

Toettcher, J. E., Voigt, C. A., Weiner, O. D. and Lim, W. A. (2011). The promise of
optogenetics in cell biology: interrogating molecular circuits in space and time.
Nat. Methods 8, 35-38.

Tsuchiya, A., Kanno, T., Shimizu, T., Tanaka, A. and Nishizaki, T. (2015). Rac1
and ROCK are implicated in the cell surface delivery of GLUT4 under the control of
the insulin signal mimetic diDCP-LA-PE. J. Pharmacol. Sci. 128, 179-184.

Ueda, S., Kitazawa, S., Ishida, K., Nishikawa, Y., Matsui, M., Matsumoto, H.,
Aoki, T., Nozaki, S., Takeda, T., Tamori, Y. et al. (2010). Crucial role of the small
GTPase Rac1 in insulin-stimulated translocation of glucose transporter 4 to the
mouse skeletal muscle sarcolemma. FASEB J. 24, 2254-2261.

Virkamaki, A., Ueki, K. and Kahn, C. R. (1999). Protein—protein interaction in
insulin signaling and the molecular mechanisms of insulin resistance. J. Clin.
Invest. 103, 931-943.

Xu, Y.-K., Xu, K.-D., Li, J.-Y., Feng, L.-Q., Lang, D. and Zheng, X.-X. (2007). Bi-
directional transport of GLUT4 vesicles near the plasma membrane of primary rat
adipocytes. Biochem. Biophys. Res. Commun. 359, 121-128.

Xu, Y., Melia, T. J. and Toomre, D. K. (2011a). Using light to see and control
membrane traffic. Curr. Opin. Chem. Biol. 15, 822-830.

Xu, Y., Rubin, B. R., Orme, C. M., Karpikov, A., Yu, C., Bogan, J. S. and Toomre,
D. K. (2011b). Dual-mode of insulin action controls GLUT4 vesicle exocytosis.
J. Cell Biol. 193, 643-653.

Yu, C., Cresswell, J., Loffler, M. G. and Bogan, J. S. (2007). The glucose
transporter 4-regulating protein TUG is essential for highly insulin-responsive
glucose uptake in 3T3-L1 adipocytes. J. Biol. Chem. 282, 7710-7722.

2095

()
Y
C
el
()
w
ko]
O
Y=
(©)
‘©
c
—
>
(®)
-


http://dx.doi.org/10.3389/fonc.2014.00064
http://dx.doi.org/10.3389/fonc.2014.00064
http://dx.doi.org/10.1083/jcb.201212103
http://dx.doi.org/10.1083/jcb.201212103
http://dx.doi.org/10.1083/jcb.201212103
http://dx.doi.org/10.1210/me.2014-1025
http://dx.doi.org/10.1210/me.2014-1025
http://dx.doi.org/10.1210/me.2014-1025
http://dx.doi.org/10.1210/me.2014-1025
http://dx.doi.org/10.4161/adip.26305
http://dx.doi.org/10.4161/adip.26305
http://dx.doi.org/10.4161/adip.26305
http://dx.doi.org/10.4161/adip.26305
http://dx.doi.org/10.4161/adip.26305
http://dx.doi.org/10.1016/S0962-8924(01)02207-3
http://dx.doi.org/10.1016/S0962-8924(01)02207-3
http://dx.doi.org/10.1074/jbc.273.29.18528
http://dx.doi.org/10.1074/jbc.273.29.18528
http://dx.doi.org/10.1074/jbc.273.29.18528
http://dx.doi.org/10.1074/jbc.273.29.18528
http://dx.doi.org/10.1016/j.cmet.2010.08.005
http://dx.doi.org/10.1016/j.cmet.2010.08.005
http://dx.doi.org/10.1016/j.cmet.2010.08.005
http://dx.doi.org/10.1242/jcs.097063
http://dx.doi.org/10.1242/jcs.097063
http://dx.doi.org/10.1073/pnas.1009523107
http://dx.doi.org/10.1073/pnas.1009523107
http://dx.doi.org/10.1073/pnas.1009523107
http://dx.doi.org/10.1074/jbc.M402897200
http://dx.doi.org/10.1074/jbc.M402897200
http://dx.doi.org/10.1074/jbc.M402897200
http://dx.doi.org/10.1074/jbc.M402897200
http://dx.doi.org/10.1074/jbc.M402897200
http://dx.doi.org/10.1016/j.cellsig.2013.11.007
http://dx.doi.org/10.1016/j.cellsig.2013.11.007
http://dx.doi.org/10.1016/j.cellsig.2013.11.007
http://dx.doi.org/10.1016/j.cellsig.2013.11.007
http://dx.doi.org/10.1128/MCB.00761-12
http://dx.doi.org/10.1128/MCB.00761-12
http://dx.doi.org/10.1128/MCB.00761-12
http://dx.doi.org/10.1128/MCB.00761-12
http://dx.doi.org/10.1128/MCB.00761-12
http://dx.doi.org/10.1038/nrm1837
http://dx.doi.org/10.1038/nrm1837
http://dx.doi.org/10.1074/jbc.271.41.25227
http://dx.doi.org/10.1074/jbc.271.41.25227
http://dx.doi.org/10.1074/jbc.271.41.25227
http://dx.doi.org/10.1074/jbc.271.41.25227
http://dx.doi.org/10.1016/S0960-9822(02)01223-X
http://dx.doi.org/10.1016/S0960-9822(02)01223-X
http://dx.doi.org/10.1016/S0960-9822(02)01223-X
http://dx.doi.org/10.1038/nmeth.f.326
http://dx.doi.org/10.1038/nmeth.f.326
http://dx.doi.org/10.1038/nmeth.f.326
http://dx.doi.org/10.1016/j.jphs.2015.07.001
http://dx.doi.org/10.1016/j.jphs.2015.07.001
http://dx.doi.org/10.1016/j.jphs.2015.07.001
http://dx.doi.org/10.1096/fj.09-137380
http://dx.doi.org/10.1096/fj.09-137380
http://dx.doi.org/10.1096/fj.09-137380
http://dx.doi.org/10.1096/fj.09-137380
http://dx.doi.org/10.1172/JCI6609
http://dx.doi.org/10.1172/JCI6609
http://dx.doi.org/10.1172/JCI6609
http://dx.doi.org/10.1016/j.bbrc.2007.05.075
http://dx.doi.org/10.1016/j.bbrc.2007.05.075
http://dx.doi.org/10.1016/j.bbrc.2007.05.075
http://dx.doi.org/10.1016/j.cbpa.2011.10.016
http://dx.doi.org/10.1016/j.cbpa.2011.10.016
http://dx.doi.org/10.1083/jcb.201008135
http://dx.doi.org/10.1083/jcb.201008135
http://dx.doi.org/10.1083/jcb.201008135
http://dx.doi.org/10.1074/jbc.M610824200
http://dx.doi.org/10.1074/jbc.M610824200
http://dx.doi.org/10.1074/jbc.M610824200

J. Cell Sci. 129: doi:10.1242 /jcs.174805: Supplementary information

A

10 nM Insulin 100 nM Insulin
10 min 10 min

@

Control 3T3-L1 adipocytes
pAkt 473 IF

CIBN-pmGFP

10 nM Insulin 100 nM Insulin
10 min 10 min

CIBN-pmGFP & CRY2-iSH2
transfected 3T3-L1

pAkt-308 1F
Light 10 min

Control 3T3-L1 adipocytes
pAkt 308 IF

o) y
Y5, Vs, W

500 = s Control 3T3-L1 cells 6.96‘6 a4 Oy % *L;,o 574 _

mmm Control 3T3-L1 & Light 4 $ (y Z G

s CIBN-pmGFP &

400 CRY2-iSH2

pAkt 473 — -

total Akt A

300 =

200 +

pERK1/2

T
GAPDH “

100

Normalized intensity per area (a.u.)

0
Insulin(nM): 0 10 100 100 0 0 O O O
Drug: = = = Wort. = — =— — Wort
Light = — — — + — + + +

Figure S1. Light induced PIP; production with CIBN/CRY2-iSH2 module mimics
insulin effect on downstream Akt phosphorylation. (A) Confocal images show dose
dependent stimulation of Akt phosphorylation at Ser473 by insulin incubation in 3T3-L1
adipocytes. (B) Confocal images show dose dependent stimulation of Akt
phosphorylation at Thr308 by insulin incubation in 3T3-L1 adipocytes. (C)
Immunofluorescence staining of phosphorylated Akt (Thr308) in CIBN-pmGFP and
CRY2-iSH2 expressed adipocytes after 488 nm light exposure. (D) Quantification of
phosphorylated Akt (Thr308) levels in different treatment conditions as indicated. (n=30
cells, data are mean + SEM). Bars: (A-C) 10 um. (E) 3T3-L1 adipocytes were serum-
starved, and pre-incubated with vehicle (0.1% DMSO), 100 nM Wortmannin or 10 uM
Akti for 10 min prior to stimulation (100 nM insulin; 10 min). Cells lysates were

immunoblotted for proteins as indicated.
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Figure S2. Light-induced PIP, production promotes GLUT4 vesicle docking and
fusion with the PM, but not TfR containing endosomes. (A) 3T3-L1 adipocytes were
electroporated with CIBN-CAAX, CRY2-iSH2 and GLUT4-DsRed plasmids. The cells
were activated with 500-ms pulses of blue light (488 nm, 10 mW) at 5 s intervals under
TIRF illumination. TIRF images showed GLUT4-DsRed signals in a cell before and after
10 min of light activation. (B) Quantification the dynamic increases of the footprint
fluorescence signals of cells in the presence of light and different doses of insulin
activation. (n=3 cells, data are mean + SEM) (C) Docking GLUT4 vesicle density before

and 10 min after light activation. (n=3 cells, data are mean + SEM) (D) Quantification of
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Figure S3. Opto-Akt2 induced Akt phosphorylation at Ser473 mimics maximal S
insulin effect. (A) 3T3-L1 adipocytes were electroporated with CIBN-CAAX, mCh- g
S
CRY2-Akt2 plasmids. The cells were activated either by a custom-made LED array or 9

100 nM insulin for 10 min. The cells were then fixed for immunofluorescence staining of
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phosphorylated Akt (Ser473). Bright field and TIRF images of 3T3-L1 adipocytes
expressing mCherry-CRY2-Akt2 and stained for pAkt473 were shown. (B)
Quantification of the intensity ratio of phosphorylated Akt (Ser473) and mCherry near
the plasma membrane of adipocytes in different treatment conditions as indicated. (n=20
cells per condition, mean + SEM). The insulin effect on exogenously expressed mCherry-
CRY2-Akt2 was calculated as pAkt473 intensity from Opto-Akt transfected cells minus
pAkt473 intensity on Opto-Akt un-transfected cells after, and was normalized to mCherry
fluorescence intensity. (C) 3T3-L1 adipocytes transfected with CIBN-CAAX and mCh-
CRY2-Akt2 plasmids were treated with insulin or exposure to 488 nm LED light,

respectively. Cells lysates were immunoblotted as indicated. Bar: (A) 10 um.
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Figure S4. Opto-Aktl promotes the exocytosis of IRAP-pHluorin in 3T3-L1
adipocytes. (A) Rapid relocation of Akt fusion proteins to the cell surface after light
activation. TIRF images show mCherry tagged Aktl fusion proteins before and after one
pulse of blue light (488 nm, 10 mW) activation in a 3T3-L1 adipocyte. (B) Opto-Aktl
stimulates IRAP-pHluorin translocation. 3T3-L1 adipocytes were electroporated with
CIBN-CAAX, mCherry-CRY2-Aktl and IRAP-pHluorin plasmids. The cells were
activated with 500-ms pulses of blue light (488 nm, 10 mW) at 5 s intervals under
TIRFM illumination, and IRAP translocation were evaluated by pHluorin signals on the
cell surface. TIRF images show IRAP-pHluorin signals before and 10 min after light
activation. (C-D) Quantification of light-induced redistribution of mCherry tagged Aktl
fusion proteins, and Opto-Aktl or Opto-Aktl plus insulin induced IRAP-pHluorin to the
cell surface. (n=5 cells, data are mean + SEM). Bar: (A-B) 10 um.
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B Video S1.mov

Movie 1. Blue light induced redistribution of mCherry-CRY2-iSH2 from the cytosol
to the cell surface where CIBN-pmGFP resides.
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[® video S2.mov

vark

Movie 2. Light-induced production of PI(3,4,5)P3 (visualized by PH-AKT-mRFP
signal), its reversibility and sensitivity to PI3K inhibitor wortmannin.
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& Video S3.mov
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Blue light activation

Movie 3. Light-induced PI(3,4,5)P3 production promotes IRAP-pHluorin exocytosis in
3T3-L1 adipocytes.

C
ke
)

©

£

o
L
£

)

O

@©
)

C

()

£
Q

Q

Q

>
(7p]

L]

()]

(8]

C
2

O
(%]
‘©
O
G

o
©

c

-

>

(o}
=



http://www.biologists.com/JCS_Movies/JCS174805/Movie3.mp4


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


